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Type 2 diabetes is increasingly prevalent worldwide. Having now reached 
epidemic proportions, this confers major burdens on health and health 
care costs.1 Excess accumulation of intracellular lipids in non-adipose 
tissues such as liver and skeletal muscle has been implicated in the 
development of insulin resistance and type 2 diabetes. However, it 
remains unknown whether this ectopic lipid overload is a consequence of 
increased lipid uptake, decreased lipid utilization through oxidation and/or 
secretion, or a more structural imbalance between lipid uptake and 
utilization. Although it is well accepted that physical inactivity is associated 
with an increased risk of developing insulin resistance, and that exercise 
improves insulin sensitivity, the effects of physical (in)activity on in vivo 
intracellular lipid handling are not clear.  
 
1.1 Insulin resistance and type 2 diabetes 
 
1.1.1 Glucose homeostasis 
In the etiology of type 2 diabetes, one progresses from normal to impaired 
glucose tolerance to overt type 2 diabetes.2 Both impaired insulin secretion 
and insulin resistance are important elements in the pathogenesis of type 
2 diabetes. In liver, insulin activates the insulin receptor, which 
phosphorylates insulin-receptor substrate 1 (IRS1) and 2 (IRS2), leading 
to the activation of 1-phosphatidyl-inositol 3-kinase (PI3K)3 and, ultimately, 
to the promotion of glycogen synthesis and the inhibition of 
gluconeogenesis. In skeletal muscle, insulin binds to its receptor, with 
subsequent phosphorylation and activation of IRS1. Phosphorylated IRS1 
activates PI3K, which evokes glucose transporter 4 (GLUT4) translocation 
to the cell membrane, leading to stimulated glucose uptake into the 
muscle.4 Elevated post-absorptive glucose concentrations are mainly 
attributed to impaired inhibition of hepatic glucose output and the reduced 
capacity of peripheral tissues to rapidly take up the glucose that is 
released into the circulation.5 Skeletal muscle is responsible for ~75-80% 
of the glucose extraction following meal ingestion and is therefore vital for 
glucose homeostasis.6, 7  
 
1.1.2  Intracellular lipids 
Insulin resistance is associated with high lipid content in skeletal muscle8-16 
and liver17-26. The proposed relationship between intramyocellular lipid 
(IMCL) accretion and the development of insulin resistance has been 
reported for many years in both animal27-33 and human8, 13, 34 studies. The 
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introduction of 1H magnetic resonance spectroscopy (1H MRS) allowed for 
the in vivo quantification of IMCL distinct from extramyocellular lipids 
(EMCL) in muscle tissue.9, 11, 35-37 A study making use of this technique has 
reported that insulin sensitivity shows an even greater correlation with 
IMCL than with visceral adiposity.38 These findings are supported by in 
vitro histochemical analyses on skeletal muscle cross-sections.39-41 

It has been postulated that not IMCL itself but rather lipid 
intermediates, such as long-chain (C12–C20) fatty acyl-coenzyme A (LCFA-
CoA), diacylglycerides (DAG) and ceramides, are the culprits of lipid-
induced insulin resistance. Reduced muscle uptake of glucose is mainly 
caused by defects in intracellular insulin signaling. LCFA-CoA and DAG 
can activate novel protein kinase C-θ (PKCθ),42-47 thereby triggering a 
serine/threonine kinase cascade, leading to phosphorylation of serine sites 
on IRS1,48-51 which prevents IRS1 from interacting with the insulin 
receptor.52 This reduces the ability of IRS1 to activate PI3K,53-55 which 
ultimately results in reduced GLUT4 translocation to the cell membrane.56 
In this way, increased LCFA-CoA and DAG concentrations may decrease 
the capacity for insulin-stimulated muscle glucose uptake.45, 51, 55, 57, 58 
Alternatively, ceramides inhibit the insulin-signaling pathway downstream 
of PI3K through the activation of protein phosphatase 2A that 
dephosphorylates and inactivates akt/protein kinase B, resulting in 
inhibition of GLUT4 translocation and glycogen synthesis.59, 60 

Hepatic lipid accumulation is closely correlated with obesity, 
insulin resistance, and type 2 diabetes.61-64 Hepatic steatosis is associated 
with decreased phosphorylation of IRS1 and IRS2 by the insulin receptor, 
presumably by DAG induced activation of PKCε,65, 66 which ultimately 
leads to impaired ability of insulin to activate hepatic glycogen synthesis 
and to suppress hepatic glucose production.67 The latter has been 
observed in type 2 diabetes patients.68, 69 
 
1.1.3 Physical activity 
Endurance type exercise training has been shown to improve insulin 
sensitivity.70-72 During exercise, lipid secretion and oxidation in liver are 
increased, especially during high intensity exercise, to regulate substrate 
availability to other tissues, such as skeletal muscle.73 In addition, during 
prolonged exercise, adipose tissue lipolysis is gradually elevated, and as 
such causes greater plasma non-esterified fatty acid (NEFA) availability.74 
This results in an increase in IMCL content in less active muscle.75, 76 It 
has been shown that, in contrast to sedentary individuals, in trained 
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subjects IMCL content is positively correlated with insulin sensitivity.8, 77 
Interestingly, trained athletes exhibit similar or even greater concentrations 
of IMCL than sedentary, obese subjects and obese, type 2 diabetes 
patients.39, 78 Therefore, the relationship between IMCL content and insulin 
sensitivity appears to be U-shaped, with high IMCL concentrations in both 
insulin-resistant and highly insulin-sensitive individuals (Figure 1).39, 79, 80 
This supports the hypothesis that not IMCL itself, but rather lipid 
intermediates may be responsible for the impairment in insulin signaling. A 
high turnover rate of the IMCL pool, as observed in trained individuals, has 
been proposed to reduce the intracellular concentration of lipid 
metabolites,79 and therefore will have a positive effect on skeletal muscle 
insulin sensitivity. 
 

 
 
Figure 1: The U-shaped relationship between intramyocellular lipid (IMCL) 
content and insulin sensitivity. The arrows indicate how environmental factors can 
modify this relationship.79 
 
1.1.4 Diet 
The high fat concentration of typical Western-style diets is considered to 
be an important factor in the development of type 2 diabetes.81-83 
Sedentary individuals consuming high-energy, high-fat diets may have a 
chronic positive energy balance and increased plasma concentrations of 
NEFA.84, 85 The latter is probably due to adipose-tissue insulin resistance, 
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leading to a less effective inhibition of NEFA release by insulin.86, 87 
Elevated circulating lipid levels augment hepato- and myocellular lipid 
uptake and stimulate storage of intracellular lipids, leading to lipid 
accumulation in liver67, 88-90 and skeletal muscle.91-93 However, it raises the 
question how lipid uptake and oxidation/secretion is regulated in liver and 
skeletal muscle, and if this regulation is altered in insulin-resistant tissues. 
 
1.2 Lipid metabolism 
 

 
After a meal, the majority of dietary LCFA absorbed by the intestine are 
incorporated into chylomicron-TGs for transport to the circulation through 
the thoracic duct (Figure 2).94, 95 Dietary FAs can enter the liver and 
skeletal muscle through spill-over into the plasma-NEFA pool96 (pathway A 
and E, respectively, Figure 2), where they are bound to albumin because 
of their hydrophobic nature. Other dietary FAs enter the liver through the 
uptake of intestinally-derived chylomicron-TG remnants (pathway B, 
Figure 2), via capillary-bound lipoprotein lipase (LPL)-mediated lipolysis on 

 
 
Figure 2: Lipid uptake in liver and skeletal muscle via different pathways. Pathway 
A and E, uptake of dietary FA via lipoprotein lipase (LPL) spill-over into the albumin 
bound plasma- non-esterified fatty acids (NEFA) pool; pathway B, uptake of dietary 
FA into liver via remnants of chylomicron-triglycerides (TG); pathway C and F, 
uptake of circulating NEFA from adipose tissue into liver and muscle, respectively; 
pathway D, synthesis of fatty acids (FA) via de novo lipogenesis (DNL); and 
pathway G, uptake of FA from lipoprotein lipase (LPL)-mediated  very low-density 
lipoprotein-triglyceride (VLDL-TG) hydrolysis. ApoB, apolipoprotein B; Chol, 
cholesterol. 
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the surface of endothelial cells.97, 98 FAs have been shown to diffuse 
passively across the cell membrane (reviewed by Hamilton et al.99, 100). 
However, it has been proposed that the majority of LCFA uptake is protein 
mediated (reviewed by the lab of Glatz et al.101, 102). The putative plasma-
membrane protein transporters involved in FA trans-membrane 
translocation are: caveolins,103, 104 fatty acid transport proteins (FATPs),105 
plasma membrane-associated fatty acid binding proteins (FABPpm)106 and 
fatty acid translocase/cluster of differentiation 36 (FAT/CD36).107-109 After 
entrance in the cell, cytoplasmic FABP (FABPc) facilitates intracellular 
transport of FAs and other lipophilic molecules throughout the cytosol.110-

112 
 
1.2.1 Liver 
Next to playing an important role in glycogen storage, plasma protein 
synthesis, and drug detoxification, the liver is a central organ for lipid 
metabolism. It synthesizes cholesterol and TG, and produces and takes up 
lipoproteins. During fasting, 81% of the TG pool in liver arises from the 
circulating NEFA pool (pathway C, Figure 2), 7% from DNL (pathway D), 
and 10% from the dietary FA pool (FA spill-over from chylomicron TGs 
(pathway A) and chylomicron remnant uptake (pathway B)).  In 
postprandial conditions, 61% of the TG pool in liver arises from the 
circulating NEFA pool (pathway C, Figure 2), 9% from DNL (pathway D), 
and 26% from the dietary FA pool (pathways A and B).113 During times of 
carbohydrate excess, insulin promotes DNL in liver114 by stimulating 
transcription of sterol regulatory-element binding-protein (SREBP)-1c.115-

117  
Figure 3 shows a schematic overview of lipid metabolism in the 

liver. The main plasma membrane protein transporters mediating trans-
membrane transport of FAs over the hepatic cell membrane are: caveolin-I, 
FATP5, FAT/CD36, and FABPpm. Caveolins are important for a variety of 
cell signaling and protein trafficking processes and are essential for lipid 
droplet formation.103 FATP5 contributes to FA uptake exclusively in the 
hepatic plasma membrane,105 and it exhibits bile acid-coenzyme A 
synthase (BACS) activity118 for the formation of fatty acyl-CoA (FA-CoA) 
after entrance into the hepatocyte. Although under normal conditions 
FAT/CD36 expression is very low,119 some findings suggest a role for 
FAT/CD36 in hepatic FA uptake,120, 121 which may even be critical for the 
development of steatosis.107, 108 FABPpm is peripherally bound to the 
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plasma membrane,122 where it promotes FA uptake,123 possibly in 
cooperation with CD36.124  

 
After entering the hepatocyte, LCFAs are activated into FA-CoA by 

acyl-coenzyme A synthase (ACS) to prevent the efflux of FA,125, 126 and 
can be re-esterified into TG, which is catalyzed by diacylglycerol 
acyltransferase (DGAT). The synthesized TGs are stored in the cytosol in 
lipid droplets or released in the form of very low-density lipoprotein-
triglyceride (VLDL-TG) particles. The assembly of apolipoprotein B (apoB) 
with TG and cholesteryl esters to form VLDL particles is mediated by 
microsomal triglyceride transfer protein (MTP),127 which can be modulated 

 
 
Figure 3. Hepatic lipid metabolism. Long-chain fatty acids (LCFA) are taken up by 
hepatic plasma membrane protein transporters fatty acid translocase (FAT)/CD36, 
fatty acid transport protein 5 (FATP5) or caveolin-I, and esterified into triglycerides 
(TG) for storage in intrahepatocellular lipids (IHCL) or released in the form of very 
low-density lipoprotein (VLDL) particles assembled with apoprotein B (apoB) and 
cholesterol (chol). Incoming LCFA can also be metabolized via β-oxidation. ACC1, 
acetyl-CoA carboxylase 1; ACS, acyl-coenzyme A synthase; BACS, bile acid-
coenzyme A synthase; CPT1, carnitine palmitoyltranserase 1;   DGAT, 
diacylglycerol acyltransferase; DNL, de novo lipogenesis; FA, fatty acid; FABP, fatty 
acid binding protein; MTP, microsomal triglyceride transfer protein; SREBP-1c, 
sterol regulatory-element binding protein-1c; +, stimulates; -, inhibits. 
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by insulin leading to suppressed VLDL secretion.128 Alternatively, FAs can 
be metabolized through mitochondrial β-oxidation to provide energy to 
cellular processes.129 Carnitine palmitoyl transferase 1 (CPT1) catalyzes 
the trans-esterification of FA-CoA to fatty acyl-carnitine, which is the first 
step in the import of FA-CoAs into mitochondria and which is rate-limiting 
for fatty acid oxidation .130 Mitochondrial β-oxidation progressively shortens 
FAs into acetyl-CoA subunits, which either form ketone bodies to serve as 
energy substrates for extra-hepatic tissues, enter the tricarboxylic acid 
(TCA) cycle for further oxidation to water and carbon dioxide, or are being 
transformed into malonyl-CoA, catalysed by acetyl-CoA carboxylase 1 
(ACC1). Mitochondrial β-oxidation is regulated by CPT1, carnitine 
concentration, and malonyl-CoA, the latter of which inhibits CPT1.129, 131  
 
1.2.2 Skeletal muscle 
Figure 4 shows a schematic overview of lipid metabolism in skeletal 
muscle. Several sources contribute to the flux of FAs into skeletal muscle, 
including albumin-bound NEFA derived from spill-over of dietary lipids 
(pathway E, Figure 2) and/or from lipolysis in adipose tissue (pathway 
F),132 as well as FAs from LPL-mediated VLDL-TG and chylomicron-TG 
hydrolysis (pathway G).133 FA uptake has been shown to occur partially 
through passive diffusion across the cell membrane (reviewed by Hamilton 
et al.100), whereas another portion is protein mediated. The major proteins 
regulating FA uptake in muscle are FAT/CD36, FABPpm, FATP1 and 
FATP4. They all contribute to membrane transport, with evidence 
suggesting that FAT/CD36 and FATP4 are the most effective 
plasmalemmal FA transporters.134 Using sarcolemmal giant vesicles, it has 
been shown that myocellular FA uptake is increased (i) when the 
expression of FAT/CD36 protein is increased135 or (ii) when the FAT/CD36 
proteins are translocated from an intracellular (endosomal) pool to the 
plasma membrane136, 137 upon insulin stimulation or muscle contraction.136, 

138-140 In addition, insulin and skeletal muscle contraction also induce the 
translocation of FABPpm,141-143 FATP1, and FATP4 toward the plasma 
membrane,143-145 of which only FATP1 was stimulated in an additive 
manner by contraction and insulin.143  
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Figure 4: Muscle lipid metabolism. The mitochondrion is pictured with a single 
membrane for simplicity. Long-chain fatty acids (LCFA) are taken up by fatty acid 
translocase (FAT)/CD36, plasma membrane fatty acid bounding protein (FABPpm), 
and fatty acid transport protein 1 and 4 (FATP1 and FATP4), and bound to cytosolic 
FABP (FABPc) for intracellular transportation. LCFA can be re-esterified into 
triglycerides (TG) for storage in intramyocellular lipids (IMCL) or metabolized via β-
oxidation. FAT/CD36, FABPpm and FATP can be translocated (dotted arrow) toward 
the plasma membrane or the mitochondria to mediate lipid uptake or oxidation, 
respectively. ACL, adenosine triphosphate citrate lyase; ACS, acetyl-CoA 
synthetase 1; AGPAT,  acylglycerol-3-phosphate acyltransferase;  ATGL, adipose 
tissue triglyceride lipase; ATP, adenosine triphosphate; CPT1, carnitine 
palmitoyltranserase 1; DGAT, diacylglycerol acyltransferase; FA-CoA, fatty acyl-
coenzyme A; GPAT, glycerol-3-phosphate acyltransferase; HSL, hormone sensitive 
lipase; MGL, monoglycerol lipase. 
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Once inside the skeletal muscle cell, FAs are coupled with 
coenzyme A by ACS, and are either re-esterified into lipids for storage 
(IMCL) and structural purposes (phospholipids), or oxidized in 
mitochondria and peroxisomes.146 FATP1 and FATP4 possess intrinsic 
ACS activity towards long and very long chain FAs.147, 148 Entry of FA-CoA 
into mitochondria for β-oxidation is mediated and regulated by CPT1.149 In 
close proximity of CPT1, ACC carboxylates acetyl-CoA to form malonyl-
CoA, which inhibits CPT1.149 In the cytosol, acetyl-CoA is produced from 
citrate, a product of the TCA-cycle, under the action of adenosine 
triphosphate (ATP) citrate lyase (ACL).150 At the same time citrate exerts 
activation of ACC.151 In addition to CPT1, FATP1 and FAT/CD36 have 
been found on skeletal muscle mitochondrial outer membranes.152, 153 
They co-immuno-precipate with CPT1 and are known to contribute to the 
regulation of mitochondrial FA oxidation.153, 154 FAT/CD36153, 155 and 
FATP1 are translocated to the mitochondrial membrane to facilitate FA-
CoA transport into the mitochondria for oxidation.154, 155 Each cycle of the 
β-oxidation results in the shortening of FA-CoA by two carbons, and the 
production of acetyl-CoA. Acetyl-CoA can then enter the TCA cycle, which 
produces NADH and FADH2, which are used in the electron transport chain 
to ultimately produce ATP.156  

 

 
 
Figure 5: Electron micrograph of a longitudinal section of a 
skeletal muscle cell. li = lipid droplet, mc = central mitochondrion, 
mf = myofilaments.157  
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However, the major fate of extracellular FAs taken up by muscle is 
TG esterification. Up to 60% of FAs are esterified into TGs and stored 
together with cholesterol esters and other neutral lipids, such as DAG, in 
lipid droplets located near the endoplasmic reticulum (the site of TG 
esterification) and the mitochondria (Figure 5).133, 158-161 The esterification 
of LCFA-CoA to glycerol-3-phosphate is the first step of TG synthesis and 
is mediated through glycerol-3-phosphate acyltransferase (GPAT).162 The 
second step in the TG synthesis pathway is catalyzed by acylglycerol-3-
phosphate acyltransferase (AGPAT). DAG is formed following the removal 
of a phosphate group and is the precursor to the synthesis of TG. DGAT is 
responsible for the final step of the process of TG synthesis and lipid 
droplet formation,163 which involves the esterification of the third LCFA-
CoA to DAG to form TG.164, 165 The newly formed TGs are incorporated in 
lipid droplets of the IMCL pool.166 The mobilization of stored FAs from the 
IMCL pool is catalyzed by adipose tissue triglyceride lipase (ATGL),167 
hormone sensitive lipase (HSL), and mono-glyceride lipase (MGL).168 
ATGL and HSL are responsible for the first two steps in the hydrolysis of 
TG and MGL is hydrolyzing the last ester bond.169 
 
1.3 Techniques for the assessment of (intra)cellular lipid 

handling 
 
To characterize lipid handling in insulin-resistant and type 2 diabetic 
skeletal muscles, radioactive or stable-isotope labeled FA tracers have 
frequently been used in arteriovenous limb balance methods to measure 
FA uptake and release.15, 170-177 However, these measurements are 
indirect and provide little information on lipid deposition. Moreover, the 
arteriovenous balance technique is less practical to study lipid handling in 
liver.178 In an alternative approach, the tissue-specific uptake of radioactive 
or stable-isotope labeled FA tracers has been determined from biopsies (in 
humans)177, 179 or collected tissues (in animals),180-182 which is invasive and 
limited to measurements at only one or a few time points. Recently, 
positron-emitting FA analogues have been used for non-invasive positron 
emission tomography (PET) imaging of organ-specific FA uptake in 
patients with impaired glucose tolerance and type 2 diabetes.183, 184 
Although this technique holds great promise for future studies on the 
mechanisms leading to lipotoxicity, a major drawback for human 
applications is that dynamic PET acquisition involves relatively high doses 
of radiation. Lipid uptake and/or oxidation has also frequently been studied 
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in vitro using isolated muscle preparations,185-187 cultured muscle cells188-

190 and hepatocytes,141, 191 and giant sarcolemmal vesicles from muscle 108, 

192 obtained from insulin-resistant and type 2 diabetic subjects and animals. 
However, the conditions used in these in vitro setups typically do not 
resemble the in vivo diabetic condition, i.e. a hyperglycemic, 
hyperlipidemic and hyperinsulinemic environment, which will affect cellular 
metabolism and lipid handling. In the next paragraphs, the afore 
mentioned techniques are shortly described. 
 
