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Chapter 1.
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1.1 Obesity, ectopic lipid accumulation and type II diabetes
When the term ‘obesity’ is used in a search engine like Google, one will get
87,900,000 hits (accessed on December 2, 2011). If a search engine for scientific
papers is used you will get more than 154000 papers related to obesity, of which
more than 96000 have been published during the last decade (accessed on December 2, 2011). These numbers indicate that obesity is a problem in which millions of
people and / or researchers are interested worldwide and is receiving more and
more attention every day. This is probably because obesity is related to some of the
most common diseases, such as cardiovascular diseases (CVD), type II diabetes
(T2DM), liver diseases, such as non-alcoholic fatty liver disease and cancer (1–3).
Lipid accumulation in non-adipose tissue has been suggested to be a link between
obesity and T2DM and CVD. These diseases have a major impact on people’s health
and are therefore staggering public health costs. Lipid accumulation in non-adipose
tissue is also known as ectopic lipid accumulation. The involvement between obesity, ectopic lipid accumulation and the metabolic consequences is depicted in figure 1 in chapter 2.

1.2 The measurement of lipid accumulation in non-adipose tissue
Lipid accumulation in non-adipose tissue is of major importance to understand the
relation between obesity and type II diabetes. Research on ectopic fat accumulation
took a major leap forward when it became possible to study lipid content in nonadipose tissue with Magnetic Resonance Spectroscopy (1H-MRS). First, determination of lipid content in muscle became possible with a standard clinical whole body
scanner (4; 5). The advantage was that, besides being non-invasive, a larger area
could be studied, typically a few cm3, and that it became possible to study the same
muscle area repeatedly. At a later stage, it also became possible to measure lipid
accumulation in other tissues than the muscle. Nowadays it is for example possible
to measure lipid content in pancreas, liver and heart. In this thesis we investigated
lipid content using MRS in the liver according to the method of Szczepaniak et al (6).
A more traditional method of quantifying lipid accumulation is by assessing the
amount of lipids in a biopsy. Taking a biopsy from a, most often quadriceps, muscle
is widely used in research and the needle biopsy technique became well-known
already in 1967 (7). After the biopsy is taken, the lipid content is quantified either
biochemically or by electron- or light microscopy in combination with dedicated
staining. The technique used in this thesis is known as the Oil red O staining (8),
which makes it possible to determine lipid accumulation muscle fiber type specific.
The latter allows to investigate if lipid accumulation is more pronounced in fibers
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identified as slow, oxidative (type 1) fibers or in fast, less oxidative and more glycolytic (type 2) fibers.

1.3 Models to study lipid-induced insulin resistance
Obesity is the effect of a long-term misbalance between energy intake and energy
expenditure. Becoming obese, however, does not directly imply that insulin resistance is developed during the same time span. This makes it hard to study the development of insulin resistance in the general population, furthermore we need
models in which we can study the development of insulin resistance. Therefore, we
used two different types of interventions in this thesis to study insulin sensitivity.
A general accepted way to affect insulin sensitivity is by using a lipid infusion,
which is well known to increase plasma free fatty acids (FFA) concentrations and to
induce insulin resistance (9). A disadvantage of the model of lipid infusion is that the
levels of FFA need to be raised to super physiological levels to influence insulin sensitivity within the still acceptable time frame of several hours. Therefore we used a
model in which FFA and intramuscular fat levels are elevated in a physiological way,
but still decreases insulin sensitivity. Prolonged fasting is such a model (10; 11).
Interestingly, the model of prolonged fasting does not lead to hyperinsulinemia or
hyperglycemia, which makes it possible to study the effects of physiologically increased FFA concentrations apart from those of increased insulin and glucose concentrations.
Another model for the development of insulin resistance may be high-fat feeding. The high availability of fast food nowadays seems to be one of the important
factors related to the obesity epidemic. High-fat diets therefore have been suggested to lead to insulin resistance (12), via the accumulation of fat in non-adipose
tissues such as skeletal muscle and liver (13). The evidence in humans is however
rather limited and furthermore, high-fat diets were not given in energy balance in
all studies. Therefore, it cannot be concluded if an effect on insulin sensitivity was
due to excess energy intake or to higher fat content of the diet. Therefore our second model is an isocaloric high-fat vs. low-fat dietary intervention. We choose to do
this in subjects at risk for developing the metabolic syndrome as previous work has
been done in young lean subjects on the one hand or in obese women who already
have hepatic steatosis on the other hand.

1.4 Fat accumulation, mitochondrial function and insulin resistance
There is still much debate about the cause of this lipid accumulation, besides a
mismatch between supply and expenditure. As already mentioned, we have used
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two different dietary approaches to manipulate lipid accumulation in both muscle
and liver to get more insight in the causes and consequences of this lipid accumulation.
It has been suggested that a decreased capacity to oxidize fat is a cause of lipid
accumulation in non-adipose tissue. A decreased metabolic flexibility is a perturbation in which the body is less capable to switch between substrate sources. Furthermore it has been shown that a high-fat diet causes a decreased metabolic flexibility (14). How humans adapt their fat oxidative capacity to prolonged high-fat
feeding is relatively unknown.
Another reason why people might have decreased capacity to oxidize fat is a
decreased mitochondrial function. Mitochondrial dysfunction or loss of oxidative
capacity has been related to aging, type 2 diabetes and cardiovascular diseases
since many years (15–20). In agreement, the existence of mitochondrial abnormalities in type 2 diabetes mellitus has extensively been reported during the last decade
(21–25), but there is no evidence that a reduced mitochondrial function is a primary
factor in the pathophysiology of this disease. In fact, alternative theories state that
the impaired mitochondrial capacity is secondary to the insulin resistant- or diabetic
state.

1.5 Inflammation
Inflammation has been linked to insulin resistance for some years now, as reviewed
by Shoelson et al (26). This review clearly describes the link between FFA, insulin
resistance, hyperinsulinemia and hyperglycemia, which can be summarized as follows: obesity, which is associated with an increase in FFA, is related to increased
activaties of IKK-β / NF-κB and JNK pathways in adipocytes, hepatocytes, and associated macrophages. Stimuli that have been shown to activate these pathways during metabolic dysregulation include ligands for TNF-α, IL-1, and advanced glycation
end products (AGE) receptors. Obesity-induced IKK-β activation leads to NF-κB
translocation and the increased expression of numerous markers and potential
mediators of inflammation that can cause insulin resistance. Obesity-induced JNK
activation promotes the phosphorylation of IRS-1 at serine sites that negatively
regulate signaling through the insulin receptor/IRS-1 axis, and therefore can cause
insulin resistance. The individual contributions to inflammation of FFA, insulin resistance, hyperinsulinemia and hyperglycemia are unknown. Therefore the model of
prolonged fasting is very interesting as this does not lead to hyperinsulinemia or
hyperglycemia, which makes it possible to study the effects of physiologically increased FFA concentrations and insulin resistance on inflammation markers apart
from those of increased insulin and glucose concentrations.
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1.6 Outline thesis
Chapter 2 is a review of the literature from the past decade on the effects of lipid
accumulation in non-adipose tissue. In this review we describe how to measure
ectopic lipid accumulation. This review further summarizes studies on lipid accumulation in muscle, liver, heart and pancreas.
In chapter 3 we have examined whether prolonged fasting leads to lipid accumulation in muscle, results in insulin resistance, and whether this is accompanied by
mitochondrial dysfunction as measured with an oxygraph. If this would be the case
then skeletal muscle mitochondrial dysfunction could be seen as consequence
rather than a cause of human insulin resistance.
Diabetes has been linked more and more with inflammation. In chapter 4 we
have studied inflammation with the model of prolonged fasting. This is very interesting because prolonged fasting does not lead to hyperinsulinemia or hyperglycemia, which makes it possible to disentangle the effects of physiologically increased
FFA concentrations and insulin resistance from those of increased insulin and glucose concentrations.
In chapter 5 we used a different model to study lipid accumulation in muscle
and liver. We used a randomized control trial in which twenty subjects started with
a three-week low-fat diet (15 En% protein, 65 En% carbohydrates and 20 En% fat),
after which half of the subjects switched to a three-week isocaloric high-fat diet (15
En% protein, 30 En% carbohydrates and 55 En% fat). We investigated lipid accumulation and insulin sensitivity of both liver and muscle. Furthermore we also examined metabolic flexibility.
In chapter 6 we further investigated the effects of a high-fat diet on skeletal
muscle gene expression to examine if high-fat feeding would lead to reductions in
oxidative genes and reduced mitochondrial content as has been suggested previously. We used skeletal muscle biopsies (vastus lateralis) to determine mRNA expression for genes involved in lipid and glucose metabolism, mitochondrial content
and function.
Finally chapter 7 summarizes the findings of the different studies described in
this thesis. The main results and conclusions from the previous chapters are discussed and put into a broader perspective and future directions for research within
this field are addressed.
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Abstract
Obesity is a well-known risk factor for the development of type 2 diabetes mellitus
and cardiovascular disease. Importantly, obesity is not only associated with lipid
accumulation in adipose tissue, but also in non-adipose tissues. The latter is also
known as ectopic lipid accumulation and may be a possible link between obesity
and its comorbidities such as insulin resistance, type 2 diabetes mellitus and cardiovascular disease.
In skeletal muscle and liver, lipid accumulation has been associated with the development of insulin resistance, an early hallmark of developing type 2 diabetes
mellitus. More specifically, accumulation of intermediates of lipid metabolism, such
as diacylglycerol (DAG) and Acyl-CoA have been shown to interfere with insulin
signaling in these tissues. Initially, muscular and hepatic insulin resistance can be
overcome by an increased insulin production by the pancreas, resulting in hyperinsulinemia. However, during the progression towards overt type 2 diabetes, pancreatic failure occurs resulting in reduced insulin production. Interestingly, also in the
pancreas lipid accumulation has been shown to precede dysfunction.
Finally, accumulation of fat in the heart has been associated with cardiac dysfunction and heart failure, which may be an explanation for diabetic cardiomyopathy.
Taken together, we conclude that evidence for deleterious effects of lipid accumulation in non-adipose tissue (lipotoxicity) is strong. However, while ample
human data is available for skeletal muscle, future research should focus on lipid
accumulation in the human liver, the pancreas and the heart.
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Introduction
Obesity is due to a chronic positive energy balance, which increases the amount of
triglycerides (TG) in adipose tissue. However, the TG can also be stored in nonadipose tissue, such as muscle, liver, pancreas and heart. Indeed, obesity has been
shown to lead to excessive deposition of TG in these organs, which is termed ectopic fat deposition or steatosis. Lipid droplets accumulate in the cytoplasm of the
cells and an excessive accumulation of these lipids may lead to cell dysfunction or
cell death, a phenomenon known as lipotoxicity [1, 2]. As obese individuals are at
much greater risk to develop type 2 diabetes mellitus and cardiovascular disease
(CVD), it has been suggested that ectopic fat is a link between obesity and these
diseases [3, 4].

Figure 1. Effects of obesity on lipid accumulation in non-adipose tissue

Indeed, human and animal data have shown that ectopic lipid accumulation is associated with insulin resistance in muscle and liver, and with functional losses in the
pancreas and the heart in animal models. The combination of insulin resistance of
skeletal muscle and liver on the one hand, and pancreatic insufficiency on the other
hand, are well known factors that lead to the development of type 2 diabetes mellitus. As stated above, obesity is also an important risk factor for CVD and also here
may ectopic fat deposition play a role. Indeed, data from animal models suggest a
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causal relationship between cardiac lipid accumulation and dilated cardiomyopathy
and ultimately heart failure [5–9].
Lipid accumulation in ectopic sites can occur either by increased uptake of fatty
acids (FAs), increased synthesis within the tissue involved, or reduced FA oxidation/disposal [10]. However, the relative contribution of these factors to ectopic
lipid accumulation varies in different physiological states and in different tissues.
The purpose of this article is to review the evidence for lipotoxic mechanisms accompanying lipid storage in skeletal muscle, liver, pancreas and myocardium. (See
also Fig. 1)
Skeletal muscle
Lipid droplets in healthy skeletal muscle (also known as intramyocellular lipids
(IMCL)) can be visualized, either by light microscopy using oil-red-O staining (See
also Fig. 2a) or by electron microscopy. The IMCL content can also be quantified by
biochemical lipid analysis of biopsy specimens or in vivo by proton magnetic resonance spectroscopy (1H-MRS) (See also Fig.2b). The localization of the lipid droplets
close to the mitochondria suggests that lipids inside the muscle are used as fuel for
muscular activity. Based on the earlier studies that have used biochemical quantification of muscular lipids there was some controversy if IMCL is decreased during
exercise. Studies using electron microscopy and the more recent studies, using HMRS to quantify IMCL, agree however on a decrease of lipids inside the muscle after
exercise [11–14]. The controversy in the earlier studies could have been due to the
large variation of biochemical lipid analysis [15]. In line with a role of IMCL as substrate during physical activity, IMCL content is also increased after endurance training and in particular the (oxidative) type I fibers, which rely more on fat oxidation.
Considering these findings, the physiological role of IMCL as substrate source during
exercise seems well established and the increase of IMCL with training is a healthy
physiological response. However, it has been reported that IMCL is also increased in
subjects at risk for type 2 diabetes mellitus and strongly correlates with insulin resistance in sedentary subjects [16, 17]. From these results, it has been suggested that
IMCL content may impair insulin sensitivity. This seems paradoxical in the light of
the high IMCL content in trained subjects [18, 19], as it is well known that endurance trained subjects are very insulin sensitive [20–22].
Interestingly, while endurance training increases IMCL due to an increased demand of intramyocellular substrate, also a high availability of FA can result in a high
IMCL content. Two days to 5 weeks of a high-fat diet increases IMCL stores and this
accumulation of intramuscular fat may simply be due to a positive fat balance when
changing to a high-fat diet [23–27].
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Figure 2. Methods of lipid quantification

Figure 2a: Quantification of IMCL by histochemistry. The figure shows a stained section of rat tibialis
anterior muscle. The grey dots originates from Oil Red O, showing IMCL; the light grey signal originates
from a laminin staining, showing the cell membranes

1

Figure 2b: Quantification of IHL by MRS. The figure shows an MR image from a human liver and a HMRS spectrum. In the MR image the volume is shown, from which the spectrum is acquired.

