
 

 

 

Skeletal muscle fatty acid handling in insulin
resistance : the effect of dietary fatty acids
Citation for published version (APA):

Jans, A. (2012). Skeletal muscle fatty acid handling in insulin resistance : the effect of dietary fatty acids.
[Doctoral Thesis, Maastricht University]. Universiteit Maastricht. https://doi.org/10.26481/dis.20120427aj

Document status and date:
Published: 01/01/2012

DOI:
10.26481/dis.20120427aj

Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.26481/dis.20120427aj
https://doi.org/10.26481/dis.20120427aj
https://cris.maastrichtuniversity.nl/en/publications/99bd7a24-8962-4ff5-8fec-026570ffc981


 

 

 

 

 

 

SSkkeelleettaall  mmuussccllee  ffaattttyy  aacciidd  

hhaannddlliinngg  iinn  iinnssuulliinn  rreessiissttaannccee::  

TThhee  eeffffeecctt  ooff  ddiieettaarryy  ffaattttyy  aacciiddss  

 

 

 

 

 

 

 

 

 

 

 

 

 



                                 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

The study presented in this thesis was performed within NUTRIM School for 

Nutrition, Toxicology and Metabolism which participates in the Graduate School 

VLAG (Food Technology, Agrobiotechnology, Nutrition and Health Sciences), 

accredited by the Royal Netherlands Academy of Arts and Sciendes. 

 

Cover design:  Annemieke den  Boer, Yara Vlasselaerts (7 jaar) en Anneke Jans 

Layout:   Anneke Jans 

Printed by:  Uitgeverij BoxPress//Proefschriftmaken.nl 

 

© Copyright Anneke Jans, Maastricht 2012 

ISBN 978-90-8891-388-4 

 



 

    

 

 

Skeletal muscle fatty acid handling  

in insulin resistance: 

The effect of dietary fatty acids  

 

 

 

PROEFSCHRIFT 

 
ter verkrijging van de graad van doctor 

aan de universiteit Maastricht, 

op gezag van de Rector Magnificus, 

Prof. Mr. G.P.M.F Mols, 

volgens het besluit van het College van Decanen, 

in het openbaar te verdedigen 

op vrijdag 27 april 2012 om 14.00uur 

 
 
 

door  
 
 
 

Anneke Jans 
 
 
 
 

geboren te Hasselt op 26 januari 1984 
 

 
 
 
 
 
 
 



Promotor 

Prof. dr. Ellen E. Blaak 

 

Beoordelingscommissie 

Prof. dr. Ronald P. Mensink (voorzitter) 

Prof. dr. Michaela Diamant (Vrije Universiteit Medisch Centrum, Amsterdam) 

Prof. dr. Jan F.C. Glatz 

Prof. dr. Hans P. Sauerwein 

Prof. dr. Luc J.C. van Loon  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The research in this thesis was supported by a grant of the Dutch Diabetes 

Research Foundation (DFN 2006.00.019) and 3 chapters were performed as part 

of the LIPGENE project, an European Union Sixth Framework Integrated 

Programme funded by the European Community (FOOD-CT-2003-505944) 

 

 
Financial support by the Dutch Research Foundation, the Netherlands Association 

of  the Study of Obesity (NASO) and Bioriginal (Den Bommel, The Netherlands) for 

the publication of this thesis is gratefully acknowledged.  



 

    

Contents 

 

Chapter 1            7 

General introduction 

 

Chapter 2          37 

Skeletal muscle fatty acid handling in insulin resistant men 

 

Chapter 3          61 

Transcriptional metabolic inflexibility in skeletal muscle among individuals  

with increasing insulin resistance 

 

Chapter 4                      81 

Polyunsaturated fatty acids acutely affect triacylglycerol-derived skeletal  

muscle fatty acid uptake and increases postprandial insulin sensitivity 

 

Chapter 5                               107 

Impact of dietary fat quantity and quality on skeletal muscle fatty acid  

metabolism in subjects with the metabolic syndrome 

 

Chapter 6                   129 

A human dietary intervention study to improve insulin sensitivity: effects on  

plasma fatty acid profiles, estimated desaturase activities and  

stearoly-CoA desaturase 1 (SCD1) in relation to insulin sensitivity 

 

Chapter 7                   147 

General discussion 

 

Summary                    167 

Samenvatting                               171 

Acknowledgements - Dankwoord                175 

List of publications                  181 

Curriculum Vitae                                                                                                 187 

 

 

 

 

 

     

    

          

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
7 

 

 

 

CCHHAAPPTTEERR  11  

GGeenneerraall  iinnttrroodduuccttiioonn  

__________________________________________________________________________________________________________________________  __  __  __  

 

 

 

 

 

 

 

 

 



CHAPTER 1 

 
8 

The current social welfare has two sides. On the one hand, life has become more 

convenient than ever because of the advances in technology; on the other hand, 

the incidence of lifestyle diseases like obesity, and type 2 diabetes mellitus (T2DM) 

is occurring at an alarming rate. The metabolic syndrome (MetS) represents a 

clustering of risk factors for the development of T2DM and cardiovascular disease 

(CVD), like high blood pressure, dyslipedemia, insulin resistance and obesity [1]. 

During the last two decades the number of people with the MetS worldwide is 

increasing rapidly together with the global epidemic of obesity and T2DM [1, 2]. 

According to the latest estimates from the World Health Organization (WHO), by 

2015 approximately 2.3 billion adults will have overweight and 700 million will have 

obesity [3], and the number of people worldwide suffering from T2DM is estimated 

to increase from ~171 million in 2000 to ~366 million in 2030 [4]. Moreover, CVD is 

the number one cause for death worldwide (representing 30% of all deaths), and it 

is estimated that by 2030 almost 24 million people will die from CVD [5]. The 

explosive increase in number of people diagnosed with MetS makes this syndrome 

a new health threat in the 21st century. Understanding the etiology of and finding a 

way to prevent the MetS, is an urgent challenge for the health care community and 

our society [6]. 
 

There are various definitions and descriptions of the MetS, but the condition is 

mainly characterized by central obesity, hyperglycaemia, insulin resistance, 

increased plasma triglycerides (TAG) and/or decreased plasma high-density 

lipoprotein (HDL)-cholesterol (i.e. dyslipidemia), and hypertension. These 

metabolic disturbances are all interrelated and have shown to cluster more 

frequently than only by chance [7]. Insulin resistance and central obesity have each 

been considered to be the primary factors underlying the MetS, although the 

underlying biological mechanisms are complex and not fully understood [8].  

 

The introduction of this thesis is composed of three main sections. At first, a brief 

background on the MetS, its different definitions and its etiology will be given. 

Disturbances in fatty acid (FA) metabolism play an important role in the MetS. An 

expanded adipose tissue mass or an impaired buffering capacity of the adipose 

tissue may result in an increased supply of lipids (i.e. lipid overflow) to ‘non-

adipose’ tissues such as skeletal muscle and liver, resulting in excessive fat uptake 

and storage [9, 10]. Ectopic fat disposition, in particular the accumulation of lipid 

metabolites, can reduce insulin action in skeletal muscle by interfering with insulin 

signalling and inducing inflammatory pathways [11-13]. In the second part of this 

introduction, we will go further into detail about the role of FA handling in insulin 
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resistance with emphasis on skeletal muscle FA handling. Dietary intervention 

aimed at reducing the intake of saturated fat may improve lipid metabolism and 

insulin sensitivity in the obese insulin resistant state. For this reason the effects of 

modulation of dietary fat quantity and quality on skeletal muscle FA handling and 

insulin sensitivity will be addressed at the end. 

 

11..  TThhee  mmeettaabboolliicc  ssyynnddrroommee  

 

The MetS is a heterogeneous condition that is characterized by a clustering of risk 

factors for CVD and T2DM, including central (abdominal) obesity, hyperglycaemia, 

hyperinsulinaemia, insulin resistance, dyslipidemia, and hypertension [1, 14] 

(Figure 1). In addition, several other manifestations may be present that are not 

included in the definitions of the MetS, such as chronic low-grade inflammation, a 

pro-thrombotic state, hyperuricemia, endothelial dysfunction, and disturbances in 

the pituitary-adrenal axis [14]. There is no doubt that lifestyle factors such as 

cigarette smoking, physical inactivity, and an atherogenic diet are related to several 

components of the MetS [1]. 

 

 

Figure 1. The metabolic syndrome is 

characterized by obesity, hyperglycemia, 

dyslipidemia, hypertension, inflammation and 

insulin resistance and gives an increased risk 

for the development of T2DM and CVD. 

 

1.1 Definitions of the metabolic syndrome 

 

During the past decades numerous definitions have been proposed for the MetS 

(Table 1). The WHO was the first (1999) to formulate a definition. The European 

group for the Study on Insulin Resistance (EGIR) formulated a modified version of 
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the WHO definition. Because the EGIR definition relied on fasting insulin levels, it 

was easier to use than the WHO definition. In 2011, the Adult Treatment Panel III 

(ATPIII) of the National Cholesterol Education Program (NCEP) proposed a 

definition that facilitated the diagnosis. The NCEP states a person can be 

diagnosed with the MetS if three out of five risk factors are present, including 

abdominal obesity, increased fasting glucose levels, hypertension, increased 

plasma TAG and decreased HDL cholesterol. Later, in 2005, the International 

Diabetes Federation (IDF) published a definition that intended to facilitate the 

comparison of research across different countries and populations. This definition 

avoided the need for measurements usually only available in research settings. 

There are substantial differences between the four definitions. Both WHO and 

EGIR consider insulin resistance as an essential risk factor for the MetS, whereas 

NCEP treats all risk factors equally. The IDF definition, on the other hand, indicates 

abdominal obesity as the crucial risk factor. The NCEP and IDF definition do not 

even include insulin resistance. Furthermore, WHO and EGIR take the decreased 

HDL cholesterol and/or increased TAG as one risk factor, whereas NCEP and IDF 

consider these two disturbances as independent risk factors. Finally, only WHO 

includes microalbuminuria. Although the four definitions have substantial 

differences, all recognize the MetS as a multiplex risk factor for the development of 

cardiovascular diseases and T2DM [14, 15]. 

 

1.2 Etiology 

 

The etiology of the MetS is complex and not fully understood, as reflected by the 

difficulties in reaching consensus about one general definition for the MetS. 

Several metabolic disturbances characterize the MetS and they are all related [7]. 

Currently, central obesity and/or insulin resistance are considered to be the primary 

factors underlying the MetS. The role of both obesity, a disturbed fatty acid 

metabolism and insulin resistance in the etiology of the MetS will be described in 

more detail in the next chapters. 
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22..  FFaatt  mmeettaabboolliissmm  iinn  iinnssuulliinn  rreessiissttaannccee  aanndd  tthhee  mmeettaabboolliicc  

ssyynnddrroommee  

 

Obesity and insulin resistance are central characteristics of the MetS. The 

consumption of energy-rich food in combination with a sedentary lifestyle is a major 

risk factor for the development of obesity. Obesity is strongly related to insulin 

resistance. An impaired lipid metabolism in adipose tissue and skeletal muscle may 

play an important role in the development of insulin resistance and dyslipidemia, as 

seen in the MetS. Disturbances in adipose tissue function (leading to lipid overflow) 

and intrinsic disturbances in skeletal muscle FA handling, may contribute to an 

increase storage of lipids in non-adipose tissue like skeletal muscle, liver and 

pancreas, where it may be related to insulin resistance and an impaired insulin 

secretion [10, 16]. Beside lipid overflow, also intrinsic disturbances in the capacity 

of skeletal muscle to adjust fat oxidation to supply may increase the accumulation 

of lipids in skeletal muscle [17]. It has been shown that not skeletal muscle TAG 

per se, but rather the accumulation of lipid metabolites like DAG, ceramides or fatty 

acyl-CoA may reduced insulin action through interference with insulin signalling 

[11-13, 18, 19]. The accumulation and dysfunction of adipose tissue mass during 

the development of obesity is also associated with increased secretion of 

adipokines and pro-inflammatory cytokines like TNFα, IL6, MCP1 and leptin. The 

dysregulation of the production of pro-inflammatory and anti-inflammatory 

adipokines in obese individuals leads to a state of chronic low-grade inflammation 

and may promote obesity-linked metabolic disorders [20, 21].  

 

2.1 Lipid overflow 

 

Healthy people respond to a positive energy balance by storing excess energy as 

triglycerides (TAG) in the adipose tissue. The insulin resistant state is often 

accompanied by adipose tissue dysfunction characterized by an impaired capacity 

to take up and store lipids [10, 21]. This loss of buffering capacity of the adipose 

tissue against the daily flux of dietary fat into the circulation, leads to increased 

concentration of FFA and TAG in the circulation, also called lipid overflow (Figure 

2). The buffering capacity of adipose tissue also refers to its ability to suppress the 

release of FA into the circulation and to increase the clearance of circulating 

chylomicron-TAG and VLDL-TAG [10]. Insulin resistance of the adipose tissue, 

which is frequently observed in obese people, further elevates FFA levels. Under 

normal conditions, FFA concentrations increase during fasting, while in the fed 
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state, adipose tissue lipolysis is suppressed by insulin. However, in obesity, insulin 

action is impaired and even in the fed state FFA is released into the circulation [22, 

23]. This oversupply of lipids causes a redistribution of fats from adipose to non-

adipose tissues like liver, pancreas and skeletal muscle (ectopic fat accumulation) 

[24].  

 

 
Figure 2. Lipid overflow: Loss of the normal buffering capacity of the adipose tissue 

against the daily influx of dietary fat into the circulation leads to an excessive flux of fatty 

acids and triglycerides into the circulation. The excess is deposited as TAG and lipid 

metabolites in other tissues where the lipotoxic lipid metabolites interfere with the insulin 

signalling cascade in liver and skeletal muscle or with glucose-stimulated insulin secretion 

(pancreas). TAG, triacylglycerol; FFA, free fatty acids; VLDL, very low-density lipoprotein.  

 

The contribution of dietary fat (chylomicron-TAG) and endogenous fat (FFA and 

VLDL-TAG) to the lipid overflow is relatively unknown. In the fasted state, plasma 

FFA concentrations largely reflect lipolytic activity in the adipose tissue. After meal 

ingestion, FA will be absorbed in the intestine and enter the blood as chylomicrons. 

There are indications that insulin resistance is associated with a blunted clearance 

of dietary TAG by adipose tissue and an impaired insulin mediated suppression of 

VLDL production in the liver [25]. There is also evidence that insulin-mediated 

suppression of lipolysis in adipose tissue is decreased after meal ingestion in the 
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insulin resistant state. This might contribute to an increase of FFA concentrations in 

the circulation, although postprandial FFA release per unit fat mass has been 

reported to be reduced in insulin resistant conditions [26]. At the same time, it has 

been shown that the spillover of FFA derived from lipoprotein lipase (LPL)-

mediated TAG hydrolysis across adipose tissue is less suppressed during 

hyperinsulinaemia in obese people with T2DM compared to non-obese healthy 

controls [27]. The increased supply of endogenous FFA to the liver increases the 

VLDL-TAG output, and this may contribute to the rise in plasma TAG 

concentrations in insulin resistance. Also, dietary FA can make a substantial 

contribution to VLDL-TAG, already in the early postprandial phase [28, 29]. 

 

2.2 Disturbed fatty acid metabolism in skeletal muscle in insulin 

resistance and the MetS  

 

Lipid overload in the muscle results from mismatch between FFA uptake and 

oxidation. Recent literature provides abundant evidence that beside the lipid 

overflow in the circulation, intrinsic disturbances in skeletal muscle FA handling 

may also play a role in this tissue lipotoxicity.  

 

2.2.1 Fatty acid uptake 

FA uptake is dependent on diffusion and thus on the concentration gradient over 

the muscle membrane. The uptake of FA by skeletal muscle not only occurs by 

passive diffusion but also by protein-mediated transport [30-32]. A number of 

proteins have been identified to facilitate the uptake of FA into muscle cells like 

membrane-bound FA translocase (FAT)/CD36 [33], plasma membrane associated 

FABPm [34] and a family of FA transporters (FATP1-6) [35], but their role in the 

regulation of fat metabolism remains unclear. Of these FA transporters CD36 has 

been best characterized. FAT/CD36 deficiency has been associated with 

functionally important impairment of FA transport in muscle and adipose tissue [36, 

37]. In humans, it was shown that CD36 protein expression may be acutely 

upregulated by insulin [38] and that this upregulation may be more pronounced in 

insulin resistant conditions [39]. Furthermore, it has been shown that FAT/CD36 

translocation to the plasma membrane may be increased in muscle strips of obese 

subjects and people with T2DM, which was FA uptake, as measured within the 

giant vesicle model, was increased 4-fold compared to overweight and lean 

controls [40]. On the other hand, studies by Blaak et al. [41] and others [42-44] 

have shown a lowered muscle FFA uptake in subjects with T2DM as compared 



GENERAL INTRODUCTION 

 

    
15 

with that of lean control. At first sight these data seem in contrast to the increased 

FA transport capacity, as measured during in vitro conditions. This may be 

explained by the fact that FA uptake, as measured during ‘in vivo’ conditions, is 

also determined by the plasma and intracellular FFA concentrations and by blood 

flow. Very little is known about the precise function or regulation of CD36 under 

different physiological conditions in human skeletal muscle in vivo. 

  

In skeletal muscle, the relative importance of FA uptake from the action of LPL on 

circulating TAG and of direct FFA uptake is not well understood. Some studies 

suggest a major contribution of TAG-derived FFA [45], whereas others suggested 

that this contribution is immeasurably small. Many studies have suggested that 

chylomicron-TAG is the preferred substrate for LPL and competes with VLDL-TAG 

for lipolysis [46], while VLDL-TAG make a large contribution to circulating TAG, 

even in the postprandial phase [47]. It is has been thought that the uptake of TAG-

derived FA after hydrolysis is highly efficient in skeletal muscle when compared to 

adipose tissue [45]. Nevertheless, others have suggested that there is substantial 

spillover of TAG-derived FA into the plasma FFA pool across skeletal muscle [46, 

48], and these TAG-derived FA merge with the plasma FFA pool to compete for 

cellular uptake [49]. It is still not completely clear if the latter process is disturbed in 

insulin resistance.  

 

2.2.2 Fatty acid partitioning within the skeletal muscle 

Once FFA have entered the muscle cells, they are activated by acyl-CoA 

synthetase to form fatty acyl-CoA (FA-CoA) complex. This complex can then be 

partitioned toward the synthesis of intramyocelluar lipids or goes into the 

mitochondria for oxidation [50]. In the mitochondrial matrix FA-CoA is degraded to 

acetyl-CoA during β-oxidation. The formed acetyl-CoA (can also be formed during 

glycolysis) then enters the Kreb cycle, here the acetyl-CoA are completely 

oxidized. During the process of β-oxidation and the Kreb cycle large amounts of 

energy are released that are transferred to the electron transport chain located in 

within the mitochondria to form ATP [50-52].  

 

Fat oxidation 

The impairments in the regulation of substrate oxidation in the muscle in insulin 

resistant conditions are referred to as metabolic inflexibility, more precisely defined 

as the impaired capacity to increase fat oxidation upon increased FA availability 

and to switch between fat and glucose during insulin-mediated conditions [17]. The 
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use of metabolic inflexibility rather than impaired fat oxidation does more justice to 

the complexity of changes in fat oxidation during the day [53]. As mentioned above, 

the skeletal muscle of people with insulin resistance and the MetS shows a great 

reduction in metabolic flexibility, defined as metabolic inflexibility [54]. FA oxidation 

measured across the muscle is reduced in obese people with T2DM in fasting 

conditions [41, 43, 55, 56] and stimulation of glucose oxidation and suppression of 

fat oxidation are blunted in response to insulin in people with T2DM [43, 56]. Our 

research group extended this concept also to other metabolic conditions showing 

that in obese people with impaired glucose tolerance and T2DM, skeletal muscle 

FA oxidation was reduced during exercise [57] and during ß-adrenergic stimulation 

[41]. In the NUGENOB study, it was demonstrated that insulin resistance in obese 

subjects was independently associated with an impaired capacity to increase 

fasting fat oxidation and an impaired ability to suppress postprandial fat oxidation 

[58]. Consistent with this, Corpeleijn et al. also showed an impaired switch between 

substrates in vivo across forearm muscle in the transition from the fasting to the 

postprandial state in obese impaired glucose tolerant subjects (IGT) versus NGT 

people. This suggests that this impairment may be an early factor towards the 

development of T2DM [59]. Kelley et al. [60] reported that obese individuals had a 

greater leg RQ and lower rate of fat oxidation in the fasting state as compared with 

lean people. Fasting leg RQ values were negatively correlated with insulin 

sensitivity, providing further evidence that a connection exists between obesity, 

reduced skeletal muscle FA oxidation, and insulin resistance. The underlying 

mechanisms responsible for the impaired fat oxidation are discussed below and 

may include a reduced transport across the mitochondrial membrane, a reduced 

mitochondrial content and function or may be related to muscle fibre type. 

 

Transport across the mitochondrial membrane 

FAT/CD36 has also been found on rat and human muscle mitochondria [61-63], 

possibly contributing, together with carnitine, to the regulation of mitochondrial FA 

transport and oxidation in skeletal muscle. Carnitine transports LCFA-CoA into the 

mitochondrial matrix. Carnitine palmitoyltransferase 1 (CPT1) conjugates carnitine 

to the LCFA-CoA and is transported across the outer mitochondrial membrane by a 

carnitine-acylcarnitine translocase. The complex is subsequently converted back to 

LCFA-CoA and carnitine by CPT2, located in the inner mitochondrial membrane. 

The liberated carnitine returns to the cytosol to transport other LCFA-COA across 

the mitochondrial membrane. The transport of LCFA into the mitochondria by CPT1 

is the rate limiting step for FA oxidation. CPT1 is under control of malonyl-CoA [64]. 

Malonyl-CoA is formed out of acetyl-CoA by the action of acetyl-CoA carboxylase 
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(ACC). The lipogenic gene sterol regulatory element-binding protein (SREBP1c), 

which is under control of insulin, stimulates ACC and FA syntase (FAS) to promote 

malonyl-CoA formation and lipogenesis. The increased malonyl-CoA may, in turn, 

leads to inhibition of CPT1 and a lower transport of FA into the mitochondria and a 

FA oxidation (Figure 4) [23, 65].  

 

 

 

Figure 4. Regulation of the 

mitochondrial fatty acid oxidation via 

FA transport in the mitochondria by 

means of CPT1. Adapted from Lelliot et al. 

[23]. SREBP1c; sterol regulatory element-

binding protein, ACC2; acetyl-CoA carboxylase, 

FA; fatty acid, FAS; fatty acid synthase, mCPT1; 

muscle carnitine palmitoyltransferase 1. 

In rodent models of obesity and insulin resistance an increased content of malonyl-

CoA has been shown in skeletal muscle in combination with hyperglycaemia and 

hyperinsulinaemia and a reduced lipid oxidation [34]. Also, in human skeletal 

muscle it has been shown that a combination of hyperglycaemia and 

hyperinsulinaemia increases malonyl-CoA, inhibits functional CPT1 activity and 

shunts LCFA away from oxidation and towards storage in human muscle [66]. 

Furthermore, two studies have shown that an improvement in fat oxidation by 

exercise [67] or by lifestyle intervention [68] was accompanied by decreased 

acetyl-CoA carboxylase mRNA expression, suggesting that a reduced inhibition of 

mitochondrial FA transport through malonyl-CoA may have contributed to the 

improved fat oxidative capacity. Therefore, there are strong indications that a 

lowered mitochondrial transport through CPT1 may contribute to the reduced fat 

oxidation in the muscle of subjects who are obese and/or have T2DM [9].  

 

2.2.3 Fat storage 

The TAG synthesizing enzyme DAG acyltransferase 1 (DGAT1) catalyzes the last 

step in the glycerol phosphate pathway of TAG synthesis and produces TAG from 
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DAG and FA-CoA [69]. This enzyme has dual significance in that it promotes TAG 

storage but also decreases FA substrates. Overexpression of DGAT1 in the 

skeletal muscle of mice has been reported to increase both TAG and insulin 

sensitivity [70]. Timmers et al. [69] concluded that unilateral DGAT1 

overexpression can rescue from insulin resistance, possibly by increasing DAG 

and TAG turnover in skeletal muscle and thus in case of a proper balance between 

the supply and oxidation of FA in skeletal muscle, the lipid intermediate DAG may 

not exert harmful effects on insulin signalling. It has also been proposed that the 

saturation of FA in DAG could play a role in insulin signalling [71]. The activity of 

∆9-desaturase or steroyl-CoA desaturase 1 (SCD1) in muscle could play an 

important role in the partitioning of FA and acts by conversion of palmitic and 

stearic acid into palmitoleic and oleic acid, respectively. The activity also can be 

indirectly estimated by the ratio of C18:1n-9 to C18:0. Overexpression of SCD1 has 

been reported to protect L6 myotubes from FA-induced insulin resistance despite 

increased TAG esterification [72]. Recently, it was found that SCD1 mRNA 

expression was upregulated in the muscle of obese subjects [73] and that its 

activity in myocytes is associated with low rates of FA oxidation and increased TAG 

synthesis [73]. It has been suggested by Pinnamaneni et al. [72] that the 

accumulation of TAG provides a protective effect against lipotoxicity by limiting the 

accumulation of other lipid metabolites such as DAG and ceramide, which are 

known to have an inhibitory effect on insulin signalling.  

 

Disturbances in the regulation of skeletal muscle lipolysis may also contribute to 

the accumulation of lipids and lipid intermediates in skeletal muscle of obese 

subjects. Hormone-sensitive lipase (HSL) hydrolyzes TAG to glycerol and FFA via 

DAG and monoacylglycerol. Adipose triglyceride lipase (ATGL) is also capable to 

hydrolyse TAG to DAG. HSL deficient mice show an increased DAG storage and 

signs of impaired skeletal muscle insulin sensitivity [74, 75], while ATGL deficient 

mice have increased TAG accumulation in skeletal muscle and show improved 

insulin sensitivity [76]. Obese people show a blunted catecholamine-induced 

lipolysis in their skeletal muscle [77] and a reduced HSL expression, 

phosphorylation and activity are likely to be involved [78-80]. Furthermore, Jocken 

et al. [53] recently showed that the skeletal muscle of obese insulin resistant men 

have lower HSL and higher ATGL protein content. This marked difference in 

muscle lipase content in obese insulin-resistant men was accompanied by a lower 

DAGH activity, resulting in a 60% lower ratio of DAGH to TAGH activity, suggesting 

incomplete TAG hydrolysis [53]. Nevertheless this dysbalance in lipase activity was 
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not associated with DAG accumulation in skeletal muscle of the obese insulin 

resistant men [53]. 

 

2.3 Paradigms relating disturbed fat metabolism to insulin resistance 

 

It has become clear that impairments in lipid metabolism play an important role in 

the development of insulin resistance and the MetS. It remains the question what 

the underlying mechanisms are that could explain the relation between an impaired 

glucose and FA utilization in the skeletal muscle and insulin resistance. There are 

two paradigms that may explain this. 

 

2.3.1 Glucose-fatty acid cycle 

Randle and colleagues were the first to introduce the glucose-FA cycle, which was 

based on substrate competition between FFA and glucose [54]. The Randle cycle 

coupled an increase in FFA availability to an increase in FFA oxidation, which in 

turn reduced glucose oxidation and glucose uptake. An increase in FFA availability 

would lead to an increased FFA oxidation, inhibiting pyruvate dehydrogenase and 

phosphofructokinase. A subsequent accumulation of glucose-6-phosphate inhibits 

hexokinase activity, and the rise in intracellular glucose concentrations would then 

result in a reduction in glucose uptake. There are studies that disagree with the 

post-receptor mechanisms of the Randle cycle, they point to an inhibition of the 

insulin signalling cascade by FFA or lipid intermediates [16, 20, 81]. Studies with 

FFA infusion demonstrate a delay in the effect of FA on muscle insulin resistance. 

This delayed inhibition of insulin-stimulated glucose uptake may be caused by an 

accumulation of intramuscular TAG and lipid intermediates that interfere with the 

insulin signalling [16], rather than by acute post-receptor mechanisms. In addition, 

there is increasing evidence that in skeletal muscle of obese and/or subjects with 

T2DM, FA uptake and oxidation are reduced rather than increased [43, 44, 78].  

 

2.3.2 Ectopic fat accumulation 

The increased entry of FFA into myocytes without a corresponding increase in lipid 

oxidation contributes to the accumulation of intramuscular lipids (IMCL). The 

content of IMCL has been proposed to be related to insulin resistance, there is a 

negative relationship between IMCL and insulin sensitivity in high fat feeding 

models [82], and the lean offspring of people with T2DM [83]. Recently, studies 

reported that low-calorie diets in people with T2DM decreased IMCL along with 

improved insulin sensitivity [84]. However, endurance athletes have elevated IMCL 
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levels and are very insulin sensitive [85]. From this paradox, it became evident that 

not IMCL per se but rather the content of other lipid intermediate metabolites like 

DAG, ceramide and LCFA-CoA are associated with skeletal muscle insulin 

resistance by interference with the insulin signalling pathway [86, 87]. 

 

The insulin signalling pathway is responsible for the translocation of the GLUT4 

receptor to the plasma membrane. In skeletal muscle, insulin binds to its receptor, 

activating the receptor tyrosine kinase activity, with subsequent phosphorylation 

and activation of insulin-receptor substrate 1 (IRS1) whereby the phosphorylated 

IRS1 subsequently activates 1-phosphatidylinositol 3-kinase (PI3K) [88]. PI3K 

activates 3-phosphoinositide-dependent protein kinase 1 (PDK1), which activates 

Akt (PKB), a serine kinase [89]. Akt in turn deactivates glycogen synthase kinase 3 

(GSK-3), leading to activation of glycogen synthase and thus glycogen synthesis 

[89]. Activation of Akt also results in the translocation of GLUT4 vesicles from their 

intracellular pool to the plasma membrane, where they allow uptake of glucose into 

the cell [89] (Figure 3).  

 
Figure 3. Simplified overview of intracellular signalling cascades involved in skeletal 

muscle insulin resistance by lipid metabolites. In obesity lipid overflow lead to 

accumulation of lipids in the muscle. This provides a source for lipid metabolites like DAG 

and ceramide. Increased levels of these mediators are involved in the activation of PKC, 

JNK and IKKβ, which in turn impair insulin-stimulated signalling cascades leading to e.g. 

disturbed glucose uptake. In addition, pro-inflammatory pathways involving NFκB are 

activated. (Adapted from Eckardt et al. and Consitt et al.) 
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Protein kinase C (PKC) as well as IκB kinase (IKKβ) and c-JUN N-terminal kinases 

(JNK) are able to phosphorylate serine/threonine sites of the insulin receptor and of 

IRS-1 and are able to decrease phosphorylation of (PKB)/Akt [12, 90]. 

Consequently, there is an attenuation of the activation of the insulin receptor, IRS-1 

(tyrosine phosphorylation), and (PKB)/Akt, hereby impairing insulin signalling and 

impeding GLUT4 translocation to the plasma membrane. Therefore, insulin-

mediated glucose uptake may be reduced or even abrogated [22]. Furthermore, 

IKKβ can activate nuclear factor (NF)-κB, which in turn regulates the production of 

pro-inflammatory cytokines like interleukin (IL)-6 [91]. Abnormal accumulation of 

metabolites like LCFA-CoAs, DAG and ceramides are thought to be involved in the 

activation of PKC, IKKβ and JNK [92].  

 

Long-chain acyl-CoAs 

LCFA-CoAs are the metabolically activated form of intracellular FA and they are 

transported into the mitochondria for β-oxidation or used as an intermediate in the 

production of other lipid species [51, 69, 86]. Several data support a link between 

LCFA-CoAs and insulin resistance. Increased muscular LCA-CoAs levels have 

been associated with insulin resistance based on several animal and human 

studies in which the LFCA-CoAs levels are modulated by different dietary 

interventions or acutely via lipid infusion [15, 86, 93, 94] Impaired insulin-mediated 

glucose disposal and elevated LCFA-CoAs have been reported in both moderately 

and morbidly obese individuals [95, 96]. Studies utilizing lipid infusion [94] and 

high-fat diets [86] have demonstrated increased skeletal muscle LCFA-CoAs in 

conjunction with insulin resistance. Several mechanisms have been postulated that 

link LCFA-CoAs with decreased insulin signalling.  