1.3.1 Arterio-venous balance 
The arterio-venous balance technique has been used to measure lipid 
handling in forearm171-173, 177, 193 and leg muscle.15, 170, 174, 194 It was 
originally developed by Fick for the determination of cardiac output from 
measurements of whole-body oxygen consumption, and arterial and 
venous oxygen content.195 The underlying principle, the Fick principle, 
states that if the amount of a substrate entering or leaving the blood per 
unit of time is measured as blood passes through a tissue, then blood flow 
can be calculated as uptake or release divided by arterio-venous 
concentration difference. From this equation, the net uptake or release can 
be calculated as blood flow times the arterio-venous concentration 
difference (Figure 6). The concurrent use of isotopic tracers, such as a 
continuous infusion of 3H-oleate and/or 13C-palmitate, can provide a 
measure of absolute uptake across the tissue bed. However, these indirect 
measurements generally do not take into account FA uptake by 
subcutaneous and interstitial adipose tissue. Additionally, although the 
metabolism of any tissue or organ can be assessed using this technique, 
practical limitations have limited the use to the study of skeletal muscle 
lipid metabolism. It is difficult to interpret arterio-venous difference 
measurements in liver, as the venous outflow of many gastrointestinal 
organs passes through the liver before reaching the hepatic vein.196, 197  
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Figure 6. Arterio-venous balance technique. After infusion of isotope labeled fatty 
acid tracers, net lipid uptake or release (net balance) can be calculated as follows: 
Net balance = blood flow x arterio-venous concentration difference 
 
1.3.2 Determination of the incorporation of fatty acids or fractional 

synthesis rate 
The combination of oral or intravenous administration of isotope labeled-
FAs and tissue harvesting can be used to examine the incorporation of 
FAs or intracellular lipid fractional synthesis rate (FSR). The determination 
of FSR requires at least two biopsies, the first of which serves as the 
baseline sample for the measurement of natural abundance of 13C. This 
method is designed to follow the fate of FAs directly using radioactive or 
stable-isotope labeled tracers, such as 14C-oleic acid,180 14C-palmitate,182 
3H-R-bromopalmitate,132, 181 and 13C-palmitate.179 With this technique, 
tissues are harvested at a set time after infusion or ingestion of the tracer 
to analyze the incorporation of the label in the tissue. By making use of the 
isotopic information (e.g. for 13C the natural abundance is 1.1%) of a non-
traced FA in the IMCL pool, the baseline biopsy can be eliminated. This 
approach allows a single biopsy in stable isotope studies for examining the 
incorporation of labeled FAs into the lipid pool.198 The use of 3H-R-
bromopalmitate181 allows for information regarding tissue-specific FA 
uptake.132, 199 Due to an irreversible interaction of 2-bromopalmitoyl-CoA 
and CPT1, it is not oxidized in the mitochondria.200, 201 Additionally, 
because the metabolic products of 3H-R-bromopalmitate are not rapidly 
exported,199 it is trapped inside the cell and tissue-specific FA uptake can 
then be examined. 

Although this method allows for the examination of intracellular 
lipid uptake under varying in vivo conditions, a major drawback of the 
approach is that it is rather invasive and limited to only one (collected 
tissue in animals) or a few (biopsies in humans) measurements. 
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Additionally, it is difficult to apply this method to examine hepatic lipid 
metabolism in human studies, because performing a percutaneous liver 
biopsy in clinical practice is of high risk. Moreover, the 3H-R-
bromopalmitate tracer artificially inhibits intracellular β-oxidation by 5% in 
muscle and 17% in liver, and retention of 3H-labeled metabolites appeared 
to be less effective in liver.199 
 
1.3.3 Perfused tissue techniques 
As opposed to the in vivo arterio-venous balance approach, tissue can be 
perfused with FAs ex vivo in a perfusion apparatus after isolation.187, 202, 203 
The use of an isotope labeled tracer such as [1-14C]-palmitate in the 
perfusate allows for the determination of FA uptake and oxidation by 
examining the arterio-venous difference and 14CO2 concentrations, 
respectively. Additionally, FA accumulation into tissue lipid stores can be 
calculated by the determination of tracer concentrations in the tissue lipid 
fraction. 204  

A second tissue perfusion technique, the pulse-chase 
procedure,138, 186, 205, 206 pre-labels endogenous lipid pools of isolated tissue 
during incubation in a pulse buffer containing e.g. 3H-palmitate.138, 186 
Subsequently tissues are transferred for the chase phase to a medium 
containing e.g. [1-14C]-palmitate, in which exogenous palmitate oxidation 
and esterification are monitored by examining the production of 14CO2 and 
the incorporation of [1-14C]-palmitate into the lipid fraction, respectively. 
Additionally, lipid turnover is monitored by measuring the decrease in lipid 
3H-palmitate content.138, 186, 206  

The perfused tissue approach allows for well-controlled conditions 
and covers several aspects of lipid metabolism, such as lipid uptake and 
oxidation, as well as FA esterification into the lipid pool. Unfortunately, 
besides the fact that this method is very invasive, it also fails to account for 
neuronal, endocrine, and paracrine inputs present in the in vivo situation. 
 
1.3.4 Measuring lipid metabolism in cell cultures, giant vesicles, 

and isolated mitochondria 
Determination of lipid metabolism can also be performed in cell cultures 
prepared from liver141, 191 and muscle185, 188-190 tissue. By incubating cell 
cultures in media containing isotope labeled FAs, lipid uptake and 
oxidation can be examined. Next to whole cell lipid metabolism, FA 
oxidation can be measured more specifically in intact mitochondria 
isolated from fresh liver207 and skeletal muscle185, 208, 209 tissue. The FA 
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oxidation capacity can be measured by collecting and counting the 14CO2 
during incubation185 or by measuring oxygen consumption rates.207-209 

 Moreover, FA uptake can be analyzed more specifically in giant 
sarcolemmal vesicles, independent of concurrent FA metabolism and 
esterification.210 These vesicles are oriented right-side out and they 
contain cytoplasmic constituents such as FABPc to act as a sink for FAs.210, 

211 Although giant vesicles from metabolically important tissues such as 
skeletal muscle108, 135, 136, 210, 212 and liver192, 212 allow for FA uptake studies, 
the absence of subcellular organelles or metabolic enzymes also create a 
limitation in this model. Specifically, T-tubules are completely excluded, 
while it is known that substrate transport proteins such as GLUT4 require 
T-tubules for their function.213, 214  

Although these in vitro techniques maintain many of the 
morphological, biochemical, and metabolic properties of the tissue,215 
similar to perfused tissues, cell cultures, giant vesicles and isolated 
mitochondria lack the neuronal, vascular, endocrine, and paracrine inputs 
of intact tissues.136, 210, 211 Therefore, these in vitro setups do not 
adequately reflect the in vivo hyperglycemic, hyperlipidemic and 
hyperinsulinemic environment, which is present in type 2 diabetes. 
 
1.3.5 Determination of VLDL-TG secretion 
For the estimation of lipid secretion from the liver in the form of VLDL 
particles, VLDL-TG concentrations are determined from plasma samples 
using isotopically labeled (14C, 3H, or 2H) glycerol.216-222 However, this 
method does not account for the considerable tracer recycling that occurs 
during a prolonged constant infusion protocol.223-225 Alternatively, VLDL 
secretion can be examined in animals after intravenous injection of Triton 
WR1339.31, 226-228 This prevents systemic lipolysis of newly secreted VLDL-
TG and results in a linear increase of the serum TG level for at least 4 h 
(30, 31).229, 230 In the fasted state, this increase reflects the TG secretion 
rate from the liver. It is difficult, however, to translate the results from this 
method to normal physiology, as they are a measure for maximum 
secretion capacity during LPL inhibition. 
 
1.3.6 Positron emission tomography 
A relatively new technique for determining lipid metabolism is positron 
emission tomography (PET) imaging combined with intravenous infusion 
or ingestion of positron-emitting FA analogues.183, 184, 231, 232 This promising 
technique allows for the in vivo determination of FA uptake in multiple 
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organs at the same time and is non-invasive. The FA analogue 14(R, S)-
[18F]fluoro-6-thia-heptadecanoic acid ([18F]FTHA)233 undergoes initial steps 
of β-oxidation after transport into the mitochondria and is thereafter 
trapped in the cell, and as such, the tracer uptake can be quantified.184 
Although the PET technique is non-invasive and allows for a multi-organ 
approach, it involves relatively high doses of radiation and does not allow 
for discrimination between intra- and extracellular lipids. 
 
1.3.7 Magnetic resonance spectroscopy 
Magnetic resonance spectroscopy (MRS) is also non-invasive and 
localized 1H MRS is a very powerful tool for in vivo quantification of lipid 
content234, 235 in skeletal muscle236-238 and liver.239-241 In skeletal muscle, 1H 
MRS is uniquely capable of separately detecting IMCL and EMCL due to a 
difference in resonance frequency between these lipid pools, which 
depends on the orientation of the muscle fibers with respect to the 
magnetic field.37, 236 For the detection and quantification of liver steatosis, 
1H MRS is increasingly being used to assess IHCL concentration non-
invasively235. While 1H MRS is potent to detect abnormalities in lipid 
storage, it cannot discriminate between disturbances in lipid uptake and 
lipid utilization. 

Dynamic 13C MRS in conjunction with the administration of 13C 
enriched substrates allows for the determination of fluxes through 
metabolic pathways, and has been employed in one study to investigate 
the dynamics of postprandial lipid storage in skeletal muscle and liver after 
the ingestion of 13C-labeled lipids.242 Uptake of FAs by the tissue is 
calculated by determining the amplitudes of the 13C methyl, methylene and 
alkene peaks in the 13C spectrum at different time points. However, direct 
13C MR detection of 13C-labeled metabolites suffers from an inherently low 
sensitivity and is susceptible to chemical shift displacement errors when 
using localization methods based on selective radio-frequency pulses in 
the presence of magnetic field gradients.243 This is a major drawback for 
the detection of intracellular lipids, because when proper localization fails, 
the intracellular lipid resonances are easily overshadowed by the much 
larger extracellular lipid signals from e.g. subcutaneous, interstitial or 
visceral fat. 

Muscle oxidative capacity can be quantified in vivo by measuring 
the flux through the TCA cycle with 13C MRS in combination with infusion 
of 13C-acetate,244 and by measuring the rate of ATP synthesis with 31P-
MRS.237, 245-249 Unfortunately, it is difficult to differentiate between FA and 



General introduction 

23 
 

carbohydrate oxidation using these minimally invasive or completely non-
invasive techniques. 
 
1.4 Derangements in lipid metabolism in insulin-resistant 

tissues 
 
In insulin-resistant liver17, 18, 26 and skeletal muscle,8-12, 39, 44, 250-253 an 
excessive accumulation of lipids has been observed. However, it remains 
unknown whether this excessive intracellular lipid overload is a 
consequence of increased uptake of FAs from the circulation, decreased 
turnover of FAs from the intracellular lipid pool, or a structural imbalance 
between both. Results from studies on intracellular lipid handling in insulin-
resistant liver and skeletal muscle are far from consistent and briefly 
discussed below. 
  
1.4.1 Liver 
The main source of FAs for hepatic lipid storage is circulating NEFA.124, 267 
Four pathways can lead to elevated IHCL stores (Figure 3): (i) increased 
FA uptake, (ii) increased DNL, (iii) decreased VLDL secretion, and (iv) 
decreased β-oxidation. In insulin-resistant liver, FA uptake has been 
observed to be increased.26, 180, 182, 242 It was postulated that this is a result 
of the blunted postprandial suppression of adipose tissue lipolysis coming 
with insulin resistance. This leads to elevated plasma NEFA levels, 
providing the liver with ample substrate for the synthesis of IHCL.113 
Instead, others observed an unaltered lipid uptake in hepatocytes of obese 
Zucker rats141, 254 or high-fat fed rats181 with respect to controls. Although 
no change in total FA uptake was observed in high-fat fed rats, a higher 
fraction of the FAs taken up were directed toward storage.181  

Besides possible derangements in lipid uptake, increased DNL 
can lead to accumulation of IHCL. Hepatic insulin resistance is associated 
with hyperinsulinemia, which in turn stimulates DNL and therefore 
enhances liver steatosis. Interestingly, animal studies have shown that in 
the insulin-resistant state, insulin still activates the membrane-bound 
transcription factor SREBP-1c, which activates most genes required for 
DNL.31, 255, 256 

A third pathway that causes lipid accumulation may be an 
impaired capacity to mobilize IHCL. However, most researchers have 
observed an increased IHCL secretion in insulin-resistant conditions.191, 216, 

217, 219, 222 During insulin resistance, insulin fails to degrade apoB, an 
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important component of VLDL particles, and as such, the suppression of 
VLDL secretion is inhibited. In addition, the increased hepatic FA uptake 
and/or re-esterification and DNL provide ample TGs to assemble VLDL 
particles, leading to increased VLDL production in insulin-resistant liver.  

A derangement in lipid oxidation is the last cause that possibly 
underlies excessive hepatic lipid stores in insulin-resistant states. Rates of 
FA oxidation and ketogenesis are decreased in perfused livers of obese 
Zucker rats.191, 257-259 This is associated with increased concentrations of 
malonyl-CoA,260 which inhibits the rate-limiting enzyme of hepatic FA 
oxidation, CPT1.  
 
1.4.2 Skeletal muscle 
In skeletal muscle, two pathways are thought to be primarily responsible 
for the accumulation of lipids in the IMCL pool: (i) increased LCFA uptake 
and (ii) decreased FA oxidation. LCFA uptake in insulin-resistant muscle 
has been found to be increased mostly but not exclusively in postprandial 
conditions.15, 108, 170, 176, 177, 181, 186, 187, 192, 242 The suppression of lipolysis 
during insulin-stimulated conditions is impaired in the insulin-resistant state, 
and as such may result in an increased FA uptake in the muscle.15 Next to 
an elevated supply of lipids, derangements at the level of the muscle itself, 
such as elevated concentrations of plasma membrane protein transporters, 
could underlie increased muscle lipid uptake in insulin-resistant conditions. 
Increased FABPpm

187 and FAT/CD36181 contents have been found in 
insulin-resistant, oxidative muscle. Additionally, due to an increased ACS 
activity,181 a higher amount of LCFAs were activated into FA-CoA to 
prevent the efflux of FA.125, 126 Interestingly, when mixed muscle was 
investigated, no difference in total FABPpm and FAT/CD36 content was 
observed between insulin-resistant and healthy muscle. Instead, an 
increased amount of FAT/CD36 was observed in the plasma membrane in 
muscle of insulin-resistant rats108 and patients with type 2 diabetes.192 
Therefore, it has been postulated that during insulin resistance, FAT/CD36 
is permanently relocated to the sarcolemma, leading to an increased 
uptake of FA into the muscle.108, 192 

Other studies did not find increased FA uptake in insulin-resistant 
skeletal muscle when compared with healthy muscle.173, 174, 183, 189, 254 In 
one of those studies, subjects were receiving insulin infusion, which 
induced a drop in plasma NEFA concentrations and a concomitantly lower 
tissue disposal.173 Labbé et al. postulated that similar postprandial skeletal 
muscle NEFA uptake in type 2 diabetic and control subjects may be due to 
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impaired skeletal muscle blood flow, leading to impaired muscle NEFA 
uptake. In addition, it was suggested that elevated uptake of lipoprotein-
TG rather than NEFA may be responsible for IMCL accumulation.183 
Indeed, in postabsorptive conditions, FA uptake in insulin-resistant muscle 
tissue has been reported to be lower when compared with healthy skeletal 
muscle tissue.15, 171, 172, 175, 179, 180, 184, 188, 190 It has been shown that diabetic 
skeletal muscle takes up less FA when extracellular NEFA levels are 
similar for non-diabetic and diabetic muscle184, 188 and when differences in 
substrate availability are controlled for.172, 190 In summary, lipid 
accumulation in insulin-resistant muscle seems to be associated with 
increased uptake of lipoprotein derived FA in postprandial conditions and 
not in postabsorptive conditions. 

Pathway (ii), a decreased β-oxidation of lipids in insulin-resistant 
or type 2 diabetic muscle was confirmed by a vast amount of previous 
studies.15, 171, 172, 174, 175, 180, 185, 188, 189, 254 This can be explained by three 
factors: (i) reduced entry of acyl-CoA into the mitochondria, (ii) reduced 
number of mitochondria or (iii) impaired mitochondrial function. A reduced 
translocation of FA-CoA into the mitochondria could be due to a 
diminished FABPc content,172 which facilitates intracellular transport of 
LCFA.261 Additionally, insulin-resistant muscle has been shown to have 
diminished CPT1 activity, which results in a hampered transport of lipids 
into mitochondria.174 Furthermore, a decreased size262 and impaired 
oxidative capacity41, 262 of mitochondria have been associated with type 2 
diabetes. However, not all studies reported significantly altered lipid 
oxidation in insulin-resistant muscle.170, 183, 187, 192  

Although the association between insulin resistance and ectopic 
lipid accumulation in skeletal muscle and liver is well established, the 
mechanisms behind the excessive lipid deposition are still a matter of 
debate. Differences in the stage of type 2 diabetes pathogenesis, 
nutritional state, and methodologies for the assessment of lipid handling 
presumably have contributed to the discrepancies in observations of liver 
and muscle lipid metabolism in the insulin-resistant state. To elucidate the 
mechanisms behind the derangements in lipid metabolism, it is important 
to perform multi-tissue in vivo measurements of intracellular lipid dynamics. 
This is essential as lipid handling in living tissue is regulated by many 
factors, which cannot fully be mimicked in vitro. In this thesis, a new 
application of a MRS method is proposed that allows, for the first time, to 
longitudinally measure the dynamics of intracellular lipid storage and 
utilization in vivo and non-invasively. 
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1.5 1H-[13C] magnetic resonance spectroscopy 
 

 
 
Figure 7. 1H magnetic resonance spectra of a phantom containing [2-13C]-labeled 
ethanol acquired with (A) a basic spin-echo sequence and (B) a spin-echo 
sequence including a 13C editing pulse, which inverts the signal from protons 
directly bound to 13C. Because of the hetero-nuclear scalar coupling, the signal 
from the protons of 13CH3 forms a doublet. The splitting is removed after 13C 
decoupling. Subtraction of both spectra leads to a difference spectrum with only 
the 13C-coupled proton resonances. 

 
In contrast to invasive biochemical and histochemical methods, MRS 
permits longitudinal investigations in vivo, which makes it possible to follow 
the progression of a disease or the effect of therapeutic interventions in 
multiple organs in their natural environment and without being hindered by 
inter-individual differences.246 Localized 1H MRS is a very powerful tool to 
detect abnormalities in lipid storage,263, 264, 37, 236 since it is uniquely capable 
of separately detecting intra- and extracellular lipids. While 1H MRS can 
reveal changes of intracellular lipid concentration, it cannot discriminate 
between disturbances in lipid uptake on one hand and utilization on the 
other. Selective 13C labeling of a substrate in combination with dynamic 
13C MRS allows for studying metabolic fluxes, but it suffers from an 
inherent low sensitivity.263 The latter can be increased by indirect detection 
of 13C nuclei through the attached 1H nuclei (1H-[13C] MRS). 1H-[13C] MRS 
has the additional advantage that it can discriminate intracellular and 
extracellular lipids based on the different resonance frequency,37, 236, 264 
which is not apparent in the 13C MR spectra. 

Indirect 1H-[13C] MRS is a spectral editing technique which 
employs the hetero-nuclear scalar coupling or J coupling.265 J coupling 
between a 1H and 13C nucleus leads to splitting of 1H and 13C resonances 
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by a fixed, field-independent scalar coupling constant  J1 H1 ‐ C13 . Protons 

bound to 13C form a doublet symmetrically placed around the center 
resonance frequency of 1H attached to 12C, with equal intensity and 

separated by J H‐ C131
1 . Broadband decoupling is often applied to remove 

this splitting, and thereby increasing the sensitivity (Figure 7).263 In a 
proton-observed, carbon-edited (POCE) experiment,266, 267 the scalar-
coupled 1H resonances are selectively detected. Following excitation, the 
1H magnetization evolves under the influence of: (i) chemical shift, (ii) 
magnetic field inhomogeneity and (iii) hetero-nuclear (1H-13C) scalar 
coupling. A regular spin-echo experiment refocuses all three effects, such 
that the signals from 1H directly bound to 13C nuclei appear in phase with 
signals from the other protons (Figure 7). When the spin-echo sequence is 
modified to include a non-selective inversion pulse on the 13C channel 
during the 1H refocusing pulse, the effects of hetero-nuclear scalar 
coupling will not be refocused, leading to a modulation that is dependent 

on the echo time (TE). When, TE
1

J1
H1 ‐ C13

	the signals of scalar coupled 

protons directly bound to 13C nuclei appear inverted relative to resonances 
from protons attached to 12C nuclei. Subtracting both experiments leads to 
the selective observation of 13C-coupled proton resonances in the 1H 
spectrum.263 The combination of this POCE element with 1H single-voxel 
localization allows for the detection of 13C-coupled protons in specific 
regions of interest.  
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1.6 Thesis outline 
 
It has been well established that insulin resistance and type 2 diabetes are 
associated with ectopic lipid accumulation in liver and skeletal muscle. In 
this thesis, in vivo MRS studies have been performed to investigate lipid 
handling in liver and skeletal muscle of models of insulin resistance and 
type 2 diabetes. Furthermore, the effects of skeletal muscle inactivity and 
exercise on intracellular lipid handling have been examined. 

In chapter 2, a new application of 1H-[13C] MRS is introduced that 
allows measurement of in vivo intracellular lipid partitioning in liver and 
skeletal muscle, using 13C-labeled lipids as substrate. The 1H-[13C] MRS 
method in combination with the oral administration of 13C-labeled lipids 
was applied in a rat model of type 2 diabetes in chapter 3. This chapter 
describes measurements of in vivo lipid handling in insulin-resistant liver 
and skeletal muscle at different stages during the pathogenesis of type 2 
diabetes.  Postprandial intracellular lipid handling was investigated in pre-
diabetic and diabetic rats and compared with their control littermates. 
 In addition to high calorie diets, a sedentary lifestyle is a major 
contributor to the type 2 diabetes epidemic. An extreme form of reduced 
muscle activity is represented by deconditioned skeletal muscle in people 
who are dependent on a wheelchair for daily life. In chapter 4, the effects 
of muscle disuse on muscle lipid content and oxidative capacity in relation 
to whole body insulin sensitivity was investigated in wheelchair dependent 
subjects. In contrast to physical inactivity, exercise has beneficial effects 
on insulin sensitivity. Although the effects of long-term exercise training on 
insulin sensitivity and total lipid content in skeletal muscle are well 
described in literature, little is known about the effects of a single bout of 
exercise on intracellular lipid handling in skeletal muscle, and in particular, 
in the liver. Chapter 5 elucidates the impact of exercise on post-prandial 
lipid handling in liver and skeletal muscle of both diabetic and non-diabetic 
rats.  