Physically inactive humans consuming a high-energy, high-fat diet, may have a
chronically positive energy and fat balance, resulting in fat accumulation in adipose
tissue and probably also in skeletal muscle. Indeed, obesity is correlated with increased IMCL [28, 29]. In accordance with the above suggestion, other conditions
with high FA availability also increases IMCL content. For example, the elevation of
plasma free fatty acids (FFA) by infusions and 72 hours of fasting increased IMCL
[30–32]. Also, submaximal exercise, which is well known to elevate plasma FFA,
results in increased IMCL content in non-active muscle [33]. Therefore, the increase
of IMCL with training is a physiological adaptation which is demand-driven and
paired with an increased fat oxidative capacity. Under the other conditions, fat in
muscle is simply stored, because the FA availability and oxidation are not in balance.
These two situations can have different consequences concerning insulin resistance
and strong evidence is accumulating that this is due to differential accumulation of
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lipid intermediates [10, 34]. When fat oxidative capacity is high, concentrations of
lipid intermediates such as diacylglycerol (DAG), ceramides, acyl-CoA will stay low,
while situations with a high fat availability but low fat oxidative capacity leads to
increased concentrations of these intermediates [29]. In relation to insulin sensitivity, the capacity to use IMCL may be more important than IMCL levels per se. Indeed, it has been reported that correlations between acyl-CoA and insulin resistance are stronger than those between IMCL and insulin resistance [29].
For DAG it has been shown in humans that the insulin resistance observed in
human muscle when plasma FFA levels were elevated during euglycemichyperinsulinemic clamping was associated with increases in DAG [35]. In vitro was
found that this metabolite can activate PKC, thereby triggering a serine/threonine
kinase cascade, leading to phosphorylation of serine/threonine sites on insulin receptor substrates (IRS-1 and IRS-2). This reduces the ability of the insulin receptor
substrates to activate phosphatidylinositol 3 – kinase, which ultimately results in a
reduced GLUT 4 translocation to the cell membrane. In this way, increased DAG
concentrations may decrease insulin-stimulated muscle glucose uptake [36–40].
Liver
The liver plays a major role in a number of vital functions. Next to playing an important role in glycogen storage, plasma protein synthesis, and drug detoxification, it is
a central organ for lipid metabolism. The liver synthesizes cholesterol and TG, and
produces and takes up lipoproteins. Considering this role in the trafficking of lipids,
it is not surprising that hepatocytes are capable of storing lipids in the form of small
droplets of TG. However, usually the hepatic lipid content is low (below 5% of fat by
wet weight) and when the liver lipid stores exceed this value, this is known as a fatty
liver or liver steatosis. A well-known cause for a fatty liver is alcohol abuse, but a
fatty liver is also found in overweight and obese subjects. As the prevalence of obesity is reaching pandemic proportions, a significant part of the population will be
affected by liver steatosis. Figures from the US and Japan show that nowadays already up to one third of the general population may have a fatty liver [41, 42].
Fat accumulation in the liver is generally associated with the cluster of metabolic abnormalities related to the metabolic syndrome [43]. It has been suggested
that non-alcoholic fatty liver disease (NAFLD), in its whole spectrum ranging from
pure fatty liver to non-alcoholic steatohepatitis (NASH) and cryptogenic cirrhosis,
which in the end may lead to hepatocellular carcinoma, is simply the hepatic manifestation of the metabolic syndrome [44]. Therefore, it is not surprising that a fatty
liver is associated with an increased risk of all-cause death [45].
The mechanisms underlying the development of NAFLD are not completely understood but it has been shown that FA in the liver come from several different
sources: dietary fat, FA released from adipose tissue, and from de novo hepatic
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lipogenesis. An imbalance of any of the pathways involved in FA and TG delivery,
synthesis, export or oxidation could contribute to lipid accumulation in the liver.
Regarding dietary fat, many studies in mice [46] and rats [47, 48] have documented that a high-fat diet rapidly induces hepatic steatosis. Also in humans, it was
shown that 2 weeks of high fat diet (56% of energy as fat) increased lipid accumulation in the liver, while an isocaloric low fat diet (16% of total energy as fat) decreased liver fat content [49].
Interestingly, animal data suggest that saturated FA lead to more fat accumulation compared with unsaturated FA [50]. Especially, n-3 FA from fish oil appeared to
be protective. As these n-3 FA are known to stimulate peroxisome proliferatorsactivated receptor-γ (PPAR-γ), this effect may be due to an increased FA oxidation.
However, these animal studies did often use very high doses of n-3 FA and it is
questionable to what extend these results can be extrapolated to the human situation [51–53].
In NAFLD patients, the postprandial suppression of adipose tissue lipolysis is
blunted, leading to elevated plasma FA levels, thereby providing the liver with ample substrate for re-esterification of TG [54]. Therefore, adipose tissue can contribute considerably to the development of liver steatosis by releasing FA. Additionally,
adipokines released from this tissue may play an important role. For example, adiponectin (which is released from adipose tissue in quantities inversely related to
adipose tissue mass) may have a protective effect, as plasma levels of adiponectin
were significantly lower in subjects with NAFLD compared to body mass index (BMI)
matched controls [55]. Adiponectin levels have also been found to correlate negatively with hepatic fat [55, 56]. Further support for an important role of adiponectin
comes from a mouse model, in which steatohepatitis was induced by a high
fat/alcohol diet. Adiponectin administration alleviated hepatic steatosis, and significantly attenuated hepatic inflammation and elevated levels of transaminases by
increasing FA oxidation in the liver and decreasing the activities of enzymes involved
in FA synthesis [57].
Next to dietary FA and FA released from adipose tissue, the liver is also capable
of de novo lipogenesis. Although the de novo lipogenesis is probably not very important in healthy lean subjects [54], it has been shown in patients with NAFLD that de
novo lipogenesis can attribute up to 24% of TG in he liver. This de novo lipogenesis
was twice as high as the 10% reported previously in obese, hyperinsulinemic subjects [58] and is 4–5 times higher than the 5% observed in healthy populations [59,
60]. In addition low fat/high carbohydrate diets have been shown to increase de
novo lipogenesis in healthy subjects with body weights between 80 and 120% of
their ideal body weight [61]. Therefore, not only a high fat content, i.e. the above
mentioned 56% of energy as fat [49], but also a high carbohydrate intake may be a
concern.
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It is not completely known how liver steatosis leads to insulin resistance. However, it is very likely that similarly as in skeletal muscle, not the TG per se, but lipid
intermediates are important. In vitro studies have indeed shown that increases in
intracellular DAG activate PKC, which binds to and inactivates the insulin receptor
kinase resulting in reduced insulin-stimulated IRS-1 and IRS-2 tyrosine phosphorylation. This in turn results in reduced insulin activation of PI 3-kinase and AKT2. Reduced AKT2 activation results in lower glycogen synthase kinase-3 phosphorylation
and lower forkhead box protein O (FOXO) phosphorylation. This in turn results in
lower insulin-stimulated liver glycogen synthesis and decreased suppression of hepatic gluconeogenesis, which results in an increase in GLUT2 translocation and an
increase in glucose released, respectively [39]. This decreased hepatic glucose storage and higher endogenous glucose production are clearly major factors in developing impaired glucose tolerance and diabetes.
Hepatic insulin resistance is also associated with increased insulin plasma concentrations, which in turn stimulates de novo lipogenesis and therefore enhances
liver steatosis further. Animal studies have clearly shown that insulin activates the
membrane-bound transcription factor sterol receptor binding protein 1-c (SREBP1c), which transcriptionally activates most genes required for lipogenesis. In mice,
even in the insulin resistant state, insulin stimulates hepatic SREBP-1c transcription
and increases lipogenesis [62]. In addition over-expression of SREBP-1c in transgenic
mice leads to increased lipogenesis and the development of hepatic steatosis [63].
On the other hand, inactivation of the SREBP-1c gene in livers of ob/ob mice, a genetic model of leptin deficiency that develops obesity and hepatic steatosis, reduced the hepatic TG content by approximately 50% [64]. These data indicate that
liver steatosis results in a vicious cycle by causing insulin resistance, which again
favors hepatic lipid accumulation.
Several interventional studies have demonstrated that normalization of liver fat
content also normalizes insulin resistance and disturbed glucose metabolism. In this
respect, the effect of weight loss was investigated in two independent studies. The
first study [65] showed that in subjects with type 2 diabetes mellitus 8% weight
reduction after consuming a moderately hypocaloric very-low-fat diet resulted
within 7 weeks in 80% reduction of intrahepatic lipids (IHL), which was associated
with improvement in hepatic insulin resistance. In the other study [66] moderate
weight loss resulted in reduction of IHL, which was associated with an increase in
splanchic glucose uptake. Together, these data demonstrate that reduction of liver
fat by moderate weight loss, can improve glucose metabolism in the liver. Furthermore, after treatment with pioglitazone for 16 weeks, the hepatic fat content in
subjects with type 2 diabetes mellitus was decreased from 19.6 % to 10.4%, while
the splanchic glucose uptake increased from 33.0% to 46.2%. [67].
Besides hepatic insulin resistance, the inflammatory character associated with
the development from liver steatosis to NASH is a concern. Although the patho-
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genesis of NASH has not yet been fully elucidated, it has been suggested that, next
to the accumulation of FA in the liver, cytochrome P4502E1 (CYP2E1) has an important role. CYP2E1 plays a key role in the pathogenesis of alcoholic liver injury, including alcoholic steatohepatitis, because of the oxidative stress it generates [68,
69]. Indeed, CYP2E1 concentrations increase not only in experimental animals which
mimic human obesity [70], but also in morbid obese men with NAFLD or patients
with NASH [71, 72]. CYP2E1 concentrations are invariably elevated in the liver of
patients with NASH [72] because FA and ketones, which are increased in diabetes,
are also substrates for CYP2E1 [69]. An excess of these substrates upregulates
CYP2E1. The resulting oxidative stress and liver injury are exacerbated by a diet low
in carbohydrates and rich in fat, including unsaturated lipids, which promote
CYP2E1 induction [73, 74].
Oxidative stress causes also various types of functional and structural damage
and commonly increases tumour necrosis factor (TNF)-α production in patients with
NASH [75], in addition to the already increased release of TNF-α by adipose tissue.
Adipose tissue produces and releases a variety of cytokines (interleukin-1, TNF-α),
that appear to mediate the inflammatory response that accompanies obesity [76].
In addition, it is noteworthy that the expression of TNF-α is increased in adipose
tissue of obese individuals and this expression correlates with BMI, percentage of
body fat and hyperinsulinemia [77, 78].
Besides the release of TNF-α from adipose tissue and the activation via oxidative stress, obese patients with NASH also have enhanced expression of TNF-α
mRNA in hepatic tissue, whereas obese patients without NASH have not [79]. This
proinflammatory cytokine probably contributes to the inflammation and the steatosis as shown in alcoholic steatohepatitis [80]. Due to the inflammation that is associated with NASH, it is a risk factor for progressive liver disease and finally hepatocellular carcinoma.
Heart
There is increasing evidence for ectopic fat accumulation inside the heart to play a
role in cardiomyopathy, and eventually heart failure, which may presently be an
underestimated risk factor. Similarly as in skeletal muscle and liver, metabolic dysregulation in lipid-overloaded hearts may induce insulin resistance. Sharma et al.
suggested that because failing hearts already exhibit impaired FA oxidation [81], a
superimposed myocardial insulin resistance may impair glucose oxidation resulting
in “energy starvation” of the heart, causing heart failure [8]. Furthermore, it has
been suggested that lipid metabolites may be toxic to cardiomyocytes by inducing
apoptosis [9, 82]. Due to the limited accessibility of cardiac tissue, this cardiolipotoxic mechanisms have so far mainly been studied in rodents rather than in
humans.
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In one human study, the lipid content in hearts after heart failure was investigated. A significantly increased intramyocardial lipid deposition was found in patients with heart failure and diabetes and/or obesity. This lipid accumulation was
associated with a gene expression profile similar to that in animal models of cardiac
steatosis and heart failure [8]. In the Zucker diabetic fatty (ZDF) rat, a model of obesity secondary to genetic unresponsiveness to leptin, TG accumulated rapidly in the
heart, as they do in other nonadipose tissues, when the animals became increasingly obese. This lipid accumulation was associated with a progressive increase in
ceramide content and iNOS expression. By 14 weeks of age, DNA laddering was
increased markedly, evidence of severe cardiac apoptosis [9]. These changes were
accompanied by functional losses, as ZDF rats also developed eccentric left ventricular remodeling, increased left ventricular pressure and septal wall thickening [5, 9].
The extreme obesity in the ZDF rat model made it difficult to determine
whether the cardiac maladaptations are related to excessive myocardial lipid accumulation or to increased expression of conventional risk factors for CVD. To address
this limitation, various lean genetic mouse models of cardiac-restricted steatosis
have recently been developed [5–7, 82–87]. These animals displayed increased
myocardial lipid content in the absence of obesity or any other traditional cardiovascular risk factors. FA accumulation in these animals can be caused by either decreased FA oxidation or increased FA uptake.
Transgenic mice with decreased cardiac FA oxidation were generated to produce cardiomyocyte-restricted deletion of PPAR-δ. This down regulated constitutive
expression of key FA oxidation genes and decreased basal myocardial FA oxidation.
These mice had severe lipid accumulation in the heart and consequently, cardiac
dysfunction, cardiac hypertrophy and congestive heart failure with reduced survival
[6].
To test whether a mismatch between myocardial FA uptake and utilization may
lead to the accumulation of cardiotoxic lipid species, a transgenic mouse line that
overexpresses long-chain acyl-CoA synthesis in the heart (MHC-ACS) was generated.
This protein plays an important role in FA transport across the membrane. The mice
showed severe cardiac steatosis, systolic dysfunction and hypertrophy. The results
of this study further demonstrated that a FA uptake/utilization mismatch lead to
accumulation of lipid species which are toxic to cardiac myocytes [82]. Indications of
the causal relationship between cardiac steatosis and cardiac dysfunction came
from results showing that reversing steatosis also restores cardiac function. The
same MHC-ACS mice were made hyperleptinemic by treatment with a recombinant
adenovirus containing the leptin cDNA. The heart of the hyperleptinemic MHC-ACStransgenic mice had normalised TG contents and exhibited normal echocardiograms
[7].
Another study of the reversibility of cardiac lipid storage was performed in mice
treated with streptozocin, a toxin inducing diabetes by affecting pancreatic β-cells.
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Treatment with streptozocin leaded to cardiac lipid accumulation. Interestingly,
over-expression of apolipoprotein B (apoB), which increases the ability of cells to
secrete TG-rich lipoproteins, reversed cardiac lipid accumulation in streptozocin
treated animals. Mice, treated with streptozocin, overexpressing human apoB in the
heart showed a decrease of 48% in TG content after 12 weeks with echocardiographic indexes of heart function being normal or only marginally affected, in comparison with the wild-type mice treated with streptozocin. These findings suggest
that TG accumulation in the heart is important for the development of diabetic
cardiomyopathy in mice, and that apoB formation by cardiomyocytes plays an integrated role in cardiac lipid metabolism [86]. Similarly, other treatments that ameliorated cardiac lipid accumulation, by downregulation or knocking out of PPAR-α also
rescued the heart from dilated cardiomyopathy [84, 85].
Taken together, there is strong evidence for lipotoxic mechanisms in rodent
showing that lipid accumulation in the heart leads to heart failure. As mentioned
earlier human cardiac tissue is not readily available and the study of cardiac lipid
accumulation largely relies on non-invasive methods. 1H-MRS has been developed
for quantifying lipid content in skeletal muscle and liver [14, 88, 89]. Recently 1HMRS has been successfully adapted to also quantify lipid content in cardiac muscle
of human subjects [90]. The employment of this technique showed that TG was
detectable in the myocardium of healthy human subjects even in those who are
very lean. In overweight subjects myocardial TG content was elevated and is accompanied by increased left ventricular mass and a subtle reduction of septal wall
thickening, which represent a mild systolic dysfunction [90]. While it has been
shown that the consumption of a single high-fat meal did not influence cardiac lipid
content, despite of a 2-fold increase in serum TG, 48h of fasting increased cardiac
TG accumulation significantly [91]. In addition, myocardial fat was found to be
higher in obese than in lean subjects and myocardial fat correlated with FFA levels,
epicardial fat, and waist-to-hip ratio. Epicardial fat was positively associated with
peripheral vascular resistance and negatively with the cardiac index. Together,
these human data may indicate that the cardiac accumulation of TG is related to
FFA exposure, generalized ectopic fat excess, and peripheral vascular resistance and
that these changes precede left ventrikel overload and hypertrophy [92]. Clearly,
further human studies are needed to investigate this further.
Pancreas
As obesity develops, insulin secretion increases parallel to insulin resistance in order
to maintain normal glucose homeostasis. Patients predisposed to diabetes, however, fail to compensate adequately for the greater insulin requirements [93]. It has
now also been suggested that the eventual impairment of insulin secretion in subjects with type 2 diabetes mellitus is related to ectopic fat accumulation inside the
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pancreas and high levels of FFA, which are both hallmarks of obesity [94, 95]. Indeed, this relationship between obesity and lipid accumulation inside the pancreas,
in addition to lipid accumulation inside the muscle and liver, was found in vivo in
healthy Mexican-American girls, 14–17 years old and with a BMI ranging from 17.7
kg/m2 to 46 kg/m2 [96]. Support for the notion that chronic exposure of the β-cell
to elevated FFA levels can be damaging to its function come mainly from studies
with isolated islets exposed to high concentrations of FFA for periods of 24–48 h
[97, 98]. Evidence for islet lipotoxicity in vivo comes from studies with the ZDF rat,
which, as noted earlier, shares many of the features of obesity-related type 2 diabetes mellitus in humans. In a study [95] was shown that when ZDF rats (fa/fa) were
fed standard chow diet the male ZDF rat developed marked hyperglycemia after 9
weeks of age. This does not hold true in the fatty females or in lean littermates (fa/+
or +/+) of the male animals. The obese ZDF females rarely exhibit hyperglycemia
[99, 100], although they have levels of obesity and insulin resistance comparable to
males. In line with this, the male ZDF rat displayed a marked elevation of plasma
FFA levels from 5 weeks of age onward in comparison to the female ZDF rat. Interestingly, just before the appearance of diabetes, an abrupt and massive increase in
islet TG content appeared that coincided with severe disruption of islet morphology
and β-cell function. Furthermore, energy restriction of these animals from 6 weeks
of age greatly reduced their islet fat accumulation and under these circumstances,
islet function was largely restored and hyperglycemia did not develop. Taken together, this implicates that fat accumulation in the islet is an important contributor
to β-cell failure in the ZDF rat, and probably in other rodent models of type 2 diabetes mellitus. Whether this is also true in humans is not yet clear, in part because of
the scarcity of suitable pancreas specimens for histochemical analysis from individuals with increasing degrees of β-cell malfunction [101].
To show the direct relationship between fat accumulation in the pancreas and
insulin secretion the reversibility of pancreatic dysfunction with normalization of TG
content inside the pancreas was demonstrated in animal models. In PPAR-γdeficient (PPAR-γ +/-) mice on a high-fat diet, insulin secretion was impaired and
this was associated with increased islet TG content. Pioglitazone, a PPAR-γ agonist,
decreased islet TG content and simultaneously restored the impaired insulin secretion in these animals [102].
Different mechanisms by which long-term exposure to FFA can lead to β-cell
dysfunction have been proposed. FFA may have direct effects on insulin biosynthesis, preproinsulin gene expression and the expression of uncoupling proteins (UCP).
Firstly, FFA are shown to decrease insulin biosynthesis in isolated rat islets
[103]. This study also indicated that at least some FFAs exert detrimental effects on
pancreatic β-cell function by impairing preproinsulin gene expression. Therefore,
long-term exposure to elevated FFA levels may be a factor in the development of
Type 2 diabetes mellitus due to their effects on preproinsulin gene expression.
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In addition long-term exposure to FFA can also modify UCP expression and
thereby changing glucose-stimulated insulin secretion by uncoupling the mitochondria and decreasing ATP production. A glucose-induced change in ATP/ADP ratio
plays a crucial role in the coupling of glucose metabolism to insulin secretion and
any factor uncoupling ATP formation from substrate oxidation will decrease glucose-stimulated insulin secretion. It has been shown that the pancreatic β-cells
express the uncoupling protein UCP2 and FAs increase its expression and partly
uncouple the β-cells [104].
Furthermore, long chain acyl-CoA (LC-CoA) may mediate the effects of FFAs.
This because FFA that cannot be oxidized may form LC-CoA and their effect on β-cell
dysfunction are twofold. First, LC-CoA may activate the KATP channel and hyperpolarize the β-cell, rendering its depolarization by glucose more difficult and decrease
glucose-stimulated insulin secretion in this way [105]. Second, a constitute reservoir
of LC-CoA may downregulate specific PKC isoforms and suppress their incretin action on insulin secretion [106]. Incretin action means that with matched glucose
concentrations the insulin secretion is greater following ingestion of glucose than it
is following infusion of glucose.
In addition to the general hazardous effects of high concentrations of FFA on βcell function, the saturated palmitic acid seems to be specifically toxic. Among all
the FAs studied in vitro on human and rodents pancreatic islets, palmitic acid rapidly
induced β-cell apoptosis and reduced their proliferative capacity [107, 108]. Increased levels of palmitic acid correlated with de novo synthesis of ceramides,
known to activate the apoptotic pathway in several cell types, including the β-cells.
The unsaturated oleic acid prevented apoptosis induced by palmitate, probably by
mediating upregulation of the antiapoptotic protein bcl-2 [108].
In summary, fat accumulation in the pancreatic islets leads to a decreased insulin secretion and might explain why insulin resistant people cannot meet the higher
demands of insulin and ultimately develop type 2 diabetes mellitus [103–108].
However, in obese nondiabetic subjects a greater proportion of pancreatic fat was
associated with increased, not decreased, insulin levels. This may indicate that the
deleterious effect of pancreatic fat accumulation might require a long time before
manifesting in impaired β-cell function. Indeed, it has been estimated that pancreatic β-cell damage is present for more than a decade before diabetes is diagnosed
[109].

Conclusion
The Health Survey for England showed that in 2–10 year old children, 16% of boys
and 12% of girls were obese (BMI >=95th centile), and that in 11–15 year olds a
staggering 24% of boys and 26% of girls were obese in 2004 [110]. Unfortunately,
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the alarming consequences of overweight and obesity are likely to increase as well
as this new generation of overweight children with a longer duration of excess body
weight, than any of their overweight predecessors, reaches adulthood.
It is well known that overweight and obesity are strong risk factors for cardiovasular disease and type 2 diabetes mellitus, which put a heavy load on the health
care systems. As reviewed here, ectopic lipid accumulation may be a link between
an increased body fat mass and these diseases. To summarize, there is strong evidence from human studies that hepatic and intramuscular lipid accumulation can
cause insulin resistance in these tissues. Rodent data further suggest that pancreatic
insufficiency may also occur due to excessive exposure to lipids. The combination of
insulin resistance of skeletal muscle and liver on the one hand, and pancreatic insufficiency on the other hand, are the factors well known to lead to the development
of type 2 diabetes mellitus. As stated above, obesity is also an important risk factor
for CVD and also here, ectopic fat deposition may play an important role. Indeed,
data from animal models suggest a causal relationship between cardiac lipid accumulation and dilated cardiomyopathy and ultimately heart failure.
Taken together, we conclude that evidence for a hazardous role of lipid accumulation in non-adipose tissue (lipotoxicity) is strong. However, while quite a lot of
human data is available from skeletal muscle, future research should focus on lipid
accumulation in the human liver, the pancreas and the heart. Newly available noninvasive methods, i.e. 1H-MRS, make it possible to conduct interventions to investigate the causes, the time-course and the consequences of lipid accumulation in
these tissues and to investigate the effectiveness of possible treatments.
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Abstract
Objective
Type 2 diabetes and insulin resistance have been associated with mitochondrial
dysfunction, but it is debated whether this is a primary factor in the pathogenesis of
the disease.
To test the concept that mitochondrial dysfunction is secondary to the development of insulin resistance we employed the unique model of prolonged fasting in
humans. Prolonged fasting is a physiological condition in which muscular insulin
resistance develops in the presence of increased free fatty acid (FFA) levels, increased fat oxidation and low glucose and insulin levels.
It is therefore anticipated that skeletal muscle mitochondrial function is maintained to accommodate the increased fat oxidation unless factors secondary to
insulin resistance exert negative effects on mitochondrial function.
Research Design and Methods
Twelve healthy males fasted for 60h or received a control diet, while in a respiration
chamber. Afterwards, insulin-sensitivity was assessed using a hyperinsulinemiceuglycemic clamp and mitochondrial function was quantified ex vivo in permeabilized muscle fibers using high-resolution respirometry.
Results
Indeed, FFA levels were increased ~9-fold after sixty hours of fasting in healthy male
subjects leading to elevated intramuscular lipid levels and a decreased muscular
insulin sensitivity. Despite an increase in whole-body fat oxidation, we observed an
overall reduction in both coupled state 3 respiration and maximally uncoupled respiration in permeabilized skeletal muscle fibers, which could not be explained by
changes in mitochondrial density.
Conclusions
These findings confirm that the insulin resistant state has secondary negative effects
on mitochondrial function. Given the low insulin- and glucose levels after prolonged
fasting, hyperglycemia and insulin action per se can be excluded as underlying
mechanisms, pointing towards elevated plasma FFA and/or intramuscular fat accumulation as possible causes for the observed reduction in mitochondrial capacity.
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Introduction
Although the existence of mitochondrial abnormalities in type 2 diabetes mellitus is
extensively reported during the last decade (1–5), there is no evidence that a reduced mitochondrial function is a primary factor in the pathophysiology of this disease. In fact, alternative theories state that the impaired mitochondrial capacity is
secondary to the insulin resistant- or diabetic state. In this context, it has been
shown that insulin can stimulate mitochondrial biogenesis and increases ATP synthesis in skeletal muscle (6; 7). A reduced insulin action in skeletal muscle as observed in type 2 diabetic patients could thereby contribute to the origin of mitochondrial dysfunction. Additionally, the increased exposure of skeletal muscle mitochondria to elevated levels of free fatty acids (FFA), seen in insulin resistance and
type 2 diabetes, has been suggested to interfere with proper mitochondrial function. Thus, Szendroedi et al. (8) showed that plasma FFA levels negatively correlated
with mitochondrial function measured by magnetic resonance spectroscopy. Furthermore, we have shown that the acute elevation of plasma FFA by lipid infusion,
was accompanied by downregulation of the transcriptional coactivator peroxisome
proliferator-activated receptor gamma coactivator-1α (PGC1α) and other genes
involved in mitochondrial metabolism (9). Moreover, it was shown in a comparable
study that short-term elevation of lipid availability reduces insulin-stimulated increase in ATP synthase flux in skeletal muscle (10), although this may mainly reflect
an effect of muscular insulin resistance on ATP flux. Prolonged fasting (>48 hours) in
humans is accompanied by a reduction in insulin sensitivity, elevated plasma FFA
levels, elevated intramuscular fat levels, but also an increase in whole-body fat
oxidative capacity (11; 12). Furthermore, prolonged fastinginduced insulin resistance is not accompanied by hyperglycemia and/or hyperinsulinemia, factors that
have been suggested to cause mitochondrial dysfunction in diabetes (7; 13). In fact,
prolonged fasting is a physiological condition in which insulin resistance develops to
spare glucose for utilization by the brain, and increased FFA levels are accompanied
by increased fat oxidation. It could therefore be anticipated that despite the development of insulin resistance, mitochondrial function is maintained to accommodate
increased fat oxidation during prolonged fasting. Alternatively, if (lipid-induced)
insulin resistance or factors associated with the insulin resistant state indeed cause
mitochondrial dysfunction, we anticipate a reduction in mitochondrial function
upon prolonged fasting. Therefore, we here aim to test the concept that mitochondrial dysfunction originates secondary to the development of insulin resistance by
employing the physiological model of prolonged fasting-induced insulin resistance.
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Methods
Subjects
Twelve healthy lean male volunteers, lacking a family history of diabetes mellitus or any other endocrine
disorder, participated in this study (table 1). None of the subjects engaged in sports activities for more
than 2h per week. Body composition (14) and maximal aerobic capacity (15) was measured as described
previously. The study protocol was reviewed and approved by the Medical Ethical Committee of Maastricht University Medical Center+ and all subjects gave their written informed consent before participating in the study.
Table 1 Subjects Characteristics
Parameter

Mean ± SEM

Age (y)

23.6 ± 1.0

Body weight (kg)

78.5 ± 2.5

Fat free mass (kg)

65.9 ± 1.8

Height (m)

1.86 ± 0.02

Body mass index (kg/m2)

22.6 ± 0.5

Maximal aerobic capacity (ml O2/kgFFM/min)

57.5 ± 1.5

Values are mean ± SEM

Experimental design
Subjects participated in two experimental trials: a 60h fast and a 60h normal fed
condition, in a randomized crossover design with a 2-week wash-out period. In the
fast condition, subjects were fasted for 60h (calorie-free drinks only) while in the
second condition subjects were fed in energy balance (50–35–15% of energy as
carbohydrates, fat and protein, respectively). Before the start of each experimental
period a standardized evening meal was provided. Subject stayed in a respiration
chamber during the entire 60h to ensure compliance to the dietary regime and to
allow the measurement of 24h substrate oxidation and energy expenditure (16). In
the respiration chamber subjects followed an activity protocol as previously described (17). During the intervention blood samples were taken after 12, 36 and 60
hours - after an overnight fast in case of the control condition.
Hyperinsulinemic-euglycemic clamp
After leaving the respiration chamber on the morning of the third day, a muscle
biopsy was taken (18) and a hyperinsulinemiceuglycemic clamp procedure (4) was
performed. Insulin-stimulated plasma glucose rate of disappearance (Rd), endogenous glucose production (EGP) and non-oxidative glucose disposal (mainly reflecting
glycogen synthesis) were calculated as in (4). Substrate oxidation in the basal and
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the insulinstimulated state was measured using indirect calorimetry (Omnical,
Maastricht, The Netherlands) and calculated according to Frayn (19).
Muscle Biopsy
After taking the muscle biopsy, a portion of the muscle tissue was directly frozen in
melting isopentane and stored at -80°C until assayed. Another portion (~30 mg) was
immediately placed in ice-cold preservation medium (4).
Blood analyses
Plasma nonesterified fatty acids (Wako Nefa C test kit; Wako Chemicals, Neuss,
Germany) and glucose (hexokinase method; LaRoche, Basel, Switzerland) were
measured with enzymatic assays automated on a Cobas Fara/Mira. Insulin concentration was determined using a radioimmunoassay (Linco Reseach, St. Charles, MO).
Intramuscular triacylglycerols
Fresh cryosections (5 μm) were stained for intramuscular triacylglycerols (IMTG) by
Oil Red O staining combined with fibertyping and immunolabelling of the basal
membrane marker laminin to allow quantification of IMTG, as described previously
(20; 21).
Mitochondrial DNA copy number and citrate synthase activity
Mitochondrial DNA (mtDNA) copy number, the ratio of NADH dehydrogenase subunit 1 (ND1) to lipoprotein lipase (LPL) (mtDNA/nuclear DNA) was determined as
described previously (4). Citrate synthase (CS) activity was measured spectrophotometrically as described previously (22).
High resolution respirometry
Permeabilized skeletal muscle fibers were immediately prepared from the muscle
tissue collected in the preservation medium, as described elsewhere (4; 23). Subsequently, the permeabilized muscle fibers (~2.5 mg wet weight) were analyzed for
mitochondrial function using an oxygraph (OROBOROS® Instruments, Innsbruck,
Austria), in essence according to (4). To prevent oxygen limitation, the respiration
chambers were hyper-oxygenated up to ~500 μmol/L O2. Subsequently, 2 different
multi-substrate/inhibition protocols were used in which substrates and inhibitors
were added consecutively in saturating concentrations. State 2 respiration was
measured after the addition of malate (4 mM) plus octanoylcarnitine (50μM) or
malate (4 mM) plus glutamate (10 mM). Subsequently, an excess of 2 mM of ADP

41

was added to determine coupled (state 3) respiration. Coupled respiration was then
maximized with convergent electron input through complex I and complex II, by
adding saturating concentrations of succinate (10 mM). Finally, the chemical uncoupler carbonylcyanide-4- (trifluoromethoxy)-phenylhydrazone (FCCP) was titrated or
oligomycin (2 μg/ml) was added to evaluate the maximal capacity of the electron
transport chain and the respiration not coupled to ATP synthesis (state 4o respiration), respectively. The integrity of the outer mitochondrial membrane was assessed
by the addition of cytochrome C (10 μmol/L) upon maximal coupled respiration. All
measurements were performed in duplicate.
Western Blotting
OXPHOS protein levels and mitochondrial uncoupling protein 3 (UCP3) content were
measured in whole muscle by western blotting as described previously (24). UCP3
was expressed as a ratio over the sum of OXPHOS complexes, to correct for differences in mitochondrial density.
Statistics
Data are reported as means ± SEM. Statistical analyses were performed using the
statistical computer program SPSS 16.0 for Mac OS X. Statistical comparisons between the two conditions (fed vs. fast) were performed using the paired Student’s t
test. Plasma FFA, glucose and insulin over time were compared by two-way repeated measures ANOVA for investigation of treatment and time (treatment*time)
interactions. When the interaction was significant we performed post-hoc testing to
determine the exact location of the difference. Differences were considered statistically significant when p < 0.05.