 

Ceramides 

Ceramides can be generated from two FA and serine via 4 enzymatic steps. They 

have a function as signalling molecule in several important physiological events 

including inhibition of cell division and stimulation of apoptosis [69]. Ceramides are 

also proposed to play a role in the development of insulin resistance since elevated 

ceramide levels have been shown in the skeletal muscle of insulin-resistant 

animals [97], in skeletal muscle of subjects during lipid infusion [98], and in skeletal 

muscle of obese insulin-resistant subjects [99] and lean offspring of subjects with 

T2DM [100]. It has been speculated that ceramides may inhibit insulin signalling via 

inhibition at the level of Akt  [92, 99, 101].  
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DAG 

DAG acts as a key intermediate in both TAG and phospholipid (PL) metabolism 

and acts as an important second messenger in the regulation of intracellular 

signalling and thought to have detrimental effects on insulin signalling through its 

ability to activate PKC [51]. Increased skeletal muscle DAG content has been 

reported with fasting [102] and lipid infusion [87, 103]. The majority of research 

supports the notion that DAG promotes insulin resistance through the activation of 

PKC isoforms. In animals, it was demonstrated that lipid infusion resulted in a 

threefold increase in intracellular DAG mass, which was associated with PKC 

activation [103]. In humans, Itani et al. [87] reported that PKC content and activity 

were elevated in the skeletal muscle of obese, subjects with T2DM compared with 

obese subjects without T2DM [51]. 

 

Shifting the FA into the mitochondria for oxidation would decrease the 

accumulation of lipid, and thus protect the cell from insulin resistance. It has been 

demonstrated in L6 cells that the overexpression of CPT1 protected the cells 

against FA-induced insulin resistance by inhibiting the accumulation of lipid 

intermediates such as DAG and ceramide, and also decreasing the activation of 

PKC [104]. Furthermore, exercise intervention studies that produce increased 

skeletal muscle FAO have been reported to increase insulin sensitivity and 

decrease the levels of DAG and ceramide [105, 106]. These findings support the 

importance of skeletal muscle FA oxidation in protecting the muscle from the 

accumulation of harmful lipid intermediates [51].  

 

33..  DDiieettaarryy  ffaattttyy  aacciiddss  aanndd  iinnssuulliinn  sseennssiittiivviittyy  

 

Studies in our laboratory and others (DPS [107] and DPP [14]) showed that lifestyle 

intervention (reduction in total and saturated dietary fat content, increased physical 

activity) improves glucose tolerance in prediabetic subjects [68, 108], which is 

proposed to be mediated by changes in dietary fat quality [109] and an improved 

muscle metabolic flexibility [110]. The role of dietary fat in relation to T2DM has 

been of interest for decades. It is important to understand how specific dietary FA 

differentially can alter insulin sensitivity in skeletal muscle and adipose tissue 

function and how the risk or severity of insulin resistance can be modulated by 

dietary fat quantity and quality. The principal SFA in the diet and adipose tissue 

stores is palmitic acid (16:0). Another major dietary FA is the MUFA oleic acid 

1(8:1). A healthy diet must also provide two “essential” PUFA; linoleic acid (18:2n-6 
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or n-6) and α-linolenic acid (18:3n-3 or n-3, which are found in vegetable oils but 

cannot be synthesized by humans [111]. In the next paragraph evidence of dietary 

intervention studies of the effect of dietary FA on insulin sensitivity will be 

discussed. 

 

3.1 Evidence from dietary intervention studies 

 

There is good evidence to suggest that metabolic stressors including energy-

dense, high-fat diets promote obesity and insulin resistance [112-114]. 

Epidemiologic studies suggest that high SFA intake increases the risk for the 

development of T2DM. In a 20-year follow-up study in the Netherlands and Finland, 

Feskens et al. [115] found that men with T2DM have a higher intake of total fat, 

SFA and MUFA than men that are NGT. Furthermore, men with T2DM also had a 

higher intake of PUFA than non-diabetic men with IGT. There is general consensus 

that total fat, particularly SFA may promote insulin resistance [116, 117]. In 

overweight subjects, substitution of SFA for MUFA or carbohydrates increased 

insulin sensitivity [118, 119]. In the KANWU study, one of the largest well-controlled 

dietary intervention studies, 162 subjects received isocaloric diets that differed only 

in fat quality; both the SFA diet (17E% from SFA, 14E% from MUFA, 6E% from 

PUFA) and the MUFA diet (23E% from MUFA, 8E% from SFA, 6E% from PUFA) 

had a total fat intake of 37E%. The main finding was that substituting SFA for 

MUFA improved insulin sensitivity [118] in subjects with a habitual fat intake below 

37E%. Consistent with this, Corpeleijn et al. [109] reported that the lifestyle 

intervention-induced changes in serum lipid profile were associated with changes 

in insulin sensitivity. Furthermore, Perez-Jimenez et al. [119, 120] performed two 

smaller studies and concluded a more positive effect on insulin sensitivity of a 

MUFA versus a SFA diet. In contrast with these above described studies, the 

RISCK trial, a 5-center, randomized controlled trial did not support the hypothesis 

that isoenergetic replacement of SFA with MUFA or carbohydrates improves insulin 

sensitivity in 548 people after a 24 week intervention with high-SFA, high-MUFA 

and low-fat diets [121]. The relationship between long chain n-3 PUFA (LCn-3) and 

insulin resistance is not entirely clear. Earlier short-term, high-dose LCn-3 PUFA 

supplementation trials (3–6 g per day for 2–8 weeks) in subjects with IGT improved 

insulin sensitivity [122, 123]. However, subsequent long-term, lower-dose LCn-3 

PUFA trials (1.8–3.6 g/day for 2–6 months) failed to improve insulin sensitivity 

[124-126].  
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3.2 Potential mechanisms for effects of dietary fatty acids  

 

Dietary FA may influence insulin sensitivity via different mechanisms, which are 

described below. 

 

3.2.1 Effect on skeletal muscle membrane  

The original observation on a relation between dietary fat quality and skeletal 

muscle TAG concentration and insulin resistance was gained in rats fed 

isocalorically on high fat diets differing only in FA profile of the fat component [127]. 

The effects of diet on insulin resistance were particularly pronounced in skeletal 

muscle and were related to a relative reduction of n-3 FA in the muscle membrane 

and to a reduction in the number and diameter of fat droplets. Dietary FA might 

alter the risk of insulin resistance and T2DM by increasing the concentration of 

unsaturated FA in the cell membrane; this contributes to certain physical 

properties, such as “plasticity”, which facilitates the movement of the GLUT4 

receptor to the cell’s surface [128, 129]. In humans, insulin sensitivity is correlated 

with the amount of n-3 FA in skeletal muscle phospholipids [130]. Borkman et al. 

[131] showed that a decreased insulin sensitivity is associated with decreased 

concentrations of PUFA in skeletal muscle PL in man raising the possibility that 

changes in the FA composition of muscle PL modulate the action of insulin. 

 

3.2.2 Effect on lipid accumulation and oxidation  

Interestingly, there are indications from human muscle cell lines that dietary FA 

may differentially affect the accumulation of lipids. It has been found that SFA 

accumulate preferentially as DAG, whilst unsaturated FA were readily converted to 

TAG [19]. Furthermore, oleic acid accumulates to a lesser extent as DAG or TAG 

than palmitic acid. In cultured myocytes, palmitic acid seems to accumulate as 

DAG and TAG, whereas oleic acid accumulates as intracellular FFA [132] Also, 

rats fed a high SFA diet manifest higher muscle concentration of DAG compared 

with those fed a fat source primarily containing linoleic acid [133]. Consistent with 

this, literature suggests that oleic acid and other unsaturated FAs may be more 

readily oxidized than SFA (122].  Furthermore, Jones et al. [134] showed that an 

increased PUFA intake for 7 days caused a 40% increase in fat oxidation in the fed 

state and a decreased (25%) basal fat oxidation. Kien et al. [135] reported that a 

diet high in palmitic acid caused a decrease in the rate of fat oxidation as 

compared to a diet low in palmitic acid and high in oleic acid. Finally, myotubes of 

people with T2DM expressed a reduced palmitic acid oxidation whereas oleic acid 
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oxidation was not different as compared to a healthy control group [132]. Effects on 

skeletal muscle gene expression probably mediate these effects. 

 

3.2.3 Effect on skeletal muscle gene expression 

There are now clearly defined intracellular pathways that are differently altered by 

FA subtypes. Experimental data point toward direct regulatory effects on gene 

expression and enzyme activity [136]. SFA and MUFA have little effect on lipogenic 

gene expression, while PUFA suppresses lipogenic expression [137]. It has been 

shown that PUFA may downregulate SREBP1c expression [138]. PUFA may 

regulate gene transcription within minutes, acting as agonists of nuclear hormone 

receptor family peroxisome proliferator activated receptors (PPARs) [139]. PPARs 

are transcription factors that regulate FA oxidation, adipogenesis, and 

inflammation, among other cellular processes [140]. Activation of PPAR increases 

FA oxidation and alters skeletal muscle gene expression in favour of increased FA 

oxidation [140]. By inducing their own oxidation, PUFA may be used to a lesser 

extent for fat storage within the muscle cell than SFA [141]. PGC-1α plays a major 

role in the regulating mitochondrial FA oxidation and energy generation. In skeletal 

muscle, PGC-1α also stimulates mitochondrial biogenesis by coactivating the 

nuclear respiratory factor [142]. It has been shown that diets high in SFA or palmitic 

acid downregulate mRNA expression of PGC-1α [140, 143, 144]. Furthermore, it 

has been proposed that the lipid infusion and nutrient excess result in a reduced 

expression of genes encoding key enzymes in oxidative metabolism and 

mitochondrial function (regulated by PGC-1α), and that these pathways are 

impaired in subjects with an impaired glucose metabolism and in people with T2DM 

[145].  

 

44..  OOuuttlliinnee  ooff  tthhee  tthheessiiss  

 

There is evidence that dietary fat quality may modulate muscle FA partitioning and 

lipid accumulation, resulting in a subsequent change in insulin sensitivity. The 

focus of this thesis is on skeletal muscle FA handling in relation to insulin sensitivity 

and the effect of dietary fat quantity and quality on skeletal muscle FA handling. 

The contribution of dietary fat (chylomicron-TAG) and endogenous fat (FFA and 

VLDL-TAG) to lipid overflow and intramuscular lipid accumulation is unknown. For 

this reason, we studied the contribution of different fat sources to skeletal muscle 

FA uptake and storage in insulin resistant men and a control group in chapter 2. 

FA partitioning was studied using an unique recently developed dual stable isotope 
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tracer technique in combination with arterio-venous concentration measurements 

across the forearm muscle. The second step in this thesis was to further 

characterize the insulin resistant phenotype at the transcriptional level. Results of 

previous studies on skeletal muscle gene expression are not consistent which may 

be partly explained by relatively small samples sizes and heterogeneity in 

metabolic phenotypes. Therefore, we studied, in chapter 3 the gene expression 

profiles of a relatively large group of subjects with a wide range of insulin 

sensitivity. Dietary fat quality may affect skeletal muscle FA handling thereby 

possibly improving insulin sensitivity.  In chapter 4, we firstly studied the acute 

effect of meals different in fat quality on skeletal muscle FA handling and 

postprandial insulin sensitivity in obese insulin resistant men. Furthermore, in 

skeletal muscle biopsies we studied intracellular fatty acid partitioning by 

determining the incorporation of dietary fatty acids in the different lipid pools and by 

studying the transcriptional regulation of FA metabolism. Subsequently, we studied 

the chronic effects of isocaloric manipulation of dietary fat quantity and quality on 

muscle FA partitioning within the framework of the European multi-centre dietary 

intervention study, LIPGENE (chapter 5), eight European countries. Previously, 

relationships between plasma fatty acid profiles and insulin sensitivity have been 

reported. The plasma fatty acid profiles may be influenced by lifestyle factors and 

endogenous fatty acid metabolism. In chapter 6, we investigated the relationship 

between dietary fat quality and quantity-induced changes in plasma FA profiles 

(and estimated desaturase activities) and insulin sensitivity within the framework of 

the LIPGENE study. Subsequently, we explored the activity of ∆
9
 desaturase 

(SCD1) in more detail at adipose tissue level due to the strong link with insulin 

sensitivity. Finally, in chapter 7 the major findings of all studies are discussed and 

implications for further research are presented.  
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ABSTRACT 

 

Background: Disturbances in skeletal muscle lipid metabolism may precede or 

contribute to the development of whole body insulin resistance.  

Aim: In this study, we examined fasting and postprandial skeletal muscle fatty acid 

(FA) handling in insulin resistant men. 

Methods: Thirty men with the metabolic syndrome (NCEP ATPIII) were included in 

this sub-study to the LIPGENE study, and divided in two groups (insulin resistant 

and control) based on the median of insulin sensitivity (2.06 (mU/l
-1

)*min
-1

*10
-4

). 

Fasting and postprandial skeletal muscle FA handling were examined by 

combining the forearm balance technique with stable isotopes of palmitate. [
2
H2]-

palmitate was infused intravenously to label endogenous triacylglycerol (TAG) and 

free fatty acids (FFA) in the circulation and [U-
13

C]-palmitate was incorporated in a 

high-fat mixed-meal (2.6MJ, 61E% fat) to label chylomicron-TAG. Muscle biopsies 

were taken to determine muscle TAG, diacylglycerol, FFA and phospholipid 

content, their fractional synthetic rates (FSR) and degree of saturation, as well as 

mRNA expression of genes involved in lipid metabolism. 

Results: In the first hour after meal consumption, forearm muscle [
2
H2]-labeled 

TAG extraction was higher in insulin resistant versus control (p=0.05). Fasting 

percentage saturation of muscle diacylglycerol was higher in insulin resistant 

versus control (p=0.016). No differences were observed for intramuscular TAG, 

diacylglycerol, FFA and phospholipid content, FSR and muscle mRNA expression. 

Conclusion: In conclusion, increased muscle (hepatically-derived) TAG extraction 

during postprandial conditions and increased saturation of intramuscular 

diacylglycerol are associated with insulin resistance, suggesting that disturbances 

in skeletal muscle FA handling could play a role in the development of whole body 

insulin resistance and type 2 diabetes mellitus. 
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INTRODUCTION 

Disturbances in skeletal muscle lipid metabolism may play a central role in the 

development of insulin resistance, the metabolic syndrome (MetS) and type 2 

diabetes mellitus (T2DM) [1-3]. Conditions of chronic excessive energy intake 

and/or a sedentary lifestyle may lead to an increased supply of triacylglycerol 

(TAG) and free fatty acids (FFA) to non-adipose tissues such as skeletal muscle 

and liver (lipid overflow hypothesis) [4]. Together with an impaired capacity of 

skeletal muscle to oxidize fat [5-7], lipid overflow is hypothesised to create excess 

fat storage in skeletal muscle and liver. In particular the intramuscular accumulation 

of lipid metabolites like diacylglycerol, long-chain fatty acyl-CoA and ceramide, as 

well as the saturation of these lipid fractions, may reduce insulin action in skeletal 

muscle by interfering with insulin signalling and/or inducing inflammatory pathways 

[8-12].The contribution of dietary fat (chylomicron-TAG) and endogenous fat (FFA 

and very low-density lipoprotein (VLDL)-TAG) to lipid overflow and intramuscular 

lipid accumulation is unknown. Elevated FFA concentrations may originate from an 

expanded fat mass or decreased peripheral clearance [5, 6, 13], although findings 

are inconsistent [14]. Insulin-mediated suppression of adipose tissue FFA output 

after meal ingestion has been considered to be impaired in the insulin resistant 

state, thereby contributing to increased systemic FFA concentrations, although 

postprandial FFA release per unit fat mass has been reported to be reduced in 

insulin resistant conditions [14]. At the same time, it has been shown that the 

spillover of fatty acids (FA) derived from lipoprotein lipase (LPL)-mediated TAG-

hydrolysis across adipose tissue is less suppressed during hyperinsulinaemia in 

obese patients with T2DM compared with non-obese healthy controls [15]. Plasma 

TAG concentrations may rise in the insulin resistant state due to increased supply 

of endogenous FFA to the liver and subsequent increased VLDL-TAG output. Also, 

dietary FA can make a substantial contribution to VLDL-TAG, already in the early 

postprandial phase [16, 17]. The contribution of plasma TAG to the FA delivery to 

skeletal muscle is not entirely clear. It has been demonstrated in healthy subjects 

that LPL prefers chylomicron-TAG above VLDL-TAG for hydrolysis [18], although 

VLDL-TAG make a large contribution to circulating TAG, even in the postprandial 

phase [19]. The uptake of TAG-derived FA after hydrolysis is thought to be highly 

efficient in skeletal muscle when compared to adipose tissue [20]. However, others 

suggested that there is substantial release of TAG-derived FA into the plasma FFA 

pool (i.e. spillover) across skeletal muscle [18, 21], and that TAG-derived FA mix 

with the plasma FFA pool to compete for cellular uptake [22]. Most studies on 
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VLDL- and chylomicron-TAG metabolism have been performed in healthy subjects 

and little is known about their metabolism in skeletal muscle during different 

conditions such as insulin resistance, the MetS and type T2DM [23]. A previous 

study showed that postprandial plasma VLDL- and chylomicron-TAG 

concentrations are elevated in the insulin resistant state [14]. The aim of this study 

was to examine fasting and postprandial skeletal muscle FA handling in insulin 

resistant men compared to a control group, using a recently developed dual stable 

isotope tracer technique in combination with arterio-venous measurements across 

the forearm muscle which enables us to differentiate between the metabolic fate of 

dietary versus endogenous FA. Additionally, muscle biopsies were taken to 

investigate skeletal muscle lipid metabolites, their fractional synthetic rates and the 

transcriptional regulation of FA metabolism. 

METHODS 

The present study was performed in a sub-cohort of men in the Netherlands within 

the LIPGENE human dietary intervention study. In total, 30 men with the MetS at 

the age of 35-70y and body mass index (BMI) between 27 and 38 kg/m
2
 were 

included in this study. Definition of the MetS was based on the NCEP ATP III report 

[24], with subjects meeting at least three of the following criteria: 1) fasting plasma 

glucose concentration between 5.5 and 7.0mmol/l; 2) fasting plasma TAG 

concentration ≥ 1.5mmol/l; 3) fasting plasma high-density lipoprotein (HDL)-

cholesterol concentration < 1.0mmol/l; 4) systolic blood pressure ≥ 130mmHg 

and/or diastolic blood pressure ≥ 85mmHg and/or treatment of previously 

diagnosed hypertension; 5) waist circumference > 102cm. Exclusion criteria 

included weight change > 3kg within the 3 months prior to the study; diabetes or 

other endocrine disorders; chronic inflammatory conditions; kidney or liver 

dysfunction; use of hypolipidaemic or anti-inflammatory medication; use of anti-

hypertensive medication in the class of β-blockers; use of aspirin > 1 per week; 

highly trained or endurance athletes; and alcohol abuse. 

Subjects were split in two groups based on the median of insulin sensitivity (2.06 

(mU/l
-1

) * min
-1 

* 10
-4

) as measured during a frequently sampled insulin modified 

intravenous glucose tolerance test (IVGTT). Men below the median of insulin 

sensitivity were considered as the insulin resistant group (n=15), and men above 

the median as the control group (n=15). All subjects were informed about the 

nature of the study and written informed consent was attained prior to study 

participation. The study protocol was approved by the local Medical Ethical 

Committee of the Maastricht University. 
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Experimental design 

Subjects came to the university after an overnight fast on two different occasions. 

On one day, subjects completed anthropometric measurements, donated a fasting 

blood sample and completed an IVGTT to measure insulin sensitivity as described 

previously [25, 26]. Insulin sensitivity was the primary endpoint of the LIPGENE 

human dietary intervention study. On a separate day, a tracer infusion study was 

performed to evaluate the contribution of dietary TAG (labeled with [U-
13

C]-

palmitate) and endogenous TAG, i.e. VLDL, and circulating FFA (both labeled with 

[
2
H2]-palmitate) to lipid overflow and skeletal muscle FA handling during fasting and 

after the consumption of a high-fat mixed-meal, as validated previously [18]. 

 

Tracer infusion study 

Subjects came to the university after an overnight fast and were asked to refrain 

from drinking alcohol and to perform no strenuous exercise 24h prior to the study 

day. In addition, they were asked to avoid food products naturally enriched with 

[
13

C] for 7 days before the study day. Skeletal muscle metabolism was studied in 

the forearm muscle, using arteriovenous concentration differences corrected for 

blood flow. Three catheters were inserted before the start of the experiment. One 

catheter was placed in the radial artery of the forearm to sample arterial blood, and 

in the same arm another catheter was placed in an antecubital vein for the infusion 

of the [
2
H2]-palmitate tracer. A third catheter was placed retrogradely in a deep 

antecubital vein of the contralateral forearm to sample venous blood draining the 

forearm muscle. After taking an arterial and deep venous background sample at t -

95 (i.e. 95min before meal ingestion (t0)), a continuous intravenous infusion of the 

stable isotope tracer [
2
H2]-palmitate (97% enrichment, Cambridge Isotope 

Laboratories, Andover, MA, USA) complexed to albumin was started (0.035 µmol * 

kg body weight
-1

 * min
-1

). Baseline blood sampling was started after one hour of 

tracer infusion to allow for isotopic equilibration to occur. Blood samples were taken 

simultaneously from the radial artery and the deep muscle vein at three time points 

during fasting (t-35, t-20, t-5) and six time points postprandially (t30, t60, t90, t120, 

t180, t240) after consumption of a high-fat mixed meal (t0) containing 200 mg [U-
13

C]-palmitate (98% enrichment, Cambridge Isotope Laboratories). Forearm blood 

flow was measured before each blood sampling as described previously [27]. 

The liquid test meal provided 2.6MJ, consisting of 61 energy% (E%) fat (35.5E% 

saturated fat, 18.8E% monounsaturated fat and 1.7E% polyunsaturated fat), 33E% 

carbohydrates and 6.3E% protein. Subjects were asked to drink the test meal 

within 5min. 
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Skeletal muscle biopsies were taken before the start of the experiment during 

fasting and at the end of the postprandial measurement period (t240) to determine 

intramuscular TAG, diacylglycerol (DAG), FFA and phospholipid (PL) content, their 

degree of saturation, as well as the fractional synthetic rate (FSR) of TAG, DAG 

and PL (see skeletal muscle lipids). Furthermore, mRNA expression of genes 

involved in lipid metabolism was determined (see skeletal muscle mRNA 

expression). Biopsies were taken from the vastus lateralis muscle under local 

anaesthesia of the skin and fascia using the Bergström method with suction [28], 

cleaned from any visible fat and blood, immediately frozen in isopentane at its 

melting point and stored at -80°C until analysis. 

 

Biochemical analyses 

Blood was collected in tubes containing ethylenediaminetetraacetic acid, 

centrifuged (1000g, 10min, 4°C) and plasma was immediately frozen in liquid 

nitrogen and stored at -80°C until analysis. Plasma FFA and 3-hydroxybutyrate 

were analysed using standard enzymatic techniques automated on a Cobas Fara 

centrifugal spectrophotometer (Roche Diagnostica, Basel, Switzerland). Plasma 

TAG, glycerol, glucose and lactate were analysed enzymatically on a Cobas Mira 

automated spectrophotometer. Plasma insulin was measured with a double 

antibody radioimmunoassay (Linco Research Inc., St. Charles, MO, USA). Plasma 

total cholesterol, HDL-cholesterol and low-density lipoprotein (LDL)-cholesterol 

were determined with an ILab 600 clinical chemical analyser (Instrumentation 

Laboratory, Warrington, UK), using enzymatic colourimetric kits. Haematocrit was 

determined
 
in heparinised blood using a microcapillary

 
system. 

To determine isotope enrichment of plasma FFA and TAG, total lipids were 

extracted from the plasma using chloroform-methanol 2:1 (vol/vol). The FFA and 

TAG fractions were separated by thin-layer chromatography and derivatised to 

their methyl esters for the analysis of plasma palmitate. Plasma fractions were 

analysed for the 
13

C-to-
12

C ratio on a gas chromatography continuous-flow isotope 

ratio-mass spectrometer (Finnigan MAT-252 GC-IRMS, Bremen, Germany) and for 

enrichment of [
2
H2] (Finnigan Incos-XL GC-MS). The methyl ester of palmitate 

contains 17 carbon atoms and therefore, the tracer/tracee ratio (TTR) of palmitate 

was corrected for the extra methyl group. Plasma palmitate concentrations (µmol/l) 

were analysed on an analytical GC with ion flame detection using heptadecanoic 

acid as internal standard. 
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Skeletal muscle lipids 

Skeletal muscle biopsies were lyophilised and dissected free of extramyocellular 

lipid, blood and connective tissue. Total lipids were extracted from 10-20mg muscle 

sample using chloroform-methanol (2:1 vol/vol) and internal standards, and 

thereafter evaporated under nitrogen at 37°C. The extracted lipids were separated 

into FFA, DAG, TAG and PL by thin-layer chromatography and transferred into 

tubes for methylation. The TAG and DAG fractions were methylated by adding 1ml 

of toluene-methanol-(BF3-methanol 14%) (20%-55%-25% vol/vol) and incubated in 

capped tubes for 30min at 100°C. The PL fraction was methylated by adding 1ml of 

(BF3-methanol 14%) and incubation in capped tubes for 90min at 100°C. The FFA 

fraction was methylated by adding 1 ml of methanol-(BF3-methanol 14%) (50%-

50% vol/vol) and incubation in capped tubes at room temperature for 15min. After 

incubation, 2ml pentane was added to the samples, vortexed and centrifuged 

(1000g, 5min, 20°C), followed by isolation of pentane extracts (upper phase) and 

evaporation under nitrogen at 30°C. Finally, the residues were dissolved in iso-

octane and concentrations of fatty acids in the fractions were determined using an 

analytical GC. Stable isotope enrichment of the lipid fractions was determined by 

measuring the 
13

C-to-
12

C ratio on a GC-IRMS (Finnigan MAT-252). 

 

Skeletal muscle mRNA expression 

RNA was isolated from approximately 25mg of snap frozen muscle tissue. The 

tissues were homogenised in 1ml Trizol for RNA stabilisation and RNA was 

isolated according to a standardised protocol as described by the manufacturer. 

Next, RNA was purified using the RNeasy mini kit (Qiagen Benelux B.V., Venlo, 

The Netherlands) and dissolved in RNase/DNase free water. RNA was quantified 

and checked for purity on the NanoDrop 1000 (NanoDrop Technologies, 

Wilmington, DE, USA), and considered suitable for further processing at ratios 

between 260/280 and 260/230 of > 1.7. Integrity was evaluated using the 

BioAnalyzer (Agilent, Palo Alto CA, USA) and considered to be intact with an RNA 

integrity number > 7.0. Isolated RNA was reverse transcribed using the iScript 

cDNA synthesis Kit. The qPCR reactions were performed in a volume of 25µl 

containing 12.5ng cDNA, 1 x IQ SYBR Green Supermix and 400nM of gene-

specific forward and reverse primers (Supplemental table). cDNA was amplified 

using a two-step program (40 cycles of 10sec at 95°C and 45sec at 60°C) with a 

MyiQ system (Bio-Rad, Laboratiories, Veenendaal, The Netherlands). Gene 

expression levels of LPL, peroxisome proliferator-activated receptor α (PPARα), 

PPARγ coactivator 1α (PGC1α), acetyl-CoA carboxylase 2 (ACC2), muscle 
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carnitine palmitoyltransferase 1b (mCPT1b), sterol regulatory element binding 

protein 1c (SREBP1c), SREBP2 and carbohydrate responsive element-binding 

protein (ChREBP) were expressed relative to the geometric mean of two internal 

reference genes, i.e. ribosomal protein L13a (RPL13a) and β-2-microglobulin. 

 

Calculations 

Insulin sensitivity was determined using the MINMOD Millennium program [26]. Net 

fluxes of metabolites (labeled and unlabeled) across the forearm were calculated 

by multiplying arterio-venous concentration differences by forearm plasma flow. 

Plasma flow was calculated by multiplying forearm blood flow with (1 –

haematocrit / 100). A positive flux indicates net uptake across forearm muscle, 

whereas a negative flux indicates net release. Fractional extraction of metabolites 

(%) was calculated as the arterio-venous concentration difference divided by the 

arterial concentration. As a measure of efficiency of substrate removal from the 

circulation, substrate clearance across forearm muscle was calculated by 

multiplying fractional extraction with forearm plasma flow. 

Fasting rate of appearance of FFA (RaFFA) (µmol * kg
-1 

* min
-1

) was calculated 

using Steele’s equation for steady state, and Steele’s single-pool non-steady state 

equations adapted for use with stable isotopes in the postprandial state [29]. 

Labeled FFA and TAG concentrations were calculated as the product of TTR of [U-
13

C]- and [
2
H2]-palmitate and the concentration of palmitate in FFA and TAG. 

Fractional extraction of [U-
13

C]-palmitate derived from the hydrolysis of [U-
13

C]-

labeled TAG (i.e. percentage ‘entrapment’) across forearm muscle was calculated 

as described previously, with the assumption that a proportion of FA derived from 

TAG hydrolysis may not be taken up by skeletal muscle [18]. 

Fractional synthetic rates (FSR) of skeletal muscle TAG, DAG and PL were 

calculated by using skeletal muscle FFA as the precursor pool for lipid synthesis 

[30]. The increase in TTR of [U-
13

C] from fasting to 4 h postprandially was divided 

by the enrichment of skeletal muscle FFA and expressed as percentage per hour 

(%/h). The degree of saturation of skeletal muscle TAG, DAG, PL and FFA (%) 

was calculated by dividing the sum of saturated FA by the total amount of FA in a 

fraction. ∆
9
-desaturase activity was estimated as the proportion palmitoleic acid 

(C16:1n-7) to palmitic acid (C16:0), and as the proportion oleic acid (C18:1n-9) to 

stearic acid (C18:0). Total skeletal muscle TAG, DAG, FFA and PL contents were 

estimated as the sum of the particular FA content of the assessed fraction. 

Postprandial area under the curve (AUC) and incremental AUC (iAUC) of 

metabolites and substrate fluxes were calculated using the trapezium rule. Besides 
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the total (i)AUC (0-4h after meal ingestion), also the ‘early’ (0-2h) and ‘mid’ (2-4h) 

(i)AUC were calculated to obtain more detailed information about the time course of 

postprandial responses. 

 

Statistical methods 

All statistical analyses were performed using SPSS 15.0 for Windows (SPSS Inc.) 

and were defined a priori. Data are presented as means ± standard error of mean 

(SEM). Independent samples t-tests were used to test for differences between the 

insulin resistant and control group during fasting and the postprandial period 

(‘total’, ‘early’ and ‘mid’). Repeated-measures ANOVA was used to test for changes 

in time between groups (group by time effect) during the postprandial period. 

Statistical significance was set at p<0.05. 

 

RESULTS 

By definition, insulin sensitivity was different between insulin resistant men and 

controls (1.28 ± 0.12 versus 3.22 ± 0.27mU/l
-1 

* min
-1 

* 10
-4

) (Table 1). Groups were 

otherwise matched for age, BMI, fat mass, blood pressure and fasting total 

cholesterol, HDL-cholesterol and LDL-cholesterol concentrations. 

 

Arterial metabolites, forearm blood flow and forearm muscle metabolism 

Fasting arterial plasma glucose concentrations tended to be higher in the insulin 

resistant group compared with the control group (p=0.09), whereas postprandial 

concentrations were similar between groups (Figure 1A). Arterial plasma insulin 

concentrations were comparable between groups in the fasting state, but the 

postprandial insulin response was higher in the insulin resistant group compared 

with control (iAUC/min: 33.4 ± 4.1 versus 23.9 ± 2.2mU/l, p=0.05) (Figure 1B). 

Fasting arterial plasma lactate concentrations were higher in insulin resistant men 

compared to control (0.88 ± 0.11 versus 0.57 ± 0.04mmol/l, p=0.01) and remained 

significantly higher throughout the entire postprandial period (AUC/min: 1.19 ± 0.08 

versus 0.88 ± 0.07mmol/l, p=0.005). Arterial plasma 3-hydroxybutyrate 

concentrations did not differ between groups at any time (data not shown). 

Forearm blood flow and net glucose uptake and glycerol release across forearm 

muscle were similar between groups, both during fasting and after meal ingestion 

(Table 2). Also, no significant differences were observed in fasting and 

postprandial net release of lactate and net uptake 3-hydroxybutyrate across 

forearm muscle between groups (data not shown). 
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Table 1. Subject characteristics 

 Insulin resistant Control p-value
 

n 15 15  

Age (y) 58 ± 2 58 ± 2 0.983 

Body weight (kg) 99.5 ± 1.9 96.3 ± 2.4 0.304 

BMI (kg/m
2
) 31.8 ± 0.6 30.6 ± 0.7 0.206 

Waist (cm) 110 ± 2 109 ± 1 0.650 

Waist-hip ratio 1.05 ± 0.01 1.04 ± 0.01 0.794 

Fat mass (kg) 27.6 ± 2.0 25.2 ± 1.0 0.231 

Systolic blood pressure (mmHg) 135 ± 4 137 ± 4 0.687 

Diastolic blood pressure (mmHg) 85 ± 3 86 ± 3 0.795 

Insulin sensitivity (mU/l
-1
)*min

-1
*10

-4
) 1.28 ± 0.12 3.22 ± 0.27 <0.001 

Glucose (mmol/l) 5.57 ± 0.11 5.33 ± 0.09 0.088 

Insulin (mU/l) 15.6 ± 1.7 12.3 ± 0.8 0.111 

Free fatty acids (µmol/l) 593 ± 45 504 ± 26 0.099 

Triacylglycerol (mmol/l) 1.49 ± 0.15 1.32 ± 0.18 0.497 

Total cholesterol (mmol/l) 5.17 ± 0.19 5.00 ± 0.20 0.550 

HDL-cholesterol (mmol/l) 0.89 ± 0.05 0.97 ± 0.06 0.279 

LDL-cholesterol (mmol/l)
 3.32 ± 0.24 2.92 ± 0.21 0.213 

Values are mean ± SEM.
 
p-value for difference between groups, Student’s t-test for unpaired samples. 