Chapter 6 provides a summary with the main outcomes of the 
studies described in this thesis. The results are compared to the current 
hypotheses, and future perspectives for research in the field of liver and 
muscle lipid metabolism in the pathogenesis of type 2 diabetes are 
discussed. 
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Abstract 
Excess accumulation of lipids in non-adipose tissues such as skeletal 
muscle and liver has been implicated in the development of obesity-
related disorders, but the cause of this ectopic lipid overload remains 
unknown. The aim of the present study was to determine in vivo 
postprandial lipid partitioning in rat skeletal muscle and liver, using 
localized 1H-[13C] MRS in combination with the oral administration of 13C-
labeled lipids. Six rats were measured at baseline and 5 and 24 h after 
administration of 400 mg [U-13C]-labeled algal lipids. Five hours after 
administration, fractional 13C enrichments of the lipid pools in muscle and 
liver were increased 3.9-fold and 4.6-fold (p<0.05), respectively, indicating 
that part of the ingested lipids had been taken up by muscle and liver 
tissue. At 24 h, fractional 13C enrichments of muscle and liver lipids were 
decreased 1.6-fold and 2.2-fold (p<0.05), respectively, compared with the 
5 h values. This can be interpreted as a depletion of 13C-labeled lipids 
from the intracellular lipid pools as a consequence of lipid turnover. In 
conclusion, the novel application of 1H-[13C] MRS in combination with the 
oral administration of 13C-labeled lipids is applicable for the longitudinal 
assessment of in vivo lipid partitioning between multiple tissues. 
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2.1 Introduction 
 
Excess accumulation of lipids in non-adipose tissues such as skeletal 
muscle and liver is potentially toxic1 and has been implicated in the 
development of obesity-related disorders, such as insulin resistance and 
type 2 diabetes.2-6 It is unknown, however, whether this ectopic lipid 
overload is a consequence of increased lipid uptake, decreased lipid 
oxidation and/or secretion, or a more structural imbalance between lipid 
uptake and utilization. To characterize skeletal muscle lipid handling, 
radioactive or stable-isotope labeled fatty acid tracers have frequently 
been used in arteriovenous limb balance methods to measure fatty acid 
uptake and release.7-9 However, these measurements generally do not 
take into account fatty acid uptake by subcutaneous and interstitial fat 
tissue and are less suited to study lipid handling in liver.10 In an alternative 
approach, the tissue-specific uptake of radioactive or stable-isotope 
labeled fatty acid tracers has been determined from biopsies (in 
humans)11-14 or collected tissues (in animals),15-20 which is invasive and 
limited to measurements at only one or a few time points. Positron 
emission tomography (PET) imaging after intravenous infusion or 
ingestion of positron-emitting fatty acid analogs allows for the 
determination of fatty acid uptake in multiple organs at the same time and 
is non-invasive.21, 22 However, dynamic PET acquisition involves relatively 
high doses of radiation. 

Localized 1H NMR spectroscopy (1H MRS) has proven to be a 
valuable tool for the in vivo quantification of lipid content in skeletal muscle 
and liver23, 24 and, more recently, also in heart.25, 26 In skeletal muscle, 1H 
MRS is uniquely capable of separately detecting intramyocellular lipids 
(IMCL) and extramyocellular lipids (EMCL) due to a difference in 
resonance frequency between these lipid pools, which depends on the 
orientation of the muscle fibers with respect to the magnetic field.27, 28 For 
the detection and quantification of liver steatosis, 1H MRS is increasingly 
being used to assess the amount of intrahepatocellular lipids (IHCL) non-
invasively.24 While 1H MRS is very powerful to detect abnormalities in lipid 
storage, it cannot discriminate between disturbances in lipid uptake on one 
hand and lipid utilization on the other. 

Dynamic 13C MRS in conjunction with the administration of 13C 
enriched substrates allows to determine fluxes through metabolic 
pathways and has frequently been employed to study glucose metabolism 
in the brain (reviewed in ref.29). Recently, Ravikumar et al. employed 13C 
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MRS to assess the dynamics of postprandial lipid storage in skeletal 
muscle and liver after the ingestion of 13C-labeled lipids.30 However, direct 
13C MR detection of 13C-labeled metabolites suffers from an inherently low 
sensitivity. Indirect detection of 13C through the attached 1H nuclei (1H-
[13C] MRS) provides a more sensitive alternative to direct 13C MRS31-33 and 
is less susceptible to chemical shift displacement errors when using 
localization methods based on selective radio-frequency pulses in the 
presence of magnetic field gradients.34 The latter is particularly important 
for the detection of intracellular lipids (ICL), because when proper 
localization fails, the ICL resonances are easily overshadowed by the 
much larger extracellular lipid signals from e.g. subcutaneous, interstitial 
or visceral fat. When contamination with signals from extracellular lipids is 
moderate, 1H-[13C] MRS has the additional advantage that it can 
discriminate intracellular and extracellular lipids based on a difference in 
resonance frequency.27, 28, 35 which is not apparent in the 13C MR spectra. 
However, to date, in vivo 1H-[13C] MRS has not been used to study tissue 
lipid handling. 

Here we present a novel method aimed to determine in vivo 
postprandial lipid partitioning in rat skeletal muscle and liver using 1H-[13C] 
MRS. Rats were measured at baseline and at 5 and 24 h after oral 
administration of 400 mg [U-13C]-labeled algal lipid mixture. Localized 1H-
[13C] MRS was performed using the LASER (localization by adiabatic 
selective refocusing) sequence36 in combination with a POCE (proton-
observed, carbon-edited) element31-33 for 13C editing. We hypothesized 
that at 5 h after the administration of 13C-labeled lipids, 13C enrichment of 
the ICL pools in muscle and liver would be increased compared with 
baseline as a result of uptake of the ingested 13C-labeled lipids and that 
lipid uptake would be higher in liver than in muscle. Furthermore, we 
hypothesized that after 24 h, the 13C enrichment of ICL in muscle and liver 
would again be decreased due to turnover of the ICL pools, which includes 
both fatty acid oxidation and release and, in the case of liver, also lipid 
secretion in the form of very low-density lipoprotein (VLDL) particles. 

 
2.2 Methods 
 
2.2.1 Animals and study design 
Adult male Wistar rats (351.5±11.1 g, 16 weeks old, n=6; Charles River 
Laboratories, Sulzfield, Germany) were housed in pairs at 20˚C and 50% 
humidity, on a 12 h light-dark cycle with ad libitum access to normal chow 
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(consisting of 67 energy percent (En%) from carbohydrate, 9 En% from fat 
and 24 En% from protein; R/M-H diet, Ssniff Spezialdiäten GmbH, Soest, 
Germany) and water during the entire period of the experiment. All 
experimental procedures were reviewed and approved by the Animal 
Ethics Committee of Maastricht University. 

Prior to the administration of 13C-labeled lipids, all animals were 
subjected to 1H-[13C] MRS measurements to determine the total (12C+13C) 
ICL levels and the natural abundance 13C enrichment of the ICL depots in 
tibialis anterior (TA) muscle and liver at baseline. Two days later, rats were 
fixated and orally administered 400 mg [U-13C]-labeled algal lipid mixture 
(13C enrichment > 98%; fatty acid composition: 53% palmitic acid, 9% 
palmitoleic acid, 28% oleic acid, and 6% linoleic acid; Cambridge Isotope 
Laboratories, Andover, MA, USA) using a spatula. At 5 and 24 h after 13C-
labeled lipid administration, 1H-[13C] MRS measurements were performed 
to determine total IMCL and IHCL levels as well as their fractional 13C 
enrichment.  

Blood samples were taken from the vena saphena after each 
MRS experiment and were used for the determination of plasma non-
esterified fatty-acid (NEFA) concentrations. At the end of the MRS 
measurement at 24 h after 13C-labeled lipid administration, the 
anaesthetized animals were euthanized by incising the vena cava inferior. 
The right lateral liver lobe was rapidly excised, frozen in liquid nitrogen, 
and stored at -80 ˚C until used for determination of the incorporation of 13C 
label in the IHCL pool using gas chromatography-combustion-isotope ratio 
mass spectrometry (GC-C-IRMS). 
 
2.2.2 MRS experiments 
During the MRS experiments, animals were anaesthetized using 1.5–2.5% 
isoflurane (IsoFlo®; Abbott Laboratories Ltd, Maidenhead, Berkshire, UK). 
Body temperature was maintained at 37±1 ˚C using heating pads. 
Respiration was monitored using a pressure sensor registering thorax 
movement (Rapid Biomedical, Rimpar, Germany) and the respiration 
period was maintained between 800 and 1200 ms. 

All 1H-[13C] MRS experiments were performed on a 6.3 T 
horizontal Bruker MR system (Bruker, Ettlingen, Germany) using a circular 
single-turn 1H-surface coil (20 mm diameter) in combination with a single-
turn 13C-butterfly coil (outer dimensions of 40/100 mm). In each rat, 
measurements were performed first in the TA muscle followed by 
measurements in the liver. For 1H-[13C] MRS measurements of the TA 
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muscle, the animal was placed in a lateral position with the lateral side of 
the left lower hind leg on the 1H-surface coil. Transversal images of the 
midbelly region of the TA muscle were acquired using a T1-weighted 
gradient echo sequence (TR=200 ms, TE=6.14 ms, flip angle=30˚; Figure 
1A). The magnetic field homogeneity over the volume of interest was 
optimized with the FASTMAP algorithm for all first- and second-order shim 
coils.37 

 
Figure 1. T1-weighted transversal image of a rat (A) left hind limb with a 4 x 4 x 4 
mm3 voxel in the tibialis anterior (TA) muscle and (B) abdomen with a 4 x 2 x 4 
mm3 voxel in the median lobe of the liver. 

 
Localized 1H-[13C] MRS was performed on a 4x4x4 mm3 voxel 

placed in the TA muscle (Figure 1A) using the LASER method36 which 
was combined with a POCE element31-33 for 13C editing. The pulse scheme 
for the LASER-POCE sequence is shown in Figure 2. Proton 
magnetization was excited using an adiabatic plane rotation pulse (BIR-
4,38 pulse length=1 ms) with a 90˚ flip angle, which was followed by three 
pairs of slice-selective adiabatic full-passage (AFP) refocusing pulses 
(pulse length=1 ms, bandwidth=20 kHz) in the presence of B0 gradients for 
3D localization of a voxel that only contains skeletal muscle tissue and no 
adipose tissue. The final part of the sequence contains the POCE element 
for heteronuclear (1H-13C) J-difference editing. The delays δ fulfill the 

conditions CH
1

POCE 131J1TE4δ2δ1δ
−

==+− /  and 4321 δδδδ ++= . The 
13C-editing pulse (AFP, pulse length=2 ms, bandwidth=5 kHz) was 
centered on the lipid methylene resonance (as determined from an 
unlocalized 13C spectrum) and was either turned on or off. In the 
experiments without the 13C-editing pulse, signals from protons directly 
bonded to 13C nuclei appear in phase with the rest of the 1H spectrum. In 
the experiments with the 13C-editing pulse, the signals from protons 
directly bonded to 13C nuclei appear inverted relative to resonances from 
protons attached to carbon-12 nuclei. Thus, subtraction of the two 
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experiments results in the selective observation of 1H-13C coupled 
resonances in the 1H spectrum.34  

 
 
Figure 2. Pulse scheme of the LASER-POCE sequence. Proton magnetization is 
excited using an adiabatic plane rotation pulse (BIR-4) with a 90˚ flip angle. 
Refocusing and 3D-voxel localization is performed by three pairs of broadband 
adiabatic full-passage (AFP) proton pulses applied in the presence of B0 gradients 
(Gx, Gy, and Gz depicted in light grey). The other gradients, depicted in dark grey, 
crush unwanted signals. The final part of the sequence contains the proton-
observed, carbon-edited (POCE) element for hetero-nuclear (1H-13C) J-difference 
editing. The delays δ fulfill the conditions 

CHPOCE JTEδδδ 131
11421

−
==+− /  and 

4321 δδδδ ++= . The AFP pulse on the 13C channel is alternately turned on and 
off. During acquisition 13C decoupling (DEC) is applied using the WALTZ-16 
modulation scheme. 

  
After repositioning the rat into a prone position with the sternum 

above the 1H-surface coil, transversal images of the median lobe of the 
liver were acquired. Localized shimming was performed by manually 
adjusting the first-order shims. No respiratory gating was applied for liver 
measurements, since the images of the rat abdomen did not show any 
motion artifacts due to breathing at the site of interest (Figure 1B). 
Localized 1H-[13C] MRS was performed on a 4x2x4 mm3 voxel placed in 
the liver (Figure 1B) using the LASER-POCE method. 

For each voxel, 64 LASER-POCE experiments, consisting of 16 
averages each, were performed serially in an interleaved fashion with the 
13C-editing pulse turned on every other experiment. During acquisition, 13C 
decoupling was applied using the WALTZ-16 modulation scheme.39 Water 
suppression was achieved using SWAMP (sequence for water 
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suppression with adiabatic modulated pulses).40 An unsuppressed water 
spectrum, consisting of 16 averages, was recorded from the same voxel 
by setting the amplitudes of the SWAMP radio-frequency pulses to zero 
and was used as internal reference. Other LASER-POCE parameters 
were as follows: TR=2000 ms, TE=26.8 ms, TEPOCE=7.9 ms, spectral 
width=4000 Hz, number of data points=640, and total scan time=34 min. 

T1- and T2-relaxation times of water and ICL in TA muscle (n=3) 
and liver (n=3) were assessed at baseline using LASER 1H MRS without 
and with SWAMP water suppression, respectively. T1-relaxation times 
were determined by performing an 8-point inversion recovery experiment 
with an AFP pulse for inversion preceding the LASER sequence (pulse 
length=2 ms, bandwidth=60 kHz, inversion times=50, 250, 500, 1000, 
1500, 2000, 3500, and 5000 ms, TR=5000 ms, TE=18.26 ms, 32 
averages). T2-relaxation times were measured by performing 8 LASER 
experiments with varying TE (TE=18.26, 23.26, 33.26, 43.26, 68.26, 
93.26, 118.26, and 168.26 ms, TR=5000 ms, 32 averages). 
 
2.2.3 MRS data analysis 
Spectra from the 32 LASER-POCE experiments with and without the 13C-
editing pulse were added separately and the difference spectrum was 
calculated using Matlab (R2009b, Mathworks, Natick, MA, USA). Water 
and ICL methylene (ICL-CH2 signal at 1.3 ppm) peak areas were 
quantified from the unsuppressed and water-suppressed spectra, 
respectively, using a nonlinear least-squares algorithm (AMARES) in the 
jMRUI software package41 as described previously.42 Total (12C+13C) and 
13C-labeled ICL levels were determined from the LASER-POCE spectra 
without 13C editing and the difference spectra, respectively, and are 
presented as a percentage of the unsuppressed water signal measured in 
the same voxel. The 13C enrichment of ICL was calculated by dividing the 
13C-labeled ICL content by the total ICL content. T1- and T2-relaxation 
times of water and ICL were determined by fitting the data with 3- and 2-
parameter mono-exponential functions, respectively, using Matlab. 
 
2.2.4 Calculation of absolute ICL concentrations 

Absolute concentrations of IHCL and IMCL ( ) were calculated with the 
following equation adapted from Boesch et al.23: 
 

∙ ∙ ∙ ∙     [1] 
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with the density of water =1.0 g·mL-1, the molecular weight of water 

=18 g·mol-1, the volume fraction of water =0.73 for muscle 

tissue43 and =0.70 for liver tissue (determined in this study). The 

specific tissue density, represented by , is very similar for rat muscle 
and liver and an average value of 1.053 g·mL-1 wet weight has been 

used.44  and  represent the peak areas of the ICL-CH2 and the 

water signal, respectively, as determined from the 1H MR spectra. The 

number of protons per H2O molecule ( ) is 2 and the average number 

of protons per ICL molecule ( ) was assumed to be 62.23  and  

represent the fraction of signal remaining taking T1- and T2-relaxation 
effects for water and ICL into account. 
 
2.2.5 GC-C-IRMS of liver triglycerides 
The 13C enrichment of triglycerides in liver tissue, collected after the MRS 
measurements 24 h after 13C-labeled lipid administration, was determined 
using mass spectroscopy. To that aim, triglycerides were extracted from 
liver homogenates, isolated by thin layer chromatography and derivatized 
to their methyl esters. The isotope tracer-to-tracee ratio was determined 
using GC-C-IRMS45 (Finnigan MAT 252, Bremen, Germany). 
 
2.2.6 Plasma NEFA analysis 
Blood samples were collected in K-EDTA coated tubes at baseline and at 
5 and 24 h after 13C-labeled lipid administration, centrifuged for 10 min at 
1000g, and plasma aliquots were frozen in liquid nitrogen and stored at 
−80 ˚C. Concentrations of plasma NEFA were determined using the 
NEFA-HR(2) kit (Wako Chemicals, Neuss, Germany).  
 
2.2.7 Statistics 
All data are expressed as means±SD. Muscle and liver data were 
separately analyzed with mixed-model repeated-measures analysis of 
variance (ANOVA-RM) with time (baseline, 5 h post and 24 h post) as the 
within-subjects factor. Bonferroni corrections were applied when 
appropriate. Paired Student’s t-tests were used at different time points to 
detect differences between muscle and liver. Statistical analyses were 
performed using the SPSS 17.0 software package (SPSS, Inc.; Chicago, 
IL, USA). The level of significance was set at p<0.05. 
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2.3 Results 
 
2.3.1 1H-[13C] MRS 
Line widths of the water peak after localized shimming were 16.1±0.6 Hz 
for TA muscle and 34.1±3.5 Hz for liver. Figure 3 displays typical 
examples of water-suppressed LASER-POCE spectra without the 13C-
editing pulse (top), with the 13C-editing pulse (middle), and the 
corresponding difference spectra (bottom) acquired from TA muscle (panel 
A) and liver (panel B), respectively. Note that the difference spectra have 
been magnified with a factor of five. The difference spectra generally 
showed 13C label incorporation into multiple ICL resonances, such as 
those from the methyl protons (CH3, 0.86 ppm), the methylene protons 
(CH2, 1.30 ppm), the allylic methylene protons (CH2-CH=CH-CH2, 2.01 
ppm), and the α-methylene protons (CαH2COO, 2.23 ppm). The methylene 
signal at 1.30 ppm was by far the largest signal and was used for 
quantification of the 13C enrichment of the ICL pools. The majority of 
spectra did not contain an observable extracellular lipid peak. Signals from 
metabolites other than lipids, such as creatine in muscle and choline in 
liver, were effectively cancelled in the difference spectra. 
 

 
 
Figure 3. Typical examples of LASER-POCE spectra at 5 h after the 
administration of 13C-labeled lipids of rat (A) tibialis anterior muscle and (B) liver 
without 13C editing (top), with 13C editing (middle), and the calculated difference 
spectrum (5x magnification, bottom). Peak annotations: H2O, residual water; tCr, 
total creatine; IMCL, intramyocellular lipids; Cho, choline; IHCL, intrahepatocellular 
lipids. 
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Figure 4 shows the total (12C+13C) ICL content in TA muscle and 
liver at baseline and at 5 and 24 h after the administration of 13C-labeled 
lipids, as determined from the LASER-POCE spectra without 13C editing. 
Total IHCL content was 9.5 times higher than IMCL content (p<0.001), but 
both IMCL and IHCL content did not change after the administration of 
13C-labeled lipids.  

 

 
 
Figure 4. Total (12C+13C) intracellular lipid (ICL) content in (A) tibialis anterior (TA) 
muscle (IMCL) and (B) liver (IHCL) at baseline and at 5 and 24 h after the 
administration of 13C-labeled lipids (n=6). Data are expressed as a mean 
percentage of the unsuppressed water signal±SD. There were no significant 
differences between time points. Total ICL content was significantly higher in liver 
than in TA muscle at all time points (p<0.001). 

 
In panel A of Figure 5, the group averaged 13C enrichments of the 

ICL pools in TA muscle and liver are presented at baseline and at 5 and 
24 h after the administration of 13C-labeled lipids. At baseline, the 13C 
enrichments of IMCL and IHCL were 1.1±0.3 % and 1.0±0.2 %, 
respectively, which is in accordance with the 1.1% natural abundance of 
13C. Five hours after the administration of 13C-labeled lipids, the 13C 
enrichment of ICL had increased to 4.1±0.4 % in TA muscle (p<0.01) and 
4.8±0.5 % in liver (p<0.001), whereas after 24 h, the 13C enrichments of 
IMCL and IHCL decreased again to 2.7±0.4 % (p<0.01) and 2.1±0.3 % 
(p<0.05), respectively. However, at 24 h after 13C-labeled lipid 
administration, the 13C enrichment of IMCL still tended to be higher than at 
baseline (p=0.06), whereas the 13C enrichment of IHCL was no longer 
significantly different from baseline (p=0.2). Panels B and C display the 
13C enrichments per individual rat for IMCL and IHCL, respectively, and 
illustrate that the increase in 13C enrichment 5 h after the administration of 



Chapter 2 

60 
 

13C-labeled lipids and the subsequent decrease after 24 h was observed 
for each rat. 
 

 

 
Figure 5. Relative 13C 
enrichment of the 
intracellular lipid (ICL) 
pool in tibialis anterior 
(TA) muscle and liver at 
baseline and at 5 and 24 
h after the administration 
of 13C-labeled lipids. 
Panel A shows group 
averaged data for n=6 
rats (means±SD). Panels 
B and C display the 13C 
enrichments per 
individual rat for the ICL 
pools in TA muscle 
(IMCL) and liver (IHCL), 
respectively. Data are 
expressed as a 
percentage of the total 
(12C+13C) ICL-CH2 
signal. 
# Significantly higher than 
baseline (p<0.01); 
* significantly lower than 
5 h post (p<0.05). 
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In Figure 6, the 13C-enriched ICL level is presented as a 
percentage of the unsuppressed water signal. These values were 
corrected for natural abundance 13C enrichment by subtracting the 13C-
labeled ICL level determined at baseline from that at 5 h and 24 h after 
13C-labeled lipid administration and represent the amount of lipids stored 
in TA muscle and liver originating from the administered 13C-labeled lipids. 
The 13C-enriched ICL level was 12.3- and 9.0-fold higher in liver when 
compared with TA muscle at the 5 and 24 h time points (p<0.05), 
respectively. Between 5 and 24 h after 13C-labeled lipid administration, 
13C-enriched IMCL and IHCL levels decreased by a factor of 2.1 (p<0.001) 
and 2.8 (p<0.01), respectively. 