Results
Plasma parameters
A significant treatment*time interaction (p<0.001) was observed for all plasma
parameters (figure 1). At the start of the intervention (t=12, after an overnight fast)
plasma FFA levels (fig. 1A) were similar between both conditions (221 ± 18 vs. 215 ±
27 μM respectively, p=0.82). Upon 60 hours of fasting, plasma FFA increased dramatically, up to 1981 ± 95 μM vs. 387 ± 37 in the fed condition (p<0.001). Plasma
glucose values (fig. 1B) were similar at baseline averaging 5.05 ± 0.09 and 4.98 ±
0.06 mM in the fed- and the fasted state, respectively (p=0.28), and remained unchanged throughout the fed condition. During fasting however, plasma glucose
levels gradually decreased down to 3.72 ± 0.13 mM at t=60 hours (p<0.001). Base42

line plasma insulin levels (fig. 1C) were similar in both conditions (12.9 ± 0.9 vs. 11.9
± 1.2 μU/ml in fed vs. fasted, respectively, p=0.25) and did not change in the fed
condition. In the fasted condition however, plasma insulin levels were markedly
reduced to 7.1 ± 0.6 μU/ml at t=36 (p<0.001) and were maintained at this lower
level (7.0 μU/ml ± 0.74) at t=60 (p<0.001).

Figure 1. Blood parameters
Plasma non-esterifed fatty acids (A)
plasma glucose (B) and plasma insulin
(C) levels after 12, 36 and 60 hours of
fasting. Open circles / bars represent
the fed control group, closed circles /
bars represent the fasted group. Values
are mean ± SEM. * p < 0.05.

Indirect Calorimetry.
Twenty-four hour energy expenditure during the last 24h of the 60-hour intervention was slightly but significantly reduced upon prolonged fasting (10.88 ± 0.33 vs.
10.30 ± 0.30 MJ/day, in fed vs. fasted, respectively, p=0.02). The difference was
mainly due to a reduction in diet-induced thermogenesis, and not due to a decrease
in resting metabolic rate (data not shown). Additionally, whole-body 24h fat oxidation was increased upon prolonged fasting as evidenced by a significant reduction in
24h-RER (0.91 ± 0.009. vs. 0.77 ± 0.003 in fed vs. fasted, respectively, p<0.001).
Insulin sensitivity
All subjects displayed a decrease in glucose infusion rate upon 60 hours of fasting
(figure 2A). We also calculated the insulin sensitivity index (SI), an index that takes
into account the variation in insulin and glucose levels during the clamp (25). Insulin
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sensitivity index was reduced by ~45% upon 60 hours of fasting, as compared to the
fed condition (fig. 2B, p<0.001). The reduction in whole body insulin sensitivity was
mainly accounted for by a reduction in insulin-stimulated glucose disposal (delta Rd,
p<0.001, table 2). The reduced insulin-stimulated glucose disposal after fasting,
mainly reflecting muscle glucose uptake, was due to both a reduced insulin stimulation of glucose oxidation and a reduced non-oxidative glucose disposal (table 2).
However, insulin-stimulated glucose oxidation seemed to be more severely suppressed by 60h fasting (table 2). Also baseline endogenous glucose production was
reduced after 60 hours of fasting. However, insulin-induced suppression of endogenous glucose production, reflecting hepatic insulin sensitivity, was only marginally
affected by fasting and was almost complete in both conditions (table 2).
Figure 2. Insulin sensitivity

Assessment of insulin sensitivity by hyperinsulinemic-euglycemic clamping after 60 hours of fasting. Panel
A represents the individual data for the glucose infusion rate. Panel B displays the group results of the SIindex, i.e. the glucose infusion rate corrected for body weight and plasma glucose and –insulin levels
during the clamp procedure. The white bar represents the fed control group while the black bar depicts
the fasted group. Values are mean ± SEM. * p < 0.05.
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Figure 3. Indirect calorimetry

Indirect calorimetry results after 60 hours of
fasting in the basal state and upon the hyperinsulinemic-euglycemic clamp. Panel A shows that
metabolic flexibility, defined as the change in
respiratory exchange ratio upon insulin stimulation, is blunted upon prolonged fasting. Panel B
and C display whole body lipid- and carbohydrate oxidation, respectively. White bars represent the fed condition, black bars represent the
fasted condition. Values are mean ± SEM. * p <
0.05.

Metabolic flexibility
Metabolic flexibility was blunted in the fasted condition when compared with the
fed condition (fig. 3A, p<0.001). Basal whole-body fat oxidation was increased by
1.5-fold upon prolonged fasting (fig. 3B, p<0.001). During the glucose clamp, fat
oxidation significantly decreased in both conditions (p_0.001) but the suppression
was significantly less in the fasted condition (fig. 3B, p<0.001). Basal carbohydrate
oxidation after fasting was only ~35% of the value obtained in the fed situation
(p<0.001) but increased in both conditions during the glucose clamp (fig. 3C). However, this insulin-induced change in carbohydrate oxidation was blunted upon fasting (p<0.001).
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Table 2 Substrate kinetics
Fed

Fasted

Rd Glucose (µmol/kg/min)
Basal

11.3 ± 0.6

7.6 ± 0.4*

Clamp

38.0 ± 2.8

18.8 ± 0.9*

Delta

26.7 ± 2.6

11.2 ± 1.0*

EGP (µmol/kg/min)
Basal

10.7 ± 0.6

6.8 ± 0.3*

Clamp

- 1.0 ± 0.4

0.7 ± 0.4*

Delta absolute

- 11.7 ± 0.6

-6.07 ± 0.5*

Delta %

111.6 ± 5.9

90.0 ± 6.7*

Basal

9.7 ± 0.8

3.4 ± 0.6*

Clamp

20.8 ± 1.1

6.6 ± 0.8*

Delta

11.1 ± 0.9

3.4 ± 0.7*

CHO oxidation (µmol/kg/min)

NOGD (µmol/kg/min)
Basal

1.6 ± 0.5

4.2 ± 0.8*

Clamp

17.2 ± 2.2

12.6 ± 0.8*

Delta

15.6 ± 2.4

8.2 ± 1.1*

Lipid oxidation (µmol/kg/min)
Basal

1.2 ± 0.0

1.8 ± 0.2*

Clamp

0.3 ± 0.1

1.52 ± 0.1*

Delta

-0.8 ± 0.1

-0.31 ± 0.1*

Values are mean ± SEM. * p < 0.05.
EGP=Endogenous glucose production, CHO=Carbohydrate, NOGD=Non-oxidative glucose disposal.

Intramuscular triacylglycerols
The mean IMTG area fraction (fig. 4), was ~2.7-fold higher after 60 hours of fasting
in comparison with the fed condition (p=0.001). The increase in lipid accumulation
was more pronounced (~3.5 fold, p<0.001) in fibers identified as slow, oxidative
(type 1) fibers. Within type 2 muscle fibers IMTG levels increased by ~2-fold after 60
hours of fasting (p=0.015).
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Figure 4. Lipid accumulation in the muscle

Intramuscular triacylglycerols measured by Oil Red O staining combined
with an immunofluorescence staining against slow myosin heavy chain
(sMHC), to determine fibertyping. White bars represent the fed condition,
black bars represent the fasted condition. Values are mean ± SEM. * p <
0.05.

Mitochondrial Function
Mitochondrial DNA copy number was similar in both the fed and the fasting condition (fig 5A, p=0.96). Also OXPHOS protein levels (Complex I: 21.2 ± 6.4 vs. 17.7 ± 5.7
AU, p=0.50; Complex II: 48.7 ± 14.6 vs. 48.3 ± 16.2 AU, p=0.97; Complex III: 11.6 ±
1.5 vs. 11.9 ± 1.1 AU, p=0.88; Complex IV: 92.8 ± 7.0 vs. 93.7 ± 9.1 AU, p=0.85; Complex V: 4.4 ± 0.7 vs. 4.8 ± 0.9, p=0.66) and CS activity (76.2 ± 7.3 vs. 70.2 ± 6.6
μmol/min/g protein, p=0.41) were similar in the fed vs. the fasted state, respectively, confirming an equal mitochondrial mass in both conditions. Nonetheless, we
adjusted the oxygen fluxes for individual differences in mtDNA copy number. However, similar results were obtained without this correction (see supplemental figure
1 in the online appendix available at http://diabetes.diabetesjournals.org).
State 2 respiration, i.e. respiration in the presence of substrate alone, was not
different between conditions on any of the substrate combinations studied (fig. 5B).
However, ADP-stimulated (state 3) respiration on a lipid substrate (malate + octanoyl-carnitine, MO) was significantly reduced upon fasting, as compared to the
fed situation (p=0.03, fig. 5C). Similarly, state 3 upon the complex I substrates
malate + glutamate (MG) was ~22% lower after fasting, although this did not reach
statistical significance (p=0.12, fig. 5D).
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Figure 5. Evaluation of mitochondrial function

Evaluation of mitochondrial function. A) Mitochondrial density; B) Mitochondrial respiration upon substrates only (state 2); C) ADP-stimulated respiration (state 3) upon a lipid substrate; D) State 3 respiration
fuelled by Complex I linked substrates; E) State 3 respiration upon parallel electron input into Complex I
and II; F) Maximally uncoupled respiration upon FCCP; G) Mitochondrial respiration uncoupled from ATP
synthesis (state 4o). White bars represent the fed condition, black bars represent the fasted condition.
Values are mean ± SEM, n=10. * p < 0.05. M=malate, O=octanoyl-carnitine, G=glutamate, S=succinate.

Additionally, respiration upon parallel electron input to both complex I and II was
reduced by ~20% upon prolonged fasting. Thus, state 3 respiration upon malate +
octanoyl-carnitine + glutamate (MOG) was significantly lower in the fasted state as
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compared to the fed condition (p=0.01, fig. 5E). Similar differences were observed
for state 3 respiration upon malate + octanoylcarnitine + glutamate + succinate
(MOGS, p=0.02, fig. 5E) and malate + glutamate + succinate (MGS, p=0.04, fig. 5E).
Maximally FCCP-induced uncoupled respiration, reflecting the maximal capacity of
the electron transport chain, was also reduced by ~23% after 60 hours of fasting
(p=0.008, fig. 5F). Finally, state 4o respiration (reflecting mitochondrial proton leak)
was similar between the fed and fasted state (p=0.48, fig. 5G). The average increase
in oxygen consumption upon cytochrome C was less than 10% (underscoring the
viability of the muscle fibers) and was similar in both conditions (p=0.54).
UCP3
Mitochondrial uncoupling protein 3 (UCP3) did not change upon 60 hours of fasting
in humans and averaged 2.21± 0.38 vs. 2.20 ± 0.41 AU in the fed vs. fasted condition
(p=0.96).

Discussion
In the present study we evaluated the effect of prolonged fasting on skeletal muscle
mitochondrial functional capacity in humans in order to examine whether the mitochondrial dysfunction that is frequently reported in insulin resistance and type 2
diabetes mellitus can be a consequence of lipid-induced insulin resistance, rather
than a cause. In contrast to the hyperglycaemia and hyperinsulinaemia accompanying ‘energy excess’-induced insulin resistance (lipid infusion, high-fat diets), prolonged fastinginduced insulin resistance is associated with hypoglycaemia and hypoinsulinemia. Moreover, prolonged fasting-induced lipid accumulation and insulin
resistance areconsidered to be a functional physiological response. Thus, reduced
insulin sensitivity saves carbohydrates for the central nervous system, being obligate for glucose and not requiring insulin for its uptake, while increased lipid availability at the same time can serve as a direct available energy source for the muscle
and is paralleled by an enhanced fat oxidative capacity (12).
Therefore we anticipated that skeletal muscle mitochondrial function would not
be impaired in this model, unless mitochondrial function is impaired by factors that
are secondary to the lipid-induced insulin resistant state. Intriguingly, we found that
only 60 hours of fasting in humans was accompanied by an overall reduction in
skeletal muscle mitochondrial capacity, which was not explained by changes in mitochondrial density.
We assessed mitochondrial functional capacity in detail (fig. 5) by using a wide
variety of substrates and substrate combinations, in order to determine the maxi-
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mum ADP-stimulated respiration (state 3) fuelled by a lipid substrate, by complex I
substrates and upon parallel electron input into complex I (NADH) and II (FADH2).
Interestingly, state 3 respiration was reduced by ~20% upon all substrates,
which reduces the possibility that the decline is due to substrate-specific alterations
such as substrate uptake into the mitochondria. Therefore, both a reduction in the
activity of the electron transport chain and the oxidative phosphorylation system
could underlie the reduced state 3 respiration. Using the chemical uncoupler FCCP,
control over respiration by the oxidative phosphorylation system is bypassed; thus
FCCP-induced respiration reflects the maximal capacity of the electron transport
chain. Irrespective of the intervention, FCCP was able to enhance mitochondrial
respiration considerably over state 3 values, indicating that the electron transport
chain is not rate-limiting in state 3. However, FCCP-induced respiration in itself was
reduced by ~23% upon prolonged fasting (fig. 5F), indicating that a combined reduction of both the capacity of the electron transport chain and oxidative phosphorylation underlies the reduced mitochondrial oxidative capacity upon fasting.
The reduced mitochondrial capacity was not accounted for by a reduction in mitochondrial density. Thus mtDNA copy number, CS activity and OXPHOS protein
levels remained unaffected by fasting. Although this does not exclude the possibility
that prolonged exposure to high FFA and/or insulin resistance may lead to a reduced mitochondrial function as observed in type 2 diabetes mellitus via reduced
mitochondrial biogenesis (e.g. via PGC-1α), this finding indicates that fasting interferes with intrinsic mitochondrial capacity in skeletal muscle. Interestingly, a similar
reduction in intrinsic mitochondrial capacity, without differences in mitochondrial
content, was recently reported by us in type 2 diabetic patients and first-degree
relatives when compared to BMI- and age-matched obese control subjects (4). Thus,
the reduction in mitochondrial function upon fasting mimics the situation as observed in the diabetic state, and suggests that similar (secondary) effects are involved in causing mitochondrial dysfunction. However, it should be noted that fasting is not a direct model for type 2 diabetes. Furthermore, although the available
data in literature underpin the notion that fasting-induced lipid accumulation is
responsible for the reduced insulin sensitivity upon fasting, we cannot exclude the
possibility that the reduced mitochondrial function upon prolonged fasting triggers
the insulin resistance observed.
Resistance of skeletal muscle to insulin action per se has been suggested to explain the reduction in mitochondrial functional capacity observed in diabetes. Thus,
in healthy individuals it was shown that a 7h insulin infusion increased mitochondrial protein synthesis, cytochrome C oxidase (COX) and citrate synthase (CS) enzyme activities and ATP production (26). Moreover, it has been reported that exposing human primary muscle cells to insulin up-regulates the expression of PGC-1α
(27). Therefore, the reduction in insulin action in type 2 diabetes mellitus may underlie the observed mitochondrial defects.
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In agreement with this hypothesis, it was demonstrated that at low doses of insulin (reflecting post-absorptive levels) the skeletal mitochondrial ATP synthesis rate
was not different between diabetic patients and controls, indicating that there is no
intrinsic muscle mitochondrial defect in type 2 diabetic patients (7). On the other
hand, high (postprandial) levels of insulin increased the mitochondrial ATP production rate in nondiabetic subjects, whereas this increase was absent in type 2 diabetic patients (7). Furthermore, the lack of response in the diabetic patients was
accompanied by a reduced expression of PGC-1α, CS and COX.
Besides a reduced insulin action, the hyperglycemia associated with insulin resistance and type 2 diabetes has also been suggested to exert harmful effects on
mitochondrial functional capacity via induction of oxidative stress. Indeed, hyperglycemia was shown to increase mitochondrial ROS production in endothelial cells
(28) as well as in other cell types (29). In addition, it was reported that severe hyperglycemia inhibited respiration in human skeletal muscle, which was restored
upon insulin treatment (13). It should be noted that the insulin resistant state after
prolonged fasting was accompanied by hypoinsulinemia and hypoglycemia. Mitochondrial function was thus assessed after exposure to low insulin and glucose concentrations. It is therefore unlikely that the reduced mitochondrial functional capacity observed here is caused by hyperinsulinemia and/or hyperglycemia associated
with a reduced insulin action. However, it remains possible that chronic hyperinsulinemia and/or hyperglycemia may negatively affect mitochondrial function in type
2 diabetes mellitus patients.
An alternative candidate to explain the observed reduction in mitochondrial capacity upon fasting is the prolonged exposure to elevated plasma FFA levels. This is
underscored by previous findings in isolated mouse- and human skeletal muscle
mitochondria showing a dose-dependent inhibition of ATP synthesis upon incubation with high but physiological levels of FFA metabolites (30). Furthermore, it was
shown in mice that prolonged consumption of a highfat diet for the duration of 16
weeks reduced mitochondrial function (31). Also in human in vivo studies, negative
associations between high fatty acid availability and markers for mitochondrial function have been reported. Thus, PGC-1_ expression (9) and the insulin-stimulated
increase in skeletal muscle ATP synthesis (10) were reduced upon lipid infusion.
Furthermore, it was recently shown that mitochondrial membrane potential
was impaired upon short-term lipid infusion in healthy individuals, although several
other markers of mitochondrial function remained unaffected (32). Despite the
reported negative associations between mitochondrial function and (plasma) FFA,
there are also several lines of evidence suggesting the opposite. Thus, raising
plasma FFA by high-fat feeding combined with daily heparin injections for 4 weeks
in rats increased skeletal muscle mitochondrial biogenesis and mitochondrial enzymes involved in fat oxidation, the citric acid cycle and the respiratory chain (33).
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Furthermore, we previously showed that high-fat feeding in rats for 8 weeks resulted in a 2- fold increase of PGC-1α protein levels (34). Despite the obvious species differences between these studies, it remains unclear what the explanation is
for the discrepancy in these results. Adding to the complexity is the fact that several
approaches (high-fat feeding, lipid infusion combined with a hyperinsulinemiceuglycemic clamp) to elevate plasma FFA levels are accompanied by hyperinsulinemia and/or hyperglycemia and insulin resistance, all factors that have also been
suggested to interfere with mitochondrial capacity (26; 29).
Finally, differences in absolute levels of plasma FFA achieved in the different
studies may contribute to (part of) the variation. Within the context of mitochondrial lipotoxicity, we and others have previously postulated that mitochondrial uncoupling protein 3 (UCP3) may be involved in protecting mitochondria against (lipidinduced) oxidative damage (for review, see (35)). Therefore, we determined protein
levels of UCP3 and found that UCP3 content was similar between the fed and the
fasted condition. This is a surprising finding since fasting has been quite convincingly
shown to increase UCP3 protein levels in animal studies (36; 37). Moreover, UCP3
mRNA levels were also elevated after 15h (~5-fold) and 40h (~10-fold) of fasting in
humans (38). It should be noted, however, that this is the first study to evaluate
UCP3 protein content upon prolonged fasting in humans. The impressive increase in
plasma FFA upon prolonged fasting is in line with previous findings in humans (12;
39), although the absolute values achieved in this study (~2000 μM) are high. Also
the ~2.7-fold increase in IMTG levels after 60 hours of fasting is slightly higher in
comparison with previous reports (12; 39). The high plasma FFA and IMTG levels
might be caused by complete compliance to the fasting regimen in the present
study since, in contrast to other studies, the subjects stayed in a respiration chamber throughout the whole period. The reduction in insulin-stimulated glucose uptake observed in the present study confirms previous observations showing that
prolonged fasting reduced glucose Rd, which was accounted for by a reduction in
both insulinstimulated glucose oxidation and nonoxidative glucose disposal (40). In
line with previous reports (40), we also detected a decreased metabolic flexibility
(i.e. the ability to switch from predominantly fat oxidation to glucose oxidation
upon insulin stimulation) upon prolonged fasting (fig. 3). However, not all studies
show this effect (41). As anticipated, whole-body fat oxidation increased significantly upon prolonged fasting. Therefore, the decrease in mitochondrial capacity in
skeletal muscle is counterintuitive, especially since this decrease was substrateindependent and also apparent upon a lipid substrate.
These results indicate that the reduced mitochondrial capacity is secondary to
the fatty acid surplus associated with the insulin resistant state. It is important to
note however, that the reduction in muscle mitochondrial capacity does not (yet)
affect the capability of the body to enhance fat oxidation. This is an important finding since it has generally been assumed that a reduction in musclemitochondrial
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function will result in reductions in whole-body fat oxidative capacity (3–5; 42; 43).
Here, we show that this extrapolation may not be justified, although we can not
exclude that the fasting-induced reduced mitochondrial function in muscle may
decrease muscle-specific fat oxidationcompensated by increased fat oxidation in
other organs, or may have an impact on the capacity to switch from carbohydrate to
fat oxidation (metabolic flexibility).
In conclusion, 60 hours of fasting in humans lowered insulin-stimulated glucose
uptake down to ~50% along with drastically elevated plasma FFA and IMTG levels.
This was accompanied by an overall reduction in intrinsic mitochondrial functional
capacity in skeletal muscle, despite a pronounced increase in whole-body fat oxidation. Since prolonged fasting is a physiological condition in which increased fat oxidation becomes very important, a reduced mitochondrial function seems unbeneficial from a physiological point of view. Our findings suggest that the elevated
plasma FFA and/or intramuscular lipid levels associated with the insulin resistant
state are responsible for the secondary negative effects on mitochondrial function.
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Abstract
Introduction
Obesity and insulin resistance are associated with metabolic complications such as
low-grade systemic inflammation. Elevated plasma FFA, glucose and insulin levels
have all been suggested to underlie this systemic inflammation. Prolonged fasting
induces insulin resistance due to elevated plasma FFA, but is not accompanied by
hyperinsulinemia or hyperglycemia, allowing to study the effects of physiologically
increased FFA concentrations apart from those of increased insulin and glucose
concentrations on inflammatory markers.
Methods
A randomized crossover design with a 2-week wash-out period was used. Subjects
were fasted or fed in energy balance for 60 hours. Subject stayed in a respiration
chamber during the entire 60h periods to ensure compliance. Blood samples were
taken after 12, 36 and 60 hours, and afterwards a hyperinsulinemic-euglycemic
clamp was performed.
Results
Fasting decreased insulin sensitivity by 45%. FFA were increased 5-fold when compared to the fed period. Fasting-induced increases in FFA concentrations did not
relate to changes in the concentrations of the inflammatory cytokines TNF-α, IL-1b,
IL-6 and IL-8, or of hs-CRP. At t=60 hours, VEGF concentrations were significantly
increased during the fasted period (P<0.05). At the same time point, chemerin
(P<0.01) and leptin (P<0.01) were significantly decreased after fasting. For leptin
this decrease was also significant after 36 hours (P<0.01). Adiponectin levels remained unchanged.
Conclusion
Our study with healthy male subjects indicates that fasting-induced increases in FFA
leading to insulin resistance do not lead to changes in the concentrations of the
inflammatory cytokines. VEGF concentrations increased and those of chemerin
decreased. These results suggest that hyperglycemia and/or hyperinsulinemia may
be more important than elevated FFA levels or insulin sensitivity per se in obesityassociated chronic inflammation.
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Introduction
Obese subjects have increased concentrations of free fatty acids (FFA), which may
relate to the frequently observed associations between increased body fat content
and insulin resistance. Indeed, increasing plasma FFA concentrations by lipid infusion causes insulin resistance (1). However, increased plasma FFA concentrations
are also related to other metabolic complications such as low-grade systemic inflammation, which on its turn may cause insulin resistance, hyperinsulinemia, and
hyperglycemia (2–4). Indeed, several studies have demonstrated that insulin resistance is associated with elevated levels of for example high-sensitive C-reactive
protein (hs-CrP) and IL-6, and decreased levels of the anti-inflammatory adipokine
adiponectin (5), independent of obesity (5, 6). Moreover, infusion of insulin in humans increases leptin concentrations, which has also been linked to inflammation
(7), and decreases adiponectin concentrations (8). Finally, hyperglycemia can contribute to activation of NF-kB, as reviewed by Schwartz et al (9). Thus, a complex
interplay exists between FFA concentrations, insulin resistance, and inflammation.
Further, it is unknown if insulin resistance per se is more important than hyperinsulinemia or hyperglycemia.
Recently, we have shown that in lean healthy subjects prolonged fasting (60
hours) is accompanied by elevated plasma FFA levels and a reduction in insulin sensitivity (10). Importantly, fasting-induced insulin resistance is not accompanied by
hyperinsulinemia or hyperglycemia, which makes it possible to study the effects of
physiologically increased FFA concentrations apart from those of increased insulin
and glucose concentrations on inflammatory markers.
Therefore, the aim of the present study was to study the contribution of FFA
and insulin resistance, without the presence of increased glucose and insulin concentrations, on circulating levels of several adipokines who are known to play an
important role in the development of low-grade systemic inflammation and that are
increased in the obese state. Vascular endothelial growth factor (VEGF) will be studied as it is known that glycaemic control influences VEGF serum levels.