Fat mass: n=9 (insulin resistant) and n=14 (control) 

 

Whole body and forearm muscle FFA metabolism 

 

Whole body FFA metabolism. Arterial FFA concentrations were slightly higher in 

the insulin resistant group than the control group during fasting and tended to 

remain higher after the high-fat mixed-meal (AUC/min: 410 ± 22 versus 

356 ± 19µmol/l, p=0.07) (Figure 2A). [
2
H2]-labeled palmitate was infused 

intravenously, mixed with the plasma FFA pool, and reached steady state 

concentrations during fasting measurements. After meal ingestion, [
2
H2]-palmitate 

concentrations in plasma FFA were suppressed in both groups. Also the RaFFA 

decreased after meal ingestion in both groups, indicating suppression of whole 

body lipolysis, with no differences between groups (Figure 2B). [
13

C]-labeled 

palmitate (resulting from spillover of FA derived from chylomicron-TAG hydrolysis) 

appeared in the plasma FFA pool from 60min after meal ingestion and 

concentrations increased throughout the postprandial period. There were no 

differences in arterial concentrations of [
2
H2]- or [

13
C]-labeled palmitate in FFA 

between groups at any time (data not shown). 
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Figure 1. Arterial plasma glucose (A) and insulin 

 (B) concentrations during fasting (t 0) and after consumption of a high-fat mixed-meal. Black 

circles; control group, white circles; insulin resistant group. Values are mean ± SEM. 

 

The TTR of [
2
H2]-palmitate in FFA was significantly higher in arterial vs. deep 

venous plasma at all time-points during the study day in both the insulin resistant 

and control group (respectively p=0.01 and p<0.001, source by time effect), 

indicating dilution of the [
2
H2]-tracer in the plasma FFA pool across forearm muscle 

(Figure 2C). On the other hand, the TTR of [
13

C]-palmitate in FFA was not different 

in arterial vs. deep venous plasma at all time-points in both groups (respectively 

p=0.98 and p=0.90, source by time effect) (Figure 2D). 

 

Forearm muscle FFA metabolism. Fasting and postprandial net FFA extraction 

across forearm muscle (arteriovenous difference multiplied by forearm plasma 

flow) were not different between groups. Furthermore, there was consistent net 

uptake of [
2
H2]-labeled palmitate across forearm muscle during the entire study 

period, without significant differences between groups (Table 2). 

 

Whole body and forearm muscle TAG metabolism 

 

Whole body TAG metabolism. Arterial plasma TAG concentrations were similar 

between groups during fasting and increased after meal ingestion, without 

significant differences between groups (Figure 3A). The [
2
H2]-palmitate tracer 

could be measured in plasma TAG from the first baseline sample onward, 

reflecting incorporation of the intravenously infused tracer into VLDL-TAG (Figure 

3B). The [
13

C]-palmitate tracer, given with the meal, appeared in plasma TAG from 

60min after meal ingestion, representing chylomicron-TAG in the circulation 

A B 
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(Figure 3B). Both labeled TAG fractions rose up to 4h postprandially, without 

significant differences between groups at any time. 

 

 
Figure 2. Arterial plasma free fatty acid (FFA) concentrations (A), rate of appearance of FFA 

(RaFFA) (B) and tracer/tracee ratio (TTR) of [
2
H2]-palmitate (C) and [

13
C]-palmitate in the 

plasma FFA fraction (D) during fasting (t 0) and after consumption of a high-fat mixed-meal. 

Black symbols; control group, white symbols; insulin resistant group. Panel C and D: circles; arterial 

plasma concentrations, triangles; forearm venous plasma concentrations. Values are mean ± SEM. 

 

Forearm muscle TAG metabolism. Extraction of [
2
H2]-palmitate in TAG across 

forearm muscle was higher in the insulin resistant group than the control group in 

the early phase after meal ingestion (AUC0-2h: p=0.05), indicating increased LPL-

mediated hydrolysis of VLDL-TAG at the capillary bed of forearm muscle in insulin 

resistant men (Table 2, Figure 3C). Extraction of [
13

C]-palmitate in TAG across 

forearm muscle could be measured from 60min onward and was not different 

between groups, although values for extraction were higher in the mid-postprandial 

period (2-4h postprandially) in insulin resistant subjects (not significant) (Table 2, 

Figure 3D). Fractional extraction of [
13

C]-palmitate in TAG across forearm muscle 

was consistently greater than the fractional extraction of [
2
H2]-palmitate in TAG 

throughout the whole postprandial period, without differences between groups 

 

A B 

C D 
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Table 2. Fasting and postprandial lipid metabolism 

  
Insulin resistant 

 (n=15) 

Control  

(n=14) 

Forearm blood flow fasting (ml · 100ml
-1 

· min
-1
) 2.12 ± 0.15 2.51 ± 0.34 

 postprandial (0-4 h) 2.24 ± 0.15 2.73 ± 0.33 

    

Net flux across forearm muscle   

Glucose fasting (µmol * 100ml
-1 

* min
-1
) 0.23 ± 0.06 0.21 ± 0.10 

 early postprandial (0-2 h) 0.77 ± 0.09 0.88 ± 0.11 

 mid postprandial (2-4 h) 0.62 ± 0.11 0.70 ± 0.13 

Glycerol fasting (nmol * 100ml
-1 

* min
-1
) -27.8 ± 10.1 -23.1 ± 8.3 

 early postprandial (0-2 h) -26.8 ± 4.7 -17.7 ± 13.0 

 mid postprandial (2-4 h) -17.5 ± 4.8 -27.0 ± 9.5 

Free fatty acids 

(FFA) 
fasting (nmol * 100ml

-1 
* min

-1
) -17.3 ± 34.0 -21.3 ± 21.7 

 early postprandial (0-2 h) -48.5 ± 21.0 -42.2 ± 10.5 

 mid postprandial (2-4 h) 3.5 ± 14.1 19.0 ± 10.7 

[
2
H2]-palmitate FFA fasting (nmol * 100ml

-1 
* min

-1
) 1.60 ± 0.18 1.54 ± 0.16 

 early postprandial (0-2 h) 1.39 ± 0.14 1.34 ± 0.11 

 mid postprandial (2-4 h) 1.62 ± 0.14 1.77 ± 0.20 

Triacylglycerol 

(TAG) 
fasting (nmol * 100ml

-1 
* min

-1
) 30.5 ± 7.7 -10.3 ± 31.1 

 early postprandial (0-2 h) 88.1 ± 32.0 35.1 ± 13.3 

 mid postprandial (2-4 h) 30.1 ± 71.3 -7.2 ± 32.6 

[
2
H2]-palmitate TAG fasting (nmol * 100ml

-1 
* min

-1
) 1.07 ± 0.99 0.08 ± 0.22 

 early postprandial (0-2 h) 1.08 ± 0.72 -0.64 ± 0.36 
*
 

 mid postprandial (2-4 h) 1.42 ± 1.38 -0.30 ± 2.08 

[U-
13

C]-palmitate 

TAG
 fasting (nmol * 100ml

-1 
* min

-1
) NA NA 

 early postprandial (0-2 h) 0.45 ± 0.07 0.39 ± 0.12 

 mid postprandial (2-4 h) 1.05 ± 0.24 0.58 ± 0.37 

Values are mean ± SEM. Postprandial data are expressed as AUC/min. A positive flux 

indicates net uptake across forearm muscle, whereas a negative flux indicates net release. 

NA, not applicable. [
2
H2]-palmitate FFA: Insulin resistant n=14, control n=12. [

2
H2]-palmitate TAG: 

Insulin resistant n=15, control n=13. 

* P=0.05 for difference between groups, Student’s t-test for unpaired samples. 

 

(data not shown). The fractional extraction of [
13

C]-palmitate derived from 

chylomicron-TAG hydrolysis (‘entrapment’) was ~100 % during the entire 
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postprandial period in both groups, indicating a highly efficient forearm muscle 

uptake of FA derived from LPL-mediated TAG hydrolysis. Specific entrapment of 

FA derived from VLDL-TAG hydrolysis could not be calculated because both 

circulating FFA and VLDL-TAG are labeled with [
2
H2]-palmitate. 

 

 

 
Figure 3. Arterial plasma triacylglycerol (TAG) concentrations (A), [

2
H2]- and [

13
C]-palmitate 

concentrations in the plasma TAG fraction (B) and the net flux of [
2
H2]-palmitate TAG (C) 

and [
13

C]-palmitate TAG (D) across forearm muscle during fasting (t0) and after 

consumption of a high-fat mixed-meal. A positive flux indicates net uptake across forearm 

muscle, whereas a negative flux indicates net release. Black symbols; control group, white 

symbols; insulin resistant group. Panel B: circles; [
2
H2]-palmitate TAG, triangles; [

13
C]-palmitate TAG. 

Values are mean ± SEM. 

 

Intramuscular lipid metabolism 

 

Lipid content. Skeletal muscle TAG, DAG, FFA and PL content were comparable 

between groups at baseline, although muscle TAG tended to be slightly higher in 

insulin resistant men versus control (213.0 ± 40.7 versus 136.6 ± 20 µmol/g dry 

weight, p=0.11) (Table 3). Muscle PL content increased after the high-fat mixed 

meal in insulin resistant men compared the control group (change from fasting: 

28.29 ± 11.22 versus -4.30 ± 9.8 µmol/g dry weight, p=0.038). No differences 

A B 

C D 
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between groups were observed for changes in muscle TAG, DAG and FFA content 

(data not shown). 

 

Table 3. Skeletal muscle lipid content and saturation during fasting, and their 

fractional synthetic rates 

 Insulin resistant Control p-value 

TAG    

  Total (µmol/g dry weight) 213.0 ± 40.7 (12) 136.6 ± 20.7 (12) 0.109 

  Saturation (%) 37.5 ± 1.2 (12) 36.9 ± 1.6 (12) 0.740 

  FSR (%/h) 0.36 ± 0.10 (9) 0.36 ± 0.10 (13) 0.965 

DAG
 

   

  Total (µmol/g dry weight) 9.92 ± 1.57 (12) 8.40 ± 0.80 (12) 0.398 

  Saturation (%) 43.2 ± 3.8 (12) 33.5 ± 1.5 (12)
 

  0.026 
*
 

  FSR (%/h) 0.34 ± 0.07 (10) 0.33 ± 0.07 (12) 0.930 

PL    

  Total (µmol/g dry weight) 62.19 ± 5.86 (14) 73.95 ± 7.24 (14) 0.218 

  Saturation (%) 42.3 ± 1.4 (14) 41.9 ± 0.9 (14) 0.796 

  FSR (%/h) 0.10 ± 0.01 (13) 0.09 ± 0.01 (14) 0.709 

Values are mean ± SEM (n). The FSR is determined after consumption of a high-fat mixed-meal. 

*
 
p<0.05 for difference between groups, Student’s t-test for unpaired samples. 

 

Composition. Intramuscular lipid composition was different between groups at 

baseline with a higher degree of saturation of skeletal muscle DAG in insulin 

resistant men compared with control (43 ± 4 versus 34 ± 2 %, p=0.026) (Table 3). 

This difference was largely explained by a higher percentage of palmitic acid 

(C16:0; 24 ± 1 versus 21 ± 1 %, p=0.08) and a lower percentage of oleic acid 

(C18:1n-9; 34 ± 2 versus 40 ± 1 %, p=0.042) in the DAG fraction of insulin resistant 

men versus control (Figure 4). In addition, intramuscular TAG and PL fractions of 

insulin resistant men contained higher proportions of dihomo-γ-linolenic acid 

(C20:3n-6; TAG: p=0.030, PL: p=0.07) and arachidonic acid (C20:4n-6; TAG: 

p=0.08; PL: p=0.016) compared with control (Figure 4). After consumption of the 

high-fat mixed-meal, no differences were observed between groups for changes in 

saturation of muscle TAG, DAG and FFA (data not shown). In intramuscular PL, 

the proportion of both dihomo-γ-linolenic acid (C20:3n-6; -0.10 ± 0.07 versus 

0.06 ± 0.05 %, p=0.06) and arachidonic acid (C20:4n-6; -1.32 ± 0.51 versus 

0.92 ± 0.56 %, p=0.007) were significantly decreased after the high-fat mixed-meal 

in insulin resistant men compared with control. 
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Estimated ∆
9
-desaturase activity was not different between groups at baseline and 

did not significantly change after consumption of the high-fat mixed-meal. 

 

Fractional synthetic rate. The FSR of skeletal muscle TAG, DAG and PL was 

comparable between groups (Table 3), indicating that a similar proportion of 

palmitate from the intramuscular FFA pool was directed towards storage in insulin 

resistant men and control after the high-fat mixed-meal. 

 

Skeletal muscle mRNA expression 

 

Postabsorptive skeletal muscle mRNA expression of LPL and genes involved in 

lipid oxidation and lipid synthesis were comparable between groups (Table 4). 

Postprandially, there was a significant down-regulation of mCPT1b (p=0.048) as 

well as a tendency for up-regulation of LPL (p=0.09) in the total group of subjects 

(n=14, data not shown). Between groups, however, there were no significant 

differences in postprandial gene expression (Table 4). Subject characteristics of 

the insulin resistant men (n=6) and control (n=8) in this sub-analysis were 

comparable to those presented in Table 1. 

 

Table 4. Skeletal muscle mRNA normalised expression during fasting and 

after consumption of a high-fat mixed meal 

 Insulin resistant (n=6)  Control (n=8) 

 fasting fold change  fasting fold change 

LPL 0.37 ± 0.05 2.2 ± 1.2  0.46 ± 0.10 3.3 ± 1.1 

PPARα 1.49 ± 0.18 0.9 ± 0.2  1.46 ± 0.24 1.0 ± 0.3 

PGC1α 0.38 ± 0.07 2.7 ± 0.9  0.48 ± 0.09 2.3 ± 1.0 

ACC2 2.01 ± 0.43 0.7 ± 0.2  1.71 ± 0.32 1.3 ± 0.5 

mCPT1b 1.31 ± 0.39 0.6 ± 0.1  1.74 ± 0.29 1.0 ± 0.4 

SREBP1c 0.90 ± 0.22 0.9 ± 0.2  0.82 ± 0.15 1.1 ± 0.2 

SREBP2 1.68 ± 0.22 0.8 ± 0.2  1.88 ± 0.32 1.0 ± 0.3 

ChREBP 1.13 ± 0.15 0.7 ± 0.2  1.30 ± 0.40 1.1 ± 0.4 

Values are mean ± SEM, expressed in arbitrary units. Fold change is calculated as (4h / 0h). 

No significant differences between groups, Student’s t-test for unpaired samples. 
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DISCUSSION 

In this study we examined fasting and postprandial skeletal muscle FA handling in 

insulin resistant men. By using a dual stable isotope technique we were able to 

differentiate between the contribution of circulating FFA, endogenous (VLDL)-TAG 

and dietary (chylomicron)-TAG to skeletal muscle FA metabolism, and observed a 

significant difference in the handling of VLDL-TAG between insulin resistant men 

and control. In insulin resistant men, a higher net extraction of VLDL-TAG across 

forearm muscle was observed during the first 2h after meal ingestion, despite a 

similar supply of plasma TAG. Furthermore, intramuscular lipid composition was 

different between groups with a higher fasting percentage saturation of muscle 

DAG in insulin resistant men.  

 

To our knowledge this is the first study showing differential quantitative handling of 

hepatically derived TAG by forearm muscle in insulin resistant men and the 

underlying mechanisms for this observation remain to be elucidated. Findings may 

extent to chylomicron-TAG as also the uptake of this particle tended to increase 

more in the insulin resistant group at the end of the postprandial period, although 

not statistically significant. However, measurements were not performed in the late 

postprandial phase (i.e. 4-6h postprandially), as it has been shown that dietary FA 

appear in the VLDL-TAG fraction from 2-3h after meal ingestion, making it difficult 

to completely separate chylomicron-TAG and VLDL-TAG in the late postprandial 

phase using the current dual stable isotope technique [16-18]. The importance of 

TAG metabolism in insulin resistance extends results from a previous study 

investigating FA metabolism using the same dual stable isotope methodology [14], 

although Bickerton et al. showed no differences in postprandial chylomicron-TAG 

extraction and VLDL-TAG extraction. In that study, insulin resistant men and 

controls were selected from a healthy population with overweight, whereas we 

studied the isolated effects of insulin sensitivity in subjects with the MetS. Further in 

vivo research in subjects with varying phenotypes is needed to obtain more insight 

in the importance of skeletal muscle FA metabolism in insulin resistance.  

 

Inhibitory effects of insulin on skeletal muscle LPL activity may be impaired in the 

insulin resistant state, resulting in increased postprandial skeletal muscle TAG 

extraction. In this study skeletal muscle LPL mRNA was not differentially expressed 

after meal ingestion, but a role of LPL cannot be excluded since it has been shown 

that LPL activity is mainly regulated at posttranscriptional and posttranslational 

levels [31-33].  
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Apart from the observed differences in lipid uptake, also the partitioning of FA 

within skeletal muscle has previously been shown to be more directed towards 

storage than oxidation in the insulin resistant state [1]. An increased TAG fractional 

synthetic rate may protect the muscle from excess FFA concentrations and 

subsequent accumulation of lipid metabolites that may interfere with insulin 

signalling. In this study the FSR of intramuscular lipid fractions was not different 

between insulin resistant men and control, which is in line with findings from a 

recent study of intramuscular lipid synthesis in smokers and non-smokers with 

clear differences in insulin sensitivity [34]. Also, mRNA normalised expression 

levels of several key genes important in skeletal muscle FA uptake, mitochondrial 

FA transport, oxidation and synthesis were not significantly different between 

insulin resistant men and control. Our results indicate that a similar proportion of 

FA from the intramuscular FFA pool was directed towards storage in the different 

lipid fractions in insulin resistant men and control. Increased extraction of (VLDL)-

TAG across skeletal muscle combined with a similar intramuscular FSR may be a 

trigger for intramuscular lipid accumulation in the insulin resistant state. 

 

Saturation of muscle DAG was significantly higher in insulin resistant men 

compared to control at baseline, mainly reflected by a higher proportion of palmitic 

acid (C16:0) and a lower proportion of oleic acid (C18:1n-9). This finding is in line 

with results from studies in human muscle cell lines and rodents showing that long-

chain SFA accumulate preferentially as DAG and are associated with insulin 

resistance, whereas unsaturated FA are more readily converted into TAG [12, 35, 

36]. In another study, incubation of C2C12 myotubes with palmitate was associated 

with increased DAG accumulation and reduced insulin action, whereas incubation 

with oleic acid had no effects [37]. The activity of ∆
9
-desaturase in muscle could 

play an important role in the partitioning of fatty acids and can be estimated by the 

ratio of C18:1n-9 to C18:0. It has been suggested that increased ∆
9
-desaturase 

expression in human skeletal muscle is associated with obesity by stimulating FA 

storage in intramuscular TAG rather than FA oxidation [38]. On the other hand, 

increased ∆
9
-desaturase activity in the obese insulin resistant state may be 

protective for further insulin resistance by stimulating intramuscular TAG 

accumulation and subsequently reducing the accumulation of saturated FA in 

muscle DAG and ceramide [39, 40]. In this study there were no differences in 

estimated ∆
9
-desaturase activity between insulin resistant men and control during 

fasting and after the high-fat mixed meal. It is important to mention that total DAG 

content as measured by others and us might not reflect the DAG component that 
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may interfere with insulin signalling and contribute to the development of insulin 

resistance [34, 37]. Therefore, future research should elucidate which specific DAG 

form may be related to skeletal muscle insulin resistance. Nevertheless, the 

present findings implicate a relationship between a higher saturation of 

intramuscular DAG and the presence of insulin resistance.  

 

All subjects in our study were selected from a population of subjects with the MetS. 

However, insulin resistance was not a requirement for the definition of the MetS in 

this study and because of the range in insulin sensitivity it was possible to create 

two groups with a pronounced difference in insulin sensitivity. Mean values of 

insulin sensitivity in the insulin resistant group were slightly higher than values 

described in literature for patients with T2DM [41, 42], whereas mean values of 

insulin sensitivity in the control group were comparable with values reported for 

healthy subjects with normal glucose tolerance [41, 43]. Moreover, postprandial 

arterial insulin concentrations were higher in insulin resistant men versus control, 

whereas postprandial arterial glucose concentrations and glucose uptake across 

the forearm muscle were comparable between groups. These data indicate that 

men in the insulin resistant group were indeed more insulin resistant as compared 

with men in the control group, both at whole body and forearm muscle level. Since 

insulin resistance is normally related to increased body weight, an abdominal fat 

distribution and increased lipids, our subject selection may be artificial due to the 

fact that all subjects had the metabolic syndrome. On the other hand, from a 

mechanistic point of view this may represent a strength of the study showing the 

metabolic disturbances related to insulin sensitivity per se, independent of the other 

characteristics of the metabolic syndrome. We observed only small differences in 

skeletal muscle FA handling between groups which may be related to how subjects 

were selected. Nevertheless, these small differences in TAG extraction may be of 

relevance for skeletal muscle fat storage in the longer term. Therefore, we believe 

that the current results provide new and relevant insights in the relationship 

between skeletal muscle FA metabolism and insulin resistance, which have to be 

confirmed and investigated further in a larger number of subjects selected from an 

insulin resistant population and a healthy control population.  

 

In conclusion, by combining this dual stable isotope technique with skeletal muscle 

lipid analyses, we were able to demonstrate that insulin resistance is associated 

with increased postprandial forearm muscle (hepatically-derived) TAG uptake and 

increased saturation of muscle DAG. Although there were only small differences 

between groups in skeletal muscle TAG extraction, in the longer term this may be 
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one of the mechanisms contributing to intramuscular lipid accumulation, insulin 

resistance and the development of T2DM. 
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Supplemental table Gene-specific forward and reverse primers for qPCR 

Gene Forward primer sequence (5’-3’) Reverse primer sequence (3’-5’) 

B2M GGACTTCGAGCAAGAGATGG AGCACTGTGTTGGCGTACAG 

RPL13α CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA 

LPL CATCTCTTGGGATACAGCCTTG GGGCTTCTGCATACTCAAAGT 

PPARα AAAAGCCTAAGGAAACCGTTCTG TATCGTCCGGGTGGTTGCT 

PGC1α CCAGGTCAAGATCAAGGTCTCCAG TTCGGTGCGTGCGGTGTC 

ACC2 GCAAGAACGTGTGGGGTTACT TCGTAGTGGGCTTGCTGAAAA 

mCPT1b CGGGACAGGGGTAAGTTCTG TCTCGCAGGTCTGCTTTTGTG 

SREBP1c ACACAGCAACCAGAAACTCAAGC GCCGACACCAGATCCTTCAGAG 

SREBP2 GCACCACTCCGCAGACGAG TGGACTTGAGGCTCAAGGACTTG 

ChREBP  GCCTCAAGGTGAGCAAAGCTA GCTGGCACAGGTTAATGGC 

RPL13a, ribosomal protein L13a; B2M, β-2-microglobulin; LPL, lipoprotein lipase; PPARα, peroxisome 

proliferator-activated receptor α; PGC1α, PPARγ coactivator 1α; ACC2, acetyl-CoA carboxylase; 

mCPT1, muscle carnitine palmitoyltransferase 1b; SREBP, sterol regulatory element binding protein; 

ChREBP, carbohydrate responsive element-binding protein. 
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ABSTRACT 

 

Background: Disturbances in skeletal muscle lipid metabolism may play an 

important role in development of insulin resistance.  

Aim: The aim was to investigate transcriptional control of skeletal muscle fatty acid 

(FA) metabolism in individuals with the metabolic syndrome (MetS) with varying 

degrees of insulin sensitivity.  

Methods: 122 individuals with MetS (NCEP-ATP III criteria) at age 35-70y, BMI 27-

38kg/m
2
 were studied (subgroup EU-LIPGENE study). Individuals were divided into 

quartiles of insulin sensitivity measured during a frequently sampled insulin 

modified intravenous glucose tolerance test. Skeletal muscle normalized mRNA 

expression levels of genes important in skeletal muscle FA handling were analyzed 

with qRT-PCR.  

Results: The expression of SREBP1c, ACC2, DGAT and NRF was higher in the 

lowest 2 quartiles of insulin sensitivity (<50
th
) compared with the highest 2 quartiles 

of insulin sensitivity (>50
th
). Interestingly, PGC1α, PPARα and mCPT1, important 

for oxidative metabolism, showed a complex mRNA expression profile; levels were 

lower in both the most ‘insulin sensitive’ as well as the most ‘insulin resistant’ 

individuals. LPL mRNA was reduced in the lowest quartile of insulin sensitivity. 

Enhanced gene expression of SREBP1c and ACC2 in the insulin resistant state 

suggests a tendency towards FA storage rather than oxidation.  

Conclusion: From the lower expression of PGC1α, PPARα and mCPT1 in both 

the most ‘insulin sensitive’ as well as the most insulin resistant individuals, it may 

be speculated that ‘insulin sensitive’ subjects do not need to upregulate these 

genes to have a normal FA oxidation, whereas the most ‘insulin resistant‘ 

individuals are inflexible in upregulating these genes. 
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INTRODUCTION 

Disturbances in skeletal muscle lipid metabolism may play an important role in the 

development of insulin resistance and type 2 diabetes (T2DM) [1]. Insulin 

resistance is often accompanied by increased fat mass and disturbed adipose 

tissue function promoting increased supply of triacylglycerol (TAG) and fatty acids 

(FA) to non-adipose tissues such as skeletal muscle and liver (lipid overflow) [2]. 

The uptake of FA in skeletal muscle may be reduced in subjects with impaired 

glucose tolerance (IGT) [3] and in T2DM individuals as compared with normal 

glucose tolerant individuals, during fasting and β-adrenergic stimulation [4-6]. 

Moreover, skeletal muscles of insulin resistant individuals are characterized by a 

reduced FA oxidation during fasting conditions, β-adrenergic stimulation [5] and 

exercise [7] and by an ‘inflexibility’ to switch between oxidation of FA and glucose 

in the transition from the post-absorptive to postprandial state [8]. Recently, it was 

also suggested that skeletal muscle lipolysis is reduced in obese insulin resistant 

individuals in the fasted state [9]. Thus, lipid overflow, together with intrinsic 

disturbances in skeletal muscle FA metabolism, may promote enhanced lipid 

storage in skeletal muscle. Lipid accumulation, and in particular accumulation of 

lipid intermediates, may lead to insulin resistance [10]. The underlying mechanisms 

for the impaired skeletal muscle FA metabolism in insulin resistance are unclear. 

Firstly, altered expression levels of genes involved in FA transport across the 

skeletal muscle cell membrane have been reported in insulin resistant muscle [11]. 

The transport of FA-CoA across the mitochondrial membranes is controlled by the 

carnitine shuttle [12]. It had been suggested that a decreased expression of muscle 

carnitine palmitoyl transferase 1b (mCPT1), or a more pronounced inhibition of its 

activity by malonyl-CoA, could lead to decreased mitochondrial uptake and 

oxidation of FA [13]. Secondly, mitochondrial dysfunction has been proposed as 

one of the underlying causes of insulin resistance. Peroxisome proliferator-

activated receptor (PPAR)γ coactivator 1α (PGC1α) is involved in mitochondrial 

biogenesis by supporting the transcriptional activity of nuclear respiration factor 1 

(NRF1), thereby regulating transcription of genes involved in oxidative metabolism 

[14]. Reduced expression of PGC1α has been implicated in the development of 

muscular insulin resistance and T2DM [15-17]. The expression of genes 

responsible for oxidative phosphorylation (OXPHOS) is coordinately down-

regulated in skeletal muscle of T2DM individuals [16-18]. Moreover a marked 

reduction in mitochondrial oxidative and phosphorylation activities, together with 

intramyocellular fat accumulation, were found in skeletal muscle of insulin resistant 
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subjects [16, 17]. PGC1α co-activates PPARα; which then induces transcription of 

genes associated with lipid transport, β-oxidation, glucose sparing and uncoupling 

proteins [18, 19]. Finally, disturbances in TAG turnover could contribute to insulin 

resistance by the accumulation of diacylglycerol (DAG). TAG is formed by the 

action of DAG acyltransferase (DGAT) and overexpression of DGAT protects 

against fat-induced insulin resistance [20]. Hydrolysis of TAG and DAG occurs by 

the activity of adipose tissue triglyceride (ATGL) and hormone sensitive lipase 

(HSL) [9] and reduced expression and phosphorylation of muscle HSL has been 

reported in obese subjects [21]. The aim of the current study was to investigate the 

transcriptional regulation of genes involved in FA metabolism among subjects with 

the metabolic syndrome. Several relatively small previous studies addressed 

similar issues but the results are inconsistent. The size of our study in combination 

with a detailed phenotype and a wide range of insulin sensitivity provide a unique 

possibility to study the impact of degree of insulin resistance, independent of body 

weight and BMI. This will certainly provide novel insights in the transcriptional 

regulation of FA uptake, mitochondrial transport, mitochondrial oxidation, lipolysis 

and lipogenesis in relation to insulin sensitivity. 

METHODS 

Ethics Statement 

All subjects were informed about the nature of the study and written informed 

consent was attained before study participation. The study protocol was approved 

by the local research ethics committees at Maastricht University, at University 

college of Dublin, at University of Oslo and at Uppsala University. 

 

The current work was conducted as part of an EU Framework 6 Integrated Project 

LIPGENE. The LIPGENE human dietary intervention study was a randomized, 

controlled trial in individuals with the MetS, approved by local ethics committees at 

each of the 8 intervention centres, conforming to the Helsinki Declaration of 1975 

as revised in 1983. In this sub-study, 122 individuals were included from 4 centres 

(Uppsala, Dublin, Oslo and Maastricht) at the age 35-70 y and BMI 27-38 kg/m
2
. 

The definition of the MetS was based on the NCEP ATP III report [22]. Exclusion 

criteria were weight change >3kg within 3 months prior to the study, T2DM or other 

endocrine disorders, chronic inflammatory conditions, kidney or liver dysfunction, 

use of hypolipidemic or anti-inflammatory medication, use of aspirin >1 per week, 

use of FA supplements or high doses of antioxidant vitamins, consumption of >2 

portions of oily fish per week, highly trained or endurance athletes, and alcohol 
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abuse. The group of 122 individuals was divided into quartiles based on insulin 

sensitivity as measured during a frequently sampled insulin modified intravenous 

glucose tolerance test (IVGTT).  

 

Experimental design 

Individuals completed anthropometric measurements, donated fasting blood 

samples and completed an IVGTT. On a separate day, after overnight fast, a 

skeletal muscle biopsy was taken from m. vastus lateralis under local anesthesia 

applying the Bergström method with suction [23]. Biopsies were cleaned from 

visible fat and blood, immediately frozen in liquid nitrogen or RNAlater, and stored 

at -80°C until analysis.  

 

Skeletal muscle mRNA and DNA isolation 

RNA was isolated from approximately 25mg of snap frozen muscle tissue. The 

tissues were homogenized in 1ml Trizol for RNA stabilization and subsequent RNA 

isolation according to a standardized protocol described by manufacturer. RNA 

was then purified using the RNeasy mini kit (Qiagen Benelux B.V., Venlo, the 

Netherlands) followed by dissolving RNA in RNase and DNase free water. RNA 

was quantified and checked for purity on the NanoDrop 1000 (NanoDrop 

Technologies, Wilmington, DE, USA), and considered suitable for further 

processing at ratios between 260/280 and 260/230 of >1.7. RNA integrity was 

evaluated using the BioAnalyzer (Agilent, Palo Alto CA, USA) and considered to be 

intact with a RNA integrity number >7.0. Total DNA was isolated from 5mg of each 

muscle section using QIAamp DNA Micro Kit (Qiagen). 