 

 
 
Figure 6. Absolute 13C-enriched intracellular lipid (ICL) content in (A) tibialis 
anterior (TA) muscle (IMCL) and (B) liver (IHCL) at 5 and 24 h after the 
administration of 13C-labeled lipids (n=6). The absolute 13C enrichment was 
corrected for baseline natural abundance 13C enrichment by subtracting the 13C-
labeled ICL content determined at baseline from the 13C-labeled ICL content at 5 
and 24 h post 13C-labeled lipid administration. Data are expressed as a mean 
percentage of the unsuppressed water signal±SD. * Significantly lower than 5 h 
post (p<0.01). Absolute 13C-enriched ICL content was significantly higher in liver 
than in TA muscle at both time points (p<0.05). 
 
2.3.2 Absolute ICL concentrations 
For the determination of absolute lipid concentrations in muscle and liver, 
T1- and T2-relaxation times of water and ICL-CH2 resonances at 6.3 T 
were assessed and are shown in Table 1. The fraction R of the signal 
remaining after T2 relaxation and recovered after T1 relaxation was 
calculated from the T1- and T2-relaxation times and the TR (2000 ms) and 
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TE (26.8 ms) of the LASER-POCE experiments. In liver =0.22 and 

=0.52, and in TA muscle =0.21 and =0.68. After entering all 

data in Eq. [1], the absolute, total (12C+13C) IMCL and IHCL contents were 
determined to be 388±130 and 4733±502 µmol·kg-1 wet weight, 
respectively. Five hours after the administration of 13C-labeled lipids, the 
concentration of 13C-enriched lipids stored in TA muscle and liver 
originating from the administered lipids was 13±2 and 204±67 µmol·kg-1 
wet weight, respectively.  
 

Table 1. T1- and T2-relaxation times at 6.3 T. 

  

Water ICL-CH2 

T1 (ms) T2 (ms) T1 (ms) T2 (ms) 

TA muscle 1701 ± 6 23 ± 1 528 ± 16 74 ± 4  

Liver 1045 ± 66 20 ± 2 538 ± 18  43 ± 2 

Data are from n=3 rats for both tibialis anterior (TA) muscle and liver 
and are expressed as means±SD. ICL-CH2, methylene protons of 
intracellular lipids at 1.3 ppm. 

 
The amount of [U-13C]-labeled algal lipid mixture that was 

administered to the rats was 400 mg or 443 µmol ( =886 g·mol-1). 

In order to calculate the percentage of ingested lipids that was stored in 
skeletal muscle and liver at a given time point, the total muscle mass and 
liver mass need to be known. Assuming that in rats whole-body skeletal 
muscle mass and liver mass account for 45.5% 15, 46, 47 and 4% 46, 48 of 
total body weight, respectively, the average total muscle mass and liver 
mass were calculated to be 160.0±5.0 g and 13.4±0.4 g for the rats in this 
study (body weight: 351.5±11.1 g). This implies that at 5 h after 
administration of the 443 µmol of 13C-labeled lipids, 2.1±0.3 µmol of those 
13C-labeled lipids was stored in muscle tissue, which is 0.46±0.07 % of the 
total amount of administered lipids. At this time point, 2.7±0.9 µmol of 13C-
labeled lipids was stored in liver tissue, which accounts for 0.62±0.20 % of 
the total amount of administered lipids. 
 
2.3.3 GC-C-IRMS of liver triglycerides 
The in vivo 1H-[13C] MRS quantification of the 13C enrichment of ICL was 
compared with the GC-C-IRMS determination of the 13C enrichment of 
triglycerides in liver tissue, collected after the MRS measurements at 24 h 
after the administration of 13C-labeled lipids. The average tracer-to-tracee 
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ratio of liver triglycerides determined by GC-C-IRMS was 0.7±0.2 %, which 
was not significantly different from the 13C enrichment of ICL in liver 24 h 
after 13C-labeled lipid administration determined by 1H-[13C] MRS (1.2±0.7 
% after the correction for baseline natural abundance 13C enrichment; 
p=0.13). 
 
2.3.4 Plasma NEFA analyses 
The administration of 13C-labeled lipids did not affect total (12C+13C) 
plasma NEFA concentrations at the measured time points (baseline: 
0.12±0.04 mM, 5 h post: 0.11±0.06 mM, and 24 h post: 0.11±0.05 mM; 
p=0.82). 
 
2.4 Discussion 
 
The aim of the present study was to determine in vivo postprandial lipid 
partitioning in rat skeletal muscle and liver, using localized 1H-[13C] MRS in 
combination with the oral administration of 13C-labeled lipids. Five hours 
after the administration of 13C-labeled lipids, the 13C enrichment of the 
IMCL and IHCL pools increased, indicating that part of the orally 
administered lipids had been taken up by the muscle and liver tissue. After 
24 h, the 13C enrichment of the IMCL and IHCL pools decreased again, 
which can be explained by turnover of the lipid pools, which includes both 
fatty acid oxidation and release and, in the case of liver, also lipid export in 
the form of VLDL particles. The relative 13C enrichments of the IMCL and 
IHCL pools were similar, but in absolute terms, the uptake of 13C-labeled 
lipids was about 10-fold higher in liver compared with skeletal muscle. 

Ravikumar et al. previously employed direct 13C MRS to assess 
the dynamics of postprandial lipid storage in skeletal muscle and liver in 
humans after the ingestion of 13C-labeled lipids.30 However, the low 
sensitivity of direct 13C MR detection of 13C-labeled metabolites is a 
significant limitation of this method and restricts its application to relatively 
large volumes. In addition, the rather poor spatial localization in the 
aforementioned study results in a major contamination of the spectra with 
signals from extracellular lipids in subcutaneous, interstitial and/or visceral 
fat, which hinders an accurate quantification of 13C-enriched ICL. In this 
study, we indirectly detected the 13C-labeled lipids through the attached 1H 
nuclei, utilizing the heteronuclear scalar coupling between 1H and 13C 
nuclei, which has a number of advantages: (1) It provides a more sensitive 
alternative to direct 13C MRS.31-33 (2) 1H-[13C] MRS is easily combined with 
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1H single-voxel localization, which is less prone to chemical shift 
displacement errors compared with 13C volume selection.34 (3) 1H MRS 
separately detects intracellular and extracellular lipids based on a 
difference in resonance frequency,27, 28, 35 which is not apparent in the 13C 
MR spectra. (4) In contrast to direct 13C MRS, no external reference is 
needed for the quantification of the amount of 13C-labeled lipids from the 
1H-[13C] MR spectrum, because it can be expressed relative to the total 
(12C+13C) amount of lipids or relative to the water signal, which are both 
determined within the same experiment. All these factors are crucially 
important for an accurate quantification of 13C-enriched ICL, rendering 
indirect 13C detection far more favorable for the study of in vivo lipid 
partitioning as compared with direct 13C MRS. Using localized 1H-[13C] 
MRS, we could reliably determine the natural abundance 13C enrichments 
of IMCL and IHCL in 64 and 32 μl voxels, respectively, as well as the 
changes in their fractional enrichments after the administration of 13C-
labeled lipids. The majority of 1H-[13C] MR spectra did not contain an 
observable extracellular lipid peak, indicating that the voxel localization 
within the TA muscle and the liver was accurate. A few spectra from TA 
muscle showed minor contamination from EMCL, but the EMCL signal 
was well separated from the IMCL signal and did not pose a problem for 
the quantification of IMCL. 

After the administration of 13C-labeled lipids, the fractional 13C 
enrichments of IMCL and IHCL remained very similar with respect to each 
other, but increased with respect to baseline (1.1±0.3 % and 1.0±0.2 %, 
respectively) to 4.1±0.4 % and 4.8±0.5 %, respectively, at 5 h. After 24 h, 
the 13C enrichments of IMCL and IHCL decreased again to 2.7±0.4 % and 
2.1±0.3 %, respectively. At this time point, the 13C enrichment of IMCL still 
tended to be higher than at baseline, whereas the 13C enrichment of IHCL 
was no longer significantly different from baseline. Absolute 13C-enriched 
IMCL and IHCL levels, expressed relative to the water signal and 
corrected for baseline natural abundance 13C enrichment, decreased by a 
factor of 2.1 and 2.8, respectively, between 5 h and 24 h. Quantitatively, 
these time-dependent reductions are in line with findings from previous 
studies in rats, using orally administered 14C-labeled fatty acids.15, 16, 18 
While the relative 13C enrichments of the IMCL and IHCL pools were very 
similar, in absolute terms 13C-enriched ICL levels were 12.3- and 9.0-fold 
higher in liver when compared with TA muscle at the 5 and 24 h time 
points, respectively. This finding is consistent with earlier reports indicating 
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that the highest uptake of dietary fatty acids per gram of tissue occurs in 
the liver.18, 21 

At 5 h after the administration of 13C-labeled lipids, 0.46±0.07% 
and 0.62±0.20% of the ingested lipids were stored in skeletal muscle and 
liver, respectively. Please note that these numbers do not represent net 
uptake of dietary lipids, as the ICL pools are in continuous turnover due to 
fatty acid oxidation and release and, in the case of liver, lipid export. The 
slightly higher storage of dietary lipids in liver compared with total skeletal 
muscle tissue is in agreement with previous studies in rats using orally 
administered 14C-labeled fatty acids.15, 16, 18 The storage of orally ingested 
lipids as determined in this study is considerably lower than in the study of 
Ravikumar et al., who report that in human subjects at 5 h after 
administration about 4% of meal triglycerides is stored in muscle tissue, 
whereas at 6 h about 9% is stored in liver.30 However, our in vivo 1H-[13C] 
MRS determination of the 13C enrichment of the IHCL pool 24 h after the 
administration of 13C-labeled lipids was in agreement with the ex vivo 
analysis by GC-C-IRMS. A limitation of the current study is that the 
temporal sampling was rather coarse and that the peak uptake of 13C-
labeled lipids could have occurred before or after the measurement point 
at 5 h. However, from the aforementioned studies we inferred that the 
uptake of dietary lipids is maximal around 5 h after ingestion15, 16, 18, 30 and 
this was also confirmed by some initial pilot experiments (data not shown). 
Furthermore, we lack information about the 13C enrichment of plasma 
triglycerides, because it was not possible to extract the lipid fraction from 
the small blood samples obtainable from rats, which is needed for GC-C-
IRMS. Therefore, we do not know how much of the ingested 13C-labeled 
lipids was effectively absorbed by the intestine. In future research, 
analysis of the 13C content of the gastro-intestinal tract and the feces could 
elucidate the effectiveness of the absorption of the lipid load. The 
fractional extraction of orally ingested lipids by total skeletal muscle tissue 
was inferred from the data on 13C-enricment of IMCL in TA muscle. Li and 
Björntorp showed that lipid uptake considerably differs between different 
leg muscles in rats,18 which is probably related to differences in fiber type 
composition. Therefore, our data for TA muscle might not be 
representative for whole-body skeletal muscle. However, all these factors 
cannot explain that the storage of orally ingested lipids determined in this 
study is an order of magnitude lower than in the study of Ravikumar et al. 
30 
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For the determination of absolute concentrations of IMCL and 
IHCL, peak areas of the water and ICL-CH2 signals were corrected for T1- 
and T2-relaxation effects. T1- and T2-relaxation times of water in skeletal 
muscle (T1=1701±6 ms, T2=23±1 ms) and liver (T1=1045±66 ms, T2=20±2 
ms) at 6.3 T determined in this study are comparable to those observed by 
others at 7 T (muscle water: T1=1514±10 ms, T2=22±2 ms;49 liver water: 
T1=1020±60 ms, T2=22±2 ms50). Also T1- and T2-relaxation times of IMCL 
(T1=528±16 ms, T2=74±4 ms) are consistent with previously published 
data measured at 7 T (T1=580±40 ms, T2=66±5 ms51). For IHCL, no 
relaxation times have been published yet at a field strength of 7 T. Total 
(12C+13C) IMCL content measured in TA muscle in this study was 
0.39±0.13 mmol·kg-1 wet weight. In comparison, Guo et al. reported an 
IMCL concentration of 0.46±0.07 mmol·kg-1 for rat TA muscle, which was 
determined biochemically after careful microdissection of the muscle 
tissue.52 Total IHCL concentration determined in the present study was 
4.7±0.5 mmol·kg-1, which is within the range of 3–10 mmol·kg-1 measured 
previously in rat liver using biochemical methods.53-57 

Despite the increased sensitivity of 1H-[13C] MRS compared with 
direct 13C MRS, MR spectroscopy remains less sensitive when compared 
with GC-C-IRMS and radiolabeling experiments. Therefore, we had to use 
a rather high dose of 13C-labeled lipids, i.e. 400 mg per rat. However, the 
amount of 13C-labeled lipids that was administered to the rats was still 
lower than their daily lipid intake from the diet, which amounted to about 
660 mg of crude fat. Total plasma NEFA concentrations as well as total 
IMCL and IHCL levels did not differ from baseline at 5 h and 24 h after the 
administration of the 13C-labeled lipids. These results indicate that plasma 
and tissue lipid homeostasis was not largely affected by the lipid load at 
the measured time points. Studies in humans have shown that an oral lipid 
load decreases plasma NEFA concentrations during the postprandial 
period, but that normal plasma NEFA levels are restored after about 4 h.14, 

21, 58 
In this study, 13C-labeled lipids were administered orally to the 

rats. Initially, we attempted to measure the incorporation of 13C label into 
the IMCL and IHCL pools after intravenous infusion of 13C-labeled 
palmitate complexed to albumin. However, the amount of palmitate that 
can be infused is limited due its low solubility and high toxicity and we 
could not detect any substantial increase in fractional 13C enrichment of 
IMCL or IHCL. A limitation of the current study design is that 
measurements are performed in non-steady-state conditions after the 
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ingestion of a lipid bolus and as a result quantitative analyses that can be 
performed are restricted. However, this limitation is counterbalanced by 
the physiological nature of the experiment. After a meal, the majority of 
dietary long-chain fatty acids absorbed by the intestine are incorporated 
into chylomicron triglycerides, which are transported to the circulation 
through the thoracic duct.59, 60 It has been shown that in the postprandial 
period, the uptake of chylomicron-triglyceride fatty acids is preferred above 
the uptake of plasma NEFA in adipose tissue and skeletal muscle.61 
Considering that dietary fat intake probably constitutes an important 
component of tissue lipid overexposure in obesity, oral administration of 
labeled lipids is very relevant in the study of ectopic lipid overload in 
obesity-related disorders. 

 Translation of the 1H-[13C] MRS method to study lipid handling in 
humans is very appealing. However, direct scaling of the amount of 13C-
labeled lipids used in this rat study to humans (80 g for a 70 kg subject) 
would, aside from obvious health aspects, lead to huge costs. On the 
other hand, if it is taken into account that in human studies both voxel size 
and radio frequency coil are an order of magnitude larger in each 
dimension, then sensitivity will be at least an order of magnitude higher 
(signal increases with the third power of voxel dimension, but decreases 
linearly to quadratically with coil dimension). Therefore, it is hoped that, at 
magnetic field strengths of at least 7 T, it will be possible to accurately 
detect lower amounts of 13C enrichment in humans and that the required 
amount of 13C-labeled lipids can be reduced to practical quantities. 
 
2.5 Conclusion 
 
The novel application of 1H-[13C] MRS in combination with the oral 
administration of 13C-labeled lipids allows for the longitudinal assessment 
of in vivo lipid partitioning between multiple tissues. In future studies, 
application of the 1H-[13C] MRS method in animal models and patients 
might contribute to our understanding of disturbed lipid handling in 
metabolic disorders. 
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Abstract 
Aims/hypothesis Insulin resistance and type 2 diabetes have been 
associated with ectopic lipid deposition. The present study investigates the 
derangements in postprandial lipid handling in liver and skeletal muscle 
tissue at different stages during the pathogenesis of type 2 diabetes. 
Methods Four groups of n=6 male Zucker diabetic fatty rats were used for 
this study: pre-diabetic fa/fa rats and non-diabetic fa/+ littermates at the 
age of 6 weeks, and diabetic fa/fa rats and non-diabetic fa/+ littermates at 
the age of 12 weeks. In vivo 1H-[13C] magnetic resonance spectroscopy 
measurements were performed in liver and tibialis anterior muscle at 
baseline and at 4, 24 and 48 h after oral administration of 1.5 g [U-13C] 
algal lipid mixture per kg body weight. Total and 13C-labeled intracellular 
lipid contents were determined from the magnetic resonance spectra.  
Results In both pre-diabetic and diabetic rats, postprandial lipid uptake in 
liver was 2.3-fold greater when compared with healthy controls (p<0.001), 
whereas liver lipid use did not seem to be affected. Interestingly, in pre-
diabetic rats, skeletal muscle appeared to be protected from excess lipid 
uptake, whereas after developing overt diabetes muscle lipid uptake was 
3.4-fold higher than in controls (p<0.05). Muscle lipid utilization was 
significantly lower in pre-diabetic and diabetic muscle, indicative of 
impairments in lipid oxidation. 
Conclusions/interpretation In vivo postprandial lipid handling is disturbed in 
both liver and skeletal muscle tissue in pre-diabetic and diabetic rats, but 
the uptake of dietary lipids in muscle is only increased after the 
development of overt diabetes. 
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3.1 Introduction 
 
Insulin resistance and type 2 diabetes have been associated with excess 
lipid accumulation in non-adipose tissues such as skeletal muscle1, 2 and 
liver.3, 4 The mechanistic link between intracellular lipid overload and 
insulin resistance is believed to reside in the accumulation of lipid derived 
intermediates, such as diacylglycerols and ceramides, which trigger 
activation of novel protein kinases C leading to impairments in insulin 
signaling.5 It remains unknown, however, whether the excess storage of 
lipids in insulin-resistant muscle and liver is a consequence of greater lipid 
uptake from the circulation, decreased lipid utilization through oxidation, 
release and/or secretion, or a combination of both. 

Results from studies on intracellular lipid handling in insulin-
resistant skeletal muscle and liver tissue are far from consistent. Lipid 
uptake in muscle of insulin-resistant and type 2 diabetic subjects and 
animals has been reported to be either higher (mostly but not exclusively 
in postprandial conditions),6-15 similar16-20 or lower (mostly but not 
exclusively in postabsorptive conditions)9, 21-28 when compared with 
insulin-sensitive controls. Lipid oxidation in insulin-resistant or type 2 
diabetic muscle has also been reported to be either lower9, 17, 18, 20-25, 29 or 
unchanged6, 7, 14, 19 when compared with healthy controls. Data on lipid 
uptake in insulin-resistant and type 2 diabetic liver tissue are scarce and 
have predominantly been obtained from animal models, showing either an 
increase12, 21, 30 or no significant difference8, 20, 31 compared with controls. 
Liver lipid secretion, as measured by the production of very low-density 
lipoprotein (VLDL) particles, is generally reported to be greater in an 
insulin-resistant or type 2 diabetic state.32-34 Differences in study design, 
such as the nutritional state (postprandial versus postabsorptive 
conditions), can only explain part of the discrepancy in the literature. In 
addition, other factors, such as the stage of type 2 diabetes pathogenesis 
and the methodology applied to assess lipid handling, likely contribute to 
the apparent inconsistency. 

Recently, we introduced the application of 1H-[13C] magnetic 
resonance spectroscopy (MRS) in combination with the oral administration 
of 13C-labeled lipids to determine in vivo postprandial lipid partitioning in 
skeletal muscle and liver tissue in rodents.35 1H-[13C] MRS indirectly 
detects the 13C-labeled lipids through the attached 1H nuclei, utilizing the 
hetero-nuclear scalar coupling between 1H and 13C nuclei. After correction 
for the natural 13C abundance, this allows the quantification of the amount 
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of lipid stored in the tissue originating from the dietary 13C-labeled lipid 
mixture. MRS is non-invasive and does not involve harmful radiation, 
allowing repeated measurements to follow the time course of uptake and 
depletion of 13C-labeled lipids in multiple tissues. We have shown that, in 
healthy rats, the uptake of 13C-labeled lipids was about 10-fold higher in 
liver compared with skeletal muscle and that between 5 and 24 h after 13C-
labeled lipid administration the turnover of 13C-enriched lipids was more 
rapid in liver than in muscle tissue.35 

In this study we applied the 1H-[13C] MRS technique in pre-diabetic 
and diabetic rats with the aim to gain more insight in the derangements in 
liver and skeletal muscle lipid handling at different stages during the 
pathogenesis of type 2 diabetes. Total and 13C-labeled lipid concentrations 
were measured in liver and skeletal muscle tissue at baseline, and at 4, 24, 
and 48 h after the oral administration of [U-13C] labeled algal lipid mixture. 
Based on previous observations, we hypothesized that postprandial lipid 
handling is disturbed in both liver and skeletal muscle tissue of pre-
diabetic rats, and that these disturbances are further exacerbated 
following the development of overt type 2 diabetes. 
 
3.2 Methods 
 
3.2.1 Animals and study design 
Four groups of n=6 male Zucker diabetic fatty (ZDF) rats (Charles River 
Laboratories, Sulzfield, Germany) were used for this study: (i) obese, pre-
diabetic fa/fa rats at the age of 6 weeks, (ii) lean, non-diabetic fa/+ 
littermates at the age of 6 weeks, (iii) obese, diabetic fa/fa rats at the age 
of 12 weeks, and (iv) lean, non-diabetic fa/+ littermates at the age of 12 
weeks 36, 37. Animals were housed in pairs at 20˚C and 50% humidity, on a 
12 h light-dark cycle with ad libitum access to Purina 5008 diet (19 energy 
percent [En%] from fat, 54 En% from carbohydrates, and 27 En% from 
protein; SM R/M modified 5008 diet, Ssniff® Spezialdiäten GmbH, Soest, 
Germany) and water during the entire period of the experiment. All 
experimental procedures were reviewed and approved by the local 
institutional animal care committee (Maastricht University, Maastricht, the 
Netherlands). 