Methods
Subjects
Eleven healthy lean male volunteers without family history of diabetes mellitus or
any other endocrine disorder participated in this study (table 1). None of the subjects engaged in sports activities for more than 2h per week. Body composition and
maximal aerobic capacity were measured as described previously (10). The study
protocol was reviewed and approved by the Medical Ethical Committee of Maas-
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tricht University Medical Center+ and all subjects gave their written informed consent before participating in the study.
Experimental design
Using a randomized crossover design with a 2-week wash-out period, subjects participated in two experimental periods: a 60h fast and a 60h normal fed condition. In
the fast condition, subjects were fasted for 60h (calorie-free drinks only), while in
the other condition subjects were maintained in energy balance (50–35–15% of
energy as carbohydrates, fat and protein, respectively). Before the start of each
experimental period, a standardized evening meal was provided. Subject stayed in a
respiration chamber during the entire 60h periods to ensure compliance to the
strict dietary protocols and to allow for the measurement of 24h substrate oxidation
and energy expenditure (11). In the respiration chamber subjects followed an activity protocol as previously described (12). During each 60h period, blood samples
were taken after 12, 36 and 60 hours - after an overnight fast in case of the fed
condition.
Hyperinsulinemic-euglycemic clamp
After leaving the respiration chamber on the morning of the third day, a hyperinsulinemic-euglycemic clamp procedure was performed, as described previously (10).
Blood analyses
Blood was collected in EDTA containing tubes and immediately centrifuged at high
speed. Plasma was transferred to Eppendorf tubes, snap frozen in liquid nitrogen,
and stored at –80 ºC until further analysis. Plasma FFA (Wako Nefa C test kit; Wako
Chemicals, Neuss, Germany) and glucose (hexokinase method; LaRoche, Basel, Switzerland) were measured with enzymatic assays. Insulin concentration was determined using a radioimmunoassay (Linco Reseach, St. Charles, MO).
Plasma markers of inflammation (TNF-α, IL-1b, IL-6, IL-8 and hs-CrP) were
measured with a commercially available Multi Spot ELISA kit (Meso Scale Discovery,
Gaithersburg, MD, USA). Leptin and adiponectin were determined using a radioimmunoassay (Biovender, Heidelberg, Germany). ELISA kits for chemerin analysis were
purchased from Biovendor (Heidelberg, Germany) and those for VEGF from Millipore (Schwalbach, Germany).
Statistics
Data are reported as means ± SEM. Statistical analyses were performed using SPSS
16.0 for Mac OS X. Statistical comparisons between the two conditions (fed vs. fast)
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were performed using the paired Student’s t test. Plasma parameters over time
were compared by two-way repeated measures ANOVA for investigation of treatment and time (treatment*time) interactions. When the interaction reached statistical significance, we performed post-hoc testing to determine the exact location of
the difference. Differences were considered statistically significant when p < 0.05.

Results
Results of one subject were removed from the statistical analysis, because of a hsCRP concentration at the start of the fed period >50 mg/L, as opposed to a value of
<1 mg/L at the start of the fasted period. Characteristics of the remaining 10 subjects are presented in table 1. Results on insulin sensitivity have been described into
detail previously (10). In summary, the glucose infusion rate for all subjects was
decreased after the 60 hours fasted period as compared with the fed period, also
the insulin sensitivity index (SI) was reduced by ~45% (p<0.001). The reduction in
whole body insulin sensitivity was mainly accounted for by a reduction in insulinstimulated glucose disposal. Insulin-induced suppression of endogenous glucose
production was only marginally affected by fasting and was almost complete in both
conditions.
Table 1. Subject characteristics
Parameter

Mean ± SEM

Age (y)

23.3 ± 0.8

Body weight (kg)

79.6 ± 2.5

Fat free mass (kg)

66.6 ± 2.0

Height (m)

1.87 ± 0.03
2

Body mass index (kg/m )

22.8 ± 0.5

Maximal aerobic capacity (ml O2/kgFFM/min)

57.8 ± 1.6

Values refer to 10 male subjects. Values are Mean ± SEM.

Blood parameters
Concentrations of all parameters were not significantly different at the start of the
fed and fasted periods. A significant treatment x time interaction (p<0.001) was
observed for plasma FFA, glucose and insulin concentrations (10). Plasma FFA increased steadily, up to 2016 ± 118μM in de fasted condition vs. 421 ± 39 μM in the
fed condition (p<0.001 for the difference in changes). Plasma glucose values remained unchanged throughout the fed condition, but gradually decreased to 3.73 ±
0.15 mM after 60 hours of fasting (p<0.001). Baseline plasma insulin levels did not
change in the fed condition, but were markedly reduced in the fast condition to 7.3
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± 0.7 μU/ml at t=36 (p<0.001) and were maintained at this lower level (7.0 ± 0.89
μU/ml) at t=60 (p<0.001).
Plasma TNF-α concentrations did not significantly change during the fasted or
fed condition. Similar conclusions could be drawn for IL-1b, IL-8, adiponectin and hsCRP. For IL-6, however, a statistically significant treatment x time effect was found
(P=0.038), but pair wise comparisons did not reveal any statistical differences between the various time points.
A statistically significant treatment x time effect was found for VEGF concentrations (P=0.042). No differences were seen after 36 hours. After 60 hours, however,
concentrations were increased with 63.2 ± 10.1 pg/ml during the fed period, which
was significantly less than the increase of 108.8 ± 14.5 pg/ml during the fasted period (P=0.02). The treatment x time effect also reached statistical significance for
changes in chemerin concentrations (P<0.005). In the fed condition, concentrations
remained virtually unaffected, but were significantly decreased after 60 hours of
fasting (P<0.001). Leptin concentrations were also affected and were significantly
decreased after 36 and 60 hours of fasting (P=0.04 and P<0.01, respectively).

Discussion
In the present study we have found that fasting-induced increases in FFA concentrations did not relate to changes in the concentrations of the inflammatory cytokines
TNF-α, IL-1b, IL-6 and IL-8, or of hs-CRP. This extends the findings of a smaller study
with six healthy lean men, that also found no pro-inflammatory effects of 60 hours
of fasting, as indicated by unchanged concentrations of IL-6, soluble TNF receptors I
and II, and hs-CRP (13).
In our study, FFA concentrations were physiologically increased by fasting,
which was accompanied by insulin resistance at reduced glucose and insulin concentrations (10). In contrast, insulin resistance induced by longer-term lipid infusion
does lead to hyperglycemia and hyperinsulinemia, and to increased concentrations
of FFA and pro-inflammatory cytokines. This suggests that in normal weight subjects, insulin-resistance or increased FFA concentrations per se are not a prerequisite to induce a pro-inflammatory cytokine profile, but hyperglycemia or hyperinsulinemia - possibly in combination with high FFA levels - are. As pre-diabetic subjects,
who are characterized by normal glucose concentrations and slightly elevated insulin concentrations, also have increased concentrations of markers and mediators of
inflammation (14), it can be speculated that insulin may be more important in this
respect. This is further supported by the findings of Stegenga et al. (15), who found
that a short-term (6 hr) lower-insulinemic hyperglycemic clamp decreased the expression of several pro-inflammatory cytokine in LPS-stimulated leucocytes. In con-
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trast, after a hyperinsulinemic euglycemic clamp, expressions of most of the inflammatory cytokines were increased.
VEGF concentrations increased significantly during both conditions at t=60
hours for which we do not have an obvious explanation. Concentrations, however,
were significantly more increased in the fasted situation. The association between
insulin and glucose concentrations on VEGF is not clear. Loebig et al. (16) could not
demonstrate a relationship between VEGF concentrations and the insulin sensitivity
index, as measured under euglycemic clamp conditions in lean, overweight or obese
male subjects. In contrast, Dandona et al. (17) found suppressed VEGF concentrations during insulin infusion and steady glucose concentrations. Hypoglycemia,
however, may also increase plasma VEGF concentrations, as suggested by in vitro
and in vivo studies (18–20). In addition, a positive correlation between concentrations of circulating VEGF levels and BMI has been reported in healthy male subjects
(16). As BMI is also positively related to FFA concentration (21), it can be speculated
that fasting also increases plasma VEGF. In vitro, free fatty acids induce a significant
release of VEGF from vascular smooth muscle cells that might contribute to increased circulating levels of this factor (22). Thus, although insulin sensitivity per se
does not relate to VEGF, further studies are needed on the exact determinants of
plasma VEGF levels.
Chemerin, an adipokine related to obesity and obesity related pathologies (23),
decreased after fasting. In vitro, chemerin synthesis and secretion by 3T3-L1 adipocytes is upregulated by TNF-α (24) and furthermore we previously showed a regulation by TNF-α in human adipocytes (25). Similar results have been found for IL-1b
(26). However, these two cytokines were in our study not affected by fasting and
can therefore not have played a role in the decrease of plasma chemerin concentrations. Also, in vitro studies and studies in tissue explants have shown that insulin
increases dose and time dependently chemerin secretion by adipocytes (27). Further, a study in subjects with normal glucose tolerance has found positive relationships between plasma chemerin concentrations and various measures of the metabolic syndrome, although chemerin was not different between subjects with type 2
diabetes mellitus and controls (23). At least for healthy subjects, this may suggest
that insulin concentrations are an important determinant of plasma chemerin. To
what extent plasma FFA concentrations play a role, is not known. It should be noted
that chemerin secretion also occurs from liver (28). However, nothing is known
about a possible regulation of hepatic chemerin release.
During fasting, plasma leptin levels decreased as expected (29), which was already evident after 24 hrs. Adiponectin concentrations were not affected by fasting,
which agrees with other study in which subjects fasted for 48 or 72 hours (29, 30).
These findings support the notion that circulating adiponectin concentrations observed after weight reduction do not result from a negative energy balance, but
rather from a decreased body fat content (30).
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In conclusion, our study with healthy male subjects indicates that fastinginduced increases in FFA and insulin resistance do not lead to changes in the concentrations of the inflammatory cytokines. VEGF concentrations increased and
those of chemerin decreased. These results suggest that hyperglycemia and/or
hyperinsulinemia may be more important than elevated FFA levels or insulin sensitivity per se in obesity-associated chronic inflammation. The precise role of FFA and
insulin concentrations within these parameters requires further study.
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-0.07±0.35

134±7

0.00±0.31

8.41±0.50

-0.22±0.29+

3.80±1.07

6.08±8.72+

8.40±0.37

3.89±0.85

114±7

25.5±8.8

0.97 ± 0.55

3.82 ± 0.97

0.87 ± 0.17

0.90 ± 0.20

4.94 ± 0.38

T=12

-0.12±0.28

8.29±0.46

-3.14±0.63

0.75±0.23

-2.51±3.40

112±7

15.2±16.5

40.7±14.7

0.26 ± 0.53

1.23 ± 0.67

-0.72 ± 0.73

3.10 ± 0.42

-0.21 ± 0.14

0.66 ± 0.06

-0.09 ± 0.23

0.81 ± 0.15

-0.07 ± 0.18

4.87 ± 0.32

T=36

Fasted period

-0.05±0.21

8.35±0.36

-3.70±0.84

0.19±0.08

-26.50±3.83

88±6

108.8±14.5

134.4±11.5

0.42 ± 0.46

1.39 ± 0.56

-0.81 ± 0.89

3.01 ± 0.20

0.09 ± 0.22

0.96 ± 0.14

1.12 ± 0.55

2.02 ± 0.67

-0.46 ± 0.21

4.48 ± 0.30

T=60

P=0.991

P=0.003

P=0.002

P=0.042

P=0.405

P=0.310

P=0.038

P=0.288

P=0.156

treatment x time
interaction

P-value

VEGF concentrations could not be measured in one subject due to technical difficulties. * or + indicates a statistically significant difference from the change at the same
time point during the fasted period, * P < 0.05, + P < 0.01. Values are Mean ± SEM.

8.41±0.44

8.34±0.38

Changes

Adiponectin (µg/ml)

3.91±1.32
-.10±0.33+

4.02±1.19

Changes

Leptin (ng/ml)

120±8
-8.13±7.47

129±12

Chemerin (ng/ml)

Changes

63.2±10.1*

81.8±10.68

-0.19 ± 0.06

17.4±7.2

-0.07 ±0.05
-1.2±4.7

18.6±7.3

0.32 ± 0.12

0.02 ± 0.41

0.14 ± 0.35
0.43 ± 0.18

2.75 ± 0.27

-0.05 ± 0.08

-0.02 ±0.07
2.87 ± 0.32

0.57 ± 0.04

0.60 ± 0.05

-0.08 ± 0.23

0.05 ± 0.25

Changes

VEGF (pg/ml)

Changes

hs-CRP (mg/dl)

Changes
0.51 ± 0.17

2.73 ± 0.30

IL-8 (pg/ml)

Changes

0.62 ± 0.08

IL-6 (pg/ml)

Changes

0.71 ± 0.17

0.10 ± 0.30

0.37 ± 0.19
0.84 ± 0.26

0.79 ± 0.25

IL-1b (pg/ml)

Changes

4.43 ± 0.35

4.70 ± 0.26

4.33 ± 0.34

TNF-α (pg/ml)

T=60

T=36

Fed period
T=12

N=10

Table 2. Effects of fasting on plasma markers of inflammation, VEGF, chemerin, leptin and adiponectin
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Abstract
Context
In rodents, high-fat diets increase intrahepatic lipid (IHL), but human studies are
scarce.
Objective
To see whether the composition of a diet influences IHL and intramyocellular lipid
(IMCL) accumulation and insulin resistance.
Design
Twenty overweight men were randomly allocated to the low- or high-fat group.
Both groups started with a three-week low-fat diet (15 En% protein, 65 En% carbohydrates, 20 En% fat), after which half of the subjects switched to a three-week
isocaloric high-fat diet (15 En% protein, 30 En% carbohydrates, 55 En% fat). After 3
and 6 weeks, IHL and IMCL content were assessed by 1H-MRS and a muscle biopsy.
Insulin-sensitivity was studied using a hyperinsulinemic-euglycemic clamp. Blood
samples were taken and substrate oxidation was measured. An additional liver scan
was performed after 1 week in the high-fat group.
Results
In the low-fat group, IHL decreased with 13% and increased with 17% in the high-fat
group (p=0.047). IMCL content was unaffected (p=0.304). Insulin sensitivity of both
liver and muscle was unaffected. At week 3, IHL correlated negatively with insulin
sensitivity (r: -0.584, p=0.009, all subjects combined). Metabolic flexibility was decreased after 3 weeks of high-fat diet (ΔRQ: +0.02±0.02 vs. -0.05±0.1 in low-fat
versus high-fat group, p=0.009). Basal plasma glucose increased (p=0.038) and
HOMA-ir tended to increase after the high-fat diet (p=0.075). Plasma parameters:
insulin, FFA, hs-CRP and liver enzymes were unaffected. Also bodyweight was unaffected by the diet intervention.
Conclusion
A three-week high-fat diet leads to IHL accumulation and a decreased metabolic
flexibility, but insulin sensitivity is unaffected.
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Introduction
High-fat diets have been suggested to lead to insulin resistance, although the evidence in humans is rather limited (1). A suggested link between high-fat diets and
insulin resistance is the accumulation of fat in non-adipose tissues such as skeletal
muscle and liver (2). With proton magnetic resonance spectroscopy (1H-MRS), it is
now possible to measure IHL non-invasively in humans very accurately (3, 4).
IHL accumulation correlates with a reduced suppressive effect of insulin, not
only leading to hyperglycaemia, but also to hypertriglyceridaemia (5). IHL accumulation or non-alcoholic hepatic steatosis is therefore considered to be an important
feature of the metabolic syndrome (6). It’s prevalence is high and was 34% in Dallas
County (4). Obtaining more insight into the dynamics and functional consequences
of IHL accumulation, especially in relation to dietary intake, is therefore important.
In that respect, rodent data have clearly indicated that dietary manipulation –
mainly increasing total dietary fat content - can rapidly change lipid storage in liver.
In humans, however, dietary interventions are scarce. It has been shown that a
single high-fat meal did not increase IHL accumulation (4). In contrast, on the longer
term, dietary fat intake affected IHL and was accompanied by effects on markers of
insulin resistance (7). However, in this study only a surrogate marker of insulin resistance was used, i.e. fasting insulin levels. Furthermore, this study investigated the
effect of a high-fat diet specifically in obese women who had liver steatosis prior to
the start of the intervention. Although these data provide support for the suggestion that in humans diet can affect IHL and insulin sensitivity, evidence is still rather
limited.
With regard to skeletal muscle, more information is available as muscle fat content can be measured in skeletal muscle biopsies. For example, using biochemical
methods it was shown that intramyocellular lipid (IMCL) increases by 36% to 90%
after high fat feeding periods ranging from 24 hours to 7 weeks (8–13). Using 1HMRS, the effect of high-fat diets (55- 60% of energy as fat) has been investigated
after two to three days (14, 15) and after one week (16). In all three studies, an
increase (between 48% and 56%) in IMCL content was reported. However, these
studies investigated young lean subjects, while this is not the population at risk for
the developing the metabolic syndrome. Furthermore, high-fat diets were not given
in energy balance in all cases. The aim of the present study was to perform a wellcontrolled isocaloric dietary intervention study in healthy overweight men to examine the effects of high- versus low-fat diet on hepatic and muscle lipid accumulation
and tissue-specific, liver and muscle, insulin sensitivity. We hypothesized that consumption of a high-fat diet would increase IHL and IMCL content, thereby contributing to the development of insulin resistance.
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Methods
Subjects
Twenty sedentary, healthy overweight men participated (table1). . All subjects had
no family history of diabetes mellitus, liver disease or any other endocrine disorders. Before the start of the study, a medical examination was performed and a
fasting blood sample was taken to determine fasting blood glucose (<6.1 mmol/L),
plasma triacylglycerol (<4.5 mmol/L) and liver enzymes (γ-GT, ALAT, <70 IU/L) to
assess eligibility. Body composition (17) and maximal aerobic capacity (18) was
measured as described previously. Subjects with an unstable body weight (weight
gain or loss >3 kg in the past three months) or > 20 gram alcohol intake/day were
excluded from participation. The study protocol was reviewed and approved by the
Medical Ethical Committee of Maastricht University Medical Center+ and all subjects gave their written informed consent before participating in the study.
Table 1. Baseline characteristics of the subjects.Experimental design
Parameter

Low-fat group
N=10

High-fat group
N=10

Age (y)

54.0 ± 2.3

56.4 ± 2.5

Body weight (kg)

92.0 ± 2.9

91.3 ± 1.8

Fat free mass (kg)

64.0 ± 1.7

65.9 ± 1.9

Body fat (%)

30.1 ± 1.3

27.5 ± 1.7

Height (m)

1.77 ± 0.02

1.80 ± 0.02

2

Body mass index (kg/m )

29.3 ± 0.6

28.3 ± 0.5

Maximal aerobic capacity
(mL O2/(kg body weight*min))

33.6 ± 1.9

33.5 ± 1.7

Plasma glucose (mmol/L)

5.7 ± 0.1

5.7 ± 0.1

Plasma insulin (mU/L)

15.7 ± 2.2

16.7 ± 2.8

Plasma FFA (μmol/L)

301 ± 30

416 ± 59

Plasma hs-CRP (mg/L)

2.64 ± 0.71

1.19 ± 0.28

27.9 ± 2.6

23.1 ± 1.9

Liver enzymes

Lipid profile

ALAT (iU/L)
γ-GT (iU/L)

30.8 ± 3.8

27.1 ± 3.2

TG (mmol/L)

1.72 ± 0.43

1.48 ± 0.16

Cholesterol (mmol/L)