 

Real-time qRT-PCR for RNA 

Both SYBR Green and Taqman were used for quantification of mRNA expression 

levels. All samples were analyzed in duplicates. For the expression of the genes in 

the upper half of Table 1, isolated RNA was reversely transcribed using the iScript 

cDNA synthesis Kit. The qPCR reactions were performed in a volume of 25µl 

containing 12.5ng cDNA, 1x IQ SYBR Green Supermix and 400nM of gene-specific 

forward and reverse primers (Table 1). cDNA was amplified using a two-step 

program (40 cycles of 10sec at 95°C and 45sec at 60°C) with a MyiQ system (Bio-

Rad Laboratories, Veenendaal, the Netherlands). Gene expression levels were 

expressed relative to geometric mean of two internal reference genes, i.e. 

ribosomal protein L13a (RPL13a) and β-2-microglobulin. RPL13a and β-2-

microglobulin genes were used as references genes because they were identified  
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as most stably expressed reference genes as established by Genorm [24]. For 

expression of genes in the lower half of Table 1, all primers and probes were 

designed using Primer Express version 2.1 (Applied Biosystems, Roche, 

Branchburg, NJ). qRT-PCR reactions [25] were performed as one-step reactions in 

ABI PRISM 7900 (Applied Biosystems, Branchburg, NJ) using the following 

conditions: one cycle of 48
o
C for 3min, then 95

o
C for 10min, followed by 40 cycles 

at 95
o
C for 15 sec and 60

o
C for 1min. For all assays performed using Taqman 

primers and probe, the ribosomal phosphoprotein large P0 gene (RPLP0) was 

used as internal control. All data on mRNA were normalized by dividing the target 

gene by the internal control. The internal control gene was tested for inter-

individual variability with a coefficient of variance to ensure precision in the 

measurements. 

 

Mitochondrial DNA content 

Quantification of mitochondrial content was performed as previously described 

using mtDNA copy number [26]. The sequences for the primer/probe sets used in 

Taqman analysis of mtDNA content for NADH dehydrogenase subunit 1 

(mitochondrial genome (ND1) and of nuclear DNA for lipoprotein lipase (LPL) were 

designed using Primer express version 2.1 (Applied Biosystems-Roche, 

Branchburg, NJ) and can be e-mailed on request.  

 

Biochemical analyses 

Blood for lipid analyses was collected in potassium EDTA vacutainer tubes. 

Glucose samples were collected in fluoride oxalate vacutainers, and insulin 

samples in serum tubes. All plasma samples were centrifuged immediately (10min, 

4°C, 1500g), whereas serum samples were allowed to clot for 30min at room 

temperature before centrifugation. Samples were then aliquoted and stored (-80°C) 

until further analysis. Serum insulin concentrations were determined by solid 

phase, two-side fluoroimmunometric assays (AutoDELFIA Insulin kit, Wallac Oy, 

Turku, Finland) using a 1235 AutoDELFIA automatic immunoassay system. 

Plasma TAG, glucose, and HDL-cholesterol were determined with an ILab 600 

clinical chemical analyzer (Instrumentation Laboratory, Warrington, UK) using 

enzymatic colorimetric kits. HDL-cholesterol was isolated using a HDL-cholesterol 

kit (Instrument Laboratory, Warrington, UK). 
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Calculations 

Insulin sensitivity was determined using MINMOD Millennium program (version 

6.02, Richard Bergman) [27]. The homeostasis model assessment of IR (HOMAIR) 

was calculated from fasting glucose (mmol/l) multiplied by fasting insulin (mU/l) 

concentration, divided by 22.5 [28]. 

 

Statistical analyses 

Statistical analyses were performed using SPSS 18.0 for Mac (SPSS Inc.). All data 

are presented as means ± standard error of the mean (SEM). Furthermore, all 

variables were checked for normal distribution and non-normally distributed data 

were log-transformed to satisfy conditions of normality. At first, normalized gene 

expression levels were compared between quartiles of insulin sensitivity by one-

way ANOVA. Significant major effects were investigated using LSD post-hoc tests. 

In case of significance adjustments were made for gender (full-factorial), body 

weight and waist girth (continuous variables) in an univariate analysis. To address 

correlations between the genes, Pearson correlation analyses were performed. 

Statistical significance was set at p<0.05. 

 

RESULTS 

Subject characteristics 

All the individuals had the MetS and by definition, insulin sensitivity was different 

between quartiles (Table 2). Groups were similar in age, BMI, blood pressure and 

fasting plasma glucose concentrations. Body weight, waist girth and plasma HDL-

cholesterol concentrations were significantly different between the lowest quartile 

and the other quartiles (Table 2). There was an unequal distribution of women and 

men in the quartiles, therefore all presented data are corrected for gender. 

 

FA transport, mitochondrial function, oxidative phosphorylation and mtDNA copy 

number 

We monitored several genes involved in FA transport, mitochondrial biogenesis 

and oxidative metabolism. LPL mRNA expression was significantly different among 

insulin sensitivity groups (p=0.002) (Figure 1A), with lowest expression in the most 

insulin resistant group. There were no differences in CD36 and SIRT1 mRNA 

expression across the quartiles (Figure 1B and C). NRF1 mRNA levels were 

slightly higher in the IR state (p=0.012, Figure 1D) with the two lower insulin 

sensitivity groups (<25
th
 and <50

th
 quartile) having higher levels than the highest 

groups (>50
th
 and >75

th
 quartile). One of the most important transcription factors for  
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the regulation of the FA oxidation, PGC1α, showed an interesting expression 

pattern (Figure 1E). The overall gene expression was different for the quartiles 

(p=0.05). PGC1α mRNA expression was similar in the two extreme groups (<25
th 

  

Table 2. Individual characteristics according to insulin sensitivity 

  0 – 25 25 – 50 50 – 75 75 – 100 p-value 

Insulin sensitivity 
(mU/l

-1
)*min

-1
*10

-4
 1.09±0.07

2
 2.08±0.04 2.84±0.03 5.24±0.47   

N 30 31 31 30  
M / F 24 / 6 19 / 12 15 / 16 18 / 12  

Age (y) 56.4±1.54 54.9±1.81 57.6±1.50 57.5 ±1.35 NS 

Weight (kg) 100.2±0.20
1
 92.3±2.50 90.1±2.35 89.4±2.77 0.009 

BMI (kg/m
2
) 32.8±0.77 30.7±0.55 30.6±0.62 31.1±0.90 NS 

Waist girth (cm) 110.9±1.61
1
 104.1±1.73 105.0±1.67 103.0±1.82 0.007 

Systolic blood 

pressure (mmHg) 137.9±3.09 142.5±2.73 139.1±2.76 134.5±2.85 NS 

Diastolic blood 

pressure (mmHg) 87.9±1.87 87.7±1.22 86.1±1.91 84.9±1.68 NS 

Serum TAG 

(mmol/l) 2.13±0.18 1.72±0.12 1.82±0.24 1.67±0.09 NS 

Plasma HDL-C 

(mmol/l) 0.94±0.04
1
 1.08±0.05 1.09±0.05 1.15±0.06 0.026 

Plasma glucose 

(mmol/l) 6.33±0.16 5.99±0.13 5.87±0.11 5.96±0.16 NS 

Serum insulin 

(mU/l) 13.0±1.17
2
 8.6±0.71 7.5±0.64 6.8±0.48 <0.001 

HOMAIR 3.62±0.32
2
 2.32±0.23 1.96±0.18 1.80±0.14 <0.001 

Statistical analyses comparing the quartiles of insulin sensitivity were performed by an one-way 
ANOVA, with p-values reported in the last column on the right. NS: non-significant. 
Values are significant at p<0.05, Data represent means ± SEM 
1
Weight, waist girth and plasma HDL-cholesterol are significantly different between the lowest quartile 

and the other quartiles (post-hoc LSD) 
2
Serum insulin, HOMAIR and insulin sensitivity are significantly 

different between the quartile groups (post-hoc LSD) 

 

quartile and >75
th
 quartile) and lower than in the middle groups. Moreover, PPARα 

(co-activated by PGC1α) showed a similar expression pattern (Figure 1F, p=0.002) 

also mCTP1b mRNA levels were comparable with PGC1α  (Figure 1G, p=0.005). 

PPARδ, NDUFB5 and SDHB mRNA were similar is all groups (Figure 1H, 1I and 

J). In a sub-group (n=37), we also measured mtDNA copy number in skeletal 

muscle and did not observe any differences across the quartiles of insulin 
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sensitivity (Figure 2A). There was a correlation between mtDNA copy number and 

the basal mRNA expression of PGC1α (r=0.353, p=0.037) (Figure 2B), the 

correlation was strongest in the most insulin sensitive group (data not shown). A 

negative correlation was observed between mtDNA copy number and waist-to-hip 

ratio (WHR) (r=-0.353, p=0.022) (Figure 2C).  

 

 

Lipogenesis 

Figure 3 illustrates mRNA expression levels of genes involved in lipogenesis. The 

normalized mRNA level of SREBP1c and ACC2 was significantly increased in the 

insulin resistant state (p=0.001 and p=0.022, respectively) (Figure 3A and C) with 

the two lower groups (<25
th
 and <50

th
 quartile) having higher levels than the two 

highest groups (>50
th
 and >75

th
 quartile). A significant gender*insulin sensitivity 

interaction was observed for SREBP1c (gender*insulin sensitivity, p=0.001), with 

only women having a higher SREBP1c expression in the insulin resistant groups.  
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For FAS (Figure 3D), SREBP2 (Figure 3E) and ChREBP (Figure 3F) there were 

no differences in mRNA levels among the four groups. 
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Intramuscular TAG turnover 

The normalized mRNA level of DGAT1 was slightly but significantly increased in 

the insulin resistant state (p=0.048 Figure 4A) with the two lower groups (<25
th
 and 

<50
th
 quartile) having higher levels than the two highest groups (>50

th
 and >75

th
 

quartile). No differences between quartiles were present for HSL, ATGL, CGI58 

and SCD1 mRNA expression (Figure 4 B, C, D and E).  

 

 

Figure 4. Basal normalized mRNA expression levels of genes important in 

intramuscular hydrolysis in the four quartiles of insulin sensitivity. (A) DGAT, (B) HSL, 

(C) ATGL, (D) CGI58, and (E) SCD1. Significant post hoc differences among the quartiles 

are indicated with asterisk. *p<0.05. ATGL, adipose triglyceride lipase; CGI58, comparative gene 

identification 58; DGAT1, diacylglycerol acyltransferase; HSL, hormone sensitive lipase; SCD1, 

stearoyl-CoA desaturase 1. 
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Gender differences in basal skeletal muscle mRNA expression 

A number of genes were differentially expressed among men and women. As 

mentioned above the expression of SREBP1c mRNA was higher in insulin resistant 

women (Figure 3B) than men. The expression of PPARα (p=0.037), PPARδ 

(p=0.077), LPL (p<0.001), ATGL (p=0.001), CGI58 (p=0.031), CD36 (p=0.013) and 

SCD1 (p<0.001) was significantly higher in women than men (Figure 5). Women 

had a lower body weight (85.64±1.68kg versus 98.38±1.55kg, p<0.001), but BMI 

(31.44±0.62 versus 31.15±0.44) was similar, whereas WHR was also significantly 

lower in women (0.90±0.01 versus 1.02±0.01, p<0.001). Women were more insulin 

sensitive than men (3.45±0.34(mU/l)*min
-1

*10
-4 

versus 2.33±0.17(mU/l)*min
-1

*10
-4

, 

p=0.002) but the gender-related differences in gene expression were independent 

of insulin sensitivity and body weight (no significant gender*insulin sensitivity 

interactions). 

 
 

DISCUSSION 

The individuals with MetS in this study demonstrated a wide range of insulin 

sensitivity, thus facilitating examination of the transcriptional regulation of skeletal 

muscle FA metabolism in relation to different degrees of insulin resistance.  The 

average insulin sensitivity of the most ‘insulin sensitive’ group is similar to that of 

healthy obese individuals [21], indicating that insulin sensitivity ranges from insulin 

sensitive to insulin resistant. Our data show enhanced mRNA of SREBP1c and 
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ACC2 in the insulin resistant individuals, suggesting a metabolic profile directed 

towards storage rather than oxidation. Interestingly, three genes involved in 

mitochondrial biogenesis, fat oxidation and mitochondrial FA transport, PGC1α, 

PPARα and mCPT1b, had a lower mRNA level in both the upper and lower 

quartiles of insulin sensitivity, from which it can be speculated that the most insulin 

resistant subjects are metabolically inflexible to regulate the expression of these 

genes and that the most insulin sensitive subjects do not need to increase these 

genes.  

  

PGC1α, downstream pathways and transport of fatty acids 

PGC1α is a coregulator of the mitochondrial biogenesis and stimulates FA 

oxidation [14]. Two studies reported a coordinated reduction of PGC1α in T2DM 

[16, 17], whereas two other studies [29-31] did not observe this reduction. The 

importance of studying subjects with a wide range of insulin sensitivity is illustrated 

in our present study suggesting that a reduced mRNA expression of PGC1α is 

present in the most insulin resistant individuals as well as in the most insulin 

sensitive group. PPARα and mCTP1b (under control of PGC1α), display a similar 

expression pattern in our study. Both genes play an important role in FA oxidation 

and mitochondrial FA transport, respectively [11,12]. It is tempting to speculate that 

very insulin resistant individuals may be metabolically inflexible to upregulate 

PCG1α. This may ultimately lead to reduced mitochondrial FA transport and 

oxidation, accumulation of lipid metabolites and insulin resistance. On the other 

hand, the expression of this coregulator in relatively insulin sensitive individuals is 

sufficient for normal FA oxidation to maintain insulin sensitivity. The middle groups 

may increase their basal FA oxidation, via upregulation of PGC1α, PPARα and 

mCPT1b and be able to maintain a certain degree of insulin sensitivity. This would 

fit with the concept postulated by Perseghin et al. [32] showing that higher lipid 

oxidation rates might counteract lipid accumulation in skeletal muscle and thereby 

avoid FA-induced insulin resistance in overweight individuals. No differences were 

observed between quartiles for SIRT1 and PPARδ mRNA and downstream genes 

regulating mitochondrial oxidative phosphorylation, like OXPHOS genes: NDUFB5 

(complex I) and SDHB (complex II). The results of our current study may support 

the theory proposed by Muoio and Koves [18]. This implies that lipid-induced 

insulin resistance is characterized by disturbances in upstream genes that do not 

correspond with changes in more downstream metabolic pathways, such as the 

mitochondrial respiratory chain. Like Morino et al. [30], we did not observe any 

differences in the mtDNA content among the quartiles of insulin sensitivity. The 
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mtDNA copy number negatively correlates with the WHR which may suggest that 

obesity per se is a stronger predictor of low mtDNA copy number than low insulin 

sensitivity.  It is important to indicate that in our study, all quartiles were matched 

for BMI, allowing separating the effect of obesity from that of insulin sensitivity. The 

expression of LPL mRNA was reduced in the lowest quartile of insulin sensitivity 

compared with the other three groups, with concomitant lower HDL-cholesterol 

concentrations in this group. Lower expression of LPL mRNA may reduce 

clearance of VLDL-TAG and chylomicron-TAG, which might explain lower HDL 

levels.  

 

Lipogenic genes 

The transcription factor SREBP1c interacts with insulin on transcription of several 

genes encoding enzymes in glucose and lipid metabolism [29, 33, 34], and insulin 

has been shown to upregulate SREBP1c. In this study, SREBP1c mRNA was 

significantly upregulated in the most insulin resistant groups, which is consistent 

with previous reports [29, 35]. This upregulation of SREBP1c was only present in 

women, possibly reflecting a higher lipogenic potential in women compared to men. 

ACC2 mRNA, under control of SREBP1c, is upregulated in all insulin resistant men 

and women (<50
th
 quartile). ACC2 converts acetyl CoA to malonyl-CoA thereby 

prioritizing lipogenesis instead of FA oxidation by inhibiting mCPT1 via malonyl-

CoA [1, 36]. Thus, if these higher mRNA levels of SREBP1c and ACC2 translate 

into activity, this may cause increased malonyl-CoA formation, reduced 

mitochondrial FA transport and a reduced FA oxidation. This conclusion fits with 

that of insulin resistant individuals having a metabolic profile favouring FA 

synthesis above oxidation [37].  

 

Gender differences 

Several researchers have shown that women have higher lipid oxidation than men 

[38] and women show higher in vivo lipolysis and uptake of plasma FFA in skeletal 

muscle [38, 39]. This is in accordance with our present results. ATGL, CGI58 and 

LPL mRNA are all higher at the basal level in women. Also PPARα and PPARδ 

were elevated, suggesting a higher FA oxidation. The increased expression of 

CD36 mRNA may implicate that there is a higher transport of LCFA into the 

cytosol. The enhanced expression of SREBP1c could imply that women also have 

a higher rate of lipogenesis. The gender-related differences in gene expression 

could not be explained by differences in body weight, body fat distribution or insulin 

sensitivity. Thus, our data may indicate that women have higher fat oxidative 

capacity and possibly higher FA turnover than men. 
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In conclusion, SREBP1c and ACC2 mRNA levels were higher in ‘insulin resistant’ 

(< 50
th
 quartile) as compared with ‘insulin sensitive’ (> 50

th
 quartile) individuals, 

probably reflecting a propensity for lipogenesis and a lower FA transport if mCPT1b 

activity is also reduced. Several other genes involved in FA partitioning and 

oxidative metabolism such as PGC1α, PPARα and mCPT1b exhibited reduced 

expression in both the most ‘insulin sensitive’ (above 75
th
 quartile), as well as the 

most ‘insulin resistant’ individuals (below 25
th
 quartile), although mtDNA copy 

number was similar. It is possible that the most ‘insulin sensitive’ individuals with a 

relatively higher propensity for FA oxidation, do not need to upregulate the genes 

important in FA oxidation, whereas the most ‘insulin resistant‘ individuals have a 

reduced ability to upregulate these genes. Women seem to have a higher 

expression of genes involved in lipolysis, lipogenesis, FA uptake and oxidation, 

which possibly reflects a higher FA turnover. 
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ABSTRACT 

 

Background: Dietary fat quality may influence skeletal muscle lipid handling and 

fat accumulation, thereby modulating insulin sensitivity.  

Objective: To examine acute effects of meals with various fatty acid (FA) 

compositions on skeletal muscle FA handling and postprandial insulin sensitivity in 

obese insulin resistant men.  

Design: In a single-blind randomized crossover study, 10 insulin resistant men 

consumed three high-fat mixed-meals (2.6MJ), which were high in saturated FA 

(SFA), monounsaturated FA (MUFA) or polyunsaturated FA (PUFA). Fasting and 

postprandial skeletal muscle FA handling were examined by measuring arterio-

venous concentration differences across the forearm muscle. [2H
2
]-palmitate was 

infused intravenously to label endogenous triacylglycerol (TAG) and FFA in the 

circulation and [U-
13

C]-palmitate was added to the meal to label chylomicron-TAG. 

Skeletal muscle biopsies were taken to assess intramuscular lipid metabolism and 

gene expression. 

Results: Insulin and glucose responses (AUC) after SFA meal were significantly 

higher compared with the PUFA meal (p=0.006 and 0.033, respectively). Uptake of 

TAG-derived FA was lower in the postprandial phase after the PUFA meal as 

compared with the other meals (AUC60-240, p=0.02). Fractional synthetic rate of the 

TAG, DAG and PL pool was higher after the MUFA meal as compared with the 

SFA meal. PUFA induced less transcriptional downregulation of oxidative pathways 

compared with other meals.  

Conclusion: PUFA reduced TAG-derived skeletal muscle FA uptake, which was 

accompanied by higher postprandial insulin sensitivity, a more transcriptional 

oxidative phenotype and altered intramyocellular lipid partitioning and may 

therefore be protective against the development of insulin resistance. 



ACUTE EFFECT OF DIETARY FA 

 
83 

INTRODUCTION 

 

Increased fat storage in non-adipose tissues like skeletal muscle (ectopic fat 

accumulation) is a strong indicator of insulin resistance [1]. Conditions 

characterized by insulin resistance are often accompanied by adipose tissue 

dysfunction and a reduced lipid buffering capacity, which may lead to an increased 

supply of triacylglycerol (TAG) and free fatty acids (FFA) to non-adipose tissues 

(lipid overflow hypothesis) [1, 2]. Together with an impaired capacity of skeletal 

muscle to oxidize fat [3-6], lipid overflow may cause excess fat storage in skeletal 

muscle. Increased lipid accumulation in skeletal muscle, in particular the 

accumulation of lipid metabolites like diacylglycerol (DAG), long-chain fatty acyl-

CoA and ceramides, may reduce insulin action by interference with insulin 

signaling [7-10]. Dietary intervention, in particular a reduction of saturated fat 

(SFA), may improve insulin sensitivity [11-13], possibly through effects on lipid 

overflow and skeletal muscle FA handling. Polyunsaturated FA (PUFA) may reduce 

lipid overflow in the circulation by increasing lipid uptake and storage in adipose 

tissue by inducing adipocyte differentiation [14]. Furthermore, it has been found in 

human muscle cell lines that SFA accumulate preferentially as DAG, thereby 

activating protein kinase C and inhibiting insulin signaling, whilst unsaturated FA 

are readily converted to TAG [15]. Furthermore, oleic acid accumulates to a lesser 

extent as DAG or TAG than palmitic acid and is more directed towards oxidation 

[16]. The underlying mechanisms for the differential effect of FA on metabolism 

may relate to intracellular pathways that are differently tuned by FA subtypes. It 

has been shown that PUFA may regulate gene transcription within minutes, acting 

as agonists of peroxisome proliferator-activated receptors (PPARs) and sterol 

regulatory element-binding protein 1c (SREBP1C) [17]. However, human in vivo 

studies investigating the effects of meals with different FA composition on skeletal 

muscle FA handling are lacking. Recently, a unique dual stable isotope tracer 

approach was validated to study skeletal muscle FA metabolism in detail. This 

offers, in combination with measurements of arterio-venous concentration 

differences across the forearm muscle [6, 18], the possibility of differentiation 

between the metabolic fate of dietary versus endogenous FA. The hypothesis of 

the present study was that a meal high in unsaturated FA may acutely improve 

insulin sensitivity by reducing lipid overflow and shifting FA partitioning within 

muscle towards oxidation as compared with a meal high in SFA in obese insulin 

resistant subjects.  The objective of the present study was to examine the acute 

effects of meals with various FA compositions on forearm muscle FA handling and 

postprandial insulin sensitivity in obese insulin resistant men using the dual stable 
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isotope technique. Furthermore, baseline and postprandial skeletal muscle 

biopsies were collected for assessment of intramuscular FA handling and the 

transcriptional regulation of FA metabolism.  

 

METHODS 

 

10 insulin resistant men (age 50–70 years; BMI 29-39 kg/m
2
; HOMAIR >2.5) 

participated in a single-blind randomized cross-over study (Table 1). Exclusion 

criteria were weight change of >3 kg within the last 3 months before the study; 

diabetes; chronic inflammatory conditions; kidney or liver dysfunction; use of 

hypolipidemic or anti-inflammatory medication; use of β-blockers; use of aspirin >1 

per week; highly-trained athletes; and alcohol abuse. All subjects were informed 

about the nature of the study and written informed consent was obtained before 

study participation. The local Medical Ethical Committee of Maastricht University 

Medical Centre approved the study protocol. 

 

Table 1. Subject characteristics. 

 NGT (n=10) 

Age (yrs) 61.5 ± 1.6 

Body weight (kg) 98.1 ± 2.8 

BMI (kg/m
2
) 33.8 ± 3.8 

Body fat (%) 31.6 ± 0.9 

Fat free mass (kg) 70.3 ± 1.8 

Fat mass (kg) 28.1 ± 1.6 

Waist-hip ratio 1.04 ± 0.01 

FPG (mmol/l) 5.6 ± 0.1 

2h PG (mmol/l) 6.2 ± 0.4 

Fasting insulin (µU/l) 13.7 ± 1.3 

HOMAIR 3.5 ± 0.4 

M-value (µmol*kgBW
-1
*min

-1
) 3.4 ± 0.8 

HbA1c (%) 5.7 ± 0.2 
Values are mean ±SEM. NGT, normal glucose tolerant; FPG, fasting plasma  

glucose; PG, plasma glucose 

 

Experimental design 

The design of the study was a randomized cross-over design with three different 

treatments. On four occasions, subjects arrived at the university after an overnight 

fast. On the first day, subjects completed anthropometric measurements, a fasting 

blood sample was collected, and a hyperinsulinaemic–euglycaemic clamp was 

performed to measure insulin sensitivity, using a modification of the method 
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described by DeFronzo et al. [19]. On the other three days (2-3 weeks between 

measurements, in randomized order), subjects were studied under baseline 

conditions and for 4 hours after the ingestion of a liquid high-fat mixed-meal, which 

was high either in SFA, MUFA or PUFA. A dual stable isotope technique was used, 

to study the contribution of dietary TAG (labeled with [U-
13

C]-palmitate), and 

endogenous TAG, i.e. VLDL, and circulating FFA (both labeled with [
2
H2]-palmitate) 

to lipid overflow and skeletal muscle FA handling, as reported previously [6, 18, 

20]. 

 

Test meal composition  

The liquid test meal provided 2.6MJ, consisting of 61E% fat, 33E% carbohydrates 

and 6.3E% protein. Subjects were asked to drink the test meal within 5min. The FA 

composition of the test meals is presented in table 2. The MUFA meal consisted 

out of 40g olive oil and the PUFA meal contained 20g safflower oil and 20g fish oil 

(18% EPA/12% DHA) (sponsored by Bioriginal, Den Bommel, The Netherlands). 

 

Table 2. Fatty acid composition of test meals. 

 SFA MUFA PUFA 

Protein (E%) 6.3 6.5 6.5 

CH (E%) 32.6 32.3 32.3 

Fat (E%)  61.2 61.2 61.2 

SFA (E%) 35.5 11.6 14.4 

MUFA (E%) 18.8 42.2 11.9 

PUFA (E%) 1.7 4.6 34.8 

CH, carbohydrate; SFA, saturated fatty acid; MUFA, monounsaturated; PUFA,  

polyunsaturated fatty acid; FFA, free fatty acids. 

 

Tracer infusion study 

Subjects arrived at the university after an overnight fast and were asked to refrain 

from drinking alcohol and to perform no strenuous exercise 24h before the study 

day. In addition, they were asked to avoid food products naturally enriched with 

[
13

C] (i.e corn or pineapple) during the whole study period. Skeletal muscle 

metabolism was studied in the forearm muscle, using arterio-venous concentration 

differences corrected for blood flow. Three catheters were inserted before the start 

of the experiment. One catheter was placed retrogradely into a superficial dorsal 

hand vein, which was heated in a hot-box (60ºC) to obtain arterialized blood. In the 

same arm another catheter was placed in an antecubital vein for the infusion of the 

[
2
H2]-palmitate tracer. A third catheter was placed retrogradely in a deep 
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antecubital vein of the contralateral forearm to sample venous blood draining the 

forearm muscle. After taking an arterialized and deep venous background sample 

at t-90 (i.e., 90min before meal ingestion), a continuous intravenous infusion of the 

stable isotope tracer [
2
H2]-palmitate (97% enrichment, Cambridge Isotope 

Laboratories, Andover, MA) complexed to albumin was started (0.035 µmol*kg 

body weight
−1

*min
−1

). Baseline blood sampling was started after 1h of tracer 

infusion to allow for isotopic equilibration to occur. Blood samples were taken 

simultaneously from the radial artery and the deep muscle vein at three time points 

during fasting (t-30, t-15, t0), and six time points postprandial (t30, t60, t90, t120, 

t180, t240) after consumption of a high-fat mixed-meal (t0) containing 200 mg [U-
13

C]-palmitate (98% enrichment, Cambridge Isotope Laboratories). Forearm blood 

flow was measured before each blood sampling as described previously [21]. 

Skeletal muscle biopsies were taken during fasting conditions (after placing the 

three catheters and before the background blood sampling) and at the end of the 

postprandial measurement period (t240).  

 

Indirect calorimetry 

Energy expenditure and whole-body substrate utilization were measured using an 

open-circuit ventilated hood system (Omnical, Maastricht University, The 

Netherlands) under fasting conditions and after meal ingestion (t30, t60, t90, t120, 

t180 and t240) [22]. Gas analyses, which occurred every 15seconds, were 

performed by dual paramagnetic O2 analyzers and dual infrared CO2 analyzers 

(type 1156, 1507, 1520; Servomex, Cowborough, Sussex, UK), similar to the 

analysis system described by Schoffelen et al. [23]. Nitrogen excretion was 

calculated based on the assumption that protein oxidation represents ~15% of total 

energy expenditure. Energy expenditure was calculated using the formula of 

Weir [24]. 

 

Biochemical analyses 

Blood was collected in EDTA tubes, centrifuged (1000g, 10min, 4ºC) and plasma 

was immediately frozen in liquid nitrogen and stored at −80ºC until analysis. 

Plasma FFA was analyzed using standard enzymatic techniques automated on a 

Cobas Fara centrifugal spectrophotometer (Roche Diagnostics, Basel, 

Switzerland). Plasma TAG, glycerol, glucose, and lactate were analyzed 

enzymatically on a Cobas Mira automated spectrophotometer. Plasma insulin was 

measured with a double antibody radioimmunoassay (Linco Research, St Charles, 

MO). Hematocrit was determined in heparinized blood using a microcapillary 

system. 
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To determine isotope enrichment of plasma FFA and TAG, total lipids were 

extracted from the plasma using chloroform-methanol 2:1 (vol/vol). The FFA and 

TAG fractions were separated by thin-layer chromatography and derivatized to 

their methyl esters for the analysis of plasma palmitate. Plasma fractions were 

analyzed for the 
13

C-to-
12

C ratio on a gas chromatography continuous-flow isotope 

ratio-mass spectrometer (Finnigan MAT-252 GC-IRMS, Bremen, Germany) and for 

enrichment of [
2
H2] (Finnigan Incos-XL GC-MS). The methyl ester of palmitate 

contains 17 carbon atoms and therefore, the tracer/tracee ratio (TTR) of palmitate 

was corrected for the extra methyl group. Plasma palmitate concentrations (µmol/l) 

were analyzed on an analytical GC with ion flame detection using heptadecanoic 

acid as internal standard. 

 

Skeletal muscle biopsy 

Skeletal muscle biopsies were taken at baseline (after placing the three catheters 

and before the background blood sampling) and at the end of the postprandial 

measurement period (t240). Biopsies were obtained from the vastus lateralis 

muscle under local anesthesia of the skin and fascia using the Bergström method 

with suction [25], cleaned from any visible fat and blood, immediately frozen in 

isopentane at its melting point, and stored at −80ºC until analysis. The biopsies 

were taken to determine intramuscular TAG, DAG, FFA, and phospholipid (PL) 

content, their degree of saturation, as well as the fractional synthetic rate (FSR) of 

TAG, DAG, and PL (see skeletal muscle lipids). We investigated gene expression 

profiles using microarray.  

 

Skeletal muscle lipids 

Skeletal muscle biopsies were lyophilized and dissected free of extramyocellular 

lipid, blood, and connective tissue. Total lipids were extracted from 10 to 20mg 

muscle sample using chloroform-methanol (2:1 vol/vol) and internal standards, and 

thereafter evaporated under nitrogen at 37°C. The extracted lipids were separated 

into TAG, DAG, FFA, and PL by thin-layer chromatography and transferred into 

tubes for methylation. The TAG and DAG fractions were methylated by adding 1ml 

of toluene-methanol-(BF3-methanol 14%) (20%-55%-25% vol/vol) and incubated in 

capped tubes for 30min at 100ºC. The PL fraction was methylated by adding 1ml of 

(BF3-methanol 14%) and incubation in capped tubes for 90min at 100ºC. The FFA 

fraction was methylated by adding 1ml of methanol-(BF3-methanol 14%) (50%-

50% vol/vol) and incubation in capped tubes at room temperature for 15min. After 

incubation, 2ml pentane was added to the samples, vortexed, and centrifuged 

(1000g, 5min, 20ºC), followed by isolation of pentane extracts (upper phase) and 
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evaporation under nitrogen at 30ºC. Finally, the residues were dissolved in iso-

octane and concentrations of FA in the fractions were determined using an 

analytical GC. Stable isotope enrichment of the lipid fractions was determined by 

measuring the 
13

C-to-
12

C ratio on a gas chromatography continuous-flow isotope 

ratio-mass spectrometer (Finnigan MAT-252). 

 

Skeletal muscle gene expression 

 

RNA extraction 

Total RNA was extracted from frozen skeletal muscle specimens using TRIzol 

reagent (Invitrogen, Breda, the Netherlands). RNA quantity was measured with the 

ND-100 spectrophotometer (Isogen Life Science, Ijsselstein, the Netherlands), and 

RNA integrity was analyzed on an Agilent 2100 BioAnalyzer (Agilent Technologies, 

Amsterdam, The Netherlands) using nanochips according to manufacturer’s 

instructions.  

 

Microarray processing 

Total RNA (100ng/sample) was labeled by using Whole Transcript Sense Target 

Assay and hybridized to human whole-genome Affymetrix Gene 1.0 ST arrays 

targeting 19 793 unique genes (Affymetrix, Santa Clara, CA). Sample labeling, 

hybridization to chips, and image scanning were performed according to the 

manufacturers’ instructions.  