Prior to the administration of 13C-labeled lipids, all animals were 
subjected to 1H-[13C] MRS measurements to determine total (12C+13C) and 
13C-enriched intracellular lipid (ICL) concentrations in tibialis anterior (TA) 
muscle (intramyocellular lipids, IMCL) and liver (intrahepatocellular lipids, 
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IHCL) at baseline. Two days later, rats were orally administered 1.5 g [U-
13C] labeled algal lipid mixture (13C enrichment > 98 %; fatty acid 
composition: 53 % palmitic acid, 9 % palmitoleic acid, 28 % oleic acid, and 
6 % linoleic acid; Cambridge Isotope Laboratories, Andover, MA, USA) per 
kg body weight. At 4, 24, and 48 h after 13C-labeled lipid administration, 
1H-[13C] MRS measurements were performed to assess total and 13C-
enriched IMCL and IHCL concentrations. 

Blood samples were taken from the vena saphena after each 
MRS experiment and were used for the determination of plasma glucose, 
NEFA, and triglyceride (TG) concentrations. At the end of the MRS 
measurement at the 48 h time point, the anaesthetized animals were killed 
by incising the vena cava inferior.  

 
3.2.2 MRS experiments 
During the MRS experiments, animals were anaesthetized using 1.5–2.5% 
isoflurane (IsoFlo®; Abbott Laboratories Ltd, Maidenhead, Berkshire, UK). 
Body temperature was maintained at 37±1 ˚C using heating pads. 
Respiration was monitored using a pressure sensor registering thorax 
movement (Rapid Biomedical, Rimpar, Germany). 

All MRS experiments were performed on a 6.3 T horizontal Bruker 
MR system (Bruker, Ettlingen, Germany). In each rat, localized 1H-[13C] 
MRS was performed first on a 3.5x3.5x3.5 mm3 (in fa/+ rats) or 3x3x3 mm3 
(in fa/fa rats) voxel placed in the TA muscle (Figures 1A and 1B) and, after 
repositioning, on a 4x2x4 mm3 voxel in the median lobe of the liver 
(Figures 1C and 1D) using the LASER-POCE method as described 
previously.35 Briefly, 3D localization of a voxel in muscle or liver was 
achieved by the LASER (localization by adiabatic selective refocusing) 
sequence 38, which was combined with a POCE (proton-observed, carbon-
edited) element 39, 40 for 13C editing. The 13C-editing pulse was centered on 
the lipid methylene resonance (as determined from an unlocalized 13C 
spectrum). For each voxel, 64 LASER-POCE experiments, consisting of 
16 averages each, were performed serially in an interleaved fashion with 
the 13C-editing pulse turned on every other experiment. Water suppression 
was achieved using SWAMP (sequence for water suppression with 
adiabatic modulated pulses) 41. An unsuppressed water spectrum, 
consisting of 16 averages, was recorded from the same voxel and was 
used as internal reference. Other LASER-POCE parameters were as 
follows: repetition time=2000 ms, echo time=26.8 ms, POCE echo 
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time=7.9 ms, number of data points=640, WALTZ-16 13C decoupling, and 
total scan time=34 min. 
 

 
 
Figure 1. T1-weighted transversal images of a fa/+ rat left hind limb with a 3.5 x 3.5 
x 3.5 mm3 voxel in the tibialis anterior (TA) muscle (A), a fa/fa rat left hind limb with 
a 3 x 3 x 3 mm3 voxel in the TA muscle (B), a fa/+ rat abdomen with a 4 x 2 x 4 
mm3 voxel in the median lobe of the liver (C), and a fa/fa rat abdomen with a 4 x 2 
x 4 mm3 voxel in the median lobe of the liver (D). 

 
3.2.3 MRS data analysis 
Spectra from the 32 LASER-POCE experiments with and without the 13C-
editing pulse were added separately, and the difference spectrum was 
calculated using Matlab (R2009b, Mathworks, Natick, MA, USA). Water 
and ICL methylene (ICL-CH2 signal at 1.3 ppm) peak areas were 
quantified from the unsuppressed and suppressed spectra, respectively, 
using the jMRUI software package42 as described previously.43 Total 
(12C+13C) and 13C-labeled ICL levels were determined from the LASER-
POCE spectra without 13C editing and the difference spectra, respectively, 
and are presented as a percentage of the unsuppressed water signal 
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measured in the same voxel. The average relative 13C enrichment 
determined at baseline was used to correct the 13C-labeled ICL levels at 4, 
24 and 48 h after 13C-labeled lipid administration for natural abundance of 
13C. Previously, we have shown that the in vivo 1H-[13C] MRS 
determination of the 13C enrichment of the IHCL pool was in agreement 
with the ex vivo analysis by gas chromatography-combustion-isotope ratio 
mass spectrometry (GC-C-IRMS) and that the 1.1% natural abundance of 
13C could be reliably determined in both IMCL and IHCL pools.35 
 
3.2.4 Plasma analysis 
Blood samples were collected in K-EDTA coated tubes at baseline and at 
4, 24 and 48 h after 13C-labeled lipid administration, centrifuged for 10 min 
at 1000g, and plasma aliquots were frozen in liquid nitrogen and stored at 
-80 ˚C. Concentrations of plasma glucose, NEFA and triglycerides were 
determined using an automatic glucometer (FreeStyle, Abbott, IL, USA), 
the NEFA-HR(2) kit (Wako Chemicals, Neuss, Germany), and the serum 
triglyceride determination kit (Sigma-Aldrich, Zwijndrecht, the Netherlands), 
respectively.  
 
3.2.5 Statistics 
All data (n=6 per group) are expressed as means±SEM. Data were 
analyzed using mixed-model repeated-measures ANOVA with time point 
(baseline, and 4, 24, and 48 h post) as the within-subjects factor, and age 
(6 and 12 wk) and genotype (fa/+ and fa/fa) as between-subjects factors. 
Only if the interaction term between the factors was found to be significant, 
the effect of each factor was analyzed separately using one-way ANOVA 
(time point) or unpaired Student’s t-tests (age and genotype). Bonferroni 
corrections were applied when appropriate. Statistical analyses were 
performed using the IBM SPSS statistics 19 software package (SPSS Inc., 
Chicago, IL, USA). The level of significance was set at p<0.05. 
 
3.3 Results 
 
3.3.1 Animal body weight 
Body weight of fa/fa rats was 18% higher compared with fa/+ rats 
(p<0.001), independent of age (Table 1). Rats at 12 weeks of age were  
95% heavier than rats at 6 weeks of age (p<0.001), independent of 
genotype. The amount of 13C-labeled lipids that was administered to the 
rats was scaled to body weight (Table 1). 
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TABLE 1 
Body weight and amount of 13C-labeled lipid mixture 
 6 weeks  12 weeks 
 fa/+ fa/fa  fa/+ fa/fa 
Body weight (g) 166 ± 7 190 ± 12a  319 ± 10b 374 ± 11ab 
13C-labeled algal 
lipid mixture (mg) 

247 ± 26 286 ± 43a 
 

478 ± 15b 563 ± 17ab 

 
Data are means ± SEM. a Significantly different from fa/+ (p<0.001); b significantly 
different from 6 weeks (p<0.001). 
 
TABLE 2 
Plasma glucose, NEFA and TG concentrations at baseline and 4, 24 and 48 h 
after the oral administration of the 13C-labeled lipid mixture 
 6 weeks  12 weeks 
 fa/+ fa/fa  fa/+ fa/fa 
Plasma glucose (mmol/L)     
    baseline 
    4 h post 
    24 h post 
    48 h post 

7.0 ± 0.3 
7.2 ± 0.4 
6.9 ± 0.1 
8.1 ± 1.2 

11.8 ± 1.3a 
11.0 ± 0.9a 
13.5 ± 0.8a 
12.6 ± 2.2a 

 7.5 ± 0.3 
6.5 ± 0.7 
7.0 ± 0.2 
6.5 ± 0.7 

17.7 ± 1.7ab 
18.9 ± 2.2ab 
20.7 ± 0.3ab 
18.4 ± 1.3ab 

Plasma NEFA (mmol/L)     
    baseline 
    4 h post 
    24 h post 
    48 h post 

0.32 ± 0.03 
0.28 ± 0.04 
0.35 ± 0.05 

0.15 ± 0.05cde 

0.38 ± 0.06 
0.29 ± 0.04 
0.26 ± 0.05 

0.13 ± 0.02cde 

 0.24 ± 0.04 
0.22 ± 0.06 
0.27 ± 0.07 

0.08 ± 0.02cde 

0.44 ± 0.04a 
0.50 ± 0.09a 
0.34 ± 0.05a 

0.26 ± 0.08acde 
Plasma TG (mmol/L)     
    baseline 
    4 h post 
    24 h post 
    48 h post 

0.47 ± 0.05 
0.40 ± 0.03 
0.33 ± 0.05 
0.42 ± 0.05 

1.54 ± 0.30a 
1.66 ± 0.34a 
1.28 ± 0.18a 
1.97 ± 0.31a 

 0.45 ± 0.02 
0.52 ± 0.05 
0.36 ± 0.05 
0.47 ± 0.06 

1.52 ± 0.20a 
1.51 ± 0.23a 
1.39 ± 0.09a 
2.16 ± 0.34a 

 
Data are means ± SEM. NEFA, non-esterified fatty acids; TG, triglycerides. a Significantly 
different from fa/+ (p<0.05); b significantly different from 6 weeks (p<0.001); c significantly 
different from baseline (p<0.001); d significantly different from 4 h post (p<0.05); e 
significantly different from 24 h post (p<0.05). 
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3.3.2 Plasma glucose, NEFA and TG 
Results of the plasma analyses are shown in Table 2. Plasma glucose 
concentrations were higher in fa/fa rats compared with fa/+ rats both at 6 
(12.2±0.7 versus 7.3±0.3 mmol/L, p<0.001) and 12 (18.9±0.8 versus 
6.9±0.3 mmol/L, p<0.001) weeks of age. In diabetic fa/fa rats at 12 weeks 
of age, plasma glucose was 50% higher when compared with the pre-
diabetic fa/fa rats at 6 weeks of age (p<0.01). The administration of 13C-
labeled lipids did not affect plasma glucose levels after 4, 24 and 48 h in 
any group (p=0.296). At 6 weeks of age, plasma NEFA concentrations did 
not differ between pre-diabetic fa/fa rats and their control littermates 
(p=0.820). In contrast, at 12 weeks of age, plasma NEFA concentrations in 
diabetic fa/fa rats were 86% higher than in fa/+ rats (p<0.05). Plasma 
NEFA at 4 and 24 h after the administration of 13C-labeled lipids was not 
significantly different from baseline, but at 48 h after 13C-labeled lipid 
administration it had decreased by as much as 60±6% when compared 
with the earlier time points in all groups. Plasma TG concentrations were 
higher in fa/fa rats compared with fa/+ rats, independent of age (1.64±0.10 
versus 0.43±0.02 mmol/L, p<0.001). The administration of 13C-labeled 
lipids did not affect plasma TG levels after 4, 24 and 48 h in any group. 
 
3.3.3 MRS data 
Figure 2 displays typical examples of water-suppressed LASER-POCE 
spectra acquired from TA muscle and liver at 4 h after the administration 
of 13C-labeled lipids in a non-diabetic fa/+ rat and a diabetic fa/fa rat at 12 
weeks of age. The lipid methylene signal at 1.30 ppm in the normal 1H 
spectra without the 13C-editing pulse (top) was used for quantification of 
total (12C+13C) IMCL and IHCL. The difference spectra (bottom), resulting 
from the subtraction of the experiments with and without the 13C-editing 
pulse, only contain signals from 1H-13C coupled resonances and were 
used to determine the 13C enrichment of the IMCL and IHCL pools. 
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Figure 2. Typical examples of LASER-POCE spectra from tibialis anterior muscle 
(A and B) and liver (C and D) from a fa/+ control rat (A and C) and a diabetic fa/fa 
rat (B and D) at 12 weeks of age. Spectra were acquired 4 h after the oral 
administration of 1.5 g [U-13C] labeled algal lipid mixture per kg body weight. 
LASER-POCE spectra without 13C editing (top), with 13C editing (middle), and the 
calculated difference spectra containing only 13C-coupled 1H resonances (5x 
magnification, bottom) are shown. Peak annotations: tCr, total creatine; IMCL, 
intramyocellular lipids; EMCL, extramyocellular lipids; Cho, choline; IHCL, 
intrahepatocellular lipids. 
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Figure 3. Total (12C+13C) intracellular lipid content in tibialis anterior muscle (IMCL; 
A and B) and liver (IHCL; C and D) of fa/+ rats and fa/fa rats at 6 (A and C) and 12 
(B and D) weeks of age measured at baseline and at 4, 24, and 48 h after the oral 
administration of [U-13C] labeled algal lipid mixture (n=6 per group). Data are 
expressed as a mean percentage of the unsuppressed water signal ± SEM. * 

Significantly different from fa/+ rats (p<0.001); # significantly different from baseline 
(p<0.05); ‡ significantly different from 24 h post (p<0.05); $ significantly different 
from 6 weeks (p<0.05). 

 
Total IMCL and IHCL concentrations at baseline, and 4, 24, 

and 48 h after oral administration of the [U-13C] algal lipid mixture in 
fa/+ and fa/fa rats at 6 and 12 weeks of age are shown in Figure 3. 
Data are expressed as percentage of the unsuppressed water signal 
measured in the same voxel. At both ages, total IMCL and IHCL 
content were higher in fa/fa rats compared with fa/+ rats. In fa/fa rats, 
IMCL content was 73% higher at 12 weeks compared with 6 weeks 
(p<0.001), whereas in fa/+ rats IMCL was 43% lower at 12 weeks than 
at 6 weeks (p<0.001). IHCL content was 48% higher at 12 weeks of 
age compared with 6 weeks, independent of genotype (p<0.05). The 
administration of 13C-labeled lipids did not affect total IMCL and IHCL 
levels, except from a very slight decrease in IMCL in all groups at 48 h 
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after administration, which is probably related to the decrease in 
plasma NEFA concentration at this time point. 

The relative 13C enrichments of IMCL and IHCL measured at 
baseline were 1.19±0.04% and 1.39±0.06%, respectively, both 
independent of genotype and age. These values were used to correct 
13C-labeled IMCL and IHCL levels at 4, 24 and 48 h after the 
administration of 13C-labeled lipids for natural abundance of 13C and 
the results are shown in Figure 4 for fa/fa and fa/+ rats at 6 and 12 
weeks of age. Thus, 13C-enriched IMCL and IHCL concentrations in 
Figure 4 represent the amount of lipids stored in muscle and liver 
originating from the administered 13C-labeled lipids. 

At 6 weeks of age, 13C-labeled IMCL content at 4 h after 
administration of 13C-labeled lipids was 31% lower in fa/fa rats than in 
fa/+ rats (p<0.05), indicating a lower postprandial muscle lipid uptake 
in pre-diabetic rats compared with controls. In fa/+ rats at 12 weeks of 
age, 13C-labeled IMCL content 4 h post was 44% lower compared with 
6 weeks (p<0.05), implying that in control rats muscle lipid uptake 
decreased with aging. In contrast, in diabetic fa/fa rats at 12 weeks of 
age, 13C-labeled IMCL at 4 h post was 217% higher compared with 
pre-diabetic fa/fa rats at 6 weeks (p<0.01), resulting in a 243% higher 
13C enrichment of IMCL at 4 h in comparison with fa/+ controls of the 
same age (p<0.05). In all groups, the 13C enrichment of IMCL 
decreased as a function of time between 4 and 48 h after 
administration. However, in contrast to control fa/+ rats, 13C-labeled 
IMCL in fa/fa rats at both ages only started to decline at 48 h post and 
did not significantly decrease between 4 and 24 h, indicating a 
prolonged uptake or a decreased turnover of the 13C-labeled lipids in 
pre-diabetic and diabetic muscle. 
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Figure 4. 13C-enriched intracellular lipid content in tibialis anterior muscle (IMCL; A 
and B) and liver (IHCL; C and D) of fa/+ rats and fa/fa rats at 6 (A and C) and 12 (B 
and D) weeks of age determined at 4, 24, and 48 h after the oral administration of 
[U-13C] labeled algal lipid mixture (n=6 per group). Data are expressed as a mean 
percentage of the unsuppressed water signal ± SEM. * Significantly different from 
fa/+ rats (p<0.05); † significantly different from 4 h post (p<0.05); ‡ significantly 
different from 24 h post (p<0.05); $ significantly different from 6 weeks (p<0.05). 

 
After the oral administration of 13C-labeled lipids, the 13C 

enrichment of IHCL was ~100-600% higher in fa/fa rats than in fa/+ 
rats (p<0.001), independent of time point and age, implying that 
postprandial liver lipid uptake was greater in both pre-diabetic and 
diabetic rats compared with controls. At 12 weeks of age, 13C-labeled 
IHCL content was ~50% higher compared with 6 weeks (p<0.05), 
independent of time point and genotype. In all groups, the 13C 
enrichment of IHCL at 24 and 48 h was lower than at 4 h after the 
administration of 13C-labeled lipids (p<0.001). 
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3.4 Discussion 
 
The present study aimed to clarify whether intracellular lipid accumulation 
in insulin-resistant and diabetic liver and skeletal muscle tissue is a 
consequence of increased lipid uptake, decreased lipid utilization, or a 
combination of both. Using non-invasive 1H-[13C] MRS combined with the 
oral administration of a 13C-labeled lipid mixture 35, we showed that in vivo 
postprandial lipid uptake in liver in both pre-diabetic and diabetic rats was 
greater when compared with healthy, insulin-sensitive controls, while liver 
lipid use was not affected. Whereas skeletal muscle appeared to be 
protected from excess lipid uptake in the pre-diabetic state, muscle lipid 
uptake was massively increased following the development of overt type 2 
diabetes. Skeletal muscle lipid turnover was significantly reduced in pre-
diabetic and diabetic rats. 

In this study, we used the ZDF rat as an animal model of type 2 
diabetes. We, as well as others, have previously shown that fa/fa ZDF rats 
progress from pre-diabetes to overt type 2 diabetes in a highly predictable 
age-dependent fashion.37, 44 At the age of 6 weeks, fa/fa rats are in an 
insulin-resistant, pre-diabetic state characterized by normal plasma 
glucose levels in fasting conditions, slightly increased plasma glucose 
levels in the fed state, normal plasma NEFA but elevated plasma insulin 
and TG levels,37, 44 which is confirmed in the present study. Between 8 and 
10 weeks of age, fa/fa rats progress from a normoglycemic-
hyperinsulinemic to a hyperglycemic-hyperinsulinemic state.37, 44 In this 
study, we confirmed that the fa/fa rats at 12 weeks of age developed overt 
type 2 diabetes. Heterozygous fa/+ rats remained normoglycemic and 
normoinsulinemic37, 44 and served as healthy controls. 

In liver of pre-diabetic and diabetic fa/fa rats, lipid content was 5.6-
fold greater when compared with the healthy controls and this was 
accompanied by a 2.3-fold greater dietary lipid uptake in the liver 4 h after 
lipid administration. These data are in accordance with previous 
observations of elevated lipid uptake in insulin-resistant and diabetic liver.8, 

12, 20, 21, 30 During periods of high lipid influx, such as during the immediate 
postprandial period, the liver acts as a systemic lipid buffer by taking up 
NEFA from the spillover pathway and chylomicron remnants, which are 
later re-secreted back into the circulation as VLDL.45, 46 It has been 
suggested that in the insulin-resistant state, a greater proportion of meal 
derived fatty acids may be handled by the liver in the postprandial 
period,46 which is consistent with our data of increased hepatic lipid uptake 
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in pre-diabetic and diabetic rats. Relative decreases in 13C-labeled IHCL 
content between 4 and 48 h after administration of 13C-labeled lipids were 
similar for all groups, indicating that liver lipid turnover was largely 
unaffected in pre-diabetic and diabetic rats when compared with the 
healthy controls. 

Between 6 and 12 weeks of age, liver lipid content increased in 
both fa/fa and fa/+ rats by 48%, which was accompanied by a 62% higher 
uptake of dietary lipids in the liver, also independent of genotype. These 
increases in liver lipid content and uptake can therefore be ascribed to a 
general effect of aging and are not necessarily specific for the transition 
from pre-diabetes to overt type 2 diabetes in fa/fa rats. In addition, the 
greater liver lipid uptake at 12 weeks could be due to the 2-fold higher 
amount of 13C-labeled lipids that was administered to the rats at 12 weeks 
compared with animals at 6 weeks of age. However, at 4 h after intake of 
the 13C-labeled lipids, the relative increase in liver lipid uptake in fa/+ rats 
at 12 versus 6 weeks of age is much larger than in fa/fa rats. This might 
indicate that in diabetic rats the maximum lipid buffer capacity of the liver 
is reached during the early postprandial period (<4 h), exposing other 
tissues, such as skeletal muscle, to increased plasma TG and NEFA 
fluxes. 