5.73 ± 0.38

5.51 ± 0.39

LDL-Cholesterol (mmol/L)

4.01 ± 0.35

3.96 ± 0.35

HDL-Cholesterol (mmol/L)

1.23 ± 0.08

1.25 ± 0.06

Values refer to 10 subjects in the low-fat group and 10 subjects in the high-fat group. Values are mean ±
SEM and there were no statistical differences between the groups. FFA = Free Fatty Acids, hs-Crp = high
sensitive C-reactive proetein, ALAT = alanine aminotransferase, γ-GT = gamma – glutamine tranferase, TG
= Triglyceride, LDL = Low-Density Lipoprotein and HDL = High-Density Lipoprotein.
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All subjects consumed a low-fat run-in diet for 3-weeks, after which baseline measurements were made (Day 21). Subsequently, subjects were randomly assigned to a
high-fat diet or low-fat diet for 3 weeks after which measurements were repeated
(Day 42). Measurements included the determination of liver and muscle fat content,
insulin sensitivity substrate oxidation and blood sampling. As we anticipated an
increase in IHL content upon a high-fat diet, we included an additional liver measurement at day 28. Subjects were asked not to alter physical activity pattern over
the entire course of the study.
Diet intervention
Before the study started, subjects recorded their habitual food intake for two working days and one weekend day. From these food records, each subjects’ actual energy intake was estimated by using the Dutch food-composition table (19). In addition, energy intake was estimated using the formula of Harris and Benedict (20).
Based on these two estimates of energy intake, an example of a daily diet was created by a dietician for each individual. The targeted intake of protein for the low-fat
diet was 15% of energy (En%), fat 20 En%, and carbohydrates 65 En%, and 15 En%,
55 En%, and 30 En% for HF. In addition, subjects were provided with a list of products, which could be exchanged for those of the sample menu. Food products were
given points according to their fat and energy contents. Each subject was required
to eat a certain number of points daily, corresponding with his energy and fat intake, and to record all consumed products. The dietary records were checked and
the subject was weighed at each visit to check energy balance. At least once every
week subjects had contact with the dietician to discuss any questions and the progress of the study. At the end of the experimental period energy and nutrient intakes was estimated based on the daily reported intake using the Dutch foodcomposition table (19).
Lipid accumulation in liver
1H-MRS was used to quantify the lipid content in liver according to Szczepaniak et al
(4), on a 1.5 T whole body scanner (Intera, Philips Healthcare, Best, The Netherlands). Respiratory-triggered magnetic resonance imaging was used to guide the
spectroscopic measurements and fine tuned shimming was performed to optimize
the magnetic field homogeneity within the region of interest. A dedicated flexible
multi-element surface coil was used for signal acquisition. For spectroscopy, the
element of the coil closest to the area of interest was selected. A voxel of 3x3x2 cm
was selected and 1H-MRS spectra were acquired from this region of interest (TR=
4000ms, TE=23ms, N=64, 1024 points, spectral bandwidth=1000Hz). Care was taken
to avoid vascular structures and the proximity of subcutaneous fat.
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Figure 1. Representative spectrum, with the
three peaks clearly visible

Subjects were asked to breath in the rhythm of the measurement and ensure to be
at end-expiration when they hear the sound of gradient switching. Water signal was
suppressed using frequency-selective pre-pulses and the spectra were fitted with
AMARES (21) in the jMRUI software (22) to quantify the lipid peak. Three peaks
were fitted (see figure 1) with Gaussian line form, prior knowledge was used to
constrain the frequency shift and the area ratios of the three peaks (23). A reference spectrum without water suppression was acquired to determine water signal
intensity (N=16). The long repetition time minimized T1 relaxation effects. CH2 and
water intensities were corrected for T2 relaxation (according to (4)) and the ratio of
CH2 to water signal intensity is given as percentage. Values were converted to
weight/weight ratios by assuming a proton density of CH2 protons within triglycerides of 60.2 mol/mg (converted to mol/mol assuming an average molecular
weight of TG of 860 g/mol and a density of 0.9 (3)) and a water content of liver tissue of 71% (4).
When the measurement was repeated on day 28, after one week on the highfat diet or on day 42, after the end of the experimental period, the voxel was placed
on the same position as during the earlier measurement(s), This was possible because we used a image-guided technique.
Hyperinsulinemic-euglycemic clamp
A 6-hour hyperinsulinemic-euglycemic clamp (40mU/(m2*min)), with glucose tracer
([6,6–2H2]-glucose was performed as described previously (24). At t=180, a primed
constant infusion of insulin started and glucose infusion rates were adjusted to
maintain euglycemia. Plasma glucose levels were clamped at 5.0 mM by variable coinfusion of 20% glucose. In the final 30 minutes of the non-insulin stimulated period
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(t=150–180) and under steady clamp conditions (t=330–360), blood was sampled
and indirect calorimetry (ventilated hood) was performed.
Tracer calculations
Isotopic enrichment of plasma glucose was determined by electron ionization gas
chromatography–mass spectrometry. Steele’s single-pool non–steady-state equations (25) were used to calculate glucose Ra and Rd. Volume of distribution was
assumed to be 0.160 L/kg for glucose. Insulin stimulated glucose disposal was computed as the difference between Rd under insulin stimulated conditions and Rd
under basal non-insulin-stimulated conditions (delta Rd). Endogenous glucose production (EGP) was calculated as Ra minus exogenous glucose infusion rate. Nonoxidative glucose disposal (NOGD) was calculated as Rd minus carbohydrate oxidation. Insulin sensitivity was also calculated using a homeostasis model assessment
for insulin resistance (HOMA-ir) (26). Fat and carbohydrate oxidation were calculated using stoichiometric equations according to Frayn (27).
Muscle biopsy
A muscle biopsy was taken from the vastus lateralis muscle (28), directly frozen in
melting isopentane and stored at -80°C until assayed. Muscle biopsies were available in 8 subjects in the low-fat diet group and 9 subjects in the high-fat group.
Fresh cryosections (5 μm) were stained for IMCL by Oil Red O staining to allow
quantification of IMCL, as described previously (29).
Blood analyses
In EDTA plasma samples NEFA (Wako Nefa C test kit; Wako Chemicals, Neuss, Germany) and glucose (hexokinase method; LaRoche, Basel, Switzerland) were measured with enzymatic assays automated on a Cobas Fara/Mira. Insulin levels were
determined using a radioimmunoassay (Linco Reseach, St. Charles, MO).
Levels of total cholesterol (CHOD-PAP method; Roche, Basel, Switzerland), HDLcholesterol (precipitation method; Roche, Basel, Switzerland), and triglyceride (TG)
with correction for free glycerol (GPO Trinder; Sigma Diagnostics, St. Louis, USA)
were determined. LDL-cholesterol was calculated using the Friedewald equation
(30). Hs-CRP was measured in serum with a commercially available kit (Kamiya Biomedical, Company, Seattle, USA).
Statistics
Data are reported as means±SEM. Statistical analyses were performed using the
statistical computer program SPSS 16.0 for Mac OS X (SPSS, Chicago, USA). Statisti75

cal comparisons between the two conditions were performed using a Student unpaired t-test comparing the changes of each group between the end of the run-in
period and the end of the experimental period. Differences were considered statistically significant when p < 0.05.

Results
Dietary intake and compliance
During the run-in period, the intakes of energy, macronutrients and cholesterol did
not differ between the low-fat and high-fat groups (table 2). Intakes of protein,
carbohydrates, and fat were close to the targeted intakes of respectively 15 En%, 55
En% and 20 En%. During the experimental period, only slight changes in the dietary
composition of the low-fat group were evident. For the high-fat group, however,
protein intake remained unchanged, while the intake of in particular simple carbohydrates decreased, mainly at the expense of fat intake. The change in self-reported
energy intake between low- and high-fat diets was slightly, but significantly higher
in the high-fat group. However, body weight was stable over the study (from
93.1±3.2 kg to 93.2±3.1 kg and 92.8±1.7 kg to 92.2±1.8 kg for the low-fat and highfat groups). On average, alcohol intake in the low-fat group was similar during the
run-in period and during the experimental period, but decreased in the group that
switched to a high-fat diet.
Lipid accumulation in liver
IHL averaged 4.0±1.4% of the water peak after the run-in period in the low-fat
group and 2.2±0.5% of the water peak in the high-fat group (IHL is given as CH2
signal intensity relative to water signal intensity). This apparent difference in baseline liver fat content - which was not significantly different (p=0.23) - was entirely
due to one subject in the low-fat group who had an IHL content of 14.8%. Exclusion
of this subject would reduce the average IHL content in the low-fat group to
2.6±0.5%. Traditionally, a liver fat content of 50 mg/g (5% by wet weight) is diagnosed as hepatic steatosis (31, 32). To apply this standard to the current data set,
the signal intensities were converted to percentages weight/wet weight of liver
tissue. Two subjects in the high-fat group would be diagnosed with hepatic steatosis
after the high-fat diet (respectively 5.5% and 5.9% by wet weight), while one subject
in the low-fat group had hepatic steatosis (16.7% by wet weight averaged between
two periods).
In the low-fat group, IHL decreased by 13% (from 4.0±1.4% to 3.6±1.4% of water peak), whereas it increased by 17% during the high-fat diet (from 2.4±0.5% to
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2.6±0.6 % of water peak), the changes being statistically different (p=0.047 for
change in liver fat, figure 2). Exclusion of the subject with the high IHL content from
the low-fat group did not change the results.
We also examined IHL content after one week on the high-fat diet. Interestingly, the increase in IHL upon the high-fat diet already occurred in the first week
(from 2.4±0.5% (day 21) to 2.7±0.6 % (day 28) with no further increase in the following two weeks (to 2.6±0.6 % of the water peak (day 42)).

Figure 2. Lipid accumulation liver

Values refer to 9 subjects in the low-fat group and 9 subjects in the high-fat group. In two subjects we
were not able to perform IHL measurements due to technical problems with the scanner.
Values are mean±SEM. White bars represent the low-fat group and black bars represent the high-fat
group. IHL (% of water peak) is representing the CH2 signal intensity relative to water resonance. P-value
is based on the difference in changes between the low-fat group vs. the high-fat group. IHL = IntraHepatic Lipid

Lipid accumulation in muscle
IMCL content was not differently affected by the high-fat diet in comparison with
the low-fat diet (change of 0.49±0.45 vs. 1.38±0.67 % in low-fat vs. high-fat group,
p=0.304). In the low-fat group the IMCL area fraction after the 3 weeks was
1.42±0.26% and this was 1.91±0.63% after another 3 weeks on the low-fat diet. In
the high diet group the IMCL area fraction after the 3 weeks was 1.96±0.50% and
this was 3.33±1.15% after the high-fat diet.
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Insulin sensitivity
Baseline insulin sensitivity after the run-in period was similar between groups (delta
Rd: 18.7±3.0 vs. 20.8±3.1 µmol/(kg*min) in low-fat vs. high-fat group, p=0.634, table
3). The dietary intervention did not differentially affect this insulin-stimulated glucose disposal (change of 1.4±2.6 vs. 1.1±2.0 µmol/(kg*min) in low-fat vs. high-fat
group, p=0.927, table 3). Similarly, NOGD was not different between groups after
the run-in diet, but insulin-stimulated glucose oxidation was higher in the high-fat
group after the run-in period (6.7±0.8 vs. 9.5±0.9 µmol/(kg*min) in low-fat vs. highfat group, p=0.031, table 3). The intervention did not differentially affect NOGD, but
insulin-stimulated glucose oxidation was significantly decreased in the high-fat
group (delta CHOox: +0.9±0.8 vs. -2.9±1.0 µmol/(kg*min) in low-fat vs. high-fat
group respectively, p=0.011, table 3).
Basal EGP was higher in high-fat group after the run-in diet (10.0±0.2 vs.
11.1±0.9 µmol/(kg*min) in low-fat vs. high-fat group, p=0.03, table 3), but was not
significantly changed by the dietary intervention (change of -0.4±0.3 vs. -0.4±0.7
µmol/(kg*min) in low-fat vs. high-fat group, p=0.954, table 3).
Insulin-induced suppression of EGP was complete and not different after run-in
diet (–105.8±9.1% vs. -91.9±6.7%, in low-fat vs. high-fat group, p=0.269). Insulininduced suppression of EGP was not changed by the dietary intervention (from –
105.8±9.1% to -108.9±11.0% vs. -91.9±6.7% to -92.6±5.6% in low-fat vs. high-fat
group, p=0.903, table 3).
Liver fat content correlated negatively with the glucose infusion rate (GIR) after
the run-in period (r: -0.584, p=0.009, N=20).
Metabolic flexibility
Whole-body lipid oxidation was similar after the run-in diet and was not differentially affected by the intervention (table 3). Insulin-induced suppression of lipid
oxidation was not different between groups after the run-in period. Diet intervention did not significantly affect whole body lipid oxidation, but insulin-induced suppression of lipid oxidation was significantly affected by the diet intervention
(changes of 0.06±0.09 vs. -0.31±0.1 µmol/(kg*min) in low-fat vs. high-fat group,
respectively, p=0.007). Metabolic flexibility, defined as the change in RQ upon insulin stimulation, was not different between groups after the run-in period. However,
diet intervention affected metabolic flexibility differentially in the two groups (∆RQ
+0.02±0.02 vs. -0.05±0.01 in low-fat vs. high-fat group respectively, p=0.009, table
3).
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Plasma parameters
None of the plasma parameters were significantly different between groups after
the run-in period (see table 4). Basal plasma glucose levels were increased after
high-fat diet (-0.3±0.1 vs. +0.2±0.2 mmol/L in low-fat vs. high-fat group respectively,
p=0.038). Plasma insulin levels were not affected by the diet intervention. As a consequence HOMA-ir tended to be affected by the diet intervention (see table 4,
p=0.075).
Diet intervention did not affect plasma FFA levels, hs-CRP or liver enzymes, although ALAT tended to increase in the high-fat group (-5.2±3.8 vs. +2.5±0.6 iU/L in
low-fat vs. high-fat group respectively, p=0.06).
Plasma levels of total cholesterol, LDL-cholesterol and TG were not affected by
the diet intervention. HDL-cholesterol increased by 0.16±0.06 mmol/L in the highfat group and did not change in the low-fat group (0.00±0.04 mmol/L; p=0.041 for
the difference in change).

Discussion
In the present study we evaluated the effect of an isocaloric low-fat versus a highfat diet on lipid accumulation in liver and muscle in relation to insulin sensitivity. We
found that three weeks of a high-fat diet increased IHL content compared to three
weeks on a low fat diet, but did not affect lipid accumulation in muscle or wholebody insulin sensitivity. However, IHL content was negatively correlated to wholebody insulin sensitivity. Furthermore, we found that three weeks of a high-fat diet
reduced metabolic flexibility.
High-fat diets are often associated with the development of diabetes and hepatic steatosis, although this suggestion is mainly derived from animal studies. In
fact, the number of human studies investigating the effect of dietary fat intake on
liver fat content is rather limited. Thus, using slightly more extreme diets (16 En%
vs. 56 En% of fat), Westerbacka et al. previously found that liver fat decreased by
20% during a low-fat diet and increased by 35% during a high-fat diet in obese
women who had liver steatosis prior to the start of the intervention (7). We extended these findings and showed that also in a relatively healthy population a
switch from a low- to high-fat diet increased IHL. We included overweight, but nonobese, middle-aged men without liver steatosis. When the relative magnetic resonance intensities were converted to weight/wet weight values, our subjects had on
average 3.4% of fat in the liver (after run-in and all 20 subjects combined), whereas
most investigators define hepatic steatosis as triglyceride content exceeding 5% of
the liver weight (31, 32)) Interestingly, we further found that in the high-fat group,
IHL was already increased after one week and did not increase further. This is in line
with our previous finding that – when fed in energy balance – subjects are capable
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of increasing fat oxidation to match fat intake after one week of a high-fat diet (33,
34). Thus, prolonged consumption of a high-fat diet may lead to an increase in 24h
fat oxidation, sufficient to match fat intake, and thereby prevent further accumulation of ectopic fat. In that regard, although we did not observe an increase in resting
fat oxidation after the high-fat diet, we did observe that metabolic flexibility was
reduced, with a reduced inhibition of lipid oxidation during insulin infusion. Although speculative, the reduced ability to suppress lipid oxidation during insulin
infusion may reflect the postprandial situation and could indicate that also postprandial fat oxidation is increased after high-fat diet, reducing the necessity to deposit excess lipids in ectopic fat stores.
Our study shows that changes in fat content of the diet are able to affect hepatic lipid content, even when diets are provided iso-energetically. This finding is
consistent with a large body of evidence, showing that in animals high-fat diets lead
to hepatic steatosis. In contrast, we could not demonstrate a significant effect of
high-fat diet on skeletal muscle lipid content. Although this seems to contrast previous results, it is important to stress that in the present study, diets were given isoenergetically. Furthermore, an overweight study population was investigated here,
while earlier studies are limited to younger, lean subjects, which may explain the
differential outcomes.
While induction of insulin resistance is well documented in animal studies however, three weeks of a high-fat diet did not result in insulin resistance in humans:
GIR, Rd of glucose and insulin-induced suppression of EGP were not affected by diet.
In accordance, Riccardi et al., reviewed that when total fat intake is exchanged isoenergetically with carbohydrates and fat intake is between 20 and 40 En% no major
effect is observed on whole body insulin sensitivity (1). In contrast, diets with a very
high fat content (~80%) (35) or high-fat diets with excessive energy intake (14) do
result in insulin resistance, suggesting that extremes in excessive fat or energy intake are needed to cause insulin resistance in humans.
The finding in our study that a high-fat diet increased IHL without affecting insulin sensitivity, would suggest that the relation between IHL and insulin sensitivity is
not affected in a one to one relationship. This is remarkable as a recent study
showed that IHL was the best predictor of insulin action in liver, skeletal muscle, and
adipose tissue, independent of BMI and body fat% (36). However, in that study
obese subjects with a very broad range of IHL (1%-46% of water peak) were studied.
Compared to this large range, the increase in IHL in the present study was modest,
with 0.6% of water peak after the high-fat diet compared to the low fat diet. Nevertheless, despite a lack of an overall effect of a high-fat diet on insulin sensitivity, we
did observe a negative association between IHL and whole body insulin sensitivity,
and the dosage of insulin used in our study was not optimal to detect liver specific
changes in insulin sensitivity.
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It has been suggested that a reduced metabolic flexibility is an early component
of the development of insulin resistance (37) suggesting that ultimately, and with
prolonged duration of the high-fat diet, insulin resistance may develop. Alternatively, however, it could also be suggested that the reduction in metabolic flexibility
is a physiological adaptation to the high-fat diet. Thus, the reduced insulinstimulation of glucose oxidation after the high-fat diet in our study was compensated by a non-significant increase in NOGD, thereby leaving insulin-stimulated
glucose disposal unaffected. It could be suggested that reduced stimulation of glucose oxidation by insulin, and the (non-significant) increase in NOGD served to replenish glycogen stores that may have dropped on the high-fat, low-carbohydrate
diet, as it is well know that the carbohydrate content of the diet influences glycogen
content (38). Consistently, it was shown that 6 days of an iso-energetic high fat diet
(75 en% fat) did not induce whole-body insulin resistance, but shifted glucose metabolism from oxidation to glycogen storage (39). In accordance, Bisschop et al (35)
compared three different diets, which were identical in energy and protein contents
but differed in percentages of energy as fat (0 En%, 44 En% and 85 En%). Insulinstimulated NOGD tended to increase and insulin-stimulated glucose oxidation was
significantly lower after the high-fat diet compared to the intermediate- and low-fat
diets. Together, these findings indicate that the reduction in metabolic flexibility
upon high-fat diet may as well be a physiological adaptation to the diet, and not
necessarily be a reflection of altered (muscle) insulin sensitivity.
Although not always statistically significant, possibly because the study was not
designed to pick up changes in serum lipids, effects of the diets on the serum lipoprotein profile were as expected, further confirming dietary compliance (40).
In conclusion, we have shown that a high-fat diet increased IHL accumulation, when
compared to an isocaloric low-fat diet. This increase was already evident after one
week. Fat oxidation was increased in the insulin-stimulated condition indicating a
decreased metabolic flexibility, although this can also be interpreted as an adaptation to the high-fat diet allowing to oxidize the high amount of fatty acids from the
diet and to restore glycogen storages.
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0.5 ± 0.0
4.1 ± 0.9

Trans
En%

Total

178 ± 17

12.1 ± 2.7

4.2 ± 0.3

Poly-unsaturated

Gram/day

7.1 ± 0.4

8.0 ± 0.3

Saturated

Mono-unsaturated

21.7 ± 0.8

191 ± 28

16.7 ± 4.4

0.5 ± 0.0
5.4 ± 1.4

4.2 ± 0.3

7.1 ± 0.5

8.0 ± 0.3

30.5 ± 1.1

21.8 ± 0.8

Total

25.5 ± 1.7

28.2 ± 1.0

56.0 ± 1.4

16.3 ± 0.5

140.9 ± 3.8

9086 ± 342

2169 ± 82

Mono- + disaccharides 28.3 ± 1.3

Polysaccharides

56.6 ± 1.3

Total

137.0 ± 4.7
16.9 ± 0.6

Kj.kg ffm.d

Total

8792 ± 323

KJoule

2098 ± 77

Experimental
period

176 ± 17

11.6 ± 2.6

0.6 ± 0.1
3.9 ± 0.9

4.5 ± 0.2

6.7 ± 0.3

7.8 ± 0.4

21.4 ± 0.7

29.6 ± 1.4

27.6 ± 0.9

57.3 ± 1.0

16.7 ± 0.6

135.0 ± 7.6

8733 ± 354

2087 ± 84

Run-in period

High-fat group

274 ± 40

5.7 ± 1.7

1.2 ± 0.1
1.7 ± 0.5

9.3 ± 0.3

17.1 ± 0.4

18.2 ± 0.8

49.3 ± 1.0

11.6 ± 0.9

22.0 ± 0.9

34.0 ± 1.1

15.2 ± 0.6

153.1 ± 6.9

9821 ± 305

2345 ± 73

Experimental
period

13 ± 13

4.5 ± 4.5

0.0 ± 0.0
1.3 ± 1.4

0.0 ± 0.1

0.0 ± 0.3

0.0 ± 0.3

-0.1 ± 0.6

2.2 ± 1.3

-2.7 ± 1.3

-0.6 ± 1.4

-0.5 ± 0.5

3.9 ± 2.2

293 ± 231

70 ± 55

Changes

Low-fat group

97 ± 36

-5.8 ± 1.8

0.6 ± 0.1
-2.2 ± 0.7

4.8 ± 0.3

10.4 ± 0.5

10.4 ± 0.8

27.9 ± 1.0

-18.0 ± 1.0

-5.6 ± 0.9

-23.4 ± 0.9

-1.4 ± 0.7

18.1 ± 2.8

1088 ± 272

259 ± 65

Changes

High-fat group

P=0.041

P=0.049

P < 0.001
P=0.039

P < 0.001

P < 0.001

P < 0.001

P < 0.001

P < 0.001

P=0.088

P < 0.001

P=0.338

P < 0.001

P=0.039

P=0.040

P-values for
difference in
changes

Values refer to 10 subjects in the low-fat group and 10 subjects in the high-fat group. Values are mean ± SEM. After the run-in period there were no statistical significant
differences between the two groups. P-values are based on the difference in changes between the low-fat group vs. the high-fat group. En% = Energy percentage