 

Microarray data analysis 

Quality control was performed and fulfilled the criteria for array hybridization 

suggested by the Tumor Analysis Best Practices Working Group [26]. Microarrays 

were analyzed by using the reorganized oligonucleotide probes as described by 

Dai et al [27]. All individual probes for a gene were combined, which allowed the 

possibility of detecting overall transcription activity on the basis of the latest 

genome and transcriptome information instead of on the basis of the Affymetrix 

probe set annotation. Expression values were calculated with the Robust Multichip 

Average (RMA) method and normalized by using quantile normalization [28, 29]. 

Only probe sets with normalized signals >20 on >4 arrays were defined as 

expressed and selected for analysis. Individual genes were defined as changed 

when comparison of the normalized signal intensities showed a false discovery rate 

(FDR) [30] Q value <0.05 in a 2-tailed paired t-test with Bayesian correction 

(Limma) [31]. Data were analyzed with the use of Ingenuity Pathway Analysis 

version 6.0 (Ingenuity Systems, Redwood City, CA). Our analysis identified 
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canonical pathways that were most significant to the data set. The analysis was 

performed for up- and down-regulated gene sets together. Array data have been 

submitted to the Gene Expression Omnibus GSE31901.  

 

cDNA synthesis and quantitative real-time polymerase chain reaction 

Real-time quantitative Polymerase Chain Reaction (PCR) was used to analyze 

RNA samples. Total RNA was reverse-transcribed in a 20µl reaction using the 

iScript cDNA synthesis Kit (Bio-Rad,Veenendaal, the Netherlands) according to the 

manufacturer’s instructions. Primers (available upon request) were designed using 

Beacon designer or were obtained by using Primer Bank. Real-time PCR was 

carried out in an icycler thermal cycler upgraded with a MyIQ
TM

 Single Color Real-

Time PCR detection system (Bio-Rad, Veenendaal, the Netherlands). Gene 

expression levels were normalized using housekeeping genes β-actin and β-2 

microglobulin (β2M). GeNorm was used to test the stability of the housekeeping 

genes [32].   

 

Calculations 

The homeostasis model assessment for insulin resistance (HOMAIR) was 

calculated according to Matthews et al. [33]. The M-value from the 

hyperinsulinaemic–euglycaemic clamp was calculated as described by DeFronzo 

[19]. Glucose and insulin AUC in response to the meal and AUCglucose* AUCinsulin* 

10
–6

 (Plasma Glucose Index, PGI) were used as indices of postprandial insulin 

sensitivity [34, 35]. Lower values of PGI are indicative of better insulin sensitivity. 

The net flux of metabolites (labeled and unlabeled) across the forearm muscle was 

calculated by multiplying the arterio-venous concentration difference by forearm 

plasma flow. Plasma flow was calculated by multiplying forearm blood flow with (1-

hematocrite)/100. A positive flux indicates net uptake across forearm muscle, 

whereas a negative flux indicates net release. Fractional extraction of metabolites 

(%) was calculated as the arterio-venous concentration difference divided by the 

arterialized concentration. As a measure of efficiency of substrate removal from the 

circulation, clearance across forearm muscle was calculated by multiplying the 

fractional extraction with forearm plasma flow. Fasting rate of appearance of FFA 

(RaFFA) (µmol*kg
-1

*min
-1

) was calculated with Steele’s equation for steady-state, 

whereas Steele’s single-pool non-steady-state equations adapted for use with 

stable isotopes was used to calculate RaFFA in the postprandial state [36]. Labeled 

FFA and TAG concentrations were calculated as the product of TTR of [
2
H2]- and 

[U-
13

C]-palmitate and the concentration of palmitate in FFA and TAG. Fractional 
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extraction of [U-
13

C]-palmitate derived from the hydrolysis of [U-
13

C]-palmitate in 

TAG (i.e., percentage “entrapment”) across forearm muscle was calculated as 

described previously, with the assumption that a proportion of FA derived from 

TAG hydrolysis may not be taken up by skeletal muscle [6, 18]. 

The FSR of skeletal muscle TAG, DAG, and PL were calculated using skeletal 

muscle FFA as the precursor pool for lipid synthesis [37]. The increase in TTR of 

[U-
13

C] from fasting to 4h postprandial was divided by the enrichment of skeletal 

muscle FFA and expressed as percentage per hour (%/h). The degree of 

saturation of skeletal muscle TAG, DAG, PL, and FFA (%) was calculated by 

dividing the sum of SFA by the total amount of FA in a fraction. ∆
9
-desaturase 

activity was estimated as the proportion palmitoleic acid (C16:1n-7) to palmitic acid 

(C16:0), and as the proportion oleic acid (C18:1n-9) to stearic acid (C18:0). Total 

skeletal muscle TAG, DAG, FFA, and PL contents were estimated as the sum of 

the particular FA content of the assessed fraction. Postprandial AUC of metabolites 

and substrate fluxes were calculated using the trapezoidal rule. Besides the total 

AUC (0–4h after meal ingestion), also the “early” (0–2h), and “mid” (2–4h) AUC 

was calculated to obtain more detailed information about the time course of 

postprandial responses.  

 

Statistics 

Differences between the diets were examined using repeated-measures ANOVA 

(using AUC). When a significant diet by time interaction was observed, Bonferroni 

post-hoc testing was performed. Statistical analyses were performed using SPSS 

19.0 for Mac (SPSS Inc., Chicago, IL, USA). All data are presented as mean ± 

standard error of the mean (SEM). Statistical significance was set at p<0.05. 

 

RESULTS 

 

Arterialized metabolites, forearm blood flow and forearm muscle metabolism 

Fasting arterialized plasma glucose (Figure 1A) and insulin (Figure 1B) 

concentrations were comparable between the different meal test days. The 

postprandial arterialized plasma glucose and insulin concentrations were higher 

after the SFA meal then after the PUFA meal (glucose: p=0.006 and insulin: 

p=0.033, Table 3) with intermediate values after the MUFA meal. AUC for glucose 

and insulin, and the product of AUCglucose* AUCinsulin* 10
–6

 (PGI) were used as 

indices of insulin sensitivity. The PGI after the SFA meal (12.8 ± 1.5 PGI) was 

significantly higher as compared with the PUFA meal (8.5 ± 0.8 PGI, p=0.02). Net 
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glucose flux (Figure 1C), arterialized lactate concentrations (Figure 1D) and net 

lactate flux (data not shown) were not different after intake of the different meals 

(Table 3).  

 

 

 
Figure 1. Postprandial arterialized glucose, insulin and lactate response. 

(A) Arterialized glucose, (B) arterialized insulin, (C) the net flux of glucose and (D) 

arterialized lactate concentrations under fasting conditions (t=0) and after consumption of a 

high-fat mixed-meal. Values are mean ± SEM. n=10.  Repeated measures ANOVA were 

performed with Bonferroni post-hoc testing using the integrated responses (AUC) (Table 3). Square; 

SFA, triangle; MUFA, circles; PUFA. 

 

Whole-body and forearm muscle FFA metabolism  

 

Whole-body FFA metabolism 

Postprandially, arterialized FFA concentrations decreased during the first 2h and 

returned to fasting values after 4h in all conditions (Figure 2A). FFA concentrations 

tended to be lower after the SFA meal in the mid phase (2-4h) compared with the 

PUFA meal (p=0.086, Table 3). [
2
H2]-labeled palmitate was infused intravenously 

and mixed with the plasma FFA pool. The tracer/tracee ratio (TTR) reached a 

steady state during fasting measurements (Figure 2B). Consistent with these  
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C D 



CHAPTER 4 
 

 
92 

Table 3. Integrated responses (AUC) of plasma metabolites after the intake of high-fat 

mixed meals. 

 
Post-hoc 

 
SFA MUFA PUFA 

ANOVA 
p-value SFA vs 

MUFA 
SFA vs 
PUFA 

MUFA vs 
PUFA 

 
Arterialized Glucose (mmol/l per min)  

   

 Postprandial (0-4h) 5.77 ± 0.13 5.59 ± 0.14 5.48 ± 0.12 0.003 0.139 0.006 0.301 

 Early 5.94 ± 0.15 5.79 ± 0.15 5.74 ± 0.13 0.040 0.474 0.013 1.000 

 Mid 5.61 ± 0.14 5.39 ± 0.15 5.22 ± 0.15 0.002 0.179 0.011 0.174 

 
Arterialized Insulin (µU/ml per min)    

 Postprandial (0-4h) 38.7 ± 4.5 34.5 ± 4.1 27.0 ± 2.5 0.028 0.681 0.033 0.387 

 Early 46.3 ± 6.2 42.2 ± 5.3 34.7 ± 4.3 0.182 NA NA NA 

 Mid 31.0 ± 3.9 26.8 ± 3.6 19.3 ± 2.0 0.006 0.243 0.021 0.305 

 
Net Glucose Flux across forearm muscle (µmol*100ml

-1
*min

-1 
per min) 

 Postprandial (0-4h) 0.59 ± 0.09 0.52 ± 0.06 0.51 ± 0.11 0.228 NA NA NA 

 Early 0.70 ± 0.14 0.51 ± 0.06 0.58 ± 0.14 0.075 0.107 0.254 1.000 

 Mid 0.48 ± 0.05 0.52 ± 0.09 0.43 ± 0.09 0.289 NA NA NA 

 
Arterialized Lactate (mmol/l per min)

 
   

 Postprandial (0-4h) 1.08 ± 0.06 1.00 ± 0.09 1.02 ± 0.08 0.366 NA NA NA 

 Early 1.12 ± 0.06 1.14 ± 0.11 1.20 ± 0.09 0.244 NA NA NA 

 Mid 1.04 ± 0.08 0.87 ± 0.07 0.83 ± 0.09 0.048 0.068 0.145 1.000 

 
Arterialized FFA (mmol/l per min)    

 Postprandial (0-4h) 336 ± 17 377 ± 33 377 ± 26 0.193 NA NA NA 

 Early 374 ± 28 360 ± 33 350 ± 29 0.704 NA NA NA 

 Mid 297 ± 16 393 ± 36 403 ± 29 0.019 0.142 0.086 1.000 

 
Rate of appearance FFA (µmol*kg

-1
*min

-1
 per min)     

 Postprandial (0-4h) 4.60 ± 0.40 5.29 ± 0.42 5.62 ± 0.28 0.019 0.202 0.044 1.000 

 Early 5.09 ± 0.43 5.71 ± 0.47 5.86 ± 0.36 0.174 NA NA NA 

 Mid 4.11 ± 0.42 4.88 ± 0.46 5.37 ± 0.25 0.021 0.357 0.029 0.717 

 
Arterialized TAG (µmol/l per min)    

 Postprandial (0-4h) 1716 ± 192 1727 ± 183 1424 ± 180 0.377 NA NA NA 

 Early 1359 ± 179 1274 ± 162 1125 ± 148 0.656 NA NA NA 

 Mid 2073 ± 209 2181 ± 208 1724 ± 218 0.141 NA NA NA 

 
[
2
H2]-labeled palmitate in TAG (µmol/l per min) 

 Postprandial (0-4h) 9.8 ± 0.9 8.8 ± 0.8 8.0 ± 0.8 0.036 0.208 0.176 0.496 

 Early 6.0 ± 0.6 5.5 ± 0.5 5.3 ± 0.6 0.224 NA NA NA 

 Mid 13.6 ± 1.3 12.0 ± 1.2 10.6 ± 1.1 0.025 0.185 0.125 0.445 
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[U-

13
C]-labeled palmitate in TAG (µmol/l per min) 

 Postprandial (0-4h) 4.0 ± 0.4 7.0 ± 1.0 3.8 ± 0.5 0.024 0.149 1.000 0.079 

 Early (1-2h) 13.3 ± 3.2 22.2 ± 10.2 7.5 ± 2.5 0.249 NA NA NA 

 Mid 5.6 ± 0.8 9.9 ± 1.7 5.4 ± 1.0 0.019 0.107 1.000 0.069 

Postprandial data are expressed as AUC/min and based on postprandial period (0-4h after meal 

ingestion) unless otherwise stated. Early is 0-2h after meal ingestion and mid is 2-4h after meal 

ingestion. SFA, saturated fatty acid; MUFA, monounsaturated; PUFA, polyunsaturated fatty acid; FFA, 

free fatty acids; TAG, triacylglycerol; NA, not applicable. Values are mean ± SEM. n=10. p-value 

represents overall p-value of the repeated measures ANOVA. Post-hoc testing was performed using the 

Bonferroni correction. 

 

findings, the RaFFA in the circulation decreased after the meals, which is indicative 

of suppression of whole-body lipolysis (Figure 2C). The RaFFA was more reduced 

after the SFA meal in the postprandial phase as compared with the PUFA meal 

(p=0.044, Table 3). [U-
13

C]-labeled palmitate (resulting from spillover of FA derived 

from chylomicron-TAG hydrolysis) appeared in the plasma FFA pool from 60min 

after meal ingestion and concentrations increased throughout the postprandial 

period. There were no differences in arterialized concentrations of [
2
H2]- or [U-

13
C]-

labeled palmitate in FFA after the three high-fat mixed-meals at any time (data not 

shown). The TTR of [
2
H2]-labeled palmitate in FFA was higher in arterialized versus 

deep venous plasma after all high-fat mixed-meals (SFA: p=0.004, MUFA: 

p=0.002, PUFA: p=0.001), indicating dilution of the [
2
H2]-tracer in the plasma FFA 

pool across forearm muscle (Figure 2B). The TTR of [U-
13

C]-palmitate in FFA was 

not different in arterialized versus deep venous plasma after the three high-fat 

mixed-meals (Figure 2D). 

 

Forearm muscle FFA metabolism 

The net flux of plasma FFA across forearm muscle (arterio-venous concentration 

difference multiplied by forearm plasma flow) was not different after the high-fat 

mixed-meals  (Table 4). At the same time, a consistent uptake of [
2
H2]-labeled 

palmitate FFA was observed after all high-fat mixed-meals (Table 4), with no 

differences between meals. 
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Figure 2. Postprandial whole body free fatty acid (FFA) metabolism. 

(A) Arterialized plasma free fatty acid (FFA) concentrations, (B) the tracer-tracee ratio (TTR) 

of [
2
H2]-palmitate, (C) the rate of appearance of FFA (RaFFA) and (D) TTR of [U-

13
C]-

palmitate. Values are mean ± SEM. n=10. Repeated measures ANOVA were performed with 

Bonferroni post-hoc testing using the integrated responses (AUC) (Table 3). For figure B and D also 

paired student’s t-test were performed to analyze the difference in TTR between arterialized and deep 

venous plasma. (B) The TTR of [
2
H2]-labeled palmitate in FFA was higher in arterialized versus deep 

venous plasma after all high-fat mixed-meals (iAUC: SFA: p=0.004, MUFA: p=0.002, PUFA: p=0.001). 

(D) The TTR of U-
13

C]-labeled palmitate was not different in arterialized versus deep venous plasma 

after the three high-fat mixed meals. (B and D) There were no differences between the three high fat 

mixed meals. Square; SFA, triangle; MUFA, circles; PUFA. White symbols: arterialized plasma 

concentration (ART); Black symbols: deep venous plasma concentration (DV).  

 

Whole-body and forearm muscle TAG metabolism 

 

Whole-body TAG metabolism 

Arterialized plasma TAG concentrations were similar between groups under fasting 

conditions and after ingestion of a high-fat mixed-meal (Figure 3A and Table 3). 

The [
2
H2]-palmitate tracer could be measured in plasma TAG from the first baseline 

sample onward, reflecting incorporation of the intravenously infused tracer into 

VLDL-TAG (Figure 3B). The [U-
13

C]-palmitate tracer, given with the meal, 

appeared in plasma TAG from 60min after meal ingestion, representing 

chylomicron-TAG in the circulation (Figure 3B). Both labeled TAG fractions 

increased up to 4h postprandial, whilst the [U-
13

C]-labeled palmitate in TAG tended 

A B 

C D 
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to increase more pronounced after the MUFA meal as compared with the PUFA 

meal (p=0.079, Figure 3B and Table 3). The increase in [
2
H2]-labeled palmitate in 

TAG was most pronounced after the SFA meal (p=0.036, Figure 3B and Table 3). 

 

 

 

Figure 3. Postprandial whole triacylglycerol (TAG) metabolism. 

(A) Arterialized plasma triacylglycerol (TAG) concentrations, (B) [
2
H2]-palmitate in TAG and 

[U-
13

C]-palmitate in TAG, and (C) total uptake of TAG-derived FA during fasting (t=0) and 

after consumption of a high-fat mixed-meal. Values are mean ± SEM. n=10. Repeated 

measures ANOVA were performed with Bonferroni post-hoc testing using the integrated responses 

(AUC) (Table 3 and 4). Square; SFA, triangle; MUFA, circles; PUFA. Black symbols are [
2
H2]-palmitate 

and white symbols are [
13

C]-palmitate in panel C. 

 

Forearm muscle TAG metabolism 

Fractional extraction of [U-
13

C]-labeled palmitate in TAG across forearm muscle 

was consistently greater than the fractional extraction of [
2
H2]-labeled palmitate in 

TAG throughout the whole postprandial period (data not shown). There were no 

significant differences in extraction of [
2
H2]-labeled palmitate in TAG after the three 

high-fat mixed-meals (Table 4). Extraction of [U-
13

C]-labeled palmitate in TAG 

tended to be reduced after the PUFA meal compared with the MUFA meal in the 

early phase (p=0.06, Table 4). The (unidirectional) uptake of FA derived from TAG 

hydrolysis across forearm muscle was reduced after the PUFA meal as compared 

with the SFA meal (p=0.02, Figure 3C and Table 4).  

A 

C 

D 
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Table 4. Fasting and postprandial FFA and TAG metabolism and forearm blood flow 

 SFA MUFA PUFA p-value 

Forearm blood flow (ml*100ml
-1

*min
-1

) 

     Fasting  3.28 ± 0.53 2.74 ± 0.29 2.65 ± 0.21 0.189 

     Postprandial (0-4h) 3.25 ± 0.41 2.95 ± 0.26 2.59 ± 0.26 0.859 

     Early 3.28 ± 0.48 2.90 ± 0.27 2.77 ± 0.26 0.725 

     Mid 3.10 ± 0.26 2.87 ± 0.23 3.01 ± 0.23 0.628 

 
Net FFA flux across forearm muscle (nmol*100ml

-1
*min

-1
) 

     Fasting  14.3 ± 80.9 20.4 ± 61.2 11.5 ± 60.1 0.937 

     Postprandial (0-4h) 26.7 ± 37.2 47.2 ± 29.6 20.0 ± 32.7 0.375 

     Early -14.0 ± 52.2 6.7 ± 39.1 -20.2 ± 35.0 0.195 

     Mid 67.3 ± 24.0 87.6 ± 22.0 64.5 ± 37.5 0.601 

 
[
2
H2]-palmitate FFA net flux across forearm muscle (nmol*100ml

-1
*min

-1
) 

     Fasting  2.19 ± 0.47 1.78 ± 0.40 1.80 ± 0.34 0.504 

     Postprandial (0-4h) 1.80 ± 0.37 1.58 ± 0.23 1.68 ± 0.29 0.703 

     Early 1.78 ± 0.40 1.49 ± 0.32 1.48 ± 0.32 0.271 

     Mid 1.83 ± 0.38 1.66 ± 0.32 1.89 ± 0.33 0.826 

 
[
13

C]-palmitate FFA net flux across forearm muscle (nmol*100ml
-1

*min
-1

)
 

     Fasting  NA NA NA  

     Postprandial (0-4h) 7.53 ± 3.64 9.87 ± 3.97 3.69 ± 4.56 0.448 

     Early 0.07 ± 0.10 -0.07 ± 0.12 0.02 ± 0.03 0.505 

     Mid 0.06 ± 0.03 0.08 ± 0.03 0.03 ± 0.04 0.408 

 
Net TAG flux across forearm muscle (nmol*100ml

-1
*min

-1
) 

     Fasting  58.0 ± 35.5 21.6 ± 9.7 44.8 ± 21.5 0.365 

     Postprandial (0-4h) 81.4 ± 9.9 70.3 ± 55.0 48.7 ± 16.3 0.526 

     Early 85.6 ± 33.8 47.6 ± 10.8 44.6 ± 16.3 0.904 

     Mid 74.4 ± 25.2 87.2 ± 24.1 68.9 ± 15.3 0.647 

 
[
2
H2]-palmitate TAG net flux across forearm muscle (nmol*100ml

-1
*min

-1
) 

     Fasting  0.05 ± 0.27 0.12 ± 0.21 0.38 ± 0.14 0.479 

     Postprandial (0-4h) -0.08 ± 0.30 -0.35 ± 0.20 0.18 ± 0.18 0.277 

     Early 0.13 ± 0.24 0.31 ± 0.19 0.34 ± 0.23 0.678 

     Mid -0.28 ± 0.53 -1.02 ± 0.31 0.02 ± 0.36 0.255 

 
[
13

C]-palmitate TAG net flux across forearm muscle (nmol*100ml
-1

*min
-1

) 

     Fasting  NA NA NA NA 

     Postprandial (0-4h) 0.35 ± 0.18 -0.18 ± 0.18 0.12 ± 0.30 0.256 

     Early 0.19 ± 0.07 0.30 ± 0.10  0.04 ± 0.02
#
 0.103 

     Mid 0.43 ± 0.26 -0.43 ± 0.31 0.16 ± 0.45 0.214 
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Unidirectional uptake FA derived from TAG hydrolysis (nmol*100ml
-1

*min
-1

) 

     Fasting  271.5 ± 41.9 250.3 ± 61.4 147.3 ± 41.8
*
 0.082

 

     Postprandial (0-4h) 237.3 ± 28.2 146.5 ± 46.9 119.8 ± 40.4
*
 0.069 

     Early 288.6 ± 51.5 302.3 ± 76.0 161.1 ± 46.1
*
 0.094 

Postprandial data are expressed as AUC/min and based on postprandial period (0-4h after meal 
ingestion) unless otherwise stated. Early is 0-2h after meal ingestion and mid is 2-4h after meal 
ingestion. SFA, saturated fatty acid; MUFA, monounsaturated; PUFA, polyunsaturated fatty acid; FFA, 
free fatty acids; TAG, triacylglycerol; NA, not applicable. Values are mean ± SEM. n=10. p-value 
represents overall p-value of the repeated measures ANOVA. Post-hoc testing was performed using the 
bonferroni correction. * SFA versus PUFA p<0.05. # MUFA versus PUFA p<0.1. 

 

Energy expenditure and whole-body substrate metabolism 

Whole-body energy expenditure, respiratory quotient, carbohydrate oxidation and 

fat oxidation during fasting and after meal ingestion were comparable between the 

different meals (data not shown). 

 

Figure 4. Fractional synthetic rate after the high-fat mixed-meals.  

The FSR in (A) TAG, (B) DAG and (C) PL after consumption of a high-fat mixed-meal. 

DAG, Diacylglycerol; FSR, fractional synthetic rate; TAG, triacylglycerol. Values are mean ± SEM. n=8. 

Paired student’s t-tests were performed. 
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Intramuscular lipid metabolism 

 

Muscle lipid content and composition 

The content of skeletal muscle TAG, DAG, FFA, and PL did not change after the 

three high-fat mixed-meals (data not shown). The saturation of muscle TAG, DAG, 

PL and FFA was not different after the ingestion of the different meals (data not 

shown). Also the individual FA in the different muscle lipid pools did not change 

after the three meals (data not shown).  

 

Incorporation of [U-
13

C]-labeled palmitate in muscle lipids (FSR).  

The fractional synthetic rate (FSR) of skeletal muscle DAG (p=0.015) was higher 

after the MUFA meal and tended to be higher in the TAG (p=0.067) and PL fraction 

(p=0.08) as compared with the SFA meal (Figure 4). After the PUFA meal, FSR 

values were of similar magnitude as after the MUFA meal but were not statistically 

different as compared with the SFA meal. This may indicate that a higher 

proportion of palmitate from the intramuscular FFA pool was directed toward the 

muscle lipid pools after the unsaturated FA meals. 

 

Figure 5. Gene selection procedures and criteria. 

(A) Flow chart of gene selection and number of genes changed in the microarray analysis. 

(B) Venn diagram of selected genes with a q-value < 0.05. Overlapping genes were 

regulated in the same manner after the three meals and were not taken into account for 
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further analysis. MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; RMA, robust 

multichip average; SFA, saturated fatty acid.  

 

Microarry analysis  

Microarray analysis was performed on skeletal muscle tissue before and 4 hours 

after consumption of a high-fat mixed-meal consisting of SFA, MUFA or PUFA. 

During 2 skeletal muscle biopsy procedures, we could not obtain enough biopsy 

material for further analysis From the 19 793 genes present on the array, 14,424 

genes were defined as expressed in skeletal muscle (Figure 5A). Genes that 

showed comparable regulation after the three meals (5,429 genes) were not taken 

into account for further analysis (Figure 5B). About 66% of the genes that were 

changed after the SFA and MUFA meal were down-regulated, whereas 60% of the 

genes were down-regulated after the PUFA meal. To obtain further insight into the 

physiological relevance of these genes, pathway analysis was performed. The top 

10 most significantly regulated pathways after each meal are listed in Figure 6. 

The pathways that were affected the most after consumption of the SFA and MUFA 

meal were those involved in ubiquinone biosynthesis, mitochondrial dysfunction 

and oxidative phosphorylation, which consisted of genes involved in complex I-V of 

the respiratory chain. Consumption of the SFA meal resulted in significantly 

decreased expression of 33 out of 96 OXPHOS genes, while 28 genes were down-

regulated after the MUFA meal and 7 after the PUFA meal. Thus, there were less 

genes significantly down-regulated after the PUFA meal, indicating less down-

regulation of mitochondrial function (data not shown). To confirm gene expression 

changes revealed by microarray analysis, qPCR was used. We selected genes 

involved in complex I-V of the respiratory chain. All genes were significantly down-

regulated after the SFA meal, which confirmed the microarray analysis. NDUFA1, 

NDUFB3, COX17 and ATP5J were less down-regulated after the PUFA meal, so 

the change in expression of genes showed the same direction of change as the 

microarray, but the relatively small differences in expression of individual genes did 

not reach statistical significance between meals (data not shown).  

 

 

 

 

 

 

 

 



CHAPTER 4 
 

 
100 

 

 

 
Figure 6. Top 10 significantly regulated canonical pathways after each high-fat mixed-

meal according to Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA). 

Black bars indicate the saturated fatty acid (SFA) meal, the grey bars indicate the 

monounsaturated fatty acid (MUFA) meal and the white bars indicate the polyunsaturated 

fatty acid (PUFA) meal. The first number next to the bar indicates the number of significantly 

up-regulated genes involved in each pathway and the second number indicates the number 

of significantly down-regulated genes. The significance of each pathway is indicated by –

log(P value)>1.3, which corresponds to P<0.05. The dashed vertical line crosses the x axis 

at –log(P value) = 1.3. The dashed box indicates the three pathways that were most 

significant after a SFA meal.    

 

DISCUSSION 

 

The present study examined postprandial skeletal muscle FA handling in obese 

insulin resistant men consuming three high-fat mixed-meals with different FA 

composition. Ingestion of the PUFA meal resulted in an improved postprandial 

insulin sensitivity compared with SFA, which was accompanied by a reduced 

muscle TAG-derived FA uptake, and a tendency towards increased intramuscular 

lipid turnover. 
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Arterialized plasma insulin and glucose concentrations were higher after the SFA 

meal as compared with the PUFA meal, with intermediate values for the MUFA 

meal. Since there were no differences in net glucose flux between meals, this 

implies higher postprandial insulin sensitivity after the PUFA meal (as evidenced by 

data of the PGI). Our data are in line with previous studies, showing that a PUFA 

meal improved insulin sensitivity as compared with a SFA meal [38, 39]. We found 

that the effect of MUFA was intermediate between the SFA meal and the PUFA 

meal, which is in agreement with studies that have shown beneficial effects of 

MUFA on insulin sensitivity as compared with SFA [39-42]. 

 

This differential effect on insulin sensitivity of PUFA versus SFA was accompanied 

by differences in skeletal muscle FA metabolism. The uptake of TAG-derived FA by 

forearm muscle decreased after the PUFA meal in the postprandial period as 

compared with the SFA and MUFA meal. Circulating TAG concentrations were not 

significantly lower after the PUFA meal compared to the other meals, suggesting 

that a reduced TAG supply is not responsible for the reduced PUFA-induced TAG 

extraction. The reduced TAG extraction may be related to the decreased 

postprandial insulin concentrations, which may have resulted in reduced muscle 

lipoprotein lipase (LPL) activity [35]. Furthermore, the FA transporter CD36 is 

acutely upregulated during insulin stimulation [34]. Thus, reduced CD36 content in 

skeletal muscle may also have contributed to the lower TAG extraction after the 

PUFA meal. 

 

Beside the reduced uptake of TAG-derived FA with PUFA, it seemed that there 

was a higher FSR of the TAG, DAG and PL pool after the MUFA meal compared 

with the SFA meal. The FSR of the lipid pools was comparable after the PUFA and 

MUFA meal but values after the PUFA meal were not significantly different from the 

SFA meal. These data should be interpreted with caution, since skeletal muscle 

biopsies were taken 4h hours after ingestion of the high-fat mixed-meal, when a 

steady-state has not yet been reached. Nevertheless, these data hint towards a 

higher incorporation of dietary [U-
13

C]-labeled palmitate from the muscle FFA pool 

in the different lipid fractions in skeletal muscle with unsaturated FA compared with 

SFA. Additionally, there was a lesser down-regulation of the mitochondrial 

oxidative genes after the PUFA compared with the SFA or MUFA meal, suggesting 

that overall lipid turnover is higher after the PUFA compared with the SFA meal. 

The finding that a PUFA-induced improvement in postprandial insulin sensitivity is 

accompanied by a higher intramuscular lipid turnover is consistent with a recent 

study, demonstrating that obese prediabetic insulin resistant subjects have a 
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reduced fractional synthetic rate of intramuscular TAG compared with controls [43]. 

Overall, our data support the concept that not the TAG concentration per se but 

rather lipid turnover may determine insulin sensitivity. 

 

Human studies examining the short-term effect of dietary FA on postprandial lipid 

profile suggest that the FA composition of the meal may influence the absorption, 

synthesis, and secretion of dietary TAG as well as the size of the chylomicron 

particles [44-46]. This study showed that postprandial circulating chylomicron 

concentrations were highest after the MUFA meal. Other studies also found 

increased TAG concentration after a MUFA meal [44, 47-49]. De Bruin et al. [48] 

found that the removal rate of olive oil chylomicron remnants was lower, which may 

be explained by a reduced endothelial LPL action due to their TAG content or 

greater particle number. This may imply that MUFA-chylomicrons have to rely on 

an alternative route for their removal from the circulation. Indeed, it has been 

suggested that hepatic lipase plays a significant role in the removal of MUFA-

enriched particles [48, 50].  

 

It should be noted that we measured responses in the acute postprandial period. It 

remains to be established if improvement in insulin sensitivity after the PUFA meal 

due to lower lipid uptake (and possible less accumulation of fat in the muscle) is 

relevant in the acute postprandial period. In fact, the increase in insulin sensitivity 

after the PUFA meal may also be explained by other mechanisms beside lower 

lipid uptake. For example, differences in the secretion of gut hormones (glucagon-

like peptide 1 and cholecystokinin) could potentiate differential insulin secretion 

and insulin sensitivity according to FA composition of the meals [41, 46]. Thus, the 

exact mechanisms responsible for the differential postprandial insulin sensitivity 

should be elucidated in future studies. Furthermore, it remains to be established 

whether these acute effects may contribute to findings after long-term dietary 

intervention. It has become clear from dietary intervention studies that long-term 

isocaloric replacement of SFA has no major effects on insulin sensitivity [51].  

 

In conclusion, the present study demonstrated that dietary FA have an acute effect 

on postprandial insulin sensitivity. Replacing SFA with PUFA may induce a 

reduced TAG-derived FA uptake, and a tendency toward a higher lipid turnover as 

reflected by a more transcriptional oxidative phenotype and altered intracellular 

lipid partitioning. These data suggest that the effects of replacement of SFA by 

PUFA may contribute to lower uptake of lipids in skeletal muscle and may be 

therefore protective against the development of insulin resistance in humans.  
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ABSTRACT 

 

Introduction: Insulin resistance is characterized by disturbances in lipid 

metabolism in skeletal muscle. Our aim was to investigate whether gene 

expression and fatty acid (FA) profile of skeletal muscle lipids is affected by diets 

differing in fat quantity and quality in subjects with the metabolic syndrome (MetS) 

and varying degrees of insulin sensitivity.  

Methods: 84 subjects (age 57.3±0.9y, BMI 30.9±0.4kg/m
2
, 42M/42F) were 

randomly assigned to one of four iso-energetic diets: high-SFA (HSFA); high-

MUFA (HMUFA) or two low-fat, high-complex carbohydrate diets, supplemented 

with 1.24g/day of long-chain n-3 PUFA (LFHCCn-3) or control oil (LFHCC) for 12 

weeks. In a subgroup of men (n=26), muscle TAG, DAG, FFA and phospholipid 

contents were determined including their fractional synthetic rate (FSR) and FA 

composition at fasting and 4h after consumption of a high-fat mixed-meal, both pre- 

and post-intervention.  