In addition to the steatotic liver, pre-diabetic fa/fa rats also had 
2.3-fold higher intracellular lipid levels in skeletal muscle when compared 
with the healthy controls. However, the greater IMCL content in pre-
diabetic rats was not associated with excess postprandial muscle lipid 
uptake. In contrast to the highly elevated postprandial lipid uptake in liver, 
the uptake of dietary lipids in muscle at 4 h after intake was 31% lower in 
pre-diabetic rats when compared with the healthy controls. This result is in 
quantitative agreement with previous studies in insulin-resistant obese 
Zucker rats using orally administered 14C-labeled lipids.20, 21 However, in 
contrast to these reports and our own data, other studies have shown an 
increased postprandial muscle lipid uptake in insulin-resistant subjects and 
animals.8, 11, 15 In addition, in vitro measurements in isolated muscle 
preparations and giant sarcolemmal vesicles yielded increased lipid 
uptake rates in muscle from insulin-resistant obese subjects and obese 
Zucker rats.7, 10, 13, 14 Whereas fatty acid concentrations in these in vitro 
experiments were identical for insulin-resistant and control muscle, muscle 
of pre-diabetic rats in our in vivo studies was exposed to 4-fold higher 
plasma TG levels compared with controls. The amount of 13C-labeled 
lipids that was administered to the rats was scaled to body weight, but was 
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only 1.2-fold higher in pre-diabetic rats than in controls. Therefore, the 13C-
labeled lipids are likely to be more diluted in the plasma of pre-diabetic 
rats compared with controls, which might have resulted in an 
underestimation of the in vivo muscle lipid uptake in pre-diabetic rats. 
Unfortunately, we lack information about the 13C enrichment of plasma TG, 
because it was not possible to extract the lipid fraction from the small 
blood samples obtainable from rats, which is required for GC-C-IRMS. The 
lower lipid uptake in muscle of pre-diabetic rats as observed in the current 
study suggests that, after the initial buffering by the liver, more of the 
dietary lipids are shunted toward adipose tissue storage. Previous studies 
have indeed shown that up-regulation of adipocyte lipid uptake is an early 
event in ZDF rats31 and that in obese Zucker rats the majority of dietary 
lipids are directed toward storage in adipose tissue.20, 21 

Between 6 and 12 weeks of age, intracellular lipid content in 
skeletal muscle decreased by 43% in fa/+ rats, whereas it increased by 
73 % in fa/fa rats. These age-dependent changes in IMCL content are in 
excellent agreement with our previous study in ZDF rats.44 The decreased 
IMCL content in fa/+ rats at 12 weeks of age was accompanied by a 44% 
lower dietary lipid uptake at 4 h after administration compared with fa/+ 
rats at 6 weeks of age. In diabetic fa/fa rats at 12 weeks, on the other 
hand, the increased IMCL content was associated with a 217% higher 
dietary lipid uptake at 4 h compared with pre-diabetic fa/fa rats at 6 weeks 
of age. As a result, postprandial lipid uptake in muscle of diabetic rats was 
3.4-fold higher when compared with controls, which is in accordance with 
previous reports of increased muscle lipid uptake in patients with type 2 
diabetes during postprandial conditions.6, 9, 12 In contrast, during 
postabsorptive conditions, muscle lipid uptake has generally been found to 
be decreased in type 2 diabetes patients.9, 22, 23, 25  

The elevated uptake of dietary lipids in diabetic muscle is in sharp 
contrast with the lower muscle lipid uptake in pre-diabetic rats when 
compared with insulin-sensitive controls. Our data on liver lipid uptake 
suggest that in diabetic rats the maximum lipid buffer capacity of the liver 
has been reached, which might expose skeletal muscle to greater plasma 
TG and NEFA fluxes in the immediate postprandial period leading to an 
increase in muscle lipid uptake. Alternatively, the increased postprandial 
muscle lipid uptake after the progression from pre-diabetes to overt type 2 
diabetes could also be due to changes at the level of skeletal muscle itself. 
In type 2 diabetes, hyperinsulinemia increases skeletal muscle lipoprotein 
lipase (LPL) activity,47 which could lead to an increased fatty acid delivery 
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to the diabetic muscle. Fatty acid transport into the myocyte is largely 
mediated by proteins, of which fatty acid translocase CD36 (FAT/CD36) 
plays a key role.48 The increased fatty acid uptake in giant sarcolemmal 
vesicles from muscle of type 2 diabetic subjects and obese Zucker rats 
could, however, not be explained by an increased expression of 
FAT/CD36.7, 10 Instead, the increase in fatty acid transport was associated 
with an increased abundance of FAT/CD36 at the plasma membrane.7, 10 
Our data of reduced muscle lipid uptake in pre-diabetic rats and increased 
lipid uptake in muscle of rats with overt type 2 diabetes suggest that during 
the progression from pre-diabetes to diabetes, the expression and/or 
plasmalemmal content of FAT/CD36 has been increased. Indeed, in giant 
sarcolemmal vesicles from red muscle of ZDF rats there was a marked 
increase in both protein expression and plasmalemmal content of 
FAT/CD36 between 6 and 12 weeks of age.49 However, in white muscle 
this upregulation was completely absent.49 Rat TA muscle is composed of 
a red region and a white region and the MRS voxel contained both red and 
white muscle. Therefore, while our results might not be universally true for 
all muscle types, they might be representative for mixed muscles, such as 
most human skeletal muscles. 

In contrast to healthy control rats, 13C-labeled IMCL in pre-diabetic 
and diabetic rats did not significantly decrease between 4 and 24 h after 
the administration of 13C-labeled lipids, indicating lower lipid oxidation. 
Daily activity levels are very similar in fa/+ and fa/fa rats 50 and therefore 
the lower lipid turnover in fa/fa rats is likely the result of an impairment in 
lipid oxidation. These data are in accordance with previous reports of 
reduced lipid oxidation in insulin-resistant and type 2 diabetic muscle.9, 17, 

18, 20-25, 29 
 
3.5 Conclusion 
 
We have shown that in vivo postprandial lipid uptake in liver is highly 
elevated in both pre-diabetic and diabetic rats when compared with 
healthy controls, but that lipid uptake in skeletal muscle is only increased 
following the development of overt type 2 diabetes. Our data suggest that 
the accumulation of lipids in pre-diabetic muscle is mainly attributed to 
impaired lipid oxidation, whereas lipid uptake is strongly increased 
following the development of an overt diabetic state. 
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Abstract 
Lack of physical activity has been related to an increased risk of 
developing insulin resistance. This study aimed to assess the impact of 
chronic muscle deconditioning on whole-body insulin sensitivity, muscle 
oxidative capacity and intramyocellular lipid (IMCL) content in subjects 
with paraplegia. Nine subjects with paraplegia and nine able-bodied, lean 
controls were recruited. An oral glucose tolerance test was performed to 
assess whole-body insulin sensitivity. IMCL content was determined both 
in vivo and in vitro using 1H-magnetic resonance spectroscopy and 
fluorescence microscopy, respectively. Muscle biopsy samples were 
stained for succinate-dehydrogenase (SDH) activity to measure muscle 
fiber oxidative capacity. Subcellular distributions of IMCL and SDH activity 
were determined by defining subsarcolemmal and intermyofibrillar areas 
on histological samples. SDH activity was 57±14 % lower in muscle fibers 
derived from subjects with paraplegia when compared with controls 
(p<0.05), but IMCL content and whole-body insulin sensitivity did not differ 
between groups. In muscle fibers taken from controls, both SDH activity 
and IMCL content were higher in the subsarcolemmal region than in the 
intermyofibrillar area. This typical subcellular SDH and IMCL distribution 
pattern was lost in muscle fibers collected from subjects with paraplegia 
and had changed towards a more uniform distribution. In conclusion, the 
lower metabolic demand in deconditioned muscle of subjects with 
paraplegia results in a significant decline in muscle fiber oxidative capacity, 
and is accompanied by changes in the subcellular distribution patterns of 
SDH activity and IMCL. However, loss of muscle activity due to paraplegia 
is not associated with substantial lipid accumulation in skeletal muscle 
tissue. 
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4.1 Introduction 
 
Individuals who are largely dependent on a wheelchair for mobility have an 
increased risk of developing glucose intolerance and insulin resistance.1-4 
The latter is likely attributed to reduced physical activity, loss of leg muscle 
mass and altered body composition.5-7 Whole-body insulin resistance is 
generally accompanied by ectopic lipid deposition in skeletal muscle 
tissue,8, 9 which has been associated with muscle mitochondrial 
dysfunction and a reduced capacity to oxidize fatty acids.10, 11 However, 
little is known about lipid content and mitochondrial oxidative capacity in 
deconditioned skeletal muscle tissue in relation to whole-body insulin 
sensitivity in subjects with paraplegia (PAR). 

Using nuclear magnetic resonance, previous studies have 
reported increased intramuscular-lipid content in deconditioned leg 
muscles of PAR individuals.12-14 In addition, an initial reduction of muscle 
mitochondrial oxidative activity has been observed directly after spinal 
cord injury, followed by a recovery to nearly normal levels after six 
months.15 However, the myofibrillar distribution of mitochondria in 
deconditioned muscle of PAR subjects has not been evaluated in previous 
studies. It has been suggested that subsarcolemmal (SS) mitochondria 
are of more metabolic relevance for fat oxidation, facilitating glucose 
transport, and the optimal functioning of the insulin-signaling pathway 
when compared with intermyofibrillar (IMF) mitochondria, which instead 
support contractile activity16, 17. In healthy, sedentary and well-trained 
males it has been shown that mitochondrial density is two- to threefold 
higher in the SS area when compared with the IMF area18 Furthermore, 
the volume density of intramyocellular lipid (IMCL) droplets in the SS layer 
is higher when compared with the IMF region.19, 20 Recently, it was shown 
that in patients with type 2 diabetes oxidative capacity21 and electron 
transport chain activity17 of SS mitochondria is reduced, whereas IMCL 
content in the SS layer was threefold higher in diabetes patients when 
compared with healthy, normoglycemic controls.21 To date, however, it is 
unknown how subcellular distribution patterns of IMCL and muscle fiber 
oxidative capacity change in response to muscle deconditioning following 
paralysis. 

The aim of our study was to compare whole-body insulin 
sensitivity, muscle fiber oxidative capacity, and IMCL content between 
PAR subjects and age, gender and body mass index matched, able-
bodied controls. An oral glucose tolerance test was performed to assess 
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glucose tolerance and estimate whole-body insulin sensitivity. Furthermore, 
total mixed-muscle lipid content was determined both in vivo and in vitro 
using 1H-magnetic resonance spectroscopy (1H-MRS) and fluorescence 
microscopy, respectively. In addition, muscle fiber type-specific IMCL 
content and its subcellular distribution was assessed using 
immunofluorescence microscopy. Muscle sections were stained for 
succinate-dehydrogenase (SDH) activity as a measure for muscle fiber 
oxidative capacity. We hypothesized that PAR subjects have a reduced 
whole-body insulin sensitivity, which is accompanied by a reduced SDH 
activity and an increased IMCL deposition in the deconditioned muscle. 
The latter changes are expected to be visible particularly in the SS 
location of the muscle fibers. 
 
4.2 Methods 
 
4.2.1 Ethical approval 
Nine healthy subjects with paraplegia (PAR) and nine able-bodied, lean, 
age- and gender-matched controls (CON) were recruited (Table 1). Daily 
energy intake was determined from a food intake questionnaire, which 
was filled out by the subjects for 2 days prior to the study. Sports 
participation and, exercise frequency and duration in particular, were 
determined from a questionnaire. All subjects were informed about the 
nature and possible risks of the experimental procedures before their 
written informed consent was obtained, after approval by the Medical 
Ethical Committee of the Academic Hospital Maastricht to the standards 
set by the latest revision of the Declaration of Helsinki.  
 
4.2.2 Diet and physical activity prior to testing 
On the evening prior to the measurement, subjects consumed a 
standardized meal (41.2 kJ·kg body weight-1; providing 72 energy percent 
(En%) carbohydrate, 11 En% fat, and 17 En% protein) at 8.00 pm, after 
which they remained fasted for 12 h. Subjects were instructed to refrain 
from any exhaustive physical labor and exercise training for 48 h prior to 
testing.  
 
4.2.3 Experimental trials 
On the day of the experiment, subjects arrived at the laboratory by car or 
public transport at 8.00 am. A Teflon catheter was inserted into an 
antecubital vein for blood sampling. After 30 min of supine rest a basal 
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blood sample was collected and a muscle biopsy was taken from the M. 
vastus lateralis. Muscle-biopsy samples were obtained from the mid-belly 
region of the vastus lateralis (15 cm above the patella) and approximately 
3 cm below entry through the fascia using the percutaneous needle-biopsy 
technique 23. Muscles samples were dissected, freed from any visible non-
muscle material, embedded in Tissue-Tek (Sakura, Finetek, Zoeterwoude, 
the Netherlands), and rapidly frozen in liquid nitrogen-cooled isopentane. 
 
TABLE 1  
Subjects’ characteristics   
  CON PAR 

Sex [male/female] 7/2 7/2 
Age [yr] 31 ± 3 34 ± 4 
Height [m] 1.80 ± 0.02 1.81 ± 0.01 
Body mass [kg] 74.4 ± 3.1 82.1 ± 5.9 
Body mass index [kg·m-2] 23.1 ± 1.2 25.1 ± 1.6 
Energy intake [kcal·day-1] 2066 ± 131 1456 ± 141 * 
Exercise frequency [week-1] 3.9 ± 0.4 3.5 ± 0.8 
Exercise duration [min] 92 ± 9 101 ± 11 
Time post injury [yr] N/A 10.0 ± 2.6 
Whole body insulin sensitivity and glycemic control 
Fasting glucose [mmol·L-1] 5.1 ± 0.2 5.7 ± 0.3 
Fasting insulin [pmol·L-1] 64 ± 7 78 ± 13 
OGIS120 index [mL·min-1·m-2] 432 ± 22 361 ± 29 
Plasma lipid profile 
Free fatty acids [μmol·L-1] 499 ± 61 444 ± 49 
Triglycerides [mmol·L-1] 0.85 ± 0.90 1.30 ± 0.26 
HDL-cholesterol [mmol·L-1] 1.36 ± 0.08 1.21 ± 0.10 
LDL-cholesterol [mmol·L-1] 2.62 ± 0.21 2.86 ± 0.41 
LDL/HDL ratio 2.05 ± 0.30 2.43 ± 0.37 
Total cholesterol [mmol·L-1] 4.37 ± 0.19 4.67 ± 0.44 
 
Data are means ± SEM. CON, controls; PAR, subjects with paraplegia; BMI, 
body mass index; OGIS, oral glucose insulin sensitivity;22 HDL, high-density 
lipoprotein; LDL, low-density lipoprotein. * Significantly different from CON   
(p< 0.01). 
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Thereafter, a standard oral glucose tolerance test was performed 
and blood samples were collected subsequently at t = 30, 60, 90, and 120 
min, following ingestion of 75 g glucose (dissolved in 250 mL water) to 
monitor plasma glucose and insulin responses. 

After completion of the oral glucose tolerance test, localized 1H-
MRS experiments were performed on a 1.5 T whole-body scanner (Philips 
Gyroscan S15/ACS, Philips Medical Systems, Best, the Netherlands) to 
measure lipid levels in the vastus lateralis of the contra-lateral leg at 
approximately the same proximo-distal position as for the muscle biopsy.  
 
4.2.4 1H-magnetic resonance spectroscopy 

 
 
Figure 1. Typical examples of transversal T1-weigted images of the upper leg. 
Presented are images of a healthy control (A, field of view = 0.20 x 0.20 m2) and a 
subject with paraplegia (B, field of view = 0.18 x 0.18 m2). The white rectangle 
outside the leg circumference originates from a phantom located in the centre of 
the surface coil, which was used for proper positioning on the M. vastus lateralis. A 
substantial higher amount of fat tissue (bright signal) can be observed in the 
subject with paraplegia. 
 
IMCL content was measured in subjects in the supine position. Five 
single-voxel measurements were performed in the vastus lateralis, using 
the point resolved spectroscopy sequence (repetition time/echo time = 
1500/35 ms) as described previously.24 Briefly, the voxels (10x10x15 mm3) 
were placed at different locations within the vastus lateralis, avoiding any 
subcutaneous fat and minimizing the amount of visible interstitial fat using 
standard T1-weighted images (Figure 1). From each voxel, a spectrum 
without (32 acquisitions) and with (128 acquisitions) chemical-shift-



Distribution of muscle SDH activity and lipids in paraplegia 

101 
 

selective water suppression was collected. Water and extramyocellular 
lipid (EMCL)/IMCL-CH2 peak areas were quantified from the 
unsuppressed and suppressed spectra, respectively, using a nonlinear 
least-squares algorithm (AMARES) in the jMRUI software package25 as 
described previously.24 Both IMCL and EMCL content were expressed as 
a percentage of the water signal in the unsuppressed spectrum measured 
in the same voxel and data from the different voxels of each subject were 
averaged. 
 
4.2.5 Plasma analyses 
Blood samples were collected in EDTA-containing tubes and centrifuged 
at 1000g and 4°C for 10 min. Aliquots of plasma were frozen immediately 
in liquid nitrogen and stored at −80°C. Samples were analysed for plasma 
glucose and insulin to asses whole-body insulin sensitivity using the oral 
glucose insulin sensitivity (OGIS) index.22 Insulin was analyzed by radio-
immunoassay (Insulin RIA Kit; LINCO Research Inc, St Charles, MO). 
Plasma glucose (ABX Pentra Glucose HK CP; Radiometer Nederland bv., 
Zoetermeer, the Netherlands), free fatty acids (NEFA-C kit, Wako 
Chemicals, Neuss, Germany), triglyceride (ABX Pentra Trig CP; 
Radiometer Nederland bv), total cholesterol (ABX Pentra Cholesterol CP, 
Radiometer Nederland bv.), high-density lipoprotein (HDL)-cholesterol 
(ABX Pentra Cholesterol; Radiometer Nederland bv), and low-density 
lipoprotein (LDL)-cholesterol concentrations were analyzed with a COBAS 
FARA semi-automatic analyzer.  
 
4.2.6 Muscle-biopsy analyses 
Multiple serial cryostat sections (5 µm) from biopsy samples collected from 
a subject of the CON group were thaw-mounted together with biopsy 
samples collected from a subject of the PAR group, on uncoated, pre-
cleaned glass slides. 

Slides were stained for muscle fiber composition as described 
previously.26 After fixation, cryosections were incubated with primary 
antibodies directed against laminin (polyclonal rabbit anti-laminin, dilution 
1:50; Sigma, Zwijndrecht, the Netherlands), slow type 1 skeletal muscle 
fibers (A4.840, dilution 1:25; Developmental Studies Hybridoma Bank 
(DSHB), Iowa City, IA), and slow and fast type 2a fibers (N2.261, dilution 
1:25; DSHB), diluted in 0.05% Tween-phosphate-buffered saline (PBS). 
Slides were then washed and incubated with the conjugated secondary 
antibodies: goat anti-rabbit IgG AlexaFluor350, goat anti-mouse IgM 
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AlexaFluor488, and goat anti-mouse IgG AlexaFluor555 (dilutions 1:130, 
1:200, and 1:200 respectively; Molecular Probes, Invitrogen, Breda, the 
Netherlands), diluted in 0.05% Tween-PBS. After a final washing step all 
slides were mounted with Mowiol (Calbiochem; Amsterdam, the 
Netherlands) and cover glasses.  

An Oil red O (ORO) staining, combined with a staining for laminin 
(primary antibody: polyclonal rabbit anti-laminin; secondary antibody: goat 
anti-rabbit IgG AlexaFluor488), was performed as described previously by 
Koopman and colleagues27, 28 as a measure for IMCL content. To 
determine fiber type-specific IMCL content, slides stained for muscle fiber 
composition were used as a reference.  

Muscle fiber type-specific oxidative capacity was estimated by 
determining maximal SDH activity in the muscle cross-sections.29, 30 To 
assess intramyocellular SDH activity, a modified SDH staining was used 
as described previously,29, 31 allowing direct, fiber type-specific 
determination of SDH activity. The staining procedures were as follows. 
Freshly prepared cryosections were incubated for 60 min at 37 °C in a 
phosphate buffer at pH 7.6 (13 mL 0.2 M NaH2PO4 (Sigma) + 87 mL 0.2 M 
Na2HPO4 (Sigma)) containing 0.1 M sodium succinate (Sigma) and 1.2 
mM nitro-blue tetrazolium (Sigma). After incubation the slides were rinsed 
(3 times in deionized water). The unbound nitro-blue tetrazolium was 
removed with three exchanges in increasing solutions of acetone in 
deionized water (30%, 60%, and 90% respectively). When the slides were 
dry, sections were incubated for 60 min with the primary antibodies 
described above. Slides were then washed (3 x 5 min PBS), after which 
the appropriate conjugated secondary antibodies were applied for 30 min. 
Incubation was followed by a final washing step (3 x 5 min PBS), and the 
slides were mounted with Mowiol and coverslips.  

After 24 h, glass slides were examined using a Nikon E800 
fluorescence microscope (Uvikon; Bunnik, the Netherlands) coupled to a 
Basler A113 C progressive-scan color CCD camera, with a Bayer color 
filter. Epifluorescence signal was recorded using a Texas-red excitation 
filter (540-580 nm) for ORO and A4.840, a fluorescein isothiocyanate 
excitation filter (465-495 nm) for N2.261 and laminin (for ORO staining), 
and a 4’,6-diamidino-2-phenylindole UV excitation filter (340-380 nm) for 
laminin (for fiber type staining). All image recordings and analyses were 
performed by a researcher blinded for subject coding. Digitally-captured 
images (240x magnification) were processed and analyzed using Lucia 
4.81 software (Nikon; Düsseldorf, Germany).  
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The signal derived from the antibody against laminin was used to 
select single muscle fibers, and to differentiate between fiber types within 
each image, serial cross-section stained images for fiber type composition 
were used. The ORO-epifluorescence signal was recorded for each 
muscle fiber at a 240x magnification. An intensity threshold representing 
minimal intensity values corresponding to lipid droplets was set manually 
and uniformly used for all images. Total cross-sectional area, number of 
objects, and area emitting ORO-epifluorescence signal were measured. 
Identical settings were used for all muscle cross-sections, because the 
recorded ORO signal depends on staining efficiency as well as on the 
applied image-acquisition settings (intensity threshold and integration 
time). Lipid-droplet size was calculated by dividing the area emitting ORO-
epifluorescence signal by the number of objects. Fiber type-specific IMCL 
content is expressed as the fraction of the cross-sectional area that was 
stained with ORO. Images were analyzed for subcellular localization of 
IMCL in different consecutive 2 µm layers as described previously 20, 32. 
The location of lipid droplets and resultant area fraction within successive 
bands of 2 µm in width was recorded from the subsarcolemmal (SS) 
region toward the central area of each muscle fiber type-specific cross-
section. 