Cholesterol (mg)

Alcohol

Fat
(En%)

Carbohydrate
(En%)

Protein (En%)

Energy intake

Kcal

Run-in period

Low-fat group

Table 2. Dietary intakes at the end of the run-in and experimental periods.
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Basal
Clamp
Delta
Basal
Clamp
Delta
Basal
Clamp
Delta
%Suppressed
Basal
Clamp
Delta
Basal
Clamp
Delta
Basal
Clamp
Delta

0.82 ± 0.1
0.92 ± 0.1
0.10 ± 0.1
10.4 ± 0.3
29.1 ± 2.9
18.7 ± 3.0
a
10.0 ± 0.3
-0.6 ± 0.9
-10.6 ± 0.9
-105.8 ± 9.1
8.2 ± 1.0
14.9 ± 1.2
b
6.7 ± 0.8
2.4 ± 0.8
14.2 ± 2.9
11.8 ± 3.0
0.98 ± 0.09
0.45 ± 0.06
-0.53 ± 0.08

Experimental
period
0.81 ± 0.1
0.92 ± 0.1
0.11 ± 0.1
10.0 ± 0.4
30.2 ± 1.9
20.1 ± 2.0
9.7 ± 0.4
-0.7 ± 1.1
-10.4 ± 1.0
-108.9 ± 11.0
7.0 ± 0.8
14.7 ± 0.6
7.7 ± 0.5
3.2 ± 0.8
15.8 ± 2.3
12.6 ± 2.0
1.05 ± 0.1
0.46 ± 0.1
-0.60 ± 0.0
0.81 ± 0.1
0.94 ± 0.1
0.13 ± 0.1
11.4 ± 0.4
32.2 ± 3.1
20.8 ± 3.1
a
11.0 ± 0.4
1.0 ± 0.8
-10.1 ± 0.8
-91.9 ± 7.9
7.8 ± 0.8
17.4 ± 0.5
b
9.5 ± 0.9
3.7 ± 0.8
14.8 ± 3.4
11.1 ± 3.3
1.03 ± 0.05
0.31 ± 0.04
-0.73 ± 0.07

Run-in period

High-fat group
Experimental
period
0.81 ± 0.1
0.89 ± 0.1
0.08 ± 0.1
11.0 ± 0.7
32.9 ± 3.6
21.9 ± 3.4
10.6 ± 0.6
0.7 ± 0.6
-9.9 ± 0.8
-92.6 ± 5.3
7.0 ± 0.7
13.7 ± 0.8
6.7 ± 1.0
4.1 ± 1.3
19.6 ± 3.3
15.5 ± 3.4
1.06 ± 0.07
0.64 ± 0.04
-0.42 ± 0.06
-0.02 ±0.02
0.00±0.01
0.02±0.02
-0.4 ± 0.3
1.0 ± 2.7
1.4 ± 2.6
-0.4 ± 0.3
-0.1 ± 1.6
-0.2 ± 1.5
3.1 ± 16.6
-1.2 ± 1.3
-0.2 ± 1.1
0.9 ± 0.8
0.8 ± 1.3
1.6 ± 3.3
0.8 ± 2.6
0.07 ± 0.11
0.01 ± 0.09
0.06 ± 0.09

Changes
-0.01± 0.01
-0.06 ±0.01
-0.05 ±0.01
-0.4 ± 0.7
0.7 ± 1.9
1.1 ± 2.0
-0.4 ± 0.7
-0.2 ± 0.7
-0.2 ± 1.3
0.7 ± 9.2
-0.8 ± 1.0
-3.7 ± 0.9
-2.9 ± 1.0
0.4 ± 1.3
4.8 ± 1.6
4.4 ± 2.2
0.03 ± 0.07
0.34 ± 0.08
-0.31± 0.07

Changes

Low-fat group High-fat group

P-values for
difference in
changes
P=0.750
P=0.013
P=0.009
P=0.959
P=0.917
P=0.927
P=0.954
P=0.970
P=0.992
P=0.903
P=0.836
P=0.029
P=0.011
P=0.838
P=0.397
P=0.307
P=0.744
P=0.015
P=0.007

Values refer to 10 subjects in the low-fat group and 10 subjects in the high-fat group. However substrate oxidation measurements were not calculated in 1 subject in each
group. One subject felt claustrophobic underneath the hood and the measurement was aborted and one subject could not be measured due to technical problems. Values
are mean ± SEM. P-values are based on the difference in changes between the low-fat group vs. the high-fat group. After the run-in period there were no statistical signifia
cant differences between the two groups, except for basal endogenous glucose production, this was higher in high-fat group after the run-in diet: p = 0.03 (see ) and the
b
delta CHO oxidation, this was higher in high-fat group after the run-in diet: p = 0.03 (see )RQ = respiratory Quotient, Rd = Rate of Disappearance, EGP = Endogenous
Glucose Production, CHO = Carbohydrate and NOGD = Non Oxidative Glucose Disposal.

Lipid oxidation
(µmol/(kg*min))

NOGD
(µmol/(kg*min))

CHO oxidation
(µmol/(kg*min))

EGP
(µmol/(kg*min))

Rd Glucose
(µmol/(kg*min))

RQ

Run-in period

Low-fat group

Table 3. Substrate kinetics at the end of the run-in and experimental periods.
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590.6 ± 33.9

Delta

5.37 ± 0.3

1.13 ± 0.1

HDL-Cholesterol (mmol/L) 1.13 ± 0.1

Cholesterol (mmol/L)

1.56 ± 0.1

28.3 ± 3.7

3.78 ± 0.3

1.52 ± 0.2

TG (mmol/L)
5.29 ± 0.4

34.5 ± 6.6

Gamma GT (iU/L)

26.0 ± 2.7

LDL-Cholesterol (mmol/L) 3.73 ± 0.3

31.2 ± 5.6

ALAT (iU/L)

1.29 ± 0.4

627.2 ± 37.6

99.5 ± 15.3

506.4 ± 45.6

2.9 ± 0.3

1.15 ± 0.1

3.88 ± 0.2

5.27 ± 0.2

1.23 ± 0.1

25.3 ± 2.1

23.5 ± 1.6

1.35 ± 0.4

444.2 ± 44.5

100.4 ± 11.1

426.2 ± 45.4

3.3 ± 0.3

5.4 ± 0.1

5.3 ± 0.1

104.6 ± 6.6

13.8 ± 1.3

Run-in period

High-fat group

1.30 ± 0.1

4.00 ± 0.1

5.52 ± 0.2

1.08 ± 0.1

25.1 ± 2.0

26.0 ± 1.9

1.15 ± 0.4

416.7 ± 54.5

103.1 ± 11.2

380.1 ± 46.4

4.2 ± 1.0

5.4 ± 0.1

5.6 ± 0.2

111.3 ± 7.2

15.9 ± 3.2

Experimental
period

-0.00 ± 0.04

0.05 ± 0.15

0.08 ± 0.25

0.04 ± 0.12

-6.2 ± 4.6

-5.2 ± 3.8

0.15 ± 0.3

36.6 ± 57.6

5.4 ± 3.5

-17.9 ± 60.8

-0.9 ± 0.4

0.1 ± 0.1

-0.3 ± 0.1

-4.7 ± 5.9

-2.8 ± 1.6

Changes

Low-fat group

0.16 ± 0.06

0.12 ± 0.14

0.25 ± 0.20

-0.15 ± 0.13

0.2 ± 0.9

2.5 ± 0.6

-0.20 ± 0.2

-27.5 ± 42.4

2.8 ± 4.3

-46.1 ± 59.6

0.9 ± 0.8

0.1 ± 0.2

0.2 ± 0.2

7.2 ± 4.8

2.1 ± 2.5

Changes

High-fat
group

P=0.041

P=0.745

P=0.504

P=0.281

P=0.214

P=0.062

P=0.351

P=0.376

P=0.651

P=0.745

P=0.075

P=0.821

P=0.038

P=0.135

P=0.117

P-values for
difference in
changes

Values refer to 10 subjects in the low-fat group and 10 subjects in the high-fat group. Values are mean ± SEM. P-values are based on the difference in changes between
the low-fat group vs. the high-fat group. After the run-in period there were no statistical significant differences between the two groups. FFA = Free Fatty Acids, hs-Crp =
high sensitive C-reactive proetein, ALAT = alanine aminotransferase, γ-GT = gamma – glutamine tranferase, TG = Triglyceride, LDL = Low-Density Lipoprotein and HDL =
High-Density Lipoprotein

Lipid Profile

Liver enzymes

1.14 ± 0.3

94.1 ± 12.9

524.3 ± 38.7

3.8 ± 0.7

5.1 ± 0.1
5.3 ± 0.1

Clamp

Basal T=0

Plasma hs-CRP (mg/L)

Plasma FFA
(μmol/L)

HOMA-ir
(Basal glucose * basal insulin) / 22.5

12.8 ± 1.5
117.6 ± 7.8

5.4 ± 0.1

Clamp

Experimental
period

5.2 ± 0.1

15.6 ± 2.8
120.8 ± 9.6

Basal

Plasma glucose Basal
(mmol/L)
Clamp

Plasma insulin
(mU/L)

Run-in period

Low-fat group

Table 4. Plasma parameters at the end of the run-in and experimental periods
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ABSTRACT
Context
High fat diets have been suggested to lead to insulin resistance and mitochondrial
dysfunction, but data in humans is scarce.
Objective
To determine whether metabolic flexibility and genes regulating metabolism and
mitochondrial function are compromised in overweight, insulin-sensitive humans
upon a high-fat diet (HFD).
Participants
Twenty overweight men (age 55.2 ± 2.4 yr; body mass index 28.8 ± 0.6 kg/m2) were
randomly allocated to a low-fat diet (LFD) or a HFD.
Intervention
Participants underwent a 3-week run-in LFD (20% fat) and were then studied before
and after a 3-week LFD (20% fat) or HFD (55% fat).
Outcomes
Insulin sensitivity and metabolic flexibility were determined using a hyperinsulinemic euglycemic clamp. Skeletal muscle biopsies (vastus lateralis) were obtained
and mRNA expression for genes involved in lipid and glucose metabolism, mitochondrial content and function were determined. Finally intramyocellular lipid
(IMCL), by Oil-red-O, was determined.
Results
Insulin sensitivity and IMCL were unaffected by either diet. Metabolic flexibility was
reduced by HFD (p<0.05). mRNA expression of the lipid metabolism genes carnitine
palmitoyl-transferase 1 (CPT1) and peroxisome proliferator activated receptor γ
coactivator-1beta (PGC1b) were reduced by HFD (p<0.05). mRNA of genes of glucose metabolism, mitochondrial biogenesis genes, and protein content of OXPHOS
were unaltered.
Conclusions
Excess dietary lipid reduces metabolic flexibility and expression of CPT1 and PGC1b
without altering insulin sensitivity, IMCL or mitochondrial content in healthy overweight men.
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Introduction
Kelley et al. first described metabolic flexibility as the ability to switch between lipid
and glucose oxidation in response to insulin (1). An inability to efficiently switch
between these substrates in the post-prandial state has been observed in obese
insulin-resistant and type 2 diabetic individuals (2, 3). Mitochondrial dysfunction
and accumulation of high levels of intramyocellular lipid (IMCL) have been implicated as the culprits of this metabolic inflexibility in insulin resistance and type 2
diabetes (4, 5). In fact, Phielix et al. demonstrated that permeabilized skeletal muscle fibers of type 2 diabetic patients have reduced oxygen consumption after normalization for mtDNA content (6). Thus, these data suggest that in addition to decreased mitochondrial density, there is an intrinsic defect(s) in TCA cycle and OXPHOS capacity in mitochondria of individuals with insulin resistance and type 2 diabetes.
One of the environmental factors that have been suggested to lead to metabolic inflexibility and insulin resistance in humans is the consumption of high fat
diets. However, it has also been demonstrated that healthy lean individuals adapt to
excess dietary fat by maintaining their metabolic flexibility (7) and mitochondrial
content (8) and even enhancing their skeletal muscle capacity for fatty acid oxidation (FAO) (9). These data suggest that it is not IMCL and excess dietary lipid per se
that cause metabolic inflexibility and insulin resistance. A recent study by Boyle et
al. compared the differential responses of lean insulin-sensitive and obese insulinresistant individuals to a high fat diet (HFD) (10). From Pre- to Post-HFD, a body size
× HFD interaction was observed, where the lean insulin-sensitive individuals increased while the obese insulin-resistant individuals decreased mRNA content of
genes involved in lipid metabolism such as pyruvate dehydrogenase kinase 4
(PDK4), uncoupling protein 3 (UCP3), PPARa, and PPARγ coactivator-1 alpha
(PGC1a). These findings raise the question of whether insulin resistance and body
size are separate influences on metabolic inflexibility and mitochondrial function.
Indeed, obesity, insulin resistance and type 2 diabetes are all associated with impaired mitochondrial function, metabolic inflexibility and high IMCL levels, coupled
with an inability to adapt to excess dietary FFAs (11–13). Interestingly, however, we
previously reported that 3 weeks of a HFD impaired metabolic flexibility in healthy
overweight subjects without affecting IMCL accumulation or insulin sensitivity (14).
In the present study, we aimed to investigate the effects of 3 weeks of a high fat
diet on transcriptional markers of lipid and glucose metabolism reflective of metabolic flexibility, as well as markers of mitochondrial content and function in healthy
overweight men.
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Methods
Experimental Design and Subjects
Twenty sedentary, healthy overweight men were randomly allocated to low- or
high-fat groups (54.0 ± 2.3 and 56.4±2.5 y, BMI: 29.3 ± 0.6 and 28.3 ± 0.5 kg/m2,
respectively). Subjects with a body weight gain or loss >3 kg in past three months or
>20 gram alcohol intake/day were excluded. No subjects had a family history of type
2 diabetes (T2D). Both groups underwent a three-week low-fat diet, after which half
of the subjects switched to a three-week isocaloric high-fat diet. At three and six
weeks, insulin sensitivity was measured using a hyperinsulinemic-euglycemic clamp
as previously described (14). The study was approved by the Institutional Medical
Ethical Committee, and all subjects gave written informed consent.
Dietary Intervention
Habitual food intake was recorded for two working days and one weekend day.
Based on this data and the Harris & Benedict formula, sample menus were composed. Low- and high-fat diets consisted of 15%/20%/65% and 15%/55%/30% of
energy as protein, fat and carbohydrates, respectively. Subjects were provided a list
of food products that were given points according to their fat and energy contents,
which could be exchanged for those of the sample menu. Each subject recorded all
consumed products. Subjects were weighed weekly by the study dietician. At the
end of the experimental period, energy and nutrient intake was estimated using the
Dutch food-composition table.
Blood analyses
Arterialised blood samples (hotbox heated) were collected from a hand vein and
glucose was measured spectrophotometrically (Wako Chemicals, Neuss, Germany).
Insulin concentration was determined using a radioimmunoassay (Linco Research,
St. Charles, MO, USA).
Substrate Utilization Calculations
Oxygen (O2) consumption and carbon dioxide (CO2) production were measured
under resting conditions in supine position by a custom-built ventilated hood system. Energy expenditure was calculated according to Weir (kcal/min = 3.9*VO2
(l/min) + 1.1*VCO2 (l/min) (15). Both in the basal state and during insulin stimulation, substrate oxidation was measured by indirect calorimetry. Fat and carbohydrate oxidation were calculated using stoichiometric equations according to Frayn
(16) with the assumption that protein oxidation was negligible. Metabolic flexibility
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(ΔRQ) was expressed as the change in respiratory exchange ratio from the fasted
state to the insulin-stimulated condition.
Muscle Analyses
Muscle biopsies were obtained from the vastus lateralis muscle (ref) and total RNA
was isolated from ~20mg of skeletal muscle tissue using the acid phenol method of
Chomczynski and Sacchi (17). Primers and probes were designed using Primer Express version 2.1 (Applied Biosystems, Roche, Branchburg, NJ, USA). Real Time qRTPCR were performed as one-step reactions in ABI PRISM 7900 (Applied Biosystems,
Nieuwerkerk aan den lJssel, Netherlands) as previously described (8). Ribosomal
phosphoprotein large P0 gene (RPLP0) was used as an internal control and was
tested for intra-individual variability, as well as diet effect to ensure precision in the
measurements. All expression data were normalized by dividing the target gene by
the internal control gene. Fresh cryosections (5 μm) were stained for IMCL by OilRed-O staining to allow quantification (18).
Statistical Analyses
Data are reported as means ± SEM. Statistical analyses were performed using SPSS
16.0 for MacOS-X (SPSS, Chicago, USA) and JMP v8.0 (SAS, Cary, NC, USA). Though
fold change data are presented for ease of visualization, statistical analyses were
performed on raw data. Statistical comparisons between conditions were performed using a Student unpaired t-test comparing the changes of each group from
the run-in and experimental periods. For genes and protein values are expressed as
the fold-change (post-diet divided by pre-diet) (mean ± sem). No change is a value
of 1, with values >1.0 indicative of an increase in respective mRNA and protein content with the diet. For genes and proteins pre- and post-diet intervention values
were tested. For all data a p<0.05 was considered statistically significant.

Results
Dietary Intake and Metabolic Analyses
For baseline subject characteristics see supplemental table 1. During run-in, energy,
macronutrients and cholesterol intake did not differ between groups and were
compliant with the recommendations. During the experimental period, the low- and
high-fat groups consumed 16.3±0.5%, 21.8±0.8% and 56.6±1.7% versus 15.2±0.6%,
49.3±1.0% and 34.0±1.1% as protein, fat and carbohydrate, respectively (19). Body
weight and insulin sensitivity (Rd) were unaltered by the dietary intervention (19).
Whole-body lipid oxidation was similar after the run-in diet, and remained similar
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after the dietary intervention (Table 1). Insulin-induced suppression of lipid oxidation was not different between groups after run-in. However, insulin-induced suppression of lipid oxidation was significantly decreased after the high-fat diet (HFD)
(p=0.007, Table 1); whereas, the low-fat diet (LFD) had no effect. In aggregate,
metabolic flexibility, defined as the change in RQ upon insulin stimulation (ΔRQ),
was not different between groups after the run-in period nor was it different after
the LFD. However, the HFD decreased metabolic flexibility by 38% (p=0.009, Table 1
and Figure 1A).
Muscle Analyses
In lieu of the HFD-induced decrease in metabolic flexibility, we next investigated the
effects of the HFD on IMCL, mRNA expression of lipid and glucose metabolism and
mitochondrial biogenesis genes, as well as protein content of OXPHOS. IMCL was
not significantly different between groups after the run-in diet (p=0.244, Figure 1B),
and in response to the dietary interventions, subjects also did not change their IMCL
content (change of 0.49 ± 0.45 vs. 1.38 ± 0.67% in LFD vs. HFD, p=0.304; Figure 1B).
Figure 1. Metabolic flexibility and IMCL content
A

B

Effect of LFD (n=10) and HFD (n=10) on metabolic flexibility (ΔRQ) (A) and intramyocellular lipid (IMCL)
content (B). Changes in whole-body respiratory quotient (RQ) in response to insulin during a hyperinsulinemic-euglycemic clamp (metabolic flexibility) after 3 weeks of either a LFD (dashed line) or a HFD (solid
line) in healthy overweight men. Changes in IMCL after 3 weeks of either a LFD (white bars) or a HFD
(gray bars) in the skeletal muscle of healthy overweight men. Values are expressed as mean ± sem.
*Significant difference (p < 0.05) between pre- and post-diet intervention.