Results: Genes involved in lipogenesis were downregulated after HMUFA (mean 

fold change -1.3) and after LFHCCn-3 (fold change -1.7) in insulin resistant 

subjects (< median of insulin sensitivity), whereas in insulin sensitive subjects (> 

median of insulin sensitivity) the opposite effect was shown (fold change +1.6 for 

both diets). HMUFA diet tended to decrease FSR in TAG (p=0.055) and DAG 

(p=0.066), whereas the LFHCCn-3 diet reduced TAG content (p=0.032).  

Conclusion: In conclusion, HMUFA and LFHCCn-3 diets reduced the expression 

of the lipogenic genes in skeletal muscle of insulin resistant subjects, whilst 

HMUFA reduced the fractional synthesis rate of DAG and TAG and LFHCC n-3 the 

TAG content. Our data indicate that these diets may reduce muscle fat 

accumulation by affecting the balance between FA synthesis, storage and 

oxidation.  
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INTRODUCTION 

 

The metabolic syndrome (MetS) is a cluster of factors enhancing the risk for 

development of type 2 diabetes and cardiovascular diseases [1]. Insulin resistance 

of skeletal muscle is fundamental to the metabolic dysregulation associated with 

obesity and physical inactivity, and contributes to the development of the MetS [2]. 

Potential mechanisms contributing to reduced insulin signaling and action in 

skeletal muscle include an increased supply of triacylglycerol (TAG) and free fatty 

acids (FFA) to ‘nonadipose’ tissues, such as skeletal muscle (‘lipid overflow’ 

hypothesis) [2], reduction in muscle mitochondrial oxidative capacity [3] and 

increased intramuscular lipid accumulation [4]. The accumulation of lipids, like 

diacylglycerol (DAG) and ceramides [4], may reduce insulin action in the skeletal 

muscle by interfering with insulin signalling and/or by inducing inflammatory 

pathways [4-6]. Also, changes in the FA composition of muscle lipids may play a 

role in the etiology of insulin resistance. It has been shown that endurance exercise 

training reduced total DAG content in skeletal muscle, as well as the saturation of 

the DAG fraction; these changes in intramuscular lipids were correlated with 

improved glucose tolerance [7]. Furthermore, the FA composition of membrane 

phospholipids may influence the action of insulin in the skeletal muscle and is 

correlated with insulin sensitivity [8-11]. Higher levels of polyunsaturated FA 

(PUFA) in cell membranes of cultured muscle cells increase membrane fluidity [8], 

the number of insulin receptors [12], the affinity of insulin to the insulin receptor [13] 

and glucose membrane transport [14]. Dietary intervention, aimed at reducing the 

intake of saturated fat, may improve lipid metabolism and insulin action in the 

MetS, possibly via effects on skeletal muscle FA handling [15]. It is unclear whether 

saturated fat should be replaced by carbohydrates or unsaturated fat, and little 

information is available on the relation between dietary fat quantity and quality and 

skeletal muscle FA handling in vivo. PUFA may chronically stimulate adipocyte 

differentiation [15, 16], thereby increasing lipid storage in adipose tissue and 

reducing lipid overflow towards muscle. A diet enriched with n-3 PUFA may 

increase long-chain (LC) n-3 PUFA in muscle cell membranes, thereby enhancing 

insulin sensitivity [11]. In addition, there are indications from human muscle cell 

lines, as well as rodents, that saturated FA (SFA) accumulate preferentially as 

DAG, thereby inhibiting insulin signalling; whereas unsaturated FA are more readily 

converted into TAG [17, 18]. Moreover, replacing SFA by unsaturated FA may 

favor fat oxidation above storage [17]. A 3-day high-carbohydrate diet has been 

shown to induce changes in partitioning of FA in healthy subjects, leading to 

increased fat deposition in liver and muscle, which might be related to lower 
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postprandial dietary FA oxidation and altered partitioning of FA to tissue 

esterification [19]. Regarding the possible differential mechanisms tuned by 

different FA, there are clearly defined intracellular pathways. PUFA may regulate 

gene transcription, acting as agonists of peroxisome proliferator-activated 

receptors (PPARs) (involved in FA catabolism) and downregulate sterol regulatory 

element-binding protein 1c (SREBP1c) (lipogenic pathways) expression [20]; 

whereas SFA and MUFA have little effect on these processes [21]. Furthermore, it 

has been proposed that lipid infusion and energy excess promote reduced 

expression of genes encoding key enzymes in oxidative metabolism and 

mitochondrial function (regulated by the transcription factor PPAR gamma co-

activator 1α (PCG1α)) [22]. Recently, we validated an unique dual stable isotope 

tracer approach to study the contribution of dietary and endogenous FA to FA 

partitioning in detail. This technique makes it possible to study the contribution of 

dietary FA to skeletal muscle fat storage directly, which is very relevant since per 

os measurements will better reflect daily life conditions in humans than 

measurements under infusion conditions. The aim of the present study was to 

study the chronic effect (12 wk) of four isoenergetic diets differing in fat quality and 

quantity on skeletal muscle intracellular lipid partitioning and skeletal muscle lipid 

content and FA composition in subjects with the MetS. 

 

METHODS 

 

The LIPGENE human dietary intervention study was a randomized, controlled trial, 

carried out at 8 centres across Europe as part of the EU 6th Framework project 

LIPGENE (Contract no. FOOD-CT-2003-505944). In total, 486 volunteers with the 

MetS at the age of 35–70 years and body mass index (BMI) 20–40 kg/m
2
, were 

included and randomly assigned to receive one of four diets for a 12-week period 

[23, 24]. The present study was performed in a sub-cohort of the LIPGENE 

intervention study. All subjects were informed about the study and written informed 

consent was attained before study participation. The study protocol was approved 

by the local research ethics committees at each intervention centre. 

 

Subjects and experimental design 

Muscle gene expression 

In 4 out (Uppsala, Dublin, Oslo and Maastricht) of the 8 centres muscle biopsies 

were taken. A total of 84 muscle biopsies were available. The definition of the MetS 

was based on the NCEP ATP III report [25], with subjects meeting at least three 
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out of five criteria as described previously [15]. In a subgroup of 26 men, skeletal 

muscle FA metabolism was studied in more detail by means of stable isotope 

tracers in one centre, at Maastricht University (see Figure 1). 

 
Figure 1. Flow chart of the study Subjects were randomized to 4 diets. The stable isotope 

study in Maastricht, was performed in only male subjects. 

 

Pre- and post-intervention, subjects came to the centre after an overnight fast on 

two different occasions. On one day they completed anthropometric 

measurements, donated a fasting blood sample and completed an insulin-modified 

intravenous glucose tolerance test to measure insulin sensitivity as described 

previously [26, 27]. Insulin sensitivity was the primary end point of the LIPGENE 

human dietary intervention study. On a separate day, after an overnight fast, a 

biopsy was taken from the vastus lateralis muscle under local anesthesia of the 

skin and fascia using the Bergström method with suction [28]. Biopsies were 

cleaned from any visible fat and blood, immediately frozen in isopentane at its 

melting point or RNAlater, and stored at -80°C until analysis. 

 

Muscle lipid metabolism  

In a sub-cohort of 26 men, a postprandial stable isotope study was performed pre- 

and post intervention in one centre (Maastricht University) [15]. At time point zero 

(0min) subjects consumed a standardized high-fat mixed-meal containing 200 mg 

[U-
13

C]-palmitate (98% enrichment; Cambridge Isotope Laboratories). The high-fat 

mixed-meal meal was a liquid test meal providing 2.6MJ, including 61% energy 

(E%) fat (35.5E% SFA, 18.8E% MUFA and 1.7E% PUFA), 33E% carbohydrates 

and 6.3E% protein. 
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Biopsies from skeletal muscle were taken at fasting before the experiment and at 

the end of the postprandial measurement period (240min) to determine 

intramuscular TAG, DAG, FFA, and phospholipids (PL) content, their degree of 

saturation, as well as the fractional synthetic rate (FSR) of TAG, DAG, and PL (see 

skeletal muscle lipid analyses).  

 

Dietary intervention  

Subjects were randomly assigned to one of four iso-energetic intervention diets: 

(1) High-fat (38E%) SFA-rich diet (16E% SFA, 12E% monounsaturated fatty acids 

(MUFA), 6E% PUFA) (HSFA) 

(2) High-fat (38E%) MUFA-rich diet (8E% SFA, 20E% MUFA, 6E% PUFA) 

(HMUFA) 

(3) Low-fat (28E%), high-complex carbohydrate diet (8E% SFA, 11E% MUFA, 6E% 

PUFA), with a control capsule (1g per day) (LFHCC) 

(4) Low-fat (28E%), high-complex carbohydrate diet (8E% SFA, 11E% MUFA, 6E% 

PUFA), with a long-chain n-3 PUFA supplement (1.24g per day of 

eicosapentaenoic and docosahexaenoic acid, ratio 1.4:1) (LFHCCn-3) 

 

The HSFA diet functioned as the control per reference diet, to reflect the fat content 

and composition of the Northern European diet. The intervention diets were 

specifically designed to reduced dietary SFA by replacement with MUFA or as part 

of an LFHCC diet, while keeping dietary energy and n-6 PUFA constant [29]. 

A range of fat-modified food products were provided to subjects with specific 

dietetic counseling, as described previously [15]. A food exchange model was 

developed, and carbohydrate-fat exchanges were used to ensure that all diets 

were isoenergetic. A detailed description of the food exchange model and 

assessment of compliance is published elsewhere [23]. Loders-Croklaan 

(Wormerveer, the Netherlands) supplied the study capsules used in diet LFHCC 

and LFHCCn-3. All subjects completed 3-day weighed food record at baseline, 

week 6, and week 12, and center-specific dietary analysis programs were used to 

analyze the food diaries. Subjects should remain weight stable within the range of 

2kg during the intervention period, and were asked to maintain their normal pattern 

of physical activity, alcohol consumption and smoking. 

 

Biochemical analyses 

Blood for lipid analyses was collected in potassium EDTA vacutainer tubes. 

Glucose samples were collected in fluoride oxalate vacutainers, and insulin 

samples in serum tubes. All plasma samples were centrifuged immediately (10min, 
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4°C, 1500g), whereas serum samples were allowed to clot for 30 min at room 

temperature before centrifugation. Samples were then aliquoted and stored (-80°C) 

until further analysis. Serum insulin concentrations were determined by solid 

phase, two-side fluoro-immunometric assays (AutoDELFIA Insulin kit, Wallac Oy, 

Turku, Finland) using a 1235 AutoDELFIA automatic immunoassay system. 

Plasma TAG, glucose and HDL-cholesterol were determined with an ILab 600 

clinical chemical analyzer (Instrumentation Laboratory, Warrington, UK) using 

enzymatic colorimetric kits. HDL-cholesterol was monitored by a HDL-cholesterol 

kit (Instrument Laboratory, Warrington, UK). 

 

Skeletal muscle lipid analyses 

Skeletal muscle biopsies were lyophilized and dissected free of extra-myocellular 

fat, blood, and connective tissue. Total lipids were extracted from 10-20mg muscle 

sample using chloroform-methanol (2:1 vol/vol) and internal standards, and 

thereafter evaporated under nitrogen at 37°C. The extracted lipids were separated 

into FFA, DAG, TAG, and PL by thin-layer chromatography and transferred into 

tubes for methylation. The TAG and DAG fractions were methylated by adding 1 ml 

of toluene-methanol-(BF3-methanol 14%) (20%-55%-25% vol/vol) and incubated in 

capped tubes for 30min at 100°C. The PL fraction was methylated by adding 1ml of 

(BF3-methanol 14%) and incubation in capped tubes for 90min at 100°C. The FFA 

fraction was methylated by adding 1ml of methanol-(BF3-methanol 14%) (50%-

50% vol/vol) and incubation in capped tubes at room temperature for 15min. After 

incubation, 2ml pentane was added to the samples, vortexed, and centrifuged 

(1000g, 5min, 20°C), followed by isolation of the pentane extracts (upper phase) 

and evaporation under nitrogen at 30°C. Finally, the residues were dissolved in 

isooctane and concentrations of FA in the fractions were determined using an 

analytical gas liquid chromatograph (GLC). Stable isotope enrichment of the lipid 

fractions was determined by measuring the 
13

C-to-
12

C ratio on a GLC-IRMS 

(Finnigan MAT-252). 

 

Skeletal muscle mRNA and DNA isolation 

RNA was isolated from approximately 25mg of muscle tissue. The tissues were 

homogenized in 1ml Trizol for RNA stabilization and subsequent RNA isolation 

according to a standardized protocol described by manufacturer. RNA was then 

purified using the RNeasy mini kit (Qiagen Benelux BV, Venlo, the Netherlands) 

followed by dissolving RNA in RNase and DNase free water. RNA was quantified 

and checked for purity on the NanoDrop 1000 (NanoDrop Technologies, 

Wilmington, DE, USA), and considered suitable for further processing at ratios 
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between 260/280 and 260/230 of >1.7. RNA integrity was evaluated using the 

BioAnalyzer (Agilent, Palo Alto, CA, USA) and considered to be intact with a RNA 

integrity number >7.0. Total DNA was isolated from 5mg of each muscle section 

using QIAqmp DNQ Micro Kit (Qiagen). 

 

Real-time qRT-PCR for RNA 

Both SYBR Green and Taqman were used for quantification of mRNA expression 

levels. For expression of the genes in the upper half of Table 1, isolated RNA was 

reversely transcribed using the iScript cDNA synthesis Kit. The qPCR reactions 

were performed in a volume of 25µl containing 12.5ng cDNA, 1x IQ SYBR Green 

Supermix and 400nM of gene-specific forward and reverse primers (Table 1). 

cDNA was amplified using a two-step program (40 cycles of 10 sec at 95°C and 

45sec at 60°C) with a MyiQ system (Bio-Rad Laboratiories, Veenendaal, the 

Netherlands). Gene expression levels were expressed relative to geometric mean 

of two internal reference genes, i.e. ribosomal protein L13a (RPL13a) and β-2-

microglobulin. For expression of genes in the lower half of Table 1, all primers and 

probes were designed using Primer Express version 2.1 (Applied Biosystems, 

Roche, Branchburg, NJ). qRT-PCR reactions [30] were performed as one-step 

reactions in ABI PRISM 7900 (Applied Biosystems, Branchburg, NJ) using the 

following conditions: one cycle of 48
o
C for 30min, then 95

o 
C for 10min, followed by 

40 cycles at 95
o
C for 15sec and 60

o
C for 1min. For all assays performed using 

Taqman primers and probe, the ribosomal phosphoprotein large P0 gene (RPLP0) 

was used as internal control. Dividing the target genes by the internal control 

RPLP0 gene normalized all expression data. The internal control gene was tested 

for inter-individual variability with a coefficient of variance to ensure precision in the 

measurements. 

 

Mitochondrial DNA content 

Quantification of mitochondrial content was performed as previously described 

using mtDNA copy number [31]. The sequences for the primer/probe sets used in 

the Taqman analysis of mtDNA content for NADH dehydrogenase subunit 1 

(mitochondrial genome (ND1)) and of nuclear DNA for lipoprotein lipase (LPL), 

were designed using Primer express version 2.1 and can be e-mailed on request.  
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Table 1. Gene-specific forward and reverse primers for RT- PCR 

 
β2M, β-2-microglobulin; RPL13a, ribosomal protein L13a; LPL, lipoprotein lipase; PPARα, peroxisomep 

roliferator-activated receptor α ; PGC1α, peroxisome proliferators-activated receptor coactivator 1α; 
ACC2, acetyl-CoA carboxylase 2; mCPT1b, muscle carnitine palmitoyltransferase 1b; SREBP1c, sterol 
regulatory element binding protein 1c; SREBP2, sterol regulatory element binding protein 2; ChREBP, 

carbohydrate responsive element binding protein; NDUFB5, NADH dehydrogenase (ubiquinone) 1β 

subcomplex; SDHB, succinate dehydrogenase complex B; PPARδ, peroxisome proliferator-activated 

receptorδ; HSL, hormone sensitive lipase; ATGL, adipose triglyceride lipase; CD36, cluster of 
differentiation 36; FASN, fatty acid  synthase; SCD1, stearoyl-CoA desaturase 1; DGAT1, acyl CoA: 
diacylglycerol acyltransferase; CGI58, comparative gene identification 58; NRF1, nuclear respiratory 
factor 1; SIRT1, sirtuin 1; RPLP0, ribosomal protein, large, P0 

 

Calculations 

Insulin sensitivity was determined using the MINMOD Millennium program (version 

6.02; R Bergman, Los Angeles, CA, USA) [27]. The homeostasis model 

assessment for insulin resistance (HOMAIR) was calculated according to Matthews 

et al [32]. The fractional synthetic rate (FSR) is expressed as the amount of dietary 

FA incorporated into the muscle lipid fractions per gram of dry muscle tissue per 

hour. The enrichment (determined by measuring the 
13

C-to-
12

C ratio) of the skeletal 
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muscle FFA pool at 4h after meal consumption was used to represent the 

precursor pool from which the TAG, DAG and PL pool was synthesized.  

 

TAG FSR (%/h)=  ETAG palm (t1) – ETAG palm (t0) * 1 * 100 

             EFFA palm (t1)             4 

 

Where ETAG palm (t1) is the enrichment of palmitate in the TAG pool after 4h of 

ingestion and ETAG palm (t0) is the background enrichment in the muscle TAG pool. 

EFFA palm (t1) is the enrichment of palmitate in the FFA pool after 4h of ingestion. The 

content of individual FA in the TAG, DAG, FFA and PL pool extracted from the 

muscle was expressed as a percentage of the total FA identified. Several indices 

(the sum of SFA, the sum of MUFA, the sum of PUFA (n-6 and n-3)) were derived.  

 

Statistical methods 

Statistical analyses were performed using SPSS 16.0 for Macintosh (SPSS Inc., 

Chicago, IL, USA). All data are presented as means ± standard error of the means 

(SEM). The data were normally distributed as tested the Kolmogorov-Smirnov test. 

One-way analysis of variance (ANOVA) was used to test for differences between 

dietary intervention groups pre-intervention. Repeated-measures ANOVA was 

applied to test for differences in changes between groups pre- and post-

intervention, with time as within-subjects factor and diet and center as between-

subjects factors. Corrections for gender, insulin sensitivity and baseline differences 

were performed in the repeated-measures ANOVA analysis. Post-hoc testing 

within diets was performed with paired sampled t-test. One-way ANOVA was used 

to test differences between in change in gene expression between insulin resistant 

and insulin sensitive subjects. Statistical significance was set at p<0.05. 

 

RESULTS 

 

In total, 84 subjects with the MetS completed pre- and post-intervention 

measurements (HSFA, n=24; HMUFA, n=26; LFHCC, n=16 and LFHCCn-3, n=18). 

Subject characteristics were comparable between all the groups pre-intervention, 

except for diastolic blood pressure, which was higher in the LFHCC group than in 

the HMUFA group (Table 2). By definition, subjects primarily had a large waist 

circumference, elevated blood pressure and low plasma HDL-cholesterol  
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concentrations, whereas mean fasting plasma glucose and TAG concentrations 

were only slightly elevated. The dietary intervention did not cause significant 

changes in the characteristics of the MetS and did not change insulin sensitivity 

and insulin resistance (HOMAIR) in our sub-cohort of the LIPGENE study (Table 2).  

 

Muscle gene expression 

 

Changes after dietary intervention 

Skeletal muscle SREBP1c and ChREBP mRNA expression showed significant 

diet*time interactions (p=0.048 and p=0.007), respectively (Figures 2A and B). 

Post-hoc comparisons within the diets showed that SREBP1c mRNA only tended 

to increase after the HMUFA diet (p=0.070, Figure 2A), whereas the other diets 

did not induce any change. A sex-analysis showed that this increased SREBP-1c 

expression was only seen in men (p=0.020, Figure 2C). Post-hoc testing revealed 

that the HSFA diet trended to increase the ChREBP mRNA expression (p=0.14) in 

men and women. Gene expression of PGC1α, SREBP2, ACC2, mCPT1b, LPL, 

PPARα, PPARδ, NDUFB, SDHB, ATGL, CGI58, HSL, DGAT, CD36, SCD1, NRF, 

FAS and SIRT1 did not change after dietary intervention (data not shown), and 

there were no changes in mitochondrial DNA content as result of dietary 

intervention (data not shown).  

 

The repeated measures ANOVA showed that there was a significant interaction 

between insulin sensitivity at baseline and diet-induced changes in gene 

expression for 7 out of 21 genes, which was independent of baseline expression 

levels. To illustrate these differential effects on gene expression, the total group 

was divided based on the median of insulin sensitivity (2.69 (mU/l
-1 * 

min
-1

 * 10
-4

). At 

baseline, insulin resistant subjects (below median of insulin sensitivity, age 

57.4±2.95y and BMI 31.3±1.0 kg/m
2
) had higher SREBP1c and ACC2 mRNA 

expression levels in the fasting state than insulin sensitive subjects (above median 

of insulin sensitivity), age 56.7±2.6y and BMI 30.5±1.6 kg/m
2
)  (p=0.001 and 

p=0.020, respectively, data not shown). Insulin resistant and insulin sensitive 

subjects responded differently to the HMUFA and the LFHCCn-3 diet in mRNA 

levels of SREBP1c (diet*time*insulin sensitivity interaction p<0.001), SREBP2 

(p=0.055), ChREBP (p=0.040), ACC2 (p=0.088), NDUFB5 (p=0.071), SDHB 

(p=0.032) and ATGL (p=0.029)  (Figure 3 A, B, C, D, E, F and G, respectively). 

The HMUFA diet reduced the mRNA level of the lipogenic genes SREBP1c (one-

way ANOVA p=0.012), SREBP2 (one-way ANOVA p=0.002), ChREBP (one-way 

ANOVA p=0.008) and ACC2 (one-way ANOVA p=0.065) and the lipolytic gene 
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ATGL (one-way ANOVA p=0.039) among insulin resistant subjects, whereas the 

opposite effect was seen in insulin sensitive subjects. Moreover, insulin resistant 

subjects had lower mRNA levels of SREBP1c (one-way ANOVA p=0.005), 

SREBP2 (one-way ANOVA p=0.002) and ACC2 (one-way ANOVA p=0.002) after 

the LFHCCn-3 diet, whereas insulin sensitive subjects showed the opposite effect. 

The LFHCCn-3 diet enhanced expression of the OXPHOS genes NDUFB5 (one-

way ANOVA p=0.025) and SDHB (one-way ANOVA p=0.049) among insulin 

sensitive subjects, but not in insulin resistant subjects 

 

Figure 2. Normalized mRNA levels before and after dietary intervention (mean ± SEM). 

SREBP1c (A), ChREBP (B) and SREBP1c after HMUFA diet for men (n=13) and women 

(n=13) (C). The overall difference for SREBP1c was p=0.048, with a post-hoc difference 

after the HMUFA diet (p=0.070). For ChREBP the overall difference was p=0.007, with a 

tendency for increase after the HSFA diet. Paired t-test showed an increase for SREBP1c in 

men after the HMUFA diet (p=0.020). Significant post-hoc differences within the diets are 

indicated with *. * p<0.05.  White bars represent values before dietary intervention, black bars after 

dietary intervention.  

 

Muscle lipid metabolism 

 

Fractional synthetic rate and content of the TAG, DAG, FFA and PL fractions 

A sub-cohort of 26 men at Maastricht University (HSFA, n=7; HMUFA, n=5; 

LFHCC, n=7 and LFHCCn-3, n=7) completed a postprandial stable isotope study. 

Subject characteristics were comparable at baseline, except for a slightly higher 

A B 

C 
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body weight and BMI among subjects on the HMUFA diet than on the HSFA and 

LFHCCn-3 diets (Table 3). Total fasting plasma TAG concentration decreased 

significantly after the LFHCCn-3 diet (Post-hoc testing, p=0.032, Table 3).  
 

 

 

 

 

 
Figure 3. Change in normalized mRNA levels after dietary intervention (mean ± SEM) among insulin 

resistant and insulin sensitive subjects as shown for SREBP1c (A), SREBP2 (B), ChREBP (C), ACC2 

(D), NDUFB5 (E), SDHB (F) and ATGL (G). The change in gene expression was different between 

insulin resistant and insulin sensitive subjects after a HMUFA diet for SREBP1c (one-way ANOVA 

p=0.012), SREBP2 (one-way ANOVA p=0.002), ChREBP (one-way ANOVA p=0.008), ACC2 (one-way 

ANOVA p=0.065) and ATGL (one-way ANOVA p=0.039). * p<0.05. § indicates a trend.  

A B 

C D

E F 

G 
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The FSR of the TAG and DAG fraction (the incorporation of [U-
13

C]-palmitate from 

the high-fat mixed-meal) tended to change as result of dietary intervention as 

compared with baseline, but this did not reach statistical significance (p=0.096 and 

p=0.126, RM-ANOVA, Figure 4). The HMUFA diet seemed to reduce the 

postprandial FSR of the TAG fraction by 68% (p=0.054, Figure 3A) and of the 

DAG fraction by 56% (p=0.066, Figure 4B). The four different diets did not induce 

any changes in FSR in the PL fraction (Figure 4C).   

 

 

 
Figure 4. Incorporation of dietary FA in skeletal muscle as shown for TAG (A), DAG (B) and 

PL (C) and changes in skeletal muscle FA pattern after dietary intervention as shown for PL 

after the HMUFA diet (D), change in DAG after the LFHCCn-3 diet (E) and change in % n-3 

PUFA after the LFHCCn-3 diet (F). The HMUFA diet seemed to reduce the postprandial 

FSR of the TAG fraction by 68% (p=0.054) and of the DAG fraction by 56% (p=0.066). * 

p<0.05. § indicates a trend. 

 

A B 

C D 

E F 
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Fatty acid composition of the TAG, DAG, FFA and PL fractions 

The HMUFA diet increased the % PUFA (p=0.020) significantly and trended to 

increase the % MUFA (p=0.071) in the PL fraction as compared with baseline, 

concomitant with a reduction in the total degree of FA saturation. Specifically, the 

% C16:0 (p=0.024) and % C18:0 (p=0.059) was reduced and the % of C18:1n-9 

(p=0.033) and C18:3n-3 (p=0.082) increased (Figure 4D). The LFHCCn-3 diet 

caused enhanced % SFA (p=0.042) and reduced % MUFA (p=0.023) by increasing 

% C18:0 (p=0.086) and reducing C16:1n-7 (p=0.042) in the DAG fraction (Figure 

4E). Furthermore, the LFHCCn-3 diet induced an increase in % n-3 PUFA in the 

DAG (p=0.007) and PL fraction (p=0.036) (Figure 4F). The HSFA and LFHCC 

diets did not cause any differences in the FA composition of the different 

intramuscular lipid fractions. 

 

DISCUSSION 

 

This study examined the effect of diets differing in fat quantity and quality on 

skeletal muscle gene expression and intramuscular lipid partitioning in subjects 

with the MetS. There was a significant interaction between baseline insulin 

sensitivity and the diet-induced changes in gene expression. ATGL, SREBP1C and 

ACC2 mRNA expression decreased in insulin resistant subjects after the HMUFA 

whilst the LFHCCn-3 diets enhanced OXPHOS (NDUFB5 and SDHB) mRNA 

expression among insulin sensitive subjects. In line with this, the HMUFA diet 

tended to reduce incorporation of dietary palmitate in skeletal muscle TAG and 

DAG, whereas the LFHCCn-3 diet reduced the TAG content in skeletal muscle.  

 

The HMUFA diet increased SREBP1c mRNA expression in men, but not in women. 

Interestingly, in the total cohort of the LIPGENE dietary intervention study, it was 

shown that increases in insulin sensitivity (HOMAIR) were more pronounced in 

women compared with men on the HMUFA diet [24]. Based on the gene 

expression data, it is tempting to speculate that this sexual dimorphism may be 

related to differences in skeletal muscle fat storage. This seems consistent with 

findings of an increased rate of FA oxidation during a high MUFA diet in women 

compared with men [33].  

 

The insulin resistant and insulin sensitive subjects responded differently to the 

HMUFA and LFHCCn-3 diets with a more pronounced reduction of SREBP1c and 

ACC2 mRNA expression among insulin resistant subjects and an enhanced 

expression of the OXPHOS genes NDUFB5 and SDHB on the LFHCCn-3 diet 
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among insulin sensitive subjects. Although baseline expression levels of SREBP1c 

and ACC2 were higher in the insulin resistant group, the reduction of these 

lipogenic genes was independent of the baseline difference. In aggregate with the 

larger reduction of the lipogenic genes, the HMUFA diet seemed to reduce the 

incorporation of dietary FA (palmitate) in the DAG and TAG pool and the LFHCCn-

3 diet reduced the skeletal muscle TAG content in the subgroup of men. These 

data indicate a shift towards a lower accumulation of lipids in muscle on the diets 

high in MUFA or high in complex carbohydrates with n-3 supplement, which is 

dependent on the initial degree of insulin sensitivity (or insulin resistance). The 

primary mechanism for PUFA or MUFA to regulate SREBP1c mRNA may be 

related to the suppression of proteolytic processing, which in turn reduces mRNA 

transcription [34]. Low SREBP1c and ACC2 mRNA levels may lead to reduced 

malonyl-CoA concentration (via a reduction in ACC2 mRNA expression), and 

subsequently FA are directed towards oxidation instead of storage [35].  

 

Previous studies have shown that diet may influence the FA composition of PL, 

which may influence the action of insulin within the skeletal muscle [8, 9]. A high 

level of PUFA in PL also may enhance membrane fluidity [8], the number of insulin 

receptors [12], the affinity of insulin to the insulin receptor [13] and glucose 

transport across the membrane [14]. In our present study we found a reduced 

saturation of the skeletal muscle PL fraction after a HMUFA diet (increased content 

oleic acid) and enhanced incorporation of n-3 PUFA in the DAG and PL pools on 

the LFHCCn-3 diet, illustrating dietary compliance to our intervention diets. Thus, it 

seems that the supplemented n-3 PUFA are incorporated into the DAG and PL 

fractions, in accordance with that the FA composition of skeletal muscle reflects the 

dietary fat composition in humans [36]. In a previous study, however, differences in 

the TAG fraction were also shown, whereas we only observed changes in the DAG 

and PL fractions. Increased n-3 in these fractions can contribute to a lower 

saturation level of these fractions.  

 

As indicated above, we found tendencies towards effects of HMUFA and LFHCCn-

3 on lipogenic gene expression. Additionally, despite the fact that our one centre- 

study on lipid metabolite composition and their FSR is hampered by a limited 

power, we found clear effects of the same diets on the FSR and lipid pool FA 

composition. Our present sub-study was not intended and powered to study the 

effect on insulin sensitivity. However, in the whole LIPGENE study no differential 

effects of diets on insulin sensitivity were found [24]. It is possible that the 12-week 

dietary period is too short or the changes in dietary composition and subsequent 
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changes in skeletal muscle FA metabolism were too small to translate into 

significant differences in insulin sensitivity. It is also possible that n-6 PUFA, rather 

than MUFA or n-3 PUFA enhances insulin sensitivity in subjects with the MetS [37].  

 

In summary, the 12-week HMUFA and LFHCCn-3 diets induced changes in gene 

expression and skeletal muscle FA partitioning, which may shift the balance from 

storage to oxidation in insulin resistant subjects, leading to less muscle lipid 

accumulation. Furthermore, these two diets affected skeletal muscle PL 

composition with a reduced saturation on the HMUFA diet and an enhanced 

content of n-3 PUFA on the LFHCCn-3 diet. These positive effects on lipid 

metabolism did not promote changes in insulin sensitivity. This might suggest that 

the range of dietary fat intake under condition of isoenergetic exchange was 

insufficient to affect insulin sensitivity or that lipid metabolism per se has no 

prominent role in the regulation of insulin sensitivity. 
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ABSTRACT 

 

Introduction: The fatty acid (FA) composition of plasma may be related to insulin 

sensitivity. The aim of the present study was to investigate the effect of the quantity 

and quality of dietary FA on plasma FA profiles and the estimated enzyme activities 

of desaturases in relation to insulin sensitivity. 

Methods: 417 subjects diagnosed with the metabolic syndrome (MetS) were 

randomly assigned to follow for 12 weeks one of four diets containing: high-fat 

saturated fat (HSFA), high-fat mono-unsaturated, low-fat high-complex 

carbohydrate (LFHCC) and LFHCC diet supplemented with 1.24g/d DHA/EPA 

LFHCCn-3). The proportion of plasma FA was calculated and expressed as mole 

percent of the sum of the total plasma FA. Desaturase activity indices were 

estimated using product-to-precursor ratios. Steaoryl-CoA Desaturase 1 (SCD1) 

protein expression was determined in adipose tissue using Western blot analysis. 

Insulin sensitivity was determined by an insulin-modified intravenous glucose 

tolerance test.  