In bright-field light microscopy, sections stained for SDH activity 
were captured at a 120x magnification. A Laminin, A4.840, and N2.261 
staining on the same tissue was recorded and processed as described 
above. The bright-field images of the SDH-activity staining were converted 
post hoc to 8 bit grey-scale values. The mean optical density of the SDH-
generated signal per individual fiber was determined by averaging the 
optical density (OD) measured in every pixel in the cell, corrected for the 
mean OD of the background stain measured in a field-of-view containing 
no muscle fibers. The location of SDH activity and resultant OD within 
successive bands of 2 µm in width was recorded from the SS toward the 
central region of each muscle fiber type-specific cross-section.  
 
4.2.7 Statistics 
All data are expressed as means±SEM. Subject, plasma and mixed muscle 
data were compared between groups by means of an independent t-test. 
Skeletal muscle fiber type-specific variables were analyzed with mixed-
model repeated-measures analysis of variance (ANOVA-RM) with fiber 
type (type 1, type 2a, and type 2x) as the within-subjects factor and group 
(PAR compared with CON) as the between-subjects factor. Relative 
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differences in both IMCL content and SDH activity within the skeletal 
muscle cell were calculated and analyzed by ANOVA-RM with location 
(SS and IMF) and fiber type (type 1, type 2a and type 2x) as within-
subjects factor and group as between-subjects factor. In case of a 
significant interaction, independent t-tests were performed to determine 
group effects, paired t-tests to determine location differences, and 
ANOVA-RM for fiber type-specific effects. Bonferroni corrections were 
applied when appropriate. To evaluate the relationships between variables, 
Pearson correlation coefficients were calculated. Statistical analyses were 
performed using the SPSS 17.0 software package (SPSS Inc.; Chicago, 
IL). The level of significance was set at p≤0.05. 
 
4.3 Results 
 
4.3.1 Subjects’ characteristics 
The characteristics of the CON and PAR subjects are shown in Table 1. 
Both groups consisted of 7 male and 2 female subjects. No differences in 
mean age, height, body mass and body mass index were observed 
between groups. Energy intake was 31±3 % lower in PAR subjects 
compared with CON subjects (p<0.01). Sports participation did not differ 
between PAR and CON subjects. The PAR subjects had been dependent 
on a wheelchair in daily life for 10.0±2.6 y due to incomplete or complete 
spinal cord injury (n=7; injury levels: C5-C6, C5-C7, C8, T4, T4, T6, T9-
T10), spina bifida (n=1; injury level: L4-L5), or paralysis due to another 
cause (n=1). Mean fasting plasma glucose and insulin concentrations 
were within the normal range for healthy individuals in both groups (Table 
1), although according to the guidelines of the American Diabetes 
Association 33 two individuals in the PAR group showed impaired glucose 
tolerance (2h plasma glucose 8.31 and 8.09 mmol·L-1). In the PAR group, 
fasting plasma glucose concentrations tended to be 12±2% higher (p=0.06) 
and whole-body insulin sensitivity as determined by the OGIS index 
tended to be 20±3% lower (p=0.07) when compared with the CON group. 
Plasma-lipid profiles did not differ between groups. 
 
4.3.2 Skeletal muscle fiber type composition 
The PAR group had a 43±2% lower percentage of type 1 fibers, and a 
22±10% higher percentage type 2a fibers compared with the CON group 
(p<0.05, Table 2). The percentage of type 2x fibers tended to be 21±9% 
higher in the PAR subjects when compared with the CON subjects 
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(p=0.06). Cross-sectional area of myofibers from PAR subjects was    
18±6% smaller when compared with CON subjects, independent of fiber 
type (p<0.05, Table 2). 
 

TABLE 2 
Muscle fiber type composition 
  CON PAR 

Myofiber distribution by area [%] 
Type 1  56 ± 6 13 ± 5 * 
Type 2a  35 ± 4 57 ± 8 *† 

Type 2x 9 ± 3 †‡ 30 ± 10 
Myofiber size [µm3] 
Type 1  6392 ± 359 5513 ± 871 # 
Type 2a 6569 ± 359 5044 ± 445 # 

Type 2x  6684 ± 224  5447 ± 661 # 
 
Data are means ± SEM. CON, controls; PAR, subjects with 
paraplegia; * significantly different from CON (p<0.05); † significantly 
different from type 1 (p<0.005); ‡ significantly different from type 2a 
(p<0.005); # significantly different from CON, independent of fiber 
type (p<0.05). 

 
4.3.3 Muscle lipid content and SDH activity 
Examples of 1H MR spectra from the vastus lateralis of a CON and a PAR 
subject are shown in Figure 2 and examples of muscle tissue cross-
sections stained for intramyocellular lipids and SDH activity are shown in 
Figures 3 and 4, respectively. The results of the 1H-MRS analyses of 
mixed-muscle EMCL and IMCL content, and the histological analyses of 
IMCL content and SDH activity are presented in Table 3. EMCL content in 
vastus lateralis, measured by localized 1H-MRS, was higher in PAR 
subjects compared with CON subjects (4.58±0.72% vs. 0.99±0.13% of 
unsuppressed water signal, p=0.001) and tended to correlate negatively 
with whole-body insulin sensitivity (R = -0.416, p=0.086). In contrast, IMCL 
content, analyzed by both localized 1H-MRS and ORO staining, did not 
significantly differ between groups. The analyses of fiber type-specific 
IMCL content with ORO staining showed a tendency for a fiber type effect 
(p=0.07), independent of group, with greater mean area fractions in type 1 
fibers versus type 2a fibers versus type 2x fibers. The lipid-droplet size 
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was 50±12% larger in PAR individuals compared with CON subjects 
(p=0.05), independent of fiber type. Lipid-droplet size was inversely 
correlated with whole-body insulin sensitivity (R=-0.815, p<0.001). 

SDH activity in PAR subjects was 57±14% lower in comparison 
with CON subjects (p=0.05), independent of fiber type (Table 3). SDH 
activity was significantly greater in type 1 fibers than in type 2 fibers 
(p<0.05), and SDH activity in type 2a fibers was greater than in type 2x 
fibers (p=0.01), all independent of group. SDH activity did not correlate 
with whole-body insulin sensitivity. 

 

 
 
Figure 2. 1H MR spectra from the M. vastus lateralis of a (A) control subject (CON) 
and a (B) subject with paraplegia (PAR). The spectra were processed with 1 Hz 
line broadening. Peak annotations: tCr CH2/CH3, CH2/CH3 protons of total creatine; 
TMA, CH3 protons of trimethylammonium groups; EMCL CH2/CH3, CH2/CH3 
protons of extramyocellular lipid, IMCL CH2/CH3, CH2/CH3 protons of 
intramyocellular lipid. 
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Figure 3. M. vastus lateralis tissue cross-sections (240x magnification) of a control 
subject (CON, A) and a subject with paraplegia (PAR, B) stained for 
intramyocellular lipids with the cell membranes in green. The image of the CON 
subject consisted mainly of type 1 fibers, whereas the image of the PAR subject 
consisted mainly out of type 2a fibers. 

 
 

 
 
Figure 4. M. vastus lateralis tissue cross-sections (120x magnification) of a control 
subject (CON, A and B) and a subject with paraplegia (PAR, C and D) stained for 
succinate dehydrogenase (SDH) activity (A and C) and fiber-type composition, with 
the cell membrane in blue, type 1 fibers in red and type 2a fibers in green (B and 
D). The darkest fibers were analyzed as type 2x fibers. 
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TABLE 3 
Lipid content and SDH activity 
  CON PAR 

Lipid content assessed with 1H-MRS [% of unsuppressed water signal] 
 EMCL 0.99 ± 0.13 4.58 ± 0.72 ** 
 IMCL 1.14 ± 0.10 1.36 ± 0.07 
IMCL content assessed with ORO [area fraction·10-3] 
 Mixed 23.8 ± 9.1 18.1 ± 7.3 
 Type 1 40.1 ± 17.8 35.2 ± 22.2 
 Type 2a 15.7 ± 7.1 20.6 ± 7.6 
 Type 2x 2.8 ± 1.0 14.6 ± 5.3 

IMCL droplet size [µm2] 
 Mixed 0.38 ± 0.04 0.65 ± 0.08 * 
 Type 1 0.43 ± 0.10 0.66 ± 0.19 
 Type 2a 0.43 ± 0.07 0.64 ± 0.12 
 Type 2x 0.27 ± 0.05 0.64 ± 0.11 

SDH activity [O.D.] 
 Mixed 44.0 ± 11.8 18.8 ± 2.5 * 
 Type 1 50.3 ± 14.0 24.3 ± 4.7 
 Type 2a † 36.4 ± 8.6 18.7 ± 2.3 
 Type 2x †‡ 29.1 ± 6.6 14.2 ± 1.8 
 
Data are means ± SEM. CON, controls; PAR, subjects with paraplegia; 1H-MRS, 
1H-magnetic resonance spectroscopy; EMCL, extramyocellular lipids; IMCL, 
intramyocellular lipids; ORO, oil red O; SDH, succinate dehydrogenase; O.D., 
optical density; ** significantly different from CON (p=0.001); * significantly different 
from CON, independent of fiber type (p≤0.05); † significantly different from type 1 
(p<0.05); ‡ significantly different from type 2a (p<0.05). 
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Figure 5. Intramyocellular lipid (IMCL) content distribution in M. vastus lateralis of 
the control (CON) group and the paraplegic (PAR) group. Subcellular regions were 
divided in the subsarcolemmal layer (the first two 2-µm bands [4 μm], SS) and 
intermyofibrillar area (from the SS layer toward the centre of the cell, IMF). Data 
are displayed for mixed (A), type 1 (B), type 2a (C) and type 2x (D) muscle fibers, 
and expressed as means ± SEM. # Significantly different from the SS region 
(p<0.05); † different from the SS region (p<0.10); * significantly different from the 
CON group (p<0.05). 
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Figure 6. Succinate-dehydrogenase (SDH) activity distribution in M. vastus 
lateralis of the control (CON) group and the paraplegic (PAR) group. Subcellular 
regions were divided in the subsarcolemmal layer (the first two 2-µm bands [4 μm], 
SS) and intermyofibrillar area (from the SS layer toward the centre of the cell, 
IMF). Data are displayed for mixed (A), type 1 (B), type 2a (C) and type 2x (D) 
muscle fibers, and expressed as means ± SEM.* Significantly different from the 
CON group (p<0.05); # significantly different from the SS region (p<0.05); ‡ 
different from the SS region (p<0.10). 
 
4.3.4 Myofibrillar distribution 
Following the analyses of total IMCL content and SDH activity, the spatial 
distribution of IMCL and SDH activity inside skeletal muscle fibers are 
presented for mixed muscle in Figures 5A and 6A, respectively. 
Recordings of successive 2-µm bands were merged into a SS layer 
(defined as the first 4 µm from the sarcolemma) and an IMF region 
(defined as the area from the SS layer to the center of the cell). 

In the CON group, 62±1% of IMCL and 60±1% of SDH activity 
was located in the SS region, whereas the remaining 38±1% and 40±1% 
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was located in the IMF region (p=0.01 and p=0.04, respectively). In 
contrast, in the PAR group no differences were observed between the SS 
and the IMF region both for IMCL and SDH activity. In the SS layer, SDH 
activity was 66±22% greater in the CON subjects when compared with the 
PAR subjects (p=0.04). Similar spatial distributions for IMCL content 
(Figure 5B-D) and SDH activity (Figure 6B-D) were observed in fiber type-
specific analyses. 
 
4.4 Discussion 
 
The present study aimed to elucidate the effects of chronic muscle 
deconditioning on whole-body insulin sensitivity, muscle fiber oxidative 
capacity and lipid accumulation. We hypothesized that PAR subjects have 
reduced whole-body insulin sensitivity, accompanied with a lower muscle 
fiber oxidative capacity and greater IMCL deposition. However, despite the 
loss of functional ability of the legs, young healthy PAR individuals did not 
show a substantial decline in glucose tolerance and/or whole-body insulin 
sensitivity. The loss of leg muscle recruitment was accompanied by lower 
muscle fiber oxidative capacity as determined from SDH activity, whereas 
mixed muscle lipid deposition was unaffected. In healthy muscle tissue of 
controls, both SDH activity and IMCL content were greater in the SS 
region when compared with the IMF region. The latter myofibrillar 
distribution pattern was no longer present in the deconditioned muscle of 
the PAR subjects.  
 
4.4.1 Whole-body insulin sensitivity 
Insulin sensitivity is lowered following a prolonged period of reduced 
habitual physical activity.34, 35 Individuals who are largely dependent on a 
wheelchair are expected to have a reduced physical activity level, and 
therefore to be less insulin sensitive. Although fasting plasma glucose and 
insulin levels in the PAR subjects were within the normal range according 
to the guidelines of the American Diabetes Association,33 two subjects 
were diagnosed with impaired glucose tolerance. The tendency towards 
elevated fasting glucose levels concomitant with the tendency towards 
reduced insulin sensitivity in the PAR group is in accordance with previous 
observations of a higher prevalence of glucose intolerance in individuals 
with spinal cord injury as compared with able-bodied subjects.3, 36-38 
However, the PAR subjects in this study were young, healthy individuals 
with an active lifestyle and without any excessive weight gain or upper-
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body disability. Sports participation did not differ between PAR and CON 
subjects and the PAR subjects were using a manual wheelchair. This 
might explain that insulin sensitivity of the PAR subjects was not 
substantially lower when compared with the able-bodied controls. 
In addition to the reduced physical activity, other factors, such as altered 
body composition and increased visceral adiposity in particular, have been 
implicated in the development of insulin resistance in individuals with 
spinal cord injury.7, 39 In this study, visceral adipose tissue mass was not 
assessed, but body mass and body mass index did not significantly differ 
between PAR and CON subjects. 
 
4.4.2 Muscle fiber oxidative capacity 
It is known that with inactivity,40-42 immobilization,43, 44 and denervation,45, 46 
muscle oxidative capacity is reduced. The latter has, at least partly, been 
attributed to a change in muscle fiber type composition towards more type 
2 fibers,47 and in particular type 2x fibers.15, 48, 49 In accordance, we 
observed a reduced proportion of type 1 fibers and an elevated proportion 
type 2 muscle fibers in the deconditioned muscle compared with the 
healthy muscle (Table 2). In addition, besides the substantial changes in 
muscle fiber type composition we observed that for all fiber types maximal 
SDH activity was lower in muscle obtained from the PAR subjects versus 
able-bodied subjects.  

In addition to muscle fiber type-specific analyses, histology also 
allows determination of subcellular distribution of muscle fiber oxidative 
capacity. In healthy muscle tissue of the control group, oxidative capacity 
as determined from SDH activity was 1.5 times higher in the SS region 
compared with the IMF region. This is in line with previous reports, which 
show a greater mitochondrial density and greater lipid oxidative capacity in 
the SS layer when compared with the IMF area of the muscle fiber.16, 18, 50, 

51 Furthermore, endurance type exercise training has been reported to 
particularly increase the mitochondrial density in the SS area of the 
muscle fibers.19, 52, 53 In contrast to the results in healthy muscle, oxidative 
capacity in the SS region of deconditioned muscle tissue from the PAR 
subjects was similar to that in the IMF area. Moreover, muscle fiber 
oxidative capacity in the SS region was substantially lower in PAR 
subjects when compared with able-bodied subjects. These results are in 
agreement with a recent study by Nielsen and co-workers, who showed 
that SS mitochondrial content decreased by 33% after 2 weeks of muscle 
immobilization by whole-leg casting, whereas central IMF mitochondrial 
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content remained unchanged.43 In contrast, Feretti et al. reported a 17% 
decrease in IMF mitochondria, with no significant decrease in SS 
mitochondrial content, in young subjects after 37 days of bed rest.44 The 
difference in mode of disuse and activity level could explain the observed 
discrepancies. In our study and the study by Nielsen and colleagues 43 the 
muscle disuse was restricted to the legs, while the upper body remained 
active, whereas the subjects in the bed-rest study44 remained refrained 
from any physical activity during the bed-rest period. Our study confirms 
the hypothesis that SS mitochondria respond to a greater degree to 
muscle use or disuse than IMF mitochondria.21, 43, 54-56 In contrast, 
Chomentowski and co-workers57 recently reported that in skeletal muscle 
tissue of obese, insulin resistant subjects with or without diabetes, IMF 
mitochondrial content was reduced, whereas SS mitochondrial content 
was unaffected when compared with sedentary controls. Apparently, 
adaptive muscle-fiber oxidative responses to muscle disuse are markedly 
different from those in insulin resistance, indicating that the relationship 
between muscle disuse and insulin resistance is not unambiguous. 
 
4.4.3 Muscle lipid content 
Our study showed a 4.6-fold greater EMCL content in vastus lateralis 
muscle of PAR subjects compared with controls, which is in line with a 
previous observation of increased EMCL content in M. soleus of spinal 
cord injury patients.12-14 EMCL content tended to correlate negatively with 
whole-body insulin sensitivity, which is in agreement with a study of Elder 
et al. demonstrating that EMCL is a good predictor of insulin sensitivity in 
individuals with spinal cord injury.14 

We hypothesized that, as a result of reduced muscle fiber 
oxidative capacity and an associated reduced mitochondrial capacity to 
oxidize fatty acids, IMCL content would be strongly elevated in 
deconditioned muscle of PAR subjects. However, in contrast to the study 
of Shah and co-workers,13 we observed no significant differences in IMCL 
content between PAR subjects and able-bodied controls. Our findings are 
remarkable and suggest that, at least in healthy PAR subjects, negative 
feedback systems prevent excessive accumulation of IMCL during an 
extensive period of muscle disuse. One factor that might have contributed 
to the normal IMCL levels in the PAR group is the fiber type transformation 
towards faster, less oxidative fibers, which tended to store less IMCL. In 
addition, it is known that chronic inactivity results in a loss of muscle 
capillaries,58 potentially limiting lipid deposition in deconditioned muscle of 
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PAR subjects. Another factor that may have played a role in keeping 
normal IMCL content is that energy intake was 31±3 % lower in PAR 
subjects compared with CON subjects, while sports participation did not 
significantly differ between PAR and CON subjects. A negative feedback 
mechanism preventing excess intracellular lipid accumulation could also 
have occurred at the molecular level. It has been shown that both acute 
and chronic physical inactivity lead to downregulation of skeletal muscle 
lipoprotein lipase (LPL) activity and a reduction of plasma triglyceride 
uptake into muscle.59, 60 In addition, physical inactivity has been shown to 
decrease fatty acid translocase CD36 mRNA expression61 and muscle 
denervation was shown to decrease long-chain fatty acid transport, which 
was associated with reductions in plasmalemmal CD36 and plasma 
membrane-associated fatty acid-binding protein (FABPpm).62 
Unfortunately, due to the minimal yield of the biopsy samples from PAR 
subjects, we were not able to determine LPL activity or CD36 and 
FABPpm content in muscle tissue from PAR subjects. 

Although no significant differences in IMCL content between PAR 
and CON groups have been observed in the present study, IMCL droplet 
size appeared to be greater in deconditioned muscle tissue (Table 3). 
Droplet size was inversely correlated with whole-body insulin sensitivity, 
which is in accordance with previously published data.63 A larger droplet 
size has been postulated to contribute to an impairment in fatty acid 
mobilization from the IMCL pool in obese type 2 diabetes patients, as a 
result of an impaired interaction of lipases with triacylglycerols within the 
droplets due to a reduced surface-to-volume ratio.64-67 This could 
eventually lead to an excessive accumulation of IMCL in skeletal muscle, 
and as such exacerbate insulin resistance. 