After the run-in diet, there were no significant differences in mRNA expression of
any gene between groups (Figure 2). LFD had no significant effect on genes involved
in lipid and glucose metabolism (Figure 2A). The HFD, however, decreased mRNA
content of two key genes involved in lipid oxidation by 66% and 75% (carnitine
palmitoyl transferase 1, CPT1, p<0.05 and peroxisome proliferator-activated recep92

tor gamma coactivator-1 beta, PGC1b, p<0.05, respectively; Figure 2A). Neither the
LFD nor the HFD had a significant effect on mRNA expression of genes involved in
glucose metabolism (HKII, GYS1 and PDK4) and mitochondrial biogenesis (NRF1 and
PGC1a) (Figure 2). Furthermore, there was no significant dietary effect on mitochondrial density as measured by the protein content of the respiratory complexes
of the electron transport chain.
Figure 2. mRNA content

Effect of LFD (n=10) and HFD (n=10) on mRNA content. Changes in fasting mRNA and protein content with
the 3 weeks of LFD (white bars) and HFD (black bars) in the skeletal muscle of healthy overweight men.
Values are expressed as the fold-change (post-diet divided by pre-diet) (mean ± sem). No change is a value of
1, which is represented by the dashed line, with values >1.0 indicative of an increase in respective mRNA and
protein content with the diet. *Significant difference (p < 0.05) between pre- and post-diet intervention for
the indicated genes and protein.
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Discussion
A controversy exists as to whether a high fat diet induces insulin resistance with
reduced mitochondrial content or if it actually sensitizes mitochondria to enhance
lipid oxidation and increase mitochondrial content. The accumulation of lipid in
skeletal muscle has long been associated with the development of insulin resistance
(20), and multiple human studies suggest that this insulin resistance is indeed accompanied by impaired mitochondrial oxidative function - in turn linked to reduced
mitochondrial density (6, 21). Ritov et al. demonstrated that the enzymatic activity
of OXPHOS Complex I was reduced by about 40% in the skeletal muscle of individuals with type 2 diabetes and by 20% in obese individuals (21). Differences in oxidative capacity did not remain after normalization for mitochondrial mass by citrate
synthase activity or mtDNA content, suggesting that reduced mitochondrial mass
might be a major contributor. This is consistent with electron micrographs from
Kelley et al. demonstrating diminished mitochondrial size in obesity and type 2 diabetes (5). In aggregate, skeletal muscle of obese individuals is characterized by profound reductions in mitochondrial function, as evidenced by decreased expression
of metabolic genes (22, 23), reduced respiratory capacity (21, 24, 25), and mitochondria that are smaller and less abundant (5), leading to speculation that a decrease in the capacity to oxidize fat due to acquired or inherited mitochondrial insufficiency may be an underlying cause of the lipid-induced insulin resistance (26–
28).
In contrast, Turner et al. recently demonstrated that a high fat diet actually enhances skeletal muscle fatty acid oxidative capacity in mice(9) accompanied by increased mitochondrial content. Another study in rats revealed that while a high fat
diet induced insulin resistance, it actually increased mitochondrial content (29).
Regarding such discrepancies in the literature, it is important to note that substantial inter-individual variability exists in the change of fat oxidation during adaptation
to a HFD (30). Impaired fat oxidation during adaptation to a HFD is observed in restrained eaters (31), post-obese (32, 33) and obese (34) individuals, and in individuals with a family history of obesity and insulin resistance (35–37), pointing toward a
possible genetic basis for reduced fat oxidation (33). Impaired substrate switching in
response to insulin (metabolic inflexibility) and dietary stimuli (attenuated adaptation to a HFD) are thought to contribute to obesity and insulin resistance (32, 38). In
fact, a recent study by Boyle et al. demonstrated a differential response to a dietary
lipid stimulus in the skeletal muscle of lean insulin-sensitive and obese insulinresistant humans (10). These data led us to investigate the effects of a high fat diet
on insulin sensitivity and mitochondrial content in the skeletal muscle of overweight
but type 2 diabetes family history negative, insulin sensitive individuals.
Our study demonstrates that 3 weeks of an iso-caloric high fat diet has no adverse effect on body weight, IMCL and insulin sensitivity. The increased dietary lipid
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content did impair insulin-suppression of lipid oxidation and subsequently metabolic flexibility. Regarding this metabolic inflexibility it is important to stress that the
difference in metabolic flexibility is mainly seen in the insulin-stimulated response,
i.e. fat oxidation is less suppressed and glucose oxidation is blunted during insulin
stimulation. Taking into consideration that these effects occur without a change in
insulin sensitivity, our data clearly demonstrates that the capacity to switch substrate oxidation is decreased after the HFD.
While the HFD impaired metabolic flexibility, it had no effect on transcriptional
markers of mitochondrial biogenesis (PGC1a and NRF1). Furthermore, the protein
content of OXPHOS was unaltered by the HFD. In agreement an elegant study by
Toledo et al. also demonstrated that reducing adiposity and insulin resistance
through weight loss has no effect on skeletal muscle mitochondrial content (39).
These data suggest that a reduction in mitochondrial content is not a prerequisite
for changes in metabolic flexibility.
We did find that a 3-week HFD reduced the mRNA content of two key lipid oxidation
genes, carnitine palmitoyl-transferase 1 (CPT1) and peroxisome proliferator activated receptor γ coactivator-1beta (PGC1b), in the skeletal muscle of these healthy
overweight men without any effect on several important glucose metabolism genes,
such as hexokinase (HKII), glycogen synthase (GYS1) and pyruvate dehydrogenase
kinase 4 (PDK4). It has long been shown that CPT1 is a key lipid oxidation enzyme
and that overexpression of CPT1 in skeletal muscle is sufficient to enhance fatty acid
oxidation and improve high-fat-diet-induced insulin resistance (40). Recently, PGC1b
has been revealed as another key player in lipid metabolism. In fact, Wright et al.
showed that overexpression of PGC1b also ameliorates lipid-induced skeletal muscle insulin resistance (41). Furthermore PGC-1b induces oxidative mitochondrial
function, particularly in skeletal muscle (42, 43). As such, these two genes, CPT1 and
PGC1b are proven to be highly responsive to dietary lipid stimuli. However, even
though mRNA content of CPT1 and PGC1b are reduced in response to the 3-week
HFD in our study, it was not sufficient to adversely affect IMCL and whole-body
insulin sensitivity.
These findings are in agreement with a recent study by Han et al. that argues
against the hypothesis that a deficiency of the electron transport chain (ETC) and
imbalance between the ETC and b-oxidation pathways causes muscle insulin resistance (29). Taken together, these data provide evidence that increased dietary fat
content for three weeks, leading to lipid-induced metabolic inflexibility and reduced
CPT1 and PGC1 expression are not sufficient to induce IMCL accumulation and insulin resistance when mitochondrial content is unchanged.
While our findings do not completely resolve the ongoing debate of lipidinduced insulin resistance and mitochondrial function, it is important to note that all
data should be examined with these factors in mind: 1) duration of the dietary in-
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tervention, 2) composition of the dietary intervention, 3) insulin sensitivity status of
the subjects and 4) body composition of the subjects.
Our findings suggest that high lipid availability does not lead to intramuscular
lipid accumulation and insulin resistance in healthy, insulin-sensitive overweight
men. However, it does suggest that increased dietary fat content impairs the muscle’s ability to adapt its metabolic flexibility/substrate switching in response to insulin. We cannot exclude that the metabolic inflexibility and reduced CPT1 and PGC1
expression are early markers of insulin resistance and that a prolonged consumption
of high-fat diets may indeed lead to insulin resistance. However, we can conclude
that increased dietary fat content, markers of decreased fat oxidation capacity and
lipid-induced metabolic inflexibility are not sufficient to induce insulin resistance on
the short term.
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8.2±1.0

Basal

0.45 ±0.06
-0.53±0.08

Delta

0.98±0.09

Basal

Clamp

6.7±0.8

Delta

a

14.9±1.2

0.10±0.01

Delta

Clamp

0.92±0.01

Clamp

0.82±0.01

-0.60±0.0

0.46 ±0.1

1.05±0.1

7.7 ±0.5

14.7±0.6

7.0±0.8

0.11±0.01

0.92±0.01

0.81±0.01

-0.73 ±0.07

0.31±0.04

1.03±0.05

9.5±0.9

a

17.4±0.5

7.8±0.8

0.13±0.01

0.94±0.01

0.81±0.01

-0.42±0.06

0.64±0.04

1.06±0.07

6.7 ±1.0

13.7±0.8

7.0±0.7

0.08±0.01

0.89±0.01

0.81±0.01

Experimental period

0.06±0.09

0.01±0.09

0.07±0.11

0.9±0.8

-0.2±1.1

-1.2±1.3

0.02±0.02

0.00±0.01

-0.02±0.02

Changes

Low-fat group

-0.31± 0.07

0.34±0.08

0.03±0.07

-2.9±1.0

-3.7±0.9

-0.8±1.0

-0.05 ±0.01

-0.06 ±0.01

-0.01± 0.01

Changes

High-fat group

P=0.007

P=0.015

P=0.744

P=0.011

P=0.029

P=0.836

P=0.009

P=0.013

P=0.750

P-values
for difference in
changes

Values refer to 9 subjects in the low-fat group and 9 subjects in the high-fat group. Substrate oxidation measurements were not calculated in 1 subject in each group. One
subject felt claustrophobic underneath the hood and the measurement was aborted and one subject could not be measured due to technical problems. Values are mean ±
SEM. P-values are based on the difference in changes between the low-fat group vs. the high-fat group. After the run-in period there were no statistically significant difa
ferences between the two groups except the delta CHO oxidation which was higher in high-fat group after the run-in diet: p=0.031 (see ). RQ = respiratory Quotient and
CHO = Carbohydrate

Lipid oxidation
(µmol/(kg*min))

CHO oxidation
(µmol/(kg*min))

RQ

Basal

Run-in period

Run-in period

Experimental period

High-fat group

Low-fat group

Table 1. Metabolism during the hyperinsulinemic-euglycemic clamp
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4.01 ± 0.35
1.23 ± 0.08

LDL-Cholesterol (mmol/L)

HDL-Cholesterol (mmol/L)

1.25 ± 0.06

3.96 ± 0.35

5.51 ± 0.39

1.48 ± 0.16

1.19 ± 0.28

416 ± 59

16.7 ± 2.8

5.7 ± 0.1

33.5 ± 1.7

28.3 ± 0.5

1.80 ± 0.02

27.5 ± 1.7

65.9 ± 1.9

91.3 ± 1.8

56.4 ± 2.5

High-fat group

Values refer to 10 subjects in the low-fat group and 10 subjects in the high-fat group. Values are mean ± SEM and there were
no statistical differences between the groups.
FFA = Free Fatty Acids, hs-Crp = high sensitive C-reactive proetein, TG = Triglyceride, LDL = Low-Density Lipoprotein and HDL = High-Density Lipoprotein

5.73 ± 0.38

Cholesterol (mmol/L)

Plasma hs-CRP (mg/L)

Lipid profile

301 ± 30
2.64 ± 0.71

Plasma FFA (μmol/L)

1.72 ± 0.43

15.7 ± 2.2

Plasma insulin (mU/L)

TG (mmol/L)

5.7 ± 0.1

Plasma glucose (mmol/L)

1.77 ± 0.02

Height (m)

33.6 ± 1.9

30.1 ± 1.3

Body fat (%)

Maximal aerobic capacity
(mL O2/(kg body weight*min))

64.0 ± 1.7

Fat free mass (kg)

29.3 ± 0.6

92.0 ± 2.9

Body weight (kg)

Body mass index (kg/m )

54.0 ± 2.3

Age (y)

2

Low-fat group

Parameter

Supplemental Table 1: Baseline characteristics of the subjects
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Obesity is well-known to be related to several diseases such as cardiovascular diseases (CVD), type II diabetes (T2DM), and even cancer (1–3). Lipid accumulation in
non-adipose tissue has been suggested to be a link between obesity and T2DM and
CVD. These diseases have a major impact on people’s health and are therefore staggering public health costs. Lipid accumulation in non-adipose tissue is also known as
ectopic lipid accumulation. Lipids can for example accumulate inside the muscle,
liver, pancreas, and heart (see also chapter 2 for an review on ectopic lipid accumulation).
Lipid accumulation in ectopic sites can occur either by increased uptake of fatty
acids (FAs), increased synthesis within the tissue involved, or reduced FA oxidation/disposal (4). Indeed 2 days to 5 weeks of high-fat feeding increases intramyocellular lipid (IMCL) stores and this accumulation of intramuscular fat may simply be
due to a positive fat balance when changing to a high-fat diet (5–9). Physically inactive humans consuming a high-energy, high-fat diet, may have a chronically positive
energy and fat balance, resulting in fat accumulation in adipose tissue and probably
also in skeletal muscle. Indeed, obesity is correlated with increased IMCL (10, 11). In
accordance with the above suggestion, other conditions with high FA availability
also increases IMCL content. For example, the elevation of plasma free fatty acids
(FFA) by infusions and 72 hours of fasting increased IMCL (12–14). Under these
conditions, fat in muscle is simply stored, because FA availability and oxidation are
not in balance.
In this thesis we studied two potential determinants of ectopic fat manipulation: prolonged fasting and high-fat feeding. Prolonged fasting is a model in which
FFA and IMCL levels are elevated in a physiological way, but still decreases insulin
sensitivity (8, 14). Another model for the development of insulin resistance may be
high-fat feeding. The high availability of fast food nowadays may be one of the important factors related to the obesity epidemic. High-fat diets therefore have been
suggested to lead to insulin resistance (15).

7.1 Intramyocellular lipid and insulin sensitivity
In chapter 3 we investigated whether prolonged fasting indeed leads to increases in
FFA, which in turn could lead to lipid accumulation in muscle with decreased insulin
sensitivity as a consequence. Indeed, FFA levels were increased ~9-fold after sixty
hours of fasting in healthy male subjects leading to elevated intramuscular lipid
levels and a decreased muscular insulin sensitivity. IMCL levels were ~2.7-fold higher after 60 hours of fasting in comparison with the fed condition. The increase in
lipid accumulation was more pronounced (~3.5 fold) in fibers identified as slow,
oxidative (type 1) fibers. Within type 2 muscle fibers IMTG levels increased by ~2fold after 60 hours of fasting. The insulin sensitivity index (SI), an index that takes
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into account the variation in insulin and glucose levels during the clamp (16), was
reduced by ~45% upon 60 hours of fasting, as compared to the fed condition. This
means that, in agreement with previous literature, an increase in FFA leads to IMCL
accumulation and a decreased insulin sensitivity. Indeed, there is now accumulating
evidence that fatty-acid metabolite accumulation in non-adipose tissue, in particular
in skeletal muscle, is a central feature of type II diabetes (17–22).
In chapter 5 we investigated whether a high-fat diet, often indicated as the
main reason for obesity in modern society, leads to an accumulation of IMCLs and
decreases insulin sensitivity. We investigated twenty overweight men, who were
randomly allocated to the low- or high-fat group. Both groups started with a threeweek low-fat diet (15 En% protein, 65 En% carbohydrates, 20 En% fat), after which
half of the subjects switched to a three-week isocaloric high-fat diet (targeted composition 15 En% protein, 30 En% carbohydrates, 55 En% fat). Using these diets we
did not find a statistically significant increase in IMCL levels after the high-fat diet or
an effect on insulin sensitivity. Based on the suggested relationship between the
accumulation of fat in non-adipose tissues such as skeletal muscle (4) and insulin
resistance, a lack of effect of high-fat on both IMCL accumulation and insulin sensitivity fits with this model. It may indicate that when subjects are in energy balance,
in other words when fat oxidation matches fat intake, there is no accumulation of
IMCLs and therefore also no effect on insulin sensitivity.
With regard to fat oxidation, we did not observe an increase in resting fat oxidation after the high-fat diet, but we did observe that metabolic flexibility was reduced, with a reduced inhibition of lipid oxidation during insulin infusion. Although
speculative, the reduced ability to suppress lipid oxidation during insulin infusion
may reflect the postprandial situation and could indicate that also postprandial fat
oxidation is increased after high-fat diet, reducing the necessity to deposit excess
lipids in ectopic fat stores.
From a more classic point of view, a decreased metabolic flexibility has been
linked to type II diabetes, i.e. an impaired switching from fatty acid to glucose oxidation in response to insulin. Besides an impaired metabolic flexibility, type II diabetic
patients are characterized by a decreased fat oxidative capacity and high levels of
circulating FFAs. The latter is known to cause insulin resistance, in particularly in
skeletal muscle, most likely via accumulation of lipid inside the muscle cell (for a
review see (23)).
To further investigate the mechanism underlying the decreased metabolic flexibility, which we observed after the 3-week high-fat diet, we determined mRNA
expression for genes involved in lipid and glucose metabolism and mitochondrial
content in skeletal muscle biopsies (vastus lateralis). As described in Chapter 6, we
found that mRNA expression of the lipid metabolism genes carnitine palmitoyltransferase 1 (CPT1) and peroxisome proliferator activated receptor γ coactivator1beta (PGC1b) were reduced by the high-fat diet. It has long been known that CPT1
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is a key enzyme involved in lipid oxidation and that overexpression of CPT1 in skeletal muscle is sufficient to enhance fatty acid oxidation and improve high-fat dietinduced insulin resistance (Bruce, 2009). Recently, however, PGC1b has been revealed as another key player in lipid metabolism. In fact, Wright et al. showed that
overexpression of PGC1b also ameliorates lipid-induced skeletal muscle insulin resistance (Wright, 2011). As such, these two genes are proven to be highly responsive to dietary lipid stimuli. However, even though mRNA content of CPT1 and
PGC1b were reduced in response to the 3-week HFD in our study, it was not sufficient to adversely affect IMCL or whole-body insulin sensitivity.
Moreover, lower CPT1b mRNA did not result in reduced basal fat oxidation, but
was associated with decreased metabolic flexibility, mainly reflected in a reduced
capacity of insulin to suppress fat oxidation. So far, it is unknown if insulin-induced
suppression of fat oxidation is dependent on CPT1 activity. Therefore, we cannot
conclude if the decrease in CPT1 and PGC1b are causally related to the reduction in
metabolic flexibility. However, future longer-term studies should examine if the
changes in metabolic flexibility that we observed will ultimately lead to skeletal
muscle insulin resistance. However, for now, our findings suggest that high lipid
availability does not lead to intramuscular lipid accumulation and insulin resistance
in healthy, insulin-sensitive overweight men. However, it does suggest that increased dietary fat content impairs the muscle’s ability to adapt its metabolic flexibility in response to insulin.

7.2 Oxidative capacity, intramyocellular lipid and insulin sensitivity
The finding that high-fat feeding reduced metabolic flexibility without affecting
insulin sensitivity is interesting in the light of other findings in literature. Thus, a
reduced fat oxidative capacity and metabolic inflexibility are often considered as
important components of lipid accumulation and insulin resistance of the skeletal
muscle. The cause of these derangements in skeletal muscle of type 2 diabetic patients remains however to be elucidated. In this regard a combination of human and
rodent studies have convincingly documented mitochondrial abnormalities in insulin-resistant and diabetic states, which suggests that mitochondrial dysfunction may
be the primary defect in obesity-related ectopic lipid accumulation which can lead
to insulin resistance (reviewed in (24)). These studies include ex vivo, morphological
and biochemical analyses of tissue samples and/or isolated mitochondria (25–28) as
well as noninvasive in vivo magnetic resonance spectroscopy (MRS) measures (29–
34). However, although these associations appear robust, the direction of causality
remains uncertain (24, 35). We used the model of prolonged fasting to answer this
question (chapter 3). As mentioned previously, prolonged fasting increases FFA
levels and causes insulin resistance. In addition, it is also known that this is accom-
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panied by an increased whole-body fat oxidation (36). It could therefore be anticipated that despite the development of insulin resistance, mitochondrial function is
maintained to accommodate increased fat oxidation during prolonged fasting. Alternatively, if lipid-induced insulin resistance or factors associated with the insulin
resistant state indeed cause mitochondrial dysfunction, this seems to be a secondary effect. We found that prolonged fasting, despite an increase in whole-body fat
oxidation, leads to an overall reduction in both coupled state 3 respiration and
maximally uncoupled respiration in permeabilized skeletal muscle fibers, which
could not be explained by changes in mitochondrial density.
Therefore, the decrease in mitochondrial capacity in skeletal muscle is counterintuitive, especially since this decrease was substrate-independent and also apparent upon a lipid substrate. Therefore one might speculate that, when even a decrease of 20% in mitochondrial function does not stop the body from increasing
whole-body fat oxidation in the fasted situation, a comparable decrease in mitochondrial function which is found in type II diabetic subject is not the cause of ectopic lipid accumulation and insulin resistance, which would be in line with the results from the high-fat feeding model. We therefore think that mitochondrial dysfunction is rather a consequence of lipid accumulation and insulin resistance. This
finding is supported by a study showing that subjects who had genetic defects in
insulin receptor function also had an impaired oxidative phosphorylation in vivo. In
this situation it is very clear that insulin resistance is primary and can produce mitochondrial dysfunction secondary (37). Dumas et al recently reviewed whether muscle mitochondrial dysfunction is a cause or an indirect consequence of insulin resistance in humans and concluded that it is still unclear whether altered mitochondria
are the cause or the result of a state of insulin resistance (38). Our results, and
those of others (37), are in favour of the statement that mitochondrial dysfunction
is a consequence of insulin resistance rather than a cause.

7.3 Inflammation and insulin sensitivity
So far, we can conclude that increased concentrations of FFA, when not matched by
increased oxidation, may be the factor underlying lipid accumulation in muscle. In
addition, it has also been speculated that the same FFA are underlying factors contributing to the associations between increased body fat and low-grade systemic
inflammation. Indeed, it has been shown that increasing plasma FFA concentrations
by lipid infusion has a proinflammatory effect (39). In addition, systemic inflammation may be related to hyperinsulinemia (40–42). In agreement, insulin resistance is
associated with elevated levels of high-sensitive C-reactive protein (hs-CrP) (43) and
decreased levels of the anti-inflammatory factor adiponectin (44), independent of
obesity (43, 44). Moreover, infusion of insulin in humans is associated with in-
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creases in leptin, which has been linked to inflammation (45), and decreases in the
adiponectin (46). Also hyperglycemia can contribute to activation of NF-kB, as reviewed by Schwartz et al (47). Thus, the contribution of physiologically increased
FFA concentrations to inflammation, as frequently seen in type 2 diabetes, apart
from those of hyperinsulinemia and hyperglycemia, is not known. In chapter 4 we
used the model of prolonged fasting to study the effects of increased FFA on inflammatory markers. Interestingly, the model of prolonged fasting does not lead to
hyperinsulinemia or hyperglycemia, which makes it possible to study the effects of
increased FFA concentrations apart from those of increased insulin and glucose
concentrations. We found that fasting for 60 hours did not affect concentrations in
plasma of the inflammatory markers TNF-α, IL-1b, IL-8, and hs-CRP. For IL-6, however, a statistically significant treatment x time effect was found. During the fed
period, Il-6 concentrations remained virtually unchanged, but decreased after 36
hours of fasting and returned to baseline after 60 hours. Therefore, we can conclude that prolonged fasting does not cause an inflammatory response. In contrast,
insulin resistance induced by longer-term lipid infusion does lead to hyperglycaemia
and hyperinsulinemia, and to increased concentrations of FFA and pro-inflammatory
cytokines. This suggests that in normal-weight subjects, insulin-resistance or increased FFA concentrations per se are not a prerequisite to induce a proinflammatory cytokine profile, but hyperglycemia or hyperinsulinemia - possibly in
combination with high FFA levels - are. As pre-diabetic subjects, who are characterized by normal glucose concentrations and slightly elevated insulin concentrations,
also have increased concentrations of markers and mediators of inflammation (48),
it can be speculated that insulin may be more important in this respect. This is further supported by the findings of Stegenga et al. (49), who found that a short-term
(6 hr) lower-insulinemic hyperglycaemic clamp decreased the expression of several
pro-inflammatory cytokine in LPS-stimulated leucocytes. In contrast, after a hyperinsulinaemic euglycaemic clamp, expressions of most of the inflammatory cytokines
were increased.