Results: The changes in plasma FA composition after dietary intervention were 

determined by gender and habitual fat intake. ANCOVA analysis revealed no 

relationship between the change of plasma FA profile (individual FA as well as 

estimated desaturase activities) and insulin sensitivity. The HSFA diet increased 

adipose tissue SCD1 protein content (p<0.05), whilst there was no change on the 

other diets. Furthermore, the change in SCD1 protein expression in adipose tissue 

was negatively related to insulin sensitivity.   

Conclusion: Adipose tissue SCD1 expression increased after the HSFA diet, and 

this increase was negatively related to the change in insulin sensitivity. The latter 

may suggest that the increased SCD1 expression may be an early marker for the 

development of adipose tissue insulin resistance by promoting lipogenesis and 

adipose tissue expansion.  
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INTRODUCTION 

 

Overweight and obesity are steadily increasing worldwide and are linked to type 2 

diabetes mellitus (T2DM) and cardiovascular disease [1]. These diseases may be 

preceded by insulin resistance, which is characterized by increased plasma 

concentrations of free fatty acid (FFA) and triacylglycerol (TAG). When dietary 

energy supply exceeds energy combustion for a long period of time, this may 

cause fat accumulation in non-adipose tissues (ectopic fat accumulation), which is 

strongly correlated with insulin resistance [2]. 

Lifestyle interventions aimed at improving dietary habits and increasing physical 

activity are known to be highly effective in the prevention of T2DM, although 

compliance can be a problem [3-5]. A change in dietary FA composition, as 

reflected by changes in plasma or serum FA profiles, has been shown to explain in 

part the positive lifestyle effects on insulin sensitivity [6]. A longitudinal study by 

Risérus et al. [7] showed that consumption of saturated fat (SFA) was inversely 

correlated with insulin sensitivity. In line, in the KANWU study, it was found that 

replacing SFA by monounsaturated FA (MUFA) improved insulin sensitivity under 

the restriction that the habitual dietary fat intake was less than 37E% [8]. The FA 

composition of plasma lipids or tissues does not only mirror dietary FA intake 

during previous weeks but also reflects endogenous FA metabolism, including 

activities of enzymes responsible for synthesizing, desaturating and elongating FA 

[9, 10]. The desaturases remodel FA by introduction of a double bound at the ∆
5
, 

∆
6
 and ∆

9
 carbon of the FA chain [11] and have been linked to insulin resistance 

[12-14]. Stearoyl-CoA desaturase 1 (SCD1) or ∆
9
 desaturase is an endoplasmic 

reticulum-bound enzyme converting SFA to MUFA [11]. These MUFA are used as 

substrates for synthesis of TAG, cholesterol esters and phospholipids [15, 16]. 

SCD1 is highly expressed in adipose tissue but also in liver and brain [11]. The ∆
5
 

en ∆
6
 desaturases catalyze the synthesis of n-6 and n-3 poly-unsaturated FA 

(PUFA) [17]. Some studies suggest that an overexpression of SCD1 represents a 

protective mechanism against lipotoxicity by promoting TAG storage, reducing 

palmitate-induced apoptosis and reducing ceramide and diacylglycerol synthesis, 

thereby preventing insulin resistance [18-22]. On the other hand, mice deficient in 

SCD1 have increased energy expenditure, are lean, resistant to diet-induced 

obesity and insulin sensitive [16, 23-25]. SFA as well as MUFA have been 

identified as strong activators of SCD1 [8, 26], whereas PUFA are strong inhibitors 

[26, 27]. In human studies, an increase in ∆
6
 desaturase activity and a decrease in 

∆
5
 desaturase activity have been associated with insulin resistance and T2DM [10, 



CHAPTER 6 
 

 
132 

13, 28]. The LIPGENE human dietary intervention study investigated the effects of 

reduced SFA intake on insulin sensitivity by altering the composition or the quantity 

of dietary fat in a large European cohort of men and women with the metabolic 

syndrome (MetS). Overall, insulin sensitivity did not change after dietary fat 

modification under conditions of isocaloric exchange at group level [29]. However, 

the response to dietary fat quantity and quality may vary between subjects, among 

other factors depending on endogenous FA metabolism, habitual fat intake and 

gender. Thus, the aim of the current study was to investigate the relationship 

between diet-induced changes in plasma FA profiles, estimated desaturase 

activities in relation to insulin sensitivity, adjusting for relevant modulators. The 

activities of desaturases can be estimated using FA product-to-precursor ratios [30-

32].  As adipose tissue can be easily obtained from subjects compared with liver 

and brain tissue, and SCD1 has the highest expression and conducts it major 

functions in adipose tissue [11], we also explored the impact of dietary intervention 

on SCD1 at protein level in adipose tissue to unravel the metabolic responses 

following dietary intervention.  

 

METHODS 

 

Subjects and study design 

The LIPGENE human dietary intervention study was a randomized, controlled trial, 

carried out at eight different centres across Europe as part of the EU Sixth 

Framework project LIPGENE (Contract no. FOOD-CT-2003-505944). In total, 480 

volunteers with the MetS at the age of 35–70 years and body mass index (BMI) 

between 20 and 40 kg/m
2
 were included in this study. Subjects were randomly 

assigned to receive one of four dietary interventions for a 12-week period (see 

‘dietary intervention’) [29, 33]. The definition of the MetS was based on the NCEP 

ATP III report [34], with subjects fulfilling at least three out of five criteria as 

described previously [35]. A total of 417 volunteers completed the study. All 

subjects gave written informed consent before study participation. The study 

protocol was approved by the local research ethics committees at each of the eight 

intervention centres. 

 

Dietary intervention 

Subjects were randomly assigned to one of four isoenergetic intervention diets: 

(1) High-fat (38% energy (E%)) SFA-rich diet (16E% SFA, 12E% MUFA, 6E% 

PUFA) (HSFA) 



ESTIMATED DESATURASE ACTIVITIES AND SCD1 

 
133 

(2) High-fat (38E%) MUFA-rich diet (8E% SFA, 20E% MUFA, 6E% PUFA) 

(HMUFA) 

(3) Isoenergetic low-fat (28E%), high-complex carbohydrate diet (8E% SFA, 11E% 

MUFA, 6E% PUFA), with a control high-oleic acid sunflower-seed oil capsule (1g 

per day) (LFHCC) 

(4) Isoenergetic low-fat (28E%), high-complex carbohydrate diet (8E% SFA, 11E% 

MUFA, 6E% PUFA), with a long-chain (LC) n-3 PUFA supplement (1.24 g per day 

of eicosapentaenoic and docosahexaenoic acid, ratio 1.4:1) (LFHCCn-3) 

 

A range of fat-modified food products were provided to the subjects with specific 

dietary counselling [35]. A food exchange model was developed, and 

carbohydrate-fat exchanges were used to ensure that all diets were isoenergetic. 

An extensive description of the food exchange model and assessment of 

compliance is published elsewhere [33]. Detailed dietary counselling was given to 

the volunteers and frequent monitoring and dietary reinforcement maximized 

volunteer compliance [29]. Loders-Croklaan (Wormerveer, the Netherlands) 

supplied the study capsules used in LFHCC and LFHCCn-3 diet. All subjects 

completed 3-day weighed food record at baseline, week 6, and week 12, and 

centre-specific dietary analysis computer programs were used to analyze the food 

diaries. Subjects had to remain weight stable within the range of 2 kg during the 

intervention period, and were asked to maintain their normal pattern of physical 

activity, alcohol consumption and smoking.  

 

Experimental design 

Pre-intervention and post-intervention, subjects came to the university after an 

overnight fast on two different occasions. On one day, anthropometric 

measurements were completed and fasting blood samples were taken to measure 

plasma lipid concentrations. On the other occasion, subjects completed an insulin-

modified intravenous glucose tolerance test (IVGTT) to measure insulin sensitivity 

as described previously [36, 37]. Insulin sensitivity was the primary end point of the 

LIPGENE human dietary intervention study. In a subgroup (n=41), a fasting 

abdominal subcutaneous adipose tissue biopsy (~1g) was collected 6-8 cm lateral 

from the umbilicus under local anesthesia (2% lidocaine) by needle biopsy to 

determine SCD1 protein level (see adipose tissue protein expression). Adipose 

tissue was washed with sterile saline and processed within 5min at the bedside 

and was snap frozen in liquid nitrogen and stored at -80°C until analysis.  
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SCD1 protein expression in adipose tissue 

Western blotting was used to quantify the amount of SCD1 protein in lysates of 

human fat biopsies. Briefly, 30µg of protein lysates were electrophoresed through 

10% SDS-PAGE gel. Electrophoresed proteins were transferred onto nitrocellulose 

membranes at 100mA overnight at 4°C and visualized by Ponceau S reagent. The 

blots were blocked with 5% non-fat dry milk/0.05% TBS-Tween20 for 1h at room 

temperature. Then blots were probed with mouse anti-SCD1 antibodies (1:1000) or 

rabbit anti beta actin antibodies (1:1000) overnight at 4°C. The membranes were 

washed and incubated with swine anti-rabbit antibodies or anti-mouse antibodies 

conjugated to horseradish peroxidase (1:5000) for 1h at room temperature. After 

further washing steps, visualization was performed using chemiluminiscence 

reagent (Pierce Biotechnology, Rockford, USA) and quantified by the ChemiDoc 

XRS+ system (Bio-Rad Laboratories, Hercules, CA). 

 

Biochemical analysis 

Blood for lipid and glucose analyses was collected in potassium EDTA, fluoride 

oxalate and plasma separator vacutainers. Samples, apart from plasma, were 

centrifuged immediately (1500g), plasma was aliquoted and stored at -80°C. 

Standard methodologies were used to determine plasma insulin (AutoDELFIA 

Insulin and AutoDELFIA C-peptide kits; Wallac Oy, Turku, Finland). Plasma 

concentrations of total cholesterol, HDL-C, LDL-C, TAG, NEFA and glucose were 

analyzed (Instrumentation Laboratory, Warrington, UK; WAKO NEFA C kit, Alpha 

Laboratories, Hampshire, UK). HDL-C and LDL-C were precipitated (Randox 

CH1350 Laboratories Ltd, Co Antrim). Plasma FA were extracted and 

transmethylated with borontrifluoride in methanol; composition was determined by 

gas liquid chromatography using a Shimadzu GC2010 (Shimadzu, Japan).  

 

Statistical methods 

Statistical analyses were performed using SPSS 19.0 for Macintosh (SPSS Inc., 

Chicago, IL, USA). The data were checked for normal distribution and ln-

transformed to obtain normal distribution. One-way analysis of variance (ANOVA) 

was used to test for differences between the dietary intervention groups and to test 

for pre-intervention gender differences. Repeated-measures ANOVA was used to 

determine the effect of dietary intervention on metabolic parameters and plasma 

FA profiles, taking gender, habitual fat intake and body weight change into 

account. Post-hoc analyses were performed on significant interaction terms. 

Thereafter, insulin sensitivity (defined as HOMAIR or by IVGTT) was included as 

dependent variable in an analysis of covariance. In this analysis, plasma FA profile, 
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habitual fat intake, gender, centre, body weight change (and mean level of HOMAIR 

or insulin sensitivity, IVGTT) and the interaction between these factors were 

entered. All data are presented as means ± standard error of the means (SEM) and 

statistical significance was set at p<0.05. 

 

RESULTS 

 

Baseline characteristics according to dietary intervention groups are indicated in 

Table 1. The main outcome of the LIPGENE dietary intervention study has 

previously been described [29]. Overall, insulin sensitivity was unaltered after the 

intervention, whereas body weight was marginally but significantly reduced 

following both low-fat diets (LFHCC and LFHCCn-3 diet) [29].   

 

Plasma fatty acid profile and desaturase activities 

Dietary intervention resulted in minor effects on plasma FA profiles (Table 2). As 

previously reported [29], oleic acid (C18:1n-9) showed a significant diet*time 

interaction (P=0.005), with a significant increase in oleic acid concentrations 

following the HMUFA diet (p=0.033) (Table 2). Moreover, plasma oleic acid 

concentrations were significantly reduced following the HSFA (P=0.005) and the 

LFHCCn-3 diet (p=0.004). There was an increase in plasma EPA (20:5n-3) and 

DHA (22:6n-3) concentration after the LFHCCn-3 diet (p=0.005). There were 

neither direct changes in other individual plasma FA fractions nor for the estimated 

∆
9 

(16:1/16:0, SCD1), the ∆
5
 (C20:4n-6/C20:3n-6) and ∆

6
 (C18: 3n-6/C18:2n-6) 

desaturase activity (Table 2). Several individual FA fractions and estimated ∆
5 

desaturase showed a significant diet*time*gender*habitual fat intake interaction 

(C14:0 p<0.001, C16:0 p<0.001, C16:1n-7 p< 0.001, C18:0 p<0.001, C18:1n-9 p<0.001, 

C18:2n-6 p<0.001, C18:4n-3 p<0.001, c20:3 p<0.001, c20:3n-6 p<0.001, C20:4n-3 p=0.03, 

C20:4n-6 p<0.001, C20:5n-3 p<0.001, C22:6n-3 p=0.029). This interaction is shown for 

16:0 in Figure 1A and 1B,  although similar patterns were observed for the other 

FA (C16:0, C18:0 and 18:1). Following the LFHCCn-3 diet, in men with a habitual 

fat intake below 36E%, the average C16:0 plasma concentration decreased 

(p=0.029), whereas the average C16:0 plasma concentration increased (p=0.007) 

in men with a habitual fat intake above 36E%. In women with a habitual fat intake 

above 36E%, the plasma concentration C16:0 (p=0.074) tended to increase after 

the HMUFA diet. For the estimated ∆
5 

desaturase ratio a different pattern was 

found in men and women, with an increased ratio after the HSFA diet regardless 

the E% fat intake in men (Figure 1C). In women, the estimated ∆
5 

desaturase ratio 

increased after both LFHCC diets (Figure 1D).  
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Relation with insulin sensitivity 

Analysis of covariance revealed no relationship between the change in plasma FA 

profile (both individual FA as well as estimated desaturase activities) and insulin 

sensitivity (as determined by IVGTT or HOMAIR), after adjustment for diet, habitual 

fat intake, gender, centre, body weight change and the interaction between these 

factors  (data not shown).  

  

 
Figure 1. Change in estimated plasma desaturase ratios after dietary intervention. (A) 

Delta for percent C16:0 after the four diets for men between low (<36E%) and high (>36E%) 

habitual fat intake, (B) delta for percent C16:0 after the four diets between for women low 

(<36E%) and high (>36E%) habitual fat intake, (C) Delta for ∆
5
 desaturase after the four 

diets for men between low (<36E%) and high (>36E%) habitual fat intake and (D) delta for 

∆
5
 desaturase after the four diets between for women low (<36E%) and high (>36E%) 

habitual fat intake. HSFA, high-fat saturated fatty acid; HMUFA, high-fat monounsaturated fatty acid; 

LFHCC, low-fat high complex carbohydrate. White bars represent <36E% and black bars >36E%. 

 

Cross sectional analyses 

We investigated determinants of plasma FA profiles and the relationship between 

different plasma FA profiles and insulin sensitivity in the baseline data set (cross-

sectional analysis), adjusted for centre, diet, body weight, BMI, percentage of body 

fat and plasma TAG concentration. Analysis of covariance was performed with 

either HOMAIR or insulin sensitivity (as determined by IVGTT) as dependent 

variable and multiple determinants (centre, diet, baseline insulin sensitivity, body 
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weight, BMI, percent body fat and plasma TAG concentration. At baseline, there 

was a positive relation between C16:0 (rS=0.150, p<0.001), C18:1 (rS=0.114, 

p=0.006), C18:0 (rS=0.151, p=0,003) and C20:3n-6 (rS=0.134, p=0.003) and 

HOMAIR. FA profiles and insulin sensitivity, as determined by IVGTT, were not 

correlated. Furthermore, a strong relationship was observed between body fat 

percentage and estimated SCD1 activity in plasma (rS=0.312, p<0.001 Figure 2A). 

However, estimated SCD1 activity in plasma did not relate to BMI, waist hip ratio 

and insulin sensitivity. Interestingly, women had higher baseline levels of estimated 

plasma SCD1 activity (p<0.001 Figure 2B) as well as higher expression of SCD1 

protein in adipose tissue (p=0.013 Figure 2B) compared with men. 

 

 
Figure 2. Cross sectional correlation between percentages of body fat and SCD1. (A) 

Correlation with estimated plasma SCD1 ratio and (B) gender differences in adipose tissue 

SCD1. 

 

Effect of dietary intervention on adipose tissue SCD1 protein expression 

The HSFA diet increased SCD1 protein expression in abdominal subcutaneous 

adipose tissue (n=12, paired t-test p=0.039 Figure 3A), whereas the levels 

remained unchanged following the other diets. Furthermore, SCD1 protein 

expression in adipose tissue was positively correlated with body fat percentage 

(n=35, rS=0.428, p=0.010 (Figure 3B), and inversely correlated with the change in 

insulin sensitivity (n=34, rS=-0.33, p=0.067) (Figure 3C), independent of diet.  
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Figure 3. Change in adipose tissue SCD1 protein expression. (A) After the four diets, (B) 

correlation with SCD1 protein in adipose tissue and (C) correlation between the change in 

insulin sensitivity and the change in adipose tissue SCD1 protein expression. HSFA, high-fat 

saturated fatty acid; HMUFA, high-fat monounsaturated fatty acid; LFHCC, low-fat high complex 

carbohydrate. White bars represent before dietary intervention, black bars after dietary intervention. 

 

DISCUSSION 

 

In the present study, we investigated the effect of changes in dietary fat quality and 

quantity on plasma FA profiles and SCD1 protein levels in adipose tissue in relation 

to changes in insulin sensitivity. Interestingly, we observed an increase in SCD1 

protein expression in adipose tissue after the HSFA diet, suggesting enhanced 

lipogenesis. Overall, a higher SCD1 expression in adipose tissue tended to 

correlate negatively with insulin sensitivity. The SCD1 protein level revealed no 

significant relation to the plasma FA profiles. Furthermore, diet, gender and 

habitual fat intake did significantly affect plasma FA profiles. There were no 

significant correlations between changes in FA profiles and insulin sensitivity 

(either by IVGTT or HOMAIR), consistent with the previously reported nil effect on 

insulin sensitivity by either MUFA feeding or n-3 supplementation.  

The median of the habitual dietary fat intake in our study was 36E%. Men and 

women seemed to respond differently to the LFHCCn-3 diet and the HMUFA diet 

with respect to plasma FA profiles. Men with a habitual fat intake below 36E% 

decreased their plasma C16:0 fraction, whereas an increased C16:0 concentration 
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was found in men with a habitual fat intake above 36E%. After the HMUFA diet, 

women, particularly those with a habitual fat intake above 36E%, showed an 

increased plasma C16:0 fraction. For the estimated relative ∆
5 

desaturase activity 

we observed an increase in men after the HSFA diet, while women showed 

increase in the estimated relative ∆
5 

desaturase activity after both LFHCC diets. 

Thus, these data suggest that the metabolic profile of an individual has a significant 

impact on changes in plasma FA profiles and ∆
5 

desaturase activity after dietary 

intervention. Our observation that habitual dietary fat intake is an important factor in 

individual responsiveness to dietary intervention is in line with the findings from 

KANWU study [8]. Variation in plasma FA composition has been shown to be 

associated with insulin resistance in cross-sectional studies [38, 39] and 

proportional changes in the composition of FA in plasma are related to changes in 

insulin sensitivity in intervention studies independent of body weight [6]. 

Nevertheless, we could not confirm such relationship between changes in plasma 

FA composition and insulin sensitivity in our present study. This may be explained 

by the small effect on FA profile in the present intervention study. However, in 

specific subgroups we observed distinct differences in plasma FA profile but not in 

insulin sensitivity, suggesting that there may not be a causal relationship between 

FA profile and insulin sensitivity. Further research is required to elucidate this 

putative but controversial relationship. 

Interestingly, we found a significant increase in SCD1 protein expression in 

adipose tissue after the HSFA diet. It has previously been shown that SFA may 

upregulate relative SCD1 activity as estimated from plasma FA [32, 40]. It can be 

postulated that the increase in SCD1 protein expression in adipose tissue after a 

SFA diet may stimulate lipogenesis, thereby contributing to expansion of adipose 

tissue mass and development of obesity [25]. Our data showed a tendency towards 

a negative correlation between SCD1 in adipose tissue and insulin sensitivity, 

which is  in line previous published studies [6, 41]. In the present study, the change 

in SCD1 protein expression in adipose tissue was unrelated to systemic changes in 

estimated relative SCD1 activity. This might be due to the fact that the liver plays a 

more important role than fat tissue in influencing plasma FA profile, which is in line 

with findings from Kotronen et al. [42], demonstrating that estimated SCD1 plasma 

ratios reflect the estimated activities of desaturases in the liver. However, the effect 

of desaturase activity, including SCD1 activity, might be too small to contribute 

detectable changes in plasma FA profile in contrast to the significant influence of 

habitual and dietary fat intake on the plasma FA profile.  

As reported previously, in the total LIPGENE cohort no differences were found in 

whole-body insulin sensitivity following the different intervention diets under 
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conditions of isocaloric exchange. It may be that a chronic positive energy balance, 

mainly due to excessive saturated fat consumption, may exert more pronounced 

effects on adipose tissue SCD1 expression, which could then evoke differences in 

whole-body insulin sensitivity. A limitation of our study, like earlier studies [32, 43], 

may be the use of the ratio of individual FA to estimate activity of desaturases in 

the plasma. It is not possible, therefore, to draw definite conclusions about actual 

enzyme activities. Furthermore we used total plasma lipid fraction for assessing 

desaturase index, whilst the use of a single lipid fraction such as triglycerides or 

cholesteryl esters would have been preferable and especially in those subjects with 

elevated triglycerides [31, 44]. Finally, as previously also highlighted the plasma 

SCD1 index should thus be interpreted with caution as it might more reflect the 

activity of the liver or the FA consumed. 

In the cross-sectional analysis, we observed a strong and positive association 

between body fat percentage and SCD1 in the plasma and adipose tissue. Other 

human studies found strong correlations between SCD1 and the occurrence of 

obesity [45-47]. Warensjö et al. [47] found relations between markers of obesity 

and estimated relative SCD1 plasma activity as measured by the substrate ratio 

and they suggested that desaturase ratios are associated with central adiposity 

and not to overweight in general. In our study, body fat percentage seemed to be a 

strong indicator for high levels of estimated SCD1 activity in the plasma and 

adipose tissue.  

In conclusion, adipose tissue SCD1 protein expression increased after the HSFA 

diet. Although changes in adipose tissue SCD1 expression tended to correlate 

negatively with whole body insulin sensitivity there were no diet-induced changes in 

insulin sensitivity under conditions of isoenergetic exchange [29], nor any 

relationship between systemic plasma FA profiles and insulin sensitivity. From the 

present data it can be speculated that the increased SCD1 expression may be an 

early marker for the development of insulin resistance by promoting lipogenesis 

and adipose tissue expansion.  
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The metabolic syndrome (MetS) is a cluster of metabolic abnormalities including 

obesity and insulin resistance which are associated with an increased risk for the 

development type 2 diabetes mellitus (T2DM) and cardiovascular diseases (CVD) 

[1-4]. The MetS is a complex disorder and different tissues including adipose 

tissue, liver, gut and skeletal muscle are involved in its pathophysiology. Skeletal 

muscle has a crucial role in maintaining normal glucose homeostasis, and insulin 

resistance of the skeletal muscle proceeds to the development of T2DM [5]. This 

thesis focuses on skeletal muscle fatty acid (FA) handling in relation to insulin 

resistance.  

 

General approaches for prevention of the MetS are pharmacological interventions 

aimed at specific risk factors of the MetS and lifestyle interventions aimed at diet 

and physical activity. With respect to the latter not only energy restriction is of 

importance, but also diet composition may affect insulin resistance and the risk 

factors of the MetS. To enlarge our understanding on how diet interacts with insulin 

resistance, the present thesis focuses on how specific dietary FA affect insulin 

sensitivity and on the mechanisms underlying these effects. This final chapter will 

give a comprehensive overview of the main findings described in this thesis, which 

will be discussed in light of recent research in the field. Research described in this 

thesis was largely performed as part of the European LIPGENE dietary intervention 

study, a pan-European multi-centre study designed to investigate the effects of 

dietary fat modification on insulin sensitivity and various risk factors of the MetS in 

subjects with the MetS. 

 

11..  DDiissttuurrbbaanncceess  iinn  sskkeelleettaall  mmuussccllee  ffaattttyy  aacciidd  hhaannddlliinngg  iinn  iinnssuulliinn  

rreessiissttaannccee    

 

Disturbances in skeletal muscle lipid metabolism may play a central role in the 

development of insulin resistance, the MetS and T2DM [6-8]. Skeletal muscle 

insulin resistance is strongly associated with the intramuscular accumulation of lipid 

metabolites like DAG and ceramides [9-11]. Both intrinsic disturbances in skeletal 

muscle FA handling and the lipid overflow contribute to the intramyocellular lipid 

accumulation. So far, little is known of the contribution of dietary fat (chylomicron-

triacylglycerol (TAG)) and endogenous fat (very low-density lipoprotein (VLDL)-

TAG) to the lipid overflow and to the intramuscular lipid accumulation. 
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1.1 Fatty acid supply and uptake  

 

The obese insulin resistant state is characterized by increased circulating TAG and 

FFA levels (i.e. lipid overflow), resulting in an elevated FA supply to peripheral 

tissues like skeletal muscle and the liver [12]. Contrary to this general concept, 

there are also studies that show that plasma FFA concentrations are only slightly 

increased or not increased at all in the obese insulin resistant state, but that rather 

TAG concentrations are increased [13-15]. An increased supply of endogenous 

FFA to the liver increases the VLDL-TAG output, and this may contribute to the rise 

in plasma TAG concentrations in insulin resistance. Furthermore, dietary FA intake 

increases the circulating chylomicron-TAG postprandially but the dietary FA can 

also make a substantial contribution to VLDL-TAG, already in the early 

postprandial phase [16, 17]. In chapter 2, we investigated the contribution of 

dietary versus endogenous FA to lipid overflow and to skeletal muscle FA uptake 

and storage in insulin resistant versus control subjects. To study the metabolic fate 

of dietary versus endogenous FA, a dual stable isotope technique was applied. [U-
13

C]-palmitate was added to a high-fat mixed-meal to label chylomicron-TAG 

(dietary TAG) in the circulation and [
2
H2]-palmitate was infused intravenously to 

label the endogenous pool of FA. As [
2
H2]-palmitate can be incorporated into TAG 

in the liver, [
2
H2]-labelled TAG reflects VLDL-TAG (endogenous TAG) in the 

circulation. Moreover, this stable isotope technique was combined with 

measurements of arterio-venous concentration differences across the forearm 

muscle to investigate skeletal muscle FA handling and the specific contribution of 

the different fat sources to skeletal muscle FA handling. In chapter 2 arterial FFA 

concentration were slightly higher in the insulin resistant group versus the control 

group with comparable body composition. There was no difference in fasting whole 

body rate of appearance of FFA (RaFFA) and in the degree of suppression of RaFFA 

after the consumption of a high-fat mixed-meal between insulin resistant men and 

controls. This is consistent with some previous studies in obese and/or insulin 

resistant subjects [14, 18-20]. These data suggest that there are no pronounced 

impairments in the postprandial regulation of lipolysis in the insulin resistant state 

that result in lipid overflow in the circulation. Furthermore, there were also no 

differences in the arterial chylomicron and VLDL-TAG concentrations between both 

groups, indicating that both chylomicron-TAG and VLDL-TAG are equally produced 

and/or cleared from the circulation. This is not entirely consistent with literature 

where elevated TAG concentration are described in the obese insulin resistant 

state [12]. The lack of difference in circulating concentrations of chylomicron-TAG, 

VLDL-TAG and total TAG between insulin resistant men and controls in the present 
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study may be explained by the subjects characteristics of the two groups: all 

subjects had the MetS and were divided in two groups based on the median of 

insulin sensitivity. We accomplished a good separation with respect to insulin 

sensitivity (the mean values of insulin sensitivity were in line with those reported in 

literature for healthy subjects and subjects with T2DM), whereas groups were 

comparable with respect to BMI, body fat and other risk factors of the MetS, 

indicating that we studied metabolic disturbances related to insulin sensitivity per 

se. We hypothesize that it is possible that obesity has larger impact on increased 

plasma lipids than insulin resistance per se, as also indicated in a recent review by 

Boden et al. [21]. 

 

Despite the comparable supply of TAG to skeletal muscle, we observed that insulin 

resistant men had a higher net extraction of VLDL-TAG across forearm muscle 

compared with a control group during the first 2h after ingestion of a mixed meal 

high in SFA. This finding may possibly extend to chylomicron-TAG as also the 

uptake of these particles tended to increase more in the insulin resistant men at the 

end of the 4h postprandial period. It is difficult to study the contribution of 

chylomicron-TAG and VLDL-TAG to postprandial TAG metabolism due to rapid 

recycling of dietary FA into VLDL particles. Chylomicron-TAG labelled with [U-
13

C]-

palmitate can be cleared by the liver and the [U-
13

C]-palmitate can be incorporated 

in VLDL-TAG and released in the circulation within 2–3h after a meal [16, 22]. The 

majority of the [U-
13

C]-labelled TAG in the circulation represents chylomicron-TAG 

in the first 3h postprandially, whilst approximately 20% of dietary FA, and thus [U-
13

C]-palmitate, is incorporated in VLDL-TAG after 6h [16, 23, 24]. Nevertheless, the 

fact that we found an increased extraction of VLDL-TAG in the early postprandial 

phase suggest an increased postprandial removal (VLDL)-TAG removal across 

skeletal muscle in the insulin resistant state.  

 

The expression and the activity of lipoprotein lipase (LPL) plays a major role in 

skeletal muscle TAG extraction and in insulin resistance. Inhibitory effects of insulin 

on skeletal muscle LPL activity may be impaired in the insulin resistant state, 

resulting in an increased postprandial skeletal muscle TAG extraction. Indeed, it 

was shown in mice that LPL deletion in skeletal muscle reduces lipid storage and 

increases insulin signalling in skeletal muscle [25] and that muscle-specific 

overexpression of LPL causes muscle-specific insulin resistance by causing 

defects in muscle insulin signalling and action [26], whereas skeletal muscle LPL 

knockout mice show the opposite effects. As shown in chapter 2, fasting and 

postprandial skeletal muscle LPL mRNA were not different after ingestion of a high-
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fat mixed-meal between groups, but a role of LPL cannot be excluded since it has 

been shown that LPL activity is mainly regulated at posttranscriptional and 

posttranslational levels [27-29]. Furthermore, in chapter 3, we studied skeletal 

muscle FA handling at the transcriptional level in 122 male and female subjects 

with the MetS with a wide range of insulin sensitivity and found that in more severe 

insulin resistance (lower quartile of insulin resistance) fasting muscle LPL mRNA 

was not increased but rather reduced.  These data do not support an increased 

LPL activity as putative mechanism for the increased VLDL-extraction in insulin 

resistance (as reported in chapter 2). Also, these data seem, in the first instance, 

in contrast to mice studies showing that muscle specific LPL knock-out improves 

skeletal muscle insulin sensitivity. Nevertheless, lack of muscle LPL activity may 

result in insulin resistance in other key metabolic tissues in the long(er) term since 

the reduction of LPL-dependent lipid processing in skeletal muscle must result in 

the partitioning of TAG-rich lipoproteins to other tissues, and ultimately leads to 

obesity and systemic insulin resistance [25, 26].  

Thus, although the exact underlying mechanisms remain to be elucidated, the 

present study stresses the importance of TAG metabolism in insulin resistance, 

which extends results from a previous study investigating FA metabolism using the 

same dual stable isotope methodology [14], in which the insulin resistant state was 

closely related to disturbances in TAG metabolism and not to FFA metabolism. 

 

1.2 Intramyocellular lipid partitioning 

 

Apart from the observed differences in lipid uptake, also the partitioning of FA 

within skeletal muscle has previously been shown to be more directed towards 

storage than oxidation in the insulin resistant state [6]. The human insulin resistant 

muscle is characterized by a reduced capacity to increase intramuscular fat 

oxidation during conditions of increased FA supply such as exercise and fasting, 

whereas postprandial suppression of muscle fat oxidation has shown to be 

impaired in obesity and T2DM (defined as metabolic inflexibility) [6, 30, 31].  A 

reduced FA transport across the mitochondrial membrane and a reduced 

mitochondrial function and content are putative mechanisms for a reduced FA 

oxidation in insulin resistance and T2DM [7, 32-34].  Lipid infusion studies, with an 

acute increase in plasma FFA, show a decrease in the expression of mitochondrial 

genes in the skeletal muscle of healthy subjects [35, 36]. Also, a decreased 

expression of genes of the mitochondrial respiratory chain is found in the skeletal 

muscle of patients with T2DM [37-40]. A decreased expression of PGC1α has 
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been implicated in the development of muscular insulin resistance [40, 41] and the 

development of T2DM [39, 42]. PGC1α is involved in the mitochondrial biogenesis 

by regulating the transcriptional activity of genes involved in the oxidative 

metabolism (OXPHOS genes) [42-44], and activation of the transcription factors 

necessary for mitochondrial DNA (mtDNA) replication. These data show us that the 

underlying genetics of T2DM are very complex and it is clear that several genes 

play a role in this disease. 