7.4 Ectopic fat in liver
As mentioned in the beginning of this chapter, not only accumulation in muscle is
important, but also accumulation of fat in other tissues such as the liver. Usually,
the hepatic lipid content is below 5% of fat by wet weight and when the liver lipid
stores exceed this value, this is known as a fatty liver or liver steatosis. A well-known
cause for a fatty liver is alcohol abuse, but a fatty liver is also found in overweight
and obese subjects. Fat accumulation in the liver is generally associated with the
cluster of metabolic abnormalities related to the metabolic syndrome (50). It has
been suggested that non-alcoholic fatty liver disease (NAFLD), in its whole spectrum
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ranging from pure fatty liver to non-alcoholic steatohepatitis (NASH) and cryptogenic cirrhosis, which in the end may lead to hepatocellular carcinoma, is simply the
hepatic manifestation of the metabolic syndrome (51). Therefore, it is not surprising
that a fatty liver is associated with an increased risk of all-cause death (52). The
mechanisms underlying the development of NAFLD are not completely understood,
but it has been shown that FA in the liver come from several different sources: dietary fat, FA released from adipose tissue, and from de novo hepatic lipogenesis. An
imbalance of any of the pathways involved in FA and TG delivery, synthesis, export
or oxidation could contribute to lipid accumulation in the liver. Regarding dietary
fat, rodent data have clearly indicated that dietary manipulation – mainly increasing
total dietary fat content - can rapidly change lipid storage in liver. In humans, however, dietary interventions are scarce. It has been shown that a single high-fat meal
did not increase IHL accumulation (53). In contrast, on the longer term, dietary fat
intake affected IHL and was accompanied by effects on markers of insulin resistance
(54). However, in this study only a surrogate marker of insulin resistance was used,
i.e. fasting insulin levels. Furthermore, this study investigated the effect of a high-fat
diet specifically in obese women, who had liver steatosis prior to the start of the
intervention. Although these data provide support for the suggestion that in humans diet can affect IHL and insulin sensitivity, evidence is still rather limited. Furthermore, high-fat diets were not given in energy balance in all cases. Therefore we
used the dietary intervention, which we also used to study lipid accumulation in the
muscle, to examine the effects of a high- versus low-fat diet on hepatic lipid accumulation. We found in chapter 5 that in the low-fat group, IHL decreased by 13%,
whereas it increased by 17% during the high-fat diet. When we compared the
changes in the low-fat group versus the changes in high-fat group we found an, as
expected, statistically different effect of diet on IHL accumulation between the two
groups. Although there was an increase in hepatic lipid after high-fat diet the absolute IHL level remained below 5% of fat by wet weight, or in other words IHL levels
were still within the normal range. As we anticipated an increase in IHL content in
the high-fat group, we also examined IHL content after one week on the high-fat
diet. Interestingly, the increase in IHL upon the high-fat diet already occurred in the
first week with no further increase in the following two weeks upon the high-fat
diet. This is in line with our previous finding that – when fed in energy balance –
subjects are capable of increasing fat oxidation to match fat intake after one week
of a high-fat diet (55, 56). It could thus be suggested that prolonged consumption of
a high-fat diet leads to an increase in 24h fat oxidation, sufficient to match fat intake, and thereby does not lead to further accumulation of ectopic fat.
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7.5 Concluding remarks
In this thesis we used two models to study in humans lipid accumulation, oxidative
capacity, metabolic flexibility and insulin sensitivity. The model of prolonged fasting
is an effective model to increase FFA and IMCL and to decrease insulin sensitivity.
Based on this model, we conclude that mitochondrial dysfunction is a consequence
of insulin resistance rather than a cause. With regard to inflammation, the model of
prolonged fasting suggests that hyperglycemia and especially hyperinsulinemia may
be more important than elevated FFA levels or insulin sensitivity per se. The second
model we used was a comparison between the effects of an isocaloric high-fat diet
vs. low-fat diet. This interesting model showed that a high-fat diet causes IHL accumulation within one week, but that two more weeks on this high-fat diet does not
cause a further increase of fat accumulation inside the liver. We did not find a statistically significant increase in IMCL levels after the high-fat diet or an effect on insulin
sensitivity. This indicates that when subjects are in energy balance, in other words
when fat oxidation matches fat availability, there is no accumulation of IMCLs or an
effect on insulin sensitivity. An increased dietary fat content did cause metabolic
inflexibility, but from our studies we cannot conclude if this is an early marker of
insulin resistance or rather an adaptation to the high-fat diet. After three weeks on
the high-fat diet, two key genes involved in lipid oxidation were reduced. These
results indicate that increased dietary fat content for three weeks, leading to lipidinduced metabolic inflexibility, are not sufficient to induce insulin resistance. However, the reduction in gene expression of CPT1 and PGC1b and the reduced metabolic flexibility may suggest that longer term high-fat diet could lead to insulin resistance.

7.6 Overall conclusion
A mismatch between lipid oxidation and lipid availability is needed for ectopic lid
accumulation to occur, and high-fat diets given in energy balance may therefore not
lead to insulin resistance. Furthermore our studies showed that a reduced oxidative
capacity/mitochondrial function may be a consequence of increased lipid availability. This statement seems valid for both short term (60hours) and a long-term time
period (3 weeks). Finally, we showed that consumption of high-fat diets, often used
to initiate insulin resistance in animal models, did not affect insulin sensitivity in
humans. These findings suggest that the development of human insulin resistance
cannot simply be explained by one factor, but rather depends on an interplay between mitochondrial function, lipid availability and lipid accumulation.
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Summary
The prevalence of type II diabetes mellitus (“diabetes”) is increasing rapidly all
around the world. Diabetes has serious health consequences, as it can induce damage to the eyes, and is related to cardiovascular disease and kidney failure. Furthermore, there is an increased risk of developing inflammation and impaired
wound healing. Increased levels of glucose in the blood, which are caused by a decreased insulin sensitivity, are central in the development of type II diabetes mellitus and its harmful consequences.
An increased level of circulating free fatty acids (FFA), in combination with a decreased mitochondrial function, leads to lipid accumulation in non-adipose tissue
such as skeletal muscle and liver. Mitochondria are known as the energy factories of
cells. They are responsible for oxidation of FFA. Therefore, when mitochondria are
less capable of burning free fatty acids, for example because the mitochondria are
damaged, accumulation of lipid intermediates can occur inside a cell. These lipid
intermediates can interfere with insulin signaling of muscle cells, which in turn leads
to a decreased insulin sensitivity or in other words insulin resistance. Furthermore
insulin resistance is often related to low-grade systemic inflammation. For example,
several studies have suggested that inflammation and insulin resistance reinforce
each other via a positive feedback loop. Indeed, the two often come together: for
instance, rheumatoid arthritis, an inflammatory disease, increases the risk to develop insulin resistance. This thesis focuses on the relationship between FFA, lipid
accumulation, insulin sensitivity, and inflammation.
In chapter 3, we showed that prolonged fasting leads to increases in FFA, which in
turn lead to lipid accumulation in muscle and decreased insulin sensitivity. Furthermore, whole-body fat oxidation increased. Furthermore, we found that prolonged
fasting, despite an increase in whole-body fat oxidation, leads to an overall reduction in both state 3 respiration and maximally uncoupled respiration in permeabilized skeletal muscle fibers. This decrease in mitochondrial capacity in skeletal muscle is counterintuitive, especially since this decrease was substrate-independent and
also apparent upon a lipid substrate. Furthermore, these reductions could not be
explained by changes in mitochondrial density. It is important to note that the reduction in muscle mitochondrial capacity does not (yet) affect the capability of the
body to enhance fat oxidation. This is an important finding, since it has generally
been assumed that a reduction in muscle mitochondrial function will result in reductions in whole-body fat oxidative capacity. Here, we show that this extrapolation
may not be justified. Since prolonged fasting is a physiological condition in which
increased fat oxidation becomes very important, a reduced mitochondrial function
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seems unbeneficial from a physiological point of view. Our findings suggest that the
elevated plasma FFA and/or intramuscular lipid levels associated with the insulin
resistant state are responsible for the secondary negative effects on mitochondrial
function. We therefore think that mitochondrial dysfunction is rather a consequence of lipid accumulation and insulin resistance.
As already mentioned, inflammation and insulin resistance reinforce each other via
a positive feedback loop. It has been suggested that this inflammation is related to
increased FFA levels. However, increased levels of glucose and insulin may also
contribute to inflammation. In chapter 4, we used the model of prolonged fasting to
study the effects of increased FFA on inflammatory markers. Interestingly, the model of prolonged fasting does not lead to hyperinsulinemia or hyperglycemia, which
made it possible to study the effects of increased FFA concentrations apart from
those of increased insulin and glucose concentrations. We found that fasting for 60
hours did not affect concentrations in plasma inflammatory markers such as TNF-α,
IL-1b, IL-8, and hs-CRP. Therefore, we can conclude that in normal-weight subjects,
insulin-resistance or increased FFA concentrations per se are not a prerequisite to
induce a pro-inflammatory cytokine profile.
To investigate the relation between dietary lipids, lipid accumulation and insulin
resistance we examined the effects of a high-fat diet versus a low-fat diet on hepatic
lipid accumulation (chapter 5). It was hypothesized that a high-fat diet would lead
to an accumulation of lipids in muscle and liver (intrahepatic lipid, IHL), and consequently to a decreased insulin sensitivity. For this, twenty apparently overweight
men were randomly allocated to a low-fat or high-fat diet group. Both groups started with a three-week low-fat diet (15 En% protein, 65 En% carbohydrates, 20 En%
fat), after which half of all subjects switched to a three-week isocaloric high-fat diet
(15 En% protein, 30 En% carbohydrates, 55 En% fat). We found that in the low-fat
diet group, IHL decreased by 13%, whereas it increased by 17% in the high-fat diet
group. This difference in change was statistically significant. As we anticipated an
increase in IHL content in the high-fat diet group, we also examined IHL content
after one week on the high-fat diet. Interestingly, the increase in IHL upon the highfat diet already occurred in the first week, with no further increase in the following
two weeks. This agrees with literature, which states that – when fed in energy balance – subjects are capable of increasing fat oxidation to match fat intake after one
week on a high-fat diet. It can thus be suggested that prolonged consumption of a
high-fat diet increases 24h fat oxidation to match fat intake, and thereby does not
lead to further accumulation of ectopic fat. In this study, we did not find a statistically significant increase in IMCL levels after the high-fat diet or an effect on insulin
sensitivity. This indicates that, in humans, high-fat feeding does not lead to insulin
resistance when subjects are in energy balance.
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In chapter 6, we studied substrate oxidation in response to a three week high-fat
diet into more detail. With regard to fat oxidation, resting fat oxidation did not increase after the high-fat diet, but we did observe that metabolic flexibility was reduced, as indicated by a reduced inhibition of lipid oxidation during insulin infusion.
Although speculative, a reduced ability to suppress lipid oxidation during insulin
infusion may reflect the postprandial situation and could indicate that postprandial
fat oxidation is increased after high-fat diet, reducing the necessity to deposit excess lipids in ectopic fat stores.
A decreased metabolic flexibility, i.e. an impaired switching from fatty acid to
glucose oxidation in response to insulin, has been linked to type II diabetes. To further investigate the mechanism underlying a decreased metabolic flexibility, we
determined mRNA expression of genes involved in lipid and glucose metabolism,
and mitochondrial content in skeletal muscle biopsies (vastus lateralis). We found
that mRNA expression of genes involved in lipid metabolism such as carnitine palmitoyl-transferase 1 (CPT1) and peroxisome proliferator activated receptor γ coactivator-1beta (PGC1b) were reduced by the high-fat diet. So far, it is unknown if insulininduced suppression of fat oxidation is dependent on CPT1 activity. Therefore, we
cannot conclude if a decrease in CPT1 and PGC1b are causally related to a reduced
metabolic flexibility.
From the results described in this thesis, we conclude that a mismatch between
lipid oxidation and lipid availability is needed to induce ectopic lid accumulation.
Furthermore, we showed that high-fat diets, when subjects are in energy balance,
do not lead to insulin resistance. These findings suggest that overfeeding and therefore an increase in bodyweight are needed for the development of insulin resistance. Furthermore our studies showed that a reduced oxidative capacity/mitochondrial function might be a consequence of increased FFA availability.
These findings suggest that the development of human insulin resistance cannot simply be explained by one factor, but rather depends on an interplay between
lipid availability and oxidation and related mitochondrial function.
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Samenvatting
Net zoals in de rest van de wereld neemt in Nederland de prevalentie van type 2
diabetes mellitus (“diabetes”) toe. De gevolgen van diabetes zijn onder andere beschadigingen aan het netvlies van het oog, hart- en vaatziekten, en nieraandoeningen. Ook is er een verhoogde kans op ontstekingen en slecht genezende wonden.
De verhoogde glucosewaarden in het bloed, veroorzaakt door een verminderde
insulinegevoeligheid van diverse weefsels, staan centraal in het ontstaan van deze
gevolgen.
Een overmaat aan vrije vetzuren in de bloedsomloop, in combinatie met een
verminderde mitochondriële functie, leidt tot vetstapeling in de zogenaamde perifere weefsels zoals de skeletspier en de lever. Mitochondriën bevinden zich in de cel
en spelen een belangrijke rol bij de verbranding van deze vrije vetzuren. Als de werking van de mitochondriën verstoord is, dan stapelen bepaalde schadelijke stoffen
(lipid-intermediairen) in een cel op, waardoor de werking van insuline afneemt. Met
andere woorden, de insulinegevoeligheid van een cel neemt af. Insulineresistentie
gaat ook vaak gepaard met verhoogde hoeveelheden ontstekingsstoffen in het
bloed. In dit proefschrift staat de relatie tussen verhoogde vrije vetzuren, vetstapeling, insulinegevoeligheid en ontsteking centraal.
In hoofdstuk 3 hebben we laten zien dat een verhoging van vrije vetzuren tot vetstapeling in de spier leidt en tot een verminderde insulinegevoeligheid. In het geval
van diabetes gaat de aanwezigheid van insulineresistentie gepaard met een verminderde oxidatieve capaciteit van de spier, veroorzaakt door minder goed functionerende mitochondria, de energiecentrales van de cel. Er is echter nog een discussie
gaande of deze verminderde oxidatieve capaciteit een oorzaak of een gevolg is van
insulineresistentie. Bij diabetes wordt gesuggereerd dat een verminderde oxidatieve
capaciteit - vanwege slechter functionerende mitochondria - zorgt voor een verminderde vetverbranding, hetgeen op lange termijn zou leiden tot vetstapeling en insulineresistentie. Het is echter ook mogelijk dat een vermindere mitochondriele functie het gevolg is van bijvoorbeeld hoge vetzuurconcentraties of insuline resistentie,
zoals bij diabetes het geval is. Deze hypothese hebben we onderzocht door jonge
gezonde vrijwilligers 60 uur te laten vasten, een model om acuut insuline resistentie
op te wekken. Het vasten zorgde voor een enorme toename van de hoeveelheid
vrije vetzuren in de bloedsomloop en - zoals verwacht - een grote daling van de
insuline gevoeligheid. Wij vonden dat, ondanks een verhoging van de vetverbranding in het lichaam, de oxidatieve capaciteit van spiervezels na vasten was afgenomen door minder goed functionerende mitochondriën. Dit toont aan dat het acuut
verhogen van de vetzuren, waarvan bekend is dat het tot insulineresistentie leidt,
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gepaard gaat met een vermindering van de mitochondriële functie. Dit kan suggereren dat mitochondriële dysfunctie een gevolg van hoge vetzuren en/of insulineresistentie kan zijn in plaats van een oorzaak.
Zoals hierboven besproken, hebben mensen met diabetes vaak meer moeite om te
herstellen van een ontsteking. Het wordt gesuggereerd dat dit gerelateerd is aan
een overmaat aan vrije vetzuren, maar ook de verhoogde waardes van insuline en
glucose zijn genoemd als veroorzakers van de ontsteking. Echter, welke afwijkingen
in het bloedprofiel nu van doorslaggevend belang zijn, is onbekend. Het model
waarin jonge gezonde vrijwilligers 60 uur vasten zou hier een uitkomst kunnen bieden. Dit model wordt namelijk gekenmerkt door een verhoging van vrije vetzuren
en insulineresistentie zoals het geval is bij type II diabeten. Maar in tegenstelling tot
wat we zien bij diabetes, zijn de glucose- en insulinewaardes in het bloed verlaagd.
We hebben gevonden dat 60 uur vasten geen verhoging gaf van de ontstekingsstoffen (TNF-α, IL-1b, IL-8, en hs-CRP) in het bloed. Om deze reden concluderen wij dat
een verhoogde hoeveelheid vrije vetzuren in het bloed niet persé leidt tot een verhoging van de hoeveelheid ontstekingsstoffen in het bloed. Mogelijk is het noodzakelijk dat ook de glucose- en insulinewaardes verhoogd zijn om effecten van vrije
vetzuren op deze ontstekingsstoffen te vinden. Deze bevindingen hebben we beschreven in hoofdstuk 4.
Om de relatie tussen vet, vetstapeling en insulineresistentie verder uit te diepen
hebben we, buiten 60 uur vasten, gebruik gemaakt van een hoog-vet voeding. In
hoofdstuk 5 hebben mannen met overgewicht (BMI tussen 25 en 30 kg/m2) tussen
de 40 en 60 jaar gedurende 3 weken een laag-vet voeding (20 energieprocent (En%)
vet) geconsumeerd waarna de helft van de groep overging op een iso-energetische
hoog-vet voeding (55 En% vet). Na 1 week op de hoog-vet voeding hebben we de
hoeveelheid vet in de lever gemeten en deze was toegenomen. Na 3 weken hebben
we de vetstapeling opnieuw gemeten en deze was niet verder toegenomen in vergelijking met de meting na 1 week. Dit komt mogelijk omdat het lichaam de vetverbranding aan kan passen aan de hoeveelheid vet in de voeding.
Naast vetstapeling in de lever hebben we ook naar de vetstapeling in de spier
gekeken en vonden hier geen effecten van de voeding. Ook vonden we geen effecten van de hoog-vet voeding op de insulinegevoeligheid. Dit suggereert dat bij de
mens een vetrijke voeding niet per se tot insulineresistentie leidt, althans zolang de
voeding in energiebalans wordt gegeven.
We hebben daarna in meer detail gekeken naar de verbranding van verschillende
substraten als gevolg van de hoog-vet voeding. Dit is beschreven in hoofdstuk 6. We
vonden geen verhoging van de vetoxidatie in rust, maar wel een verminderde capaciteit van insuline om de koolhydraatoxidatie te stimuleren. Deze verminderde me-
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tabole flexibiliteit suggereert dat het lichaam, na 3 weken hoog-vet voeding, in de
postprandiale situatie de voorkeur geeft aan het verbranden van vetten in plaats
van koolhydraten. Om deze verminderde metabole flexibiliteit verder te verklaren
hebben we in spierbiopten van het bovenbeen gekeken naar de mRNA-expressie
van verschillende genen betrokken bij het vet- en glucosemetabolisme. Het bleek
dat de mRNA-expressie van carnitine palmitoyl-transferase 1 (CPT1) en peroxisome
proliferator activated receptor γ coactivator-1beta (PGC1b) waren afgenomen na de
hoog-vet voeding. De verminderde genexpressie was geassocieerd met een verminderde metabole flexibiliteit, zoals gevonden door een verminderde remming van de
vetoxidatie door insuline. We kunnen echter niet concluderen, dat dit werd veroorzaakt door een verlaging van de CPT1 en PGC1b activiteit. Verder onderzoek zal aan
moeten tonen of de veranderingen in metabole flexibiliteit nu een gunstige aanpassing zijn aan een hoog-vet voeding of op de lange termijn wel leidt tot insulineresistentie van de skeletspier.
Uit de resultaten verkregen in dit proefschrift concluderen we dat een disbalans
tussen het aanbod van vet en vetoxidatie nodig is voor vetstapeling in de lever en
de spier. Verder tonen we aan dat het consumeren van een vetrijke voeding, in
energiebalans, niet leidt tot insulineresistentie. Dit kan suggereren dat overvoeding,
en dus een toename van lichaamsgewicht, nodig is voor het ontstaan van insulineresistentie. Daarnaast geven onze studies aan dat een verminderde oxidatieve capaciteit / mitochondriële functie een gevolg kan zijn van verhoogde vetzuurconcentraties in het bloed en/of insuline resistentie.
Onze bevindingen tonen daarom aan dat insulineresistentie in mensen niet verklaard kan worden door één factor, het consumeren van een vetrijke voeding, in
energiebalans, maar eerder afhankelijk is van een samenspel tussen het aanbod en
verbranding van vet en de daarbij betrokken mitochondriële functie.
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ben er nog steeds trots op dat ik, zelfs met een winkelhaak in mijn pantalon, je paranimf mocht zijn. Bijkomend voordeel van dat paranimf zijn was dat ik dit mocht
doen samen met Leonie. Leonie ik sluit me aan bij de woorden die jij gebruikte in
jouw dankwoord. Al vrij snel na mijn eerste dag konden we het erg goed met elkaar
vinden en gelukkig is dat altijd zo gebeleven. Van de collega’s waarmee ik buiten
werktijd afspreek sta jij qua tijd toch wel met stip op 1. Daar zal wel een reden voor
zijn… ;-) Kirsten, mijn andere langdurige roomy, bedankt voor je hulp bij de dieet
studie maar vooral voor alle gezelligheid.
De overige (ex)middenlobbers ook weer in willekeurige volgorde: Jogchum, Sabine Elke, Marjolijn, Chris, Ruth V, Carla, Sanne, Herman, Ariënne, Chantal, Florence,
Martine, Pascal, Stan en Stefan. Bedankt voor alle praktische zaken die ik met jullie
heb mogen doen maar ook voor de lunches, koffiebreaks en overige gezelligheid.
Maar er zijn veel meer mensen bij Humane Biologie en Bewegingswetenschappen
die me geholpen helpen op werklvlak (ik noem als voorbeeld diegene die me meer
dan eens hebben geholpen als ik weer eens met infusen zat te hannessen zoals
Ralph, Gijs, Johan en Antoine) danwel diegene die op het sociale vlak voor inspiratie
zorgden (sorry Jos dat ik nu net jou weer hier als voorbeeld moet noemen…)! Maar
ook de analisten, diëtisten, secretaresses, computerdeskundigen en overige collega´s bij deze zijn ook jullie ALLEMAAL bedankt.
Zonder proefpersonen, in mijn geval, geen onderzoek en geen proefschrift. Ditzelfde kan gezegd worden over mijn stagaires. Dus ook mijn dank voor jullie bijdrage.
De stap van proefpersonen naar vrienden is in mijn geval een kleine stap. Menig
dispuutsgenoot, jaarclubgenoot, teamgenoot en familielid heeft zich opgeofferd om
mij te hulp te schieten als er weer eens iemand nodig was. Voor ‘kleine dingen’ als
het testen van een nieuw scan protocol tot 60 uur niet eten en allerlei ‘enge’ testen
doen. Altijd stonden jullie klaar… Op een gegeven moment meldde zelfs Thijs V. zich
om me te helpen. Deze stoere bink valt al flauw bij het zien van een infuusnaald,
moet je nagaan wat zijn reactie zou zijn geweest bij het nemen van spierbiopten.
Maar schijnbaar gaat vriendschap zo ver.
Naast hulp met het onderzoek zelf zijn jullie natuurlijk nog veel belangrijker geweest buiten het onderzoek om. Zonder de nodige ontspanning ook zeker geen
proefschrift! Dus leden van Ob Nievoow (Buijs, Rens, Sander en paranamifen Remco
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en Rob), het Racc, Ormètikos, overige vrienden binnen KoKo, DBSV-ers, mijn PSVclan uit de glimlach van Brabant, mijn ‘nieuwe’ vrienden van dushi Korsou en ieder
ander die zich aangesproken voelt onder de noemer vriend(in) maar niet bij een van
deze clubjes zit; THANKS!!
Van vrienden naar familie is het ook maar een kleine stap. Zo zit mijn neef Sander
ook in Ob Nievoow en mijn broer Nils is ook zo een fanatieke PSV-er. Ik hoop dat
jullie stiekem een beetje trots zijn op deze Dr. in de familie. Familie Ruijs bedankt
voor de onstpanning tijdens voor alle gezellige dinertjes. Familie van Herpen, ik kijk
al weer uit naar het volgende familieweekend! Laat de potjes ‘kop-tafeltennis’ maar
komen! Van een beetje competitie is nog nooit iemand slechter geworden.
Maar naast mijn eigen familie wil ik de ouders, ooms & tantes, neven & nichten
en broer van Merel hier ook even noemen. Ik waardeer jullie interesse en overheerlijke kookkunsten (en Thomas zijn inzet voor de mooie kaft)! Dat er nog maar veel
pom gegeten mag worden!
Ons Pap, ons Mam en mijn broer(tje) Nils verdienen toch nog wel een extra benoeming in dit dankwoord buiten het stukje ‘familie’. Jullie hebben me o.a. (LET OP! Dit
is heus niet het enige hoor…) geleerd hoog aan te vliegen. Zonder jullie was ik nooit
begonnen aan deze onderneming….laat staan dat ik het af had kunnen maken.
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