 

Although TAG accumulation has been shown to be associated with insulin 

resistance, it is now evident that bioactive lipid metabolites like diacylglycerol, 

(DAG), long chain fatty acyl-CoA and ceramides are particularly associated with 

insulin resistance by interfering with insulin signalling and/or by inducing 

inflammatory pathways [45-47]. In chapter 2, there were no differences in 

intramyocellular DAG, FFA and phospholipid content between obese insulin 

resistant men and controls, whereas muscle TAG content tended to be increased 

in the insulin resistant state. In addition to intramuscular lipid content and synthesis 

rate, FA composition of these lipids also may influence insulin sensitivity [48, 49]. 

There are accumulating data suggesting that intramuscular DAG saturation may 

relate to insulin sensitivity [50-52]. Our data support this concept showing that not 

DAG content but rather DAG saturation was significantly higher in insulin resistant 

men compared with controls at baseline. It is still unclear how the saturation of 

DAG influences PKC activity [53], which is proposed to be the leading mechanism 

explaining DAG-induced insulin resistance [47]. It is important to mention that total 

DAG content as measured by others and us, might not reflect the DAG component 

that may interfere with insulin signalling and contribute to the development of 

insulin resistance [52, 54, 55]. Other studies, on the other hand, show no 

differences with respect to total DAG content as well as degree of saturation in 

obese versus lean [56] or insulin resistant versus insulin sensitive obese individuals 

[57] or observed increased DAG content in obese and obese subjects with T2DM 

[47]. Different DAG species and degree of saturation, cellular localisation of DAG 

and muscle fibre type may determine the effect of intramyocellular DAG on insulin 

sensitivity and should be considered in future studies.  

 

An increased TAG fractional synthetic rate (FSR) may protect the muscle from 

excess FFA concentrations and subsequent accumulation of lipid metabolites that 

may interfere with insulin signalling. The FSR was measured by the incorporation 

[U-
13

C]-labelled palmitate from the muscle FFA pool into the different lipid fractions. 
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In chapter 2, we did not observe a difference in FSR (after a saturated high-fat 

mixed-meal) of intramuscular DAG, TAG and phospholipids between insulin 

resistant men and controls. Also, analyses of mRNA expression levels of several 

key genes important in skeletal muscle FA uptake, mitochondrial FA transport, 

oxidation and synthesis showed no significant differences between insulin resistant 

men and controls. Although one should keep in mind that mRNA expression levels 

are not fully representative of protein expression levels and activity, these data 

imply that intramyocellular lipid partitioning was comparable between insulin 

resistant men and controls in our study. This is in line with findings from a recent 

study of intramuscular lipid synthesis in smokers and non-smokers with clear 

differences in insulin sensitivity [52]. In contract, Perreault et al. [58] showed a 

higher FSR of the TAG and a reduced suppression of FSR during exercise in 

obese insulin resistant subjects versus the obese insulin sensitive control subjects, 

whereas Saccheti et al. [59] reported a complete suppression of the FSR during 

exercise in a group of healthy, young and lean subjects [58].  The reason for these 

inconsistent findings is not entirely clear but may relate to differences in subject 

characteristics. 

 

It must be emphasised that differences in intramyocellular lipid partitioning could be 

rather small and that several previous studies addressed similar issues with 

inconsistent results, which may be due to a large heterogeneity in subjects 

characteristics and a relatively low number of subjects per group. For this reason, 

the intramyocellular lipid partitioning was investigated at a transcriptional level in 

large group of subjects (n=122) with a wide range of insulin resistance in chapter 

3. The size of our study in combination with a detailed phenotype and a wide range 

of insulin sensitivity provides an unique possibility to study the impact of degree of 

insulin resistance, independent of body weight and BMI. We showed in chapter 3 

that for several genes, it is important to define more specific groups with different 

degrees of insulin sensitivity. We demonstrated that the most insulin resistant 

group (lowest quartile of insulin sensitivity) had a reduced expression of PGC1α, 

PPARα and mCTP1b. Lower expression of these genes important in FA oxidation 

and mitochondrial FA transport would imply lower mitochondrial FA transport and 

oxidation. Hence, the lower expression of these genes was also found in the most 

insulin sensitive group (highest quartile of insulin sensitivity). This implies that 

these levels in insulin sensitive group are sufficient for normal FA oxidation and for 

maintaining normal insulin sensitivity. The middle groups may increase their basal 

FA oxidation, via upregulation of PGC1α, PPARα and mCPT1b and would then be 

able to maintain a certain degree of insulin sensitivity. This would fit with the 
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concept postulated by Perseghin et al. [60] showing that higher lipid oxidation rates 

might counteract lipid accumulation in skeletal muscle and thereby avoid FA-

induced insulin resistance in overweight individuals. The insulin resistant group in 

chapter 2 was not as insulin resistant as the most insulin resistant group used in 

chapter 3 which could explain the discrepancy between both chapters.  

 

The results described in chapter 2 indicate no marked differences in lipid overflow 

from either endogenous (FFA or VLDL-) or dietary (chylomicron)-TAG in insulin 

resistant men compared to controls. Even with the similar supply of TAG in insulin 

resistant men and controls, we demonstrated that insulin resistance is associated 

with increased postprandial TAG extraction across the forearm muscle, an 

increased saturation of DAG and with minor differences in intramyocellular lipid 

partitioning at a transcriptional level (chapter 3). It is important to emphasize that 

small differences in lipid partitioning at transcriptional level could be detected in 

subjects within the lowest and highest quartile of insulin sensitivity, thus in the more 

extreme subgroups.   

 

22..  EEffffeecctt  ooff  ddiieettaarryy  ffaatt  qquuaalliittyy  aanndd  qquuaannttiittyy  oonn  ffaattttyy  aacciidd  

mmeettaabboolliissmm  aanndd  iinnssuulliinn  sseennssiittiivviittyy  

 

Lifestyle intervention can improve FA handling of skeletal muscle, which refers to 

the ability of the muscle to increase fat oxidation upon increased FA availability and 

to switch between fat and carbohydrate oxidation under different conditions, such 

as the fasting-to-fed state [30, 61]. These lifestyle interventions were mainly aimed 

at weight loss and/or increasing physical activity, and little information is available 

on the effects of dietary fat composition on in vivo skeletal muscle FA handling.  

 

An important aim of this thesis was to see how insulin sensitivity can be influenced 

by dietary fat modification. There is general consensus that the saturated fat 

content of the diet has to be reduced in the prevention of T2DM and the MetS. The 

key question is whether this saturated fat should be replaced by carbohydrates or 

by unsaturated FA. In chapter 4, the effect of 3 high-fat mixed-meals (high in SFA 

(35.5E% SFA) versus MUFA (42.2E% MUFA) versus PUFA (34.8E% PUFA)) on 

postprandial insulin sensitivity was investigated in obese insulin resistant men. It 

was found that a PUFA meal increased postprandial insulin sensitivity as compared 

with a SFA meal. Our data are in line with previous studies, showing that a PUFA 

meal improved insulin sensitivity as compared with a SFA meal [62, 63], The effect 
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of MUFA was intermediate between the SFA meal and the PUFA meal, which is 

partially in agreement with studies that have shown beneficial effects of MUFA on 

insulin sensitivity as compared with SFA [63-66]. With the dual FA stable isotope 

technique (as described above) and muscle gene expression analysis (micro-

arrays) several possible underlying mechanism that could be affected by dietary fat 

composition were investigated. We detected a reduced muscle TAG-derived FA 

uptake in insulin resistant men after ingestion of a meal high in PUFA as compared 

with a meal high in SFA or MUFA. Beside the reduced uptake of TAG-derived FA, 

there was a tendency towards a higher FSR (incorporation [U-
13

C]-labelled 

palmitate from the muscle FFA pool into the different lipid fractions) of the PL pool 

after the PUFA meal and TAG, DAG and PL pool after the MUFA meal compared 

with the SFA meal. Additionally, micro-array analysis showed that there was a 

reduced downregulation of oxidative pathways after the PUFA compared with the 

SFA or MUFA meal. Together these data indicate that beside a reduced TAG-

derived FA uptake, overall muscle lipid turnover may be higher after the PUFA 

compared with the SFA meal. It remains to be established if improvement in insulin 

sensitivity after the PUFA meal due to lower lipid uptake (and possible less 

accumulation of fat in the muscle) is directly related to the higher postprandial 

insulin sensitivity. In fact, the increase in insulin sensitivity after the PUFA meal 

may also be explained by other mechanisms beside lower lipid uptake. For 

example, differences in the secretion of gut hormones (glucagon-like peptide 1 and 

cholecystokinin) could potentiate differential insulin secretion and insulin sensitivity 

according to FA composition of the meals [65, 67]. Thus, although our results point 

towards an important role of muscle FA uptake and lipid turnover in the higher 

postprandial insulin sensitivity with PUFA, this should be elucidated in more detail 

in future studies. Furthermore, it remains to be established whether these acute 

effects may contribute to findings after long-term dietary intervention.  

Therefore, besides the acute effect of dietary fat on skeletal muscle FA handling, 

also the chronic effect of dietary modification on muscle FA handling was studied. 

The chronic effects were studied as a part of the human dietary intervention study 

LIPGENE. A specific objective of the LIPGENE study was to study the effect of 

isoenergetic modification of dietary fat quality and quantity on insulin sensitivity and 

risk factor for the MetS. Men and women with the MetS were randomised to four 

isoenergetic dietary treatments for 12 weeks (high-SFA (HSFA); high-MUFA 

(HMUFA) or two low-fat, high-complex carbohydrate diets, supplemented with 

capsules containing 1.24g/day of long-chain n-3 PUFA (LFHCCn-3) or control 

capsules containing oil (LFHCC)). As reported previously [68], In the whole 

LIPGENE study, no differential effects of diets on insulin sensitivity were found. 



CHAPTER 7 
 

 
156 

Nevertheless, the consumption of a low-fat high-carbohydrate (LFHCC) 

supplemented with n-3 diet (1.24 g/day) reduced the risk of MetS as compared with 

iso-energetic high-fat (HSFA and HMUFA) and LFHCC diets [69]. The prevalence 

of MetS fell by 20.5% after LFHCCn-3 diet compared with the HSFA (10.6%), 

HMUFA (12%) diet or LFHCC (10.4%) diets [69]. In line, our group [70] recently 

published that the isoenergetic modulation of dietary fat quality and quantity did not 

affect postprandial skeletal muscle FA uptake in men with the MetS of the 

LIPGENE cohort, but reduced post-prandial chylomicron-TAG concentration on the 

LFHCCn-3 diet. This could possibly contribute to less muscle lipid accumulation in 

the longer term and could explain the lower prevalence of the MetS. In chapter 5, 

the effect of the diets differing in fat quantity and quality on intramuscular lipid 

partitioning and lipid turnover was examined in the same subjects with the MetS, as 

studied before [71]. There was a significant interaction between baseline insulin 

sensitivity and the diet-induced changes in gene expression. The insulin resistant 

and insulin sensitive subjects responded differently to the HMUFA and LFHCCn-3 

diets with a more pronounced reduction in the mRNA expression of the lipogenic 

genes SREBP1c and ACC2 among insulin resistant subjects after the HMUFA diet 

and an enhanced expression of the oxidative genes OXPHOS, NDUFB5 and 

SDHB on the LFHCCn-3 diet among insulin sensitive subjects. In line with the 

larger reduction of the lipogenic genes, the HMUFA diet seemed to reduce the FSR 

of the DAG and TAG pool and the LFHCCn-3 diet reduced the skeletal muscle 

TAG content. These data indicate a shift towards a lower accumulation of lipids in 

muscle on the diets high in MUFA or LFHCC diets with n-3 supplementation, which 

is most pronounced in subjects with insulin resistance at baseline.  

In conclusion,  in both the acute (chapter 4) and chronic study (chapter 5), a 

meal/diet enriched with PUFA  induced a shift towards a reduced muscle lipid 

uptake and/or fat storage. In the acute study in chapter 4 the PUFA meal 

consisted of a 1:1 mixture of n-3 and n-6 PUFA and in the 12 week study in 

chapter 5 only n-3 was supplemented to a low fat, high complex carbohydrate diet. 

It is therefore also possible that n-6 PUFA, rather than MUFA or n-3 PUFA affects 

lipid handling in subjects with the MetS [72]. This differential lipid handling may 

have contributed to the reduced the risk of MetS [69] on a LFHCCn-3 diet as 

compared with iso-energetic HSFA, HMUFA and LFHCC diets.  

 

From the results in chapter 4 and 5 we can conclude that the effect of dietary FA 

are complex and that effect can diverge in subjects with different phenotypes and 

metabolic profiles. Insulin resistance is associated with specific plasma and serum 

FA profiles, reflecting dietary FA intake and/or endogenous FA metabolism [73-75], 
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including the activities of enzymes responsible for synthesizing, desaturating and 

elongating FA [76, 77]. There is growing evidence that in rodents and humans that 

desaturase enzymes are related to insulin sensitivity [78-80]. In human studies, an 

increase in ∆
6
 desaturase (C18: 3n-6/C18:2n-6) activity and a decrease in ∆

5
 

desaturase (C20:4n-6/C20:3n-6) activity have been associated with insulin 

resistance and T2DM [77, 79, 81]. It is noteworthy that overexpression of ∆
9
 

desaturase (C16:1n-7/C16:0) or stearoyl CoA desaturase 1 (SCD1) results in TAG 

esterification, and attenuates ceramide and DAG accumulation and protects 

against FA-induces insulin resistance [82]. In chapter 6, the effect of 12 week 

LIPGENE dietary intervention  of dietary fat content and quality on plasma FA 

profiles and the estimated desaturase activities as well adipose tissue ∆
9
-

desaturase (SCD1) expression was studied in relation to changes in insulin 

sensitivity. The results of chapter 6 show that the effect of dietary intervention on 

plasma FA profile was dependent on gender and habitual fat intake and that men 

and women have a differential FA profile in response to a HMUFA and the 

LFHCCn-3 diet. However, there was no association between plasma FA profiles 

and change in insulin sensitivity. Interestingly, the HSFA diet increased the SCD1 

protein expression in adipose tissue and this increase was negatively related to the 

change in insulin sensitivity. SCD1 may enhance TAG storage by providing the 

preferential FA for storage (C16:1n-7 and C18:1n-9)  Indeed, it was found in 

previous studies that cultured myocytes from obese subjects had a reduced fat 

oxidation, an increased protein expression of SCD1 and increased FA 

esterification. [83]. In contrast, mice deficient in SCD1 have an increased energy 

expenditure, are lean, resistant to diet-induced obesity and insulin sensitive [84-

87]. These data indicate that the tendency towards a negative relation between 

SCD1 and insulin sensitivity on the HSFA may possibly be explained by an 

lipogenesis-promoting effect. However, this does not translate in changes in body 

composition and insulin sensitivity at group level, suggesting that the change in 

SCD1 may be an early marker of this sequence of events.   

 

33..  CCoonncclluuddiinngg  rreemmaarrkkss  aanndd  ssuuggggeessttiioonnss  ffoorr  ffuurrtthheerr  rreesseeaarrcchh  

 

This thesis provides a better understanding of the impairments in fat metabolism in 

insulin resistance and the impact of dietary fat quantity and quality intervention. 

More insight could certainly lead to more appropriate nutritional guidelines how to 

prevent human disorders in which muscle lipotoxicity contributes to the 

pathogenesis of obesity, T2DM and the MetS. The main outcomes of this thesis as 
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well as concluding remarks and suggestions for future research are summarized in 

this section. 

  

1. Disturbances in TAG metabolism are more pronounced in insulin 

resistance than disturbances in FFA metabolism. Insulin resistance is 

accompanied by an increased  muscle (VLDL) TAG extraction and slight 

differences in intramyocellular partitioning in the postprandial state, despite 

comparable FA supply (from FFA and TAG) (chapter 2). Although the 

differences are small, in the long term this may be one of the mechanisms 

leading to intramyocellular lipid accumulation and the development of 

T2DM. These data challenge the role of lipid overflow in the development 

of skeletal muscle insulin resistance. We studied metabolic disturbances 

related to insulin resistance per se, independent of obesity and other 

characteristics of the MetS. Future research should be performed to test 

the lipid overflow theory in obesity and/or insulin resistance versus a 

healthy population.  

2. There are no differences in intramyocellular TAG, DAG, FFA and PL 

content as well as their FSR between insulin resistant men and controls, 

but the saturation of DAG is increased in the insulin resistant state 

(chapter 2). This implicates that the composition of the lipid fractions could 

be more important that their content in insulin resistance. It would be 

interesting to further evaluate the role of the FSR, intramyocellular lipid 

fraction content and composition in relation to insulin resistance. 

3. There were specific gene expression patterns associated with the condition 

of insulin resistance (chapter 3). The results presented here, emphasise 

that it is important to study larger groups with a detailed phenotype or 

select more homogenous groups, since we found subgroups with 

comparable levels of gene expression (i.e. PGC1α) but in the upper and 

lower extreme quartile of insulin sensitivity. This suggest that the same 

expression levels may reflect different metabolic profiles. Future research 

should be performed to further elucidate the role of specific gene 

expression patterns in relation to metabolic profile and insulin sensitivity.  

4. In this thesis, an acute change in insulin sensitivity was found by replacing 

SFA in the meal with PUFA. However, it seems that long-term effects on 

insulin sensitivity are more complex (chapter 3 and 4). Nevertheless, 

insulin resistant subjects had a more pronounced shift towards a lower 

accumulation of lipids in muscle on the diets high in MUFA or LFHCC diets 

with n-3 supplementation as compared with insulin sensitive subjects 
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(chapter 5). Furthermore, there was no effect on insulin sensitivity in the 

LIPGENE study, but when considering gender differences, a MUFA rich 

diet improved insulin sensitivity (HOMAIR) in women that a dietary fat 

intake lower than 36E% [88]. Overall, the type of FA may be of importance 

but it is indispensable to look at specific subgroups (chapter 5 en 6), 

because the effects can be levelled out in a large group with a more 

heterogeneous phenotype. We have to consider that perhaps a more 

personalized dietary approach is necessary. 

5. Both an acute increase in PUFA in a meal (n-3 and n-6, in 1:1 ratio) as well 

as a chronic increase in PUFA (n-3 FA) by adding this to a low fat, high 

complex CHO diet tended to direct skeletal muscle lipid handling towards a 

reduced lipid storage (chapter 3 and chapter 5). This altered muscle FA 

handling may be one of the underlying mechanisms for the acute PUFA-

induced increase in postprandial insulin sensitivity or the reduced 

prevalence of the MetS after the 12week LFHCCn-3 diet. It would be 

interesting to further elucidate the role of combining n-3 FA with a relatively 

high fat diet with respect to effect on muscle FA handling and insulin 

sensitivity.  

 

Overall this thesis provides suggestive evidence that changing dietary fat quantity 

and quality could contribute to an improvement in muscle FA handling and an 

improvement in insulin sensitivity but the data suggest that changes in the diet 

must be fine tuned based on the genetic and metabolic profile of groups of the 

subjects. Therefore, research has to be directed towards responders and non-

responders to manipulation of dietary fat quantity and quality in order to increase 

the effectiveness of lifestyle intervention.  
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The metabolic syndrome (MetS) represents a clustering of risk factors for the 

development of  type 2 diabetes mellitus (T2DM) and cardiovascular disease 

(CVD), like high blood pressure, dyslipidemia, insulin resistance and abdominal 

obesity. During the last two decades the number of people with the MetS worldwide 

has increased rapidly together with the global epidemic of obesity and T2DM. 

Insulin resistance and central obesity have each been considered to be the primary 

factors underlying the MetS, although the underlying biological mechanisms are 

complex and not fully understood. There is evidence that dietary fat quality may 

modulate muscle fatty acid (FA) partitioning and lipid accumulation, resulting in a 

subsequent change in insulin sensitivity. The focus of this thesis is on skeletal 

muscle FA handling in relation to insulin sensitivity and the effect of dietary fat 

quantity and quality on skeletal muscle FA handling.  

 

In chapter 2, we studied the contribution of dietary (chylomicron-TAG) and 

endogenous FA (VLDL-TAG and FFA) to skeletal muscle FA uptake and storage in 

insulin resistant men and a control group. FA partitioning was studied using an 

unique recently developed dual stable isotope tracer technique in combination with 

arterio-venous concentration measurements across the forearm muscle. Insulin 

resistance was associated with increased postprandial (VLDL)-TAG extraction 

across the forearm muscle in the early postprandial state, despite similar circulating 

TAG concentrations. Intramyocellular TAG, DAG, FFA and phospholipid content, 

and their fractional synthetic rates, were not different between the two groups. 

However, the saturation of intramyocellular DAG was increased in the insulin 

resistant state. These data suggest that an increased VLDL-TAG extraction and 

increased saturation of intramuscular DAG are associated with insulin resistance.  

 

In chapter 3, the insulin resistant phenotype was further characterized at the 

transcriptional level in skeletal muscle. The muscle gene expression profiles of a 

relatively large group of subjects with a wide range of insulin sensitivity were 

studied. The expression of sterol regulatory element binding protein 1c (SREBP1c), 

acetyl-CoA carboxylase 2 (ACC2), diacylglycerol acyltransferase (DGAT1), and 

nuclear respiration factor (NRF) was higher in the lowest two quartiles of insulin 

sensitivity compared with the highest two quartiles of insulin sensitivity. 
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Interestingly, peroxisome proliferator-activated receptor coactivator 1α (PGC1α), 

peroxisome proliferator-activated receptor α (PPARα), and muscle carnitine 

palmitoyl transferase 1b (mCPT1), important for oxidative metabolism, showed a 

complex mRNA expression profile; levels were lower in both the most ‘insulin 

sensitive’ as well as the most ‘insulin resistant’ individuals. Lipoprotein lipase (LPL) 

mRNA was reduced in the lowest quartile of insulin sensitivity. Enhanced gene 

expression of SREBP1c, ACC2 and DGAT1 in the insulin resistant state suggests 

a tendency towards FA storage rather than oxidation. From the lower expression of 

PGC1α, PPARα, and mCPT1 in both the most ‘insulin sensitive’ as well as the 

most ‘insulin resistant’ individuals, it may be speculated that ‘insulin sensitive’ 

subjects do not need to upregulate these genes to have a normal FA oxidation, 

whereas the most ‘insulin resistant’ individuals are inflexible in upregulating these 

genes. This suggest that the same expression levels may reflect different metabolic 

profiles. The results presented here, emphasise that it is important to study larger 

groups with a detailed phenotype or select more homogenous groups. 

 

Dietary fat quality may affect skeletal muscle FA handling thereby possibly 

improving insulin sensitivity. In chapter 4, the acute effect of meals different in fat 

quality on skeletal muscle FA handling and postprandial insulin sensitivity was 

studied in obese insulin resistant men. The results of this study showed that PUFA 

reduced TAG-derived skeletal muscle FA uptake as compared to a high SFA meal, 

which was accompanied by higher postprandial insulin sensitivity, a more 

transcriptional oxidative phenotype and altered intramyocellular lipid partitioning 

The reduced TAG extraction and increased muscle lipid turnover may be one of the 

underlying mechanisms for an improved insulin sensitivity 

 

Subsequently, we studied the chronic effects of 12wk isocaloric manipulation of 

dietary fat quantity and quality on muscle FA partitioning within the framework of 

the European multi-centre dietary intervention study, LIPGENE (chapter 5), in 

eight European countries. Men and women with the MetS were included and 

randomized to four isoenergetic dietary treatments: a control high-fat diet rich in 

saturated fat (HSFA), a high-fat diet rich in monounsaturated fat (HMUFA) and two 

low-fat high-complex carbohydrate diets (LFHCC), one supplemented with 1.24 g/d 
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long-chain n-3 polyunsatured FA (LFHCCn-3). The data indicate a shift towards a 

lower accumulation of lipids in muscle on the diets high in MUFA or LFHCC diets 

with n-3 supplementation, which is most pronounced in subjects with insulin 

resistance at baseline.  

 

Finally, we investigated, the relationship between dietary fat quality and quantity-

induced changes in plasma FA profiles (and estimated desaturase activities) and 

insulin sensitivity within the framework of the LIPGENE study. The activity of ∆
9
 

desaturase (SCD1) was studied in more detail in abdominal subcutaneous adipose 

tissue. The results of chapter 6 show that there was no association between 

plasma FA profiles and change in insulin sensitivity. Interestingly, the HSFA diet 

increased the adipose tissue SCD1 protein expression and this increase was 

negatively related to the change in insulin sensitivity. This tendency may possibly 

be explained by a lipogenesis-promoting effect on the HSFA diet.  

 

Replacing SFA in the meal with PUFA acutely changed insulin sensitivity and in the 

longer term insulin resistant subjects had a more pronounced shift towards a lower 

accumulation of lipids in muscle on the diets high in MUFA or LFHCC diets with n-3 

supplementation as compared with insulin sensitive subjects. Overall this thesis 

provides suggestive evidence that changing dietary fat quantity and quality could 

contribute to an improvement in muscle FA handling and an improvement in insulin 

sensitivity but the data suggest that changes in the diet must be fine tuned based 

on the genetic and metabolic profile of groups of the subjects. Therefore, research 

has to be directed towards responders and non-responders to manipulation of 

dietary fat quantity and quality in order to increase the effectiveness of lifestyle 

intervention.  
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Het metabool syndroom (MetS) is een cluster van risicofactoren voor het 

ontwikkelen van type 2 diabetes (T2D) en hart- en vaatziekten, zoals hoge 

bloeddruk, een verstoorde lipidenbalans, insuline resistentie en obesitas 

(zwaarlijvigheid). Tijdens de laatste twee decennia is het aantal mensen met het 

MetS wereldwijd toegenomen, dit samen met een wereldwijde epidemie van 

zwaarlijvigheid en T2D. Insuline resistentie en centrale obesitas worden elk 

beschouwd als belangrijke factoren die ten grondslag liggen aan het MetS, hoewel 

de onderliggende biologische mechanismen complex zijn en nog niet volledig zijn. 

Er is bewijs dat het type vet in de voeding de insuline gevoeligheid van de spier 

kan veranderen door de opslag en oxidatie van vetten in de spier te beïnvloeden. 

Dit proefschrift richt zich op de vetstofwisseling van de skeletspier in relatie tot 

insuline gevoeligheid en bestudeert het effect van de hoeveelheid en het type vet 

hierop.  

 

In hoofdstuk 2 hebben we gekeken naar de bijdrage van vetten uit de voeding 

(chylomicronen) of vetten reeds aanwezig in het lichaam (endogene vetten; vrije 

vetzuren en vetten in de vorm van VLDL deeltjes) aan de verhoogde concentratie 

van vetten in de circulatie en de ophoping van vet in de spier. Hiertoe gebruikten 

we twee verschillende stabiele isotopen van het vetzuur palmitaat, in combinatie 

met metingen van arterio-veneuze concentratie-verschillen over de onderarmspier. 

Insuline resistentie was geassocieerd met een verhoogde extractie van (VLDL-)-

TAG door de skeletspier na de maaltijd, terwijl circulerende TAG concentraties 

vergelijkbaar waren. De hoeveelheid van verschillende spierlipidenfracties (TAG, 

diacylglycerol (DAG), FFA en fosfolipiden) waren vergelijkbaar bij de insuline 

resistente groep en de controle groep. Er was echter wel een verhoogde 

verzadiging van DAG in de spier bij de insuline resistente mannen. Deze resultaten 

suggereren dat een verhoogde extractie van VLDL-TAG door de spier en de 

verhoogde verzadiging van DAG in de spier geassocieerd zijn met insuline 

resistentie.       

 

In hoofdstuk 3, werd het insuline resistente fenotype verder onderzocht op 

transcriptioneel niveau in de skeletspier. De expressie SREBP1c, ACC2, DGAT1 

(belangrijk bij de vetvorming) en NRF was hoger bij mensen in de laagste twee 

kwartielen van insuline gevoeligheid ten opzichte van degenen in de twee hoogste 

kwartielen van insuline gevoeligheid. PGC1α, PPARα, en mCPT1, allen belangrijk 

voor het oxidatieve metabolisme in de spier, toonden een complex mRNA 

expressie profiel. Er was een lage expressie in zowel de meest 'insuline gevoelige' 

als de meest 'insuline resistente' individuen. De verhoogde genexpressie van 
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SREBP1c en ACC2 en DGAT1 in de insuline resistente toestand wijst op een 

tendens naar vetopslag in plaats van vetverbranding. Uit de lagere expressie van 

PGC1α, PPARα, en mCPT1 in zowel de meest 'insuline gevoelige' als de meest 

'insuline resistentie' individuen, kan geconcludeerd worden dat 'insuline gevoelige' 

individuen deze genen niet hoeven op te reguleren voor een normale 

vetverbranding en dat de meest 'insuline resistentie' individuen niet meer in staat 

zijn deze genen op te reguleren.  

 

Het type voedingsvet kan het vetmetabolisme van de skeletspier beïnvloeden en 

zo de insuline gevoeligheid van de spier beïnvloeden. In hoofdstuk 4, werd het 

acute effect van maaltijden met verschillende type vetten op het vetmetabolisme 

van de spier en de insuline gevoeligheid bestudeerd in obese insuline resistente 

mannen. De resultaten van deze studie toonden aan dat een maaltijd hoog in 

meervoudig onverzadigde vetzuren (PUFA) de extractie van VLDL-TAG in de 

skeletspieren vermindert in vergelijking met een maaltijd hoog in verzadigd vet 

(SFA). Deze verminderde opname ging gepaard met een verhoogde insuline 

gevoeligheid en een meer oxidatief transcriptioneel fenotype. Deze veranderingen 

van het vetmetabolisme kunnen mogelijk een rol spelen bij de verbeterde insuline 

gevoeligheid.   

 

Vervolgens bestudeerden we het lange termijn effect (12 weken) van iso-calorische 

manipulatie van de kwaliteit en de hoeveelheid van vetten in de voeding op de 

spiervetstofwisseling. Dit werd gedaan in het kader van de Europese multicenter 

dieet interventiestudie, LIPGENE (hoofdstuk 5).  Mannen en vrouwen met het 

MetS werden ad random opgenomen in vier iso-energetische dieetgroepen: een 

controle hoog vet dieet, rijk aan verzadigde vetten (HSFA), een hoog vet dieet, rijk 

aan enkelvoudig onverzadigde vetten (HMUFA) en twee laag-vet hoog complexe 

koolhydraat diëten (LFHCC), aangevuld met een 1,24g/d lange-keten n-3 

meervoudig onverzadigde vetzuren (LFHCCn-3) of placebo. De resultaten wijzen 

op een verschuiving naar een verlaagde vetopstapeling in spier na het dieet hoog 

in MUFA of het LFHCC met n-3 supplementatie dieet.  

 

Tot slot onderzochten we de relatie tussen de  hoeveelheid en het type vet in de 

voeding en vetzuurprofielen in het plasma en de insuline gevoeligheid in het kader 

van de LIPGENE studie. We hebben de activiteit van ∆
9
 desaturase (SCD1), 

betrokken bij de omzetting van verzadigde naar enkelvoudig onverzadigde 

vetzuren in meer detail bekeken op vetweefselniveau. De resultaten van 

hoofdstuk 6 laten zien dat er geen verband was tussen vetzuurprofielen in het 
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plasma en verandering in insuline gevoeligheid. Interessant is dat het HSFA dieet 

zorgt voor een verhoogde SCD1 eiwit expressie in vetweefsel en dat deze stijging 

negatief gerelateerd was aan de verandering in insuline gevoeligheid. Deze 

gegevens wijzen erop dat er een lipogenese-bevorderend effect is na een maaltijd 

hoog in SFA.  

 

Het vervangen van SFA in de maaltijd met PUFA zorgt voor een acute verandering 

in de gevoeligheid voor insuline. Op de lange termijn lijken de insuline resistente 

mensen een verschuiving te hebben naar een lagere stapeling van vetten in spier 

na een maaltijd met MUFA of LFHCC met n-3 in vergelijking met mensen die wel 

gevoelig zijn voor insuline. In het algemeen geeft dit proefschrift bewijs dat 

verandering van de kwaliteit en de kwantiteit van vet in de voeding kan leiden tot 

een verbetering van de manier waarop de spier omgaat met vetten en dus een 

verbetering van insuline gevoeligheid. Maar de resultaten tonen aan dat 

veranderingen in het dieet goed moeten worden afgestemd op het genetisch en 

metabool profiel van groepen van mensen. Onderzoek zou daarom gericht moeten 

worden op ‘responders’ en ‘non-responders’ op een manipulatie van de kwaliteit en 

de hoeveelheid van vet in de voeding om de effectiviteit van leefstijlinterventie te 

verhogen. 
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