In lean muscle tissue, the majority of IMCL droplets are located 
close to mitochondria53, 68 and therefore the distribution pattern of IMCL in 
lean myofibers is similar to the distribution pattern of oxidative capacity, i.e. 
IMCL shows an exponential decline from the periphery towards the central 
region of the myofiber. This typical IMCL distribution has been observed 
both in lean sedentary and trained subjects.16, 32 Also in our study, IMCL 
content in the SS region of muscle fibers of CON subjects was higher than 
in the IMF area. In contrast, in the deconditioned muscle tissue of PAR 
subjects IMCL was homogeneously distributed in the muscle cell, in 
parallel with the uniform distribution of oxidative capacity. It has been 
suggested that SS mitochondria are of greater metabolic significance for 
fat oxidation, glucose transport, and the optimal functioning of the insulin-
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signaling cascade.16, 17 Therefore, the parallel changes in subcellular 
distribution patterns of SDH activity and IMCL content in deconditioned 
skeletal muscle point towards an adaptive response to a lower metabolic 
demand. This is in contrast with findings in type 2 diabetes patients, in 
whom the decreased muscle oxidative capacity in the SS region was 
accompanied by an increased IMCL content, indicating a mismatch 
between lipid demand and supply.21 
 
4.5 Conclusions 
 
In conclusion, deconditioned muscle tissue of PAR subjects shows a large 
decline in muscle oxidative capacity, which is accompanied by a change of 
the typical myofibrillar distribution of SDH activity and IMCL toward a more 
uniform distribution, without a substantial rise in total IMCL content. These 
structural changes in leg muscle tissue are not accompanied by a major 
decline in whole-body insulin sensitivity. These findings suggest that in 
healthy subjects negative feedback systems prevent excess lipid 
deposition in muscle tissue during an extensive period of muscle disuse, 
reflecting an adaptive response to a lower metabolic demand. 
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Abstract 
Insulin resistance and type 2 diabetes have been associated with ectopic 
lipid accumulation. Physical activity improves insulin sensitivity, but the 
impact of exercise on lipid handling in insulin-resistant muscle and, in 
particular, liver remains to be elucidated. The present study characterizes 
postprandial lipid handling in liver and skeletal muscle tissue of lean, 
healthy (fa/+) and obese, diabetic (fa/fa) Zucker diabetic fatty (ZDF) rats 
after one hour of treadmill running using 1H-[13C] magnetic resonance 
spectroscopy (MRS). After baseline measurements, 46 rats were 
randomized to exercise (30) or no-exercise (16) groups. 14 of the animals 
in the exercise groups were subjected to MRS directly after treadmill 
running for measurement of total intrahepatocellular lipid (IHCL) and 
intramyocellular lipid (IMCL) content. The other 16 animals were orally 
administered with 13C-labeled lipids after cessation of exercise, followed 
by MRS measurements after 4 and 24 h to determine the 13C enrichment 
of the IHCL and IMCL pools. Total IHCL and IMCL content were ~5-fold 
higher in diabetic rats compared with healthy rats (p<0.001).  Exercise 
reduced IMCL content by 25±7 and 33.4% in the healthy and diabetic rats 
(p<0.05), respectively.  No changes in IHCL content were observed 
following exercise in either healthy or diabetic rats (p=0.415). Following 
feeding the postprandial rise in 13C-labeled IMCL and IHCL content was 
more than 2-fold greater in the diabetic versus healthy rats (p<0.05). 
Exercise prior to lipid feeding did not modulate the postprandial rise in 13C-
labeled IMCL (p=0.917) and IHCL (p=0.490) contents in either healthy or 
diabetic rats. In conclusion, IMCL but not IHCL stores represent a viable 
substrate source during exercise in healthy and diabetic rats. Postprandial 
lipid deposit in IMCL and IHCL stores is increased in the type 2 diabetic 
state and is not affected by prior exercise. 
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5.1 Introduction 
 
Type 2 diabetes is associated with major impairments in lipid metabolism. 
One of the earliest disturbances in the etiology of type 2 diabetes is insulin 
resistance in major metabolic tissues, such as liver1-7 and skeletal 
muscle.8-10 Insulin resistance is generally accompanied by ectopic lipid 
deposition in liver1-7 and skeletal muscle tissue.8-10 A key issue that 
remains to be determined is whether the excess storage of lipids in insulin-
resistant muscle and liver is a consequence of impairments in lipid 
utilization, increased lipid uptake from the circulation, or a combination of 
both.  

Physical activity has been shown to be beneficial in the treatment 
of insulin resistance and type 2 diabetes.11-13 In physically active 
individuals, studies have demonstrated a positive correlation between 
intramyocellular lipid (IMCL) content and insulin sensitivity,14, 15 
Interestingly, trained athletes exhibit similar or even greater IMCL 
concentrations than those of sedentary obese or obese type 2 diabetics 
despite being highly insulin sensitive.16, 17 Under physiological conditions 
the IMCL pool acts as an important substrate source, providing energy 
during physical activity and exercise.16, 18-22 In contrast, in sedentary, 
obese and/or type 2 diabetes patients the IMCL pool does not seem to 
represent a readily available substrate source.19 This is confirmed by 
studies showing impairments in the capacity of insulin-resistant muscle to 
mobilize and oxidize IMCL.10, 19, 23-26 As such, we hypothesize that the 
greater lipid deposition in skeletal muscle tissue in the type 2 diabetic state 
is, at least partly, attributed to an impaired capacity to utilize this substrate 
source during exercise. 

Previous observations in insulin-resistant and diabetic liver have 
shown that intrahepatocellular lipid (IHCL) content is elevated.1-7 In 
contrast to the skeletal muscle tissue lipid depots, it is less clear to what 
extent IHCL is being used as a substrate source during physical activity or 
exercise. Whereas a marked decline in IHCL content has been reported in 
a rat model  following a single bout of exercise,22 others have failed to 
confirm these findings and report no change27, 28 or an increase in IHCL 
content after exhaustive exercise.28  Therefore, it is not clear to what 
extent IHCL is used as a substrate source during exercise and whether 
the capacity to utilize IHCL is altered in a type 2 diabetic state. 

A lower capacity to mobilize and oxidize intracellular lipids could, 
at least partly, explain the higher lipid levels in insulin resistant muscle and 



Chapter 5 

124 

liver tissue. Additionally, a greater postprandial lipid uptake could also 
contribute to the greater ectopic lipid deposition in a type 2 diabetic state. 
Although it is well-known that feeding with a normal-fat diet following 
exercise rapidly replenishes the IMCL pool,20, 29, 30 little is known about the 
dynamics of postprandial lipid handling during recovery from exercise. 
Hansen et al. demonstrated that in healthy rats prior exercise alters the 
postprandial trafficking of dietary lipids by directing it towards skeletal 
muscle and not liver tissue.31 In a previous study we observed that in the 
type 2 diabetic state, postprandial lipid uptake in muscle and liver tissue 
was highly elevated and that muscle lipid utilization was significantly lower, 
suggesting lipid oxidation might be impaired.32 We hypothesize that lipid 
handling in liver and muscle tissue differ in a healthy and a type 2 diabetic 
state and that exercise modulates postprandial lipid handling. 

In the present study, we applied magnetic resonance 
spectroscopy (MRS)33 to characterize to what extent intracellular lipids in 
liver and skeletal muscle are being used as a substrate source during 
exercise in a healthy and type 2 diabetic condition. Therefore, we included 
lean, healthy fa/+ Zucker diabetic fatty (ZDF) rats and obese, diabetic fa/fa 
ZDF rats to quantify total IMCL and IHCL before and directly after a single 
bout of moderate intensity exercise. Furthermore, we combined the use of  
1H-[13C] MRS with the oral administration of 13C-labeled lipids to 
investigate to what extent postprandial lipid handling is modulated by prior 
exercise in a healthy and type 2 diabetic condition. 
 
5.2 Methods 
 
5.2.1 Animals 
Forty-six male ZDF rats (ZDF/Gmi, Charles River Laboratories, Sulzfield, 
Germany) were used for this study: obese, diabetic fa/fa rats at the age of 
12 weeks (DIABETIC, n=23) and their lean, healthy fa/+ littermates (LEAN, 
n=23) 34. Animals were housed in pairs at 20˚C and 50% humidity, on a 12 
h light-dark cycle with ad libitum access to Purina 5008 diet (19 energy 
percent [En%] from fat, 54 En% from carbohydrates, and 27 En% from 
protein; SM R/M modified 5008 diet, Ssniff® Spezialdiäten GmbH, Soest, 
Germany) and water during the entire period of the experiment. All 
experimental procedures were reviewed and approved by the local 
institutional animal care committee (Maastricht University, Maastricht, the 
Netherlands). 
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5.2.2 Experimental design 
Figure 1 shows a schematic overview of the study protocol. Prior to 
treadmill visit, all animals were subjected to 1H-[13C] MRS measurements 
to determine total (12C+13C) and 13C-labeled intracellular lipid 
concentrations in liver and tibialis anterior (TA) muscle at baseline. Two 
days after MRS experiments at baseline, rats were placed on a treadmill 
(1055MSD-E52 Exer-3M Open Treadmill with shocker, Columbus 
Instruments, Columbus, OH, USA) for familiarization, initially without 
turning on the running belt and shocker. After 15 minutes, they ran for 10 
minutes at 10 m/min with the shocker set to 2.9 mA. Next, rats were 
randomized to an exercise group (EXE; n=15 fa/+ and n=15 fa/fa rats) or a 
no-exercise group (NO_EXE; n=8 fa/+ (LEANNO_EXE) and n=8 fa/fa 
(DIABETICNO_EXE) rats) to determine the effects of acute exercise on total 
IHCL and IMCL content and postprandial lipid uptake in liver and muscle. 
The day after familiarization, rats in the NO_EXE groups were placed in 
the treadmill for one hour, with the speed set to 0 m/min and the shocker 
to 2.9 mA, while rats in the EXE groups ran for 10 min at 10 m/min, 
followed by 40 min at 12.5 m/min and finally 10 min at 10 m/min (total of 1 
h), with the shocker set to 2.9 mA. Directly after the treadmill visit, n=7 fa/+ 
(LEANEXE_NO_SUB) and n=7 fa/fa (DIABETICEXE_NO_SUB) rats of the EXE 
groups were subjected to MRS experiments without the administration of 
13C-labeled lipids (NO_SUB, no 13C-labeled substrate administration) to 
analyze the direct effect of a single bout of exercise on total IHCL and 
IMCL content, which was repeated after 24 h. 

For the assessment of liver and skeletal muscle postprandial lipid 
handling after exercise, rats in the NO_EXE groups and the remaining n=8 
fa/+ (LEANEXE) and n=8 fa/fa (DIABETICEXE) rats in the EXE groups were 
orally administered 1.5 g [U-13C] Algal lipid mixture per kg body weight 
(13C enrichment > 98%; FA composition: 53% palmitic acid, 9% palmitoleic 
acid, 28% oleic acid, and 6% linoleic acid; Cambridge Isotope 
Laboratories, Andover, United States) directly after the treadmill visit. Next, 
rats were refrained from food intake for 4 h and then subjected to MRS 
experiments. Between 4 and 24 h, fa/fa rats were pairwise fed with fa/+ 
rats and therefore all rats had access to an equal amount of chow. Final 
MRS experiments were performed at 24 h after treadmill visit. 

Blood samples were taken from the vena saphena directly after 
the treadmill visit and during each MRS experiment, and were used for the 
determination of plasma glucose, NEFA and TG concentrations. At the 
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end of the MRS measurement at the 24 h time point, the anaesthetized 
animals were killed by incising the vena cava inferior.  

 

 
 
Figure 1. Study protocol. LEANEXE_NO_SUB, healthy ZDF fa/+ rats in the exercise 
group without 13C-labeled lipid administration directly after treadmill visit; LEANEXE, 
healthy ZDF fa/+ rats in the exercise group with 13C-labeled lipid administration 
directly after treadmill visit; LEANNO_EXE, healthy ZDF fa/+ rats in the no-exercise 
group with 13C-labeled lipid administration directly after treadmill visit; 
DIABETICEXE_NO_SUB, diabetic ZDF fa/fa rats in the exercise group without 13C-
labeled lipid administration directly after treadmill visit; DIABETICEXE, diabetic ZDF 
fa/fa rats in the exercise group with 13C-labeled lipid administration directly after 
treadmill visit; DIABETICNO_EXE, diabetic ZDF fa/fa rats in the no-exercise group 
with 13C-labeled lipid administration directly after treadmill visit; , blood sample; , 
1H-[13C] magnetic resonance (MRS) experiment;  , treadmill visit with the running 
belt turned on; , treadmill visit with the running belt turned off. 
 
5.2.3 MRS experiments 
During MRS experiments, animals were anaesthetized using 1.5–2.5 % 
isoflurane (IsoFlo®; Abbott Laboratories Ltd, Maidenhead, Berkshire, UK). 
Body temperature was maintained at 37 ± 1 ˚C using heating pads. 
Respiration was monitored using a pressure sensor registering thorax 
movement (Rapid Biomedical, Rimpar, Germany) and the respiration 
period was maintained between 800 and 1200 ms. All MRS experiments 
were performed on a 6.3 T horizontal Bruker MR system (Bruker, Ettlingen, 
Germany). In each rat, localized 1H-[13C] MRS was performed first on a 
4x2x4 mm3 voxel placed in the median lobe of the liver and, after 
repositioning, on a 3.5x3.5x3.5 mm3 (in LEAN rats) or a 3x3x3 mm3 (in 
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DIABETIC rats) voxel in the TA muscle using the LASER-POCE method 
as described previously 33. Briefly, 3D localization of a voxel in liver or 
muscle was achieved by the localization by adiabatic selective refocusing 
(LASER) sequence 35, which was combined with a proton-observed, 
carbon-edited (POCE) element 36 for 13C editing. The 13C-editing pulse 
was centered on the lipid methylene resonance (as determined from an 
unlocalized 13C spectrum). For each voxel, 64 LASER-POCE experiments, 
consisting of 16 averages each, were performed serially in an interleaved 
fashion with the 13C-editing pulse turned on every other experiment. Water 
suppression was achieved using SWAMP (sequence for water 
suppression with adiabatic modulated pulses) 37. An unsuppressed water 
spectrum, consisting of 16 averages, was recorded from the same voxel 
and was used as internal reference. Other LASER-POCE parameters 
were as follows: repetition time=2000 ms, echo time=26.8 ms, POCE echo 
time=7.9 ms, number of data points=640, WALTZ-16 13C decoupling, and 
total scan time=34 min. 
 
5.2.4 MRS data analysis 
Spectra from the 32 LASER-POCE experiments with and without the 13C-
editing pulse were added separately, and the difference spectrum was 
calculated using Matlab (R2009b, Mathworks, Natick, MA, USA). Water 
and ICL methylene (ICL-CH2 signal at 1.3 ppm) peak areas were 
quantified from the unsuppressed and suppressed spectra, respectively, 
using the jMRUI software package 38 as described previously 39. Total 
(12C+13C) and 13C-labeled ICL levels were determined from the LASER-
POCE spectra without 13C editing and the difference spectra, respectively, 
and are presented as a percentage of the unsuppressed water signal 
measured in the same voxel. The average relative 13C enrichment 
determined at baseline was used to correct the 13C-labeled ICL levels at 4 
and 24 h after 13C-labeled lipid administration for natural abundance of 13C. 
 
5.2.5 Plasma analysis 
Glucose concentrations were determined in blood using an automatic 
glucometer (FreeStyle, Abbott, IL, USA). For plasma NEFA and TG 
concentration analyses, blood samples were collected in paraoxon-coated 
capillaries (to prevent TG hydrolysis)40 and centrifuged for 10 min at 1000g. 
Plasma aliquots were then frozen in liquid nitrogen and stored at -80 ˚C for 
analyses using the NEFA-HR(2) kit (Wako Chemicals, Neuss, Germany) 
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and the serum triglyceride determination kit (Sigma-Aldrich, Zwijndrecht, 
the Netherlands), respectively.  
 
5.2.5 Statistics 
All data are expressed as means±SEM. Data were analyzed using mixed-
model repeated-measures ANOVA with time point (baseline, post or 4 h 
post, and 24 h post 13C-labeled lipid administration) as the within-subjects 
factor, and genotype (LEAN and DIABETIC) and treadmill use (NO_EXE 
and EXE) as between-subjects factors. Bonferroni corrections were 
applied when appropriate. In case of a significant interaction term between 
factors, the effect of time was analyzed using one-way ANOVA or paired 
Student’s t tests (for 13C-labeled IMCL and IHCL), and differences 
between genotypes and treadmill use were detected by unpaired 
Student’s t tests. Statistical analyses were performed using the IBM SPSS 
statistics 19 software package (SPSS, Inc.; Chicago, IL, USA). The level 
of significance was set at P<0.05. 
 
5.3 Results 
 
5.3.1 Animal characteristics 
Liver and body weight data of LEAN and DIABETIC rats in NO_EXE and 
EXE groups are shown in Table 1. Liver weight of DIABETIC was 60% 
higher than that of LEAN (p<0.05). Body weight of DIABETICNO_EXE was 
20% higher than that of LEANNO_EXE (p<0.05), and body weight of 
DIABETICEXE was 6% higher than that of LEANEXE (p<0.05).  The treadmill 
visit resulted in a decrease in body weight in all groups. While LEANNO_EXE 
and DIABETICNO_EXE rats lost 1.1±0.6% and 1.9±0.4% of their body weight 
(P<0.05), respectively, LEANEXE and DIABETICEXE rats lost 1.9±0.3% and 
3.0±0.3% of their body weight (p<0.05), respectively. LEANNO_EXE and 
LEANEXE rats regained their baseline body weight at 24 h post treadmill 
visit. Body weight of DIABETICNO_EXE and DIABETICEXE rats at 24 h, on 
the other hand, remained lower when compared with baseline values. The 
latter is probably due to the fact DIABETIC rats were pairwise fed with 
LEAN rats between 4 and 24 h after treadmill visit. 
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TABLE 1 
Animal characteristics of healthy ZDF fa/+ (LEAN) and diabetic ZDF fa/fa 
(DIABETIC) rats in no-exercise (NO_EXE) and exercise (EXE) groups at 
baseline, immediately after (post) and at 24 h after treadmill visit. 

 
LEAN  DIABETIC 

NO_EXE 
(n=8) 

EXE  
(n=8) 

NO_EXE 
(n=8) 

EXE  
(n=8) 

Liver 
weight (g) 

10.5 ± 0.2 10.8 ± 0.1 
 

17.8 ± 0.6 * 16.3 ± 0.7 * 

Body weight (g) 

 
baseline 
post  
24h post  

321 ± 6 
317 ± 6 † 
320 ± 5 # 

341 ± 3 $ 
334 ± 3 $† 
343 ± 2 $ # 

 
388 ± 11 * 
381 ± 11 *† 
376 ± 12 *† 

362 ± 7 * 
351 ± 7 *† 
351 ± 5 *† 

 
Data are means ± SEM. * Significantly different from LEAN (p<0.05); † 
significantly different from baseline (p<0.05); # significantly different from post 
treadmill visit (p<0.05); $ significantly different from NO_EXE, independent of 
time (p<0.05). 
 
5.3.2 Plasma analyses 
Results of plasma glucose, NEFA and TG concentration analyses are 
presented in Table 2. DIABETIC rats had elevated plasma glucose levels 
when compared with LEAN rats at every time point, independent of 
treadmill use (p<0.001). In both DIABETC and LEAN rats, glucose 
concentration was not altered directly after the treadmill visit (p=1.00), 
neither in NO_EXE nor in EXE groups. In DIABETIC rats, plasma glucose 
was 16-18% lower at 4 h and 24 h post treadmill visit when compared with 
baseline and directly post treadmill visit (p<0.05), which is likely caused by 
the 4 h of fasting after treadmill visit and the pairwise feeding with LEAN 
rats between 4 and 24 h after treadmill visit. 

At baseline, plasma NEFA concentrations tended to be higher in 
DIABETIC rats when compared with LEAN rats (p=0.06).  Directly after the 
treadmill visit, plasma NEFA concentrations in EXE were 80% higher 
when compared with NO_EXE, independent of genotype (p<0.05). At 24 h 
post treadmill visit, plasma NEFA concentrations had returned to baseline 
levels in all groups. Plasma TG concentrations were elevated in DIABETIC 
rats when compared with LEAN rats, but were not affected by treadmill 
use or time point (2.28±0.11 vs 0.63±0.11 mmol/L, p<0.001). 
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TABLE 2 
Plasma glucose, non-esterified fatty-acid (NEFA), and triglyceride (TG) contents 
of healthy ZDF fa/+ (LEAN) and diabetic ZDF fa/fa (DIABETIC) rats in no-exercise 
(NO_EXE) and exercise (EXE) groups at baseline, immediately after treadmill visit 
(post), and at 4 and 24 h after treadmill visit. 

 
LEAN  DIABETIC 

NO_EXE 
(n=8) 

EXE  
(n=8) 

NO_EXE 
(n=8) 

EXE  
(n=8) 

Plasma glucose (mmol/L) 

 

baseline 
post 
4h post  
24h post 

6.3 ± 0.3 
6.3 ± 0.4 
7.1 ± 0.4 
8.3 ± 0.6 †#^ 

6.7 ± 0.4 
6.0 ± 0.3 
6.7 ± 0.2 
7.6 ± 0.2 †#^ 

 19.7 ± 1.4 * 
20.8 ± 1.7 * 
15.7 ± 1.6 *†# 

16.7 ± 1.7 *†# 

19.4 ± 0.5 * 
18.3 ± 1.0 * 
15.9 ± 0.3 *†# 
15.0 ± 0.8 *†# 

Plasma NEFA (mmol/L) 

 

baseline 
post 
4h post  
24h post  

0.39 ± 0.05 
0.16 ± 0.06 † 
0.68 ± 0.08 #† 
0.34 ± 0.04 ^ 

0.25 ± 0.05 $ 
0.27 ± 0.03 $ 
0.43 ± 0.04 $#† 
0.25 ± 0.03 ^ 

 

0.60 ± 0.10 
0.28 ± 0.06 *† 
0.56 ± 0.07 # 

0.49 ± 0.08 *^ 

0.36 ± 0.09 $ 
0.54 ± 0.10 *$ 
0.43 ± 0.05 $ 
0.39 ± 0.07 * 

Plasma TG (mmol/L) 

 

baseline 
post ex. 
4h post  
24h post  

0.72 ± 0.08 
0.58 ± 0.08 
0.60 ± 0.06 
0.64 ± 0.04 

0.69 ± 0.06 
0.49 ± 0.06 
0.57 ± 0.06 
0.70 ± 0.07 

 2.30 ± 0.24 * 
2.27 ± 0.52 * 
2.16 ± 0.29 * 
2.42 ± 0.30 * 

2.06 ± 0.31 * 
2.33 ± 0.31 *  
2.22 ± 0.33 * 
2.44 ± 0.36 * 

 
Data are means ± SEM. * Significantly different from LEAN (p<0.05); † significantly different 
from baseline (p<0.05); # significantly different from post treadmill visit (p<0.05); ^ 
significantly different from 4 h post treadmill visit (p<0.05); $ significantly different from 
NO_EXE, independent of time (p<0.05). 
 
5.3.3 MRS experiments  
Figure 2 shows total IHCL (panel A) and IMCL (panel B) contents at 
baseline, and directly and 24 h after a single bout of exercise in LEAN and 
DIABETIC rats (LEANEXE_NO_SUB and DIABETICEXE_NO_SUB, respectively), as 
determined from the MRS experiments which were performed in the 
animals that did not receive 13C-labeled lipids. IHCL content was 4.6-fold 
higher in DIABETICEXE_NO_SUB rats compared with LEANEXE_NO_SUB rats 
(p<0.001), independent of time point. Interestingly, in both LEANEXE_NO_SUB 
and DIABETICEXE_NO_SUB rats total IHCL content was not affected by a 
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single bout of treadmill running (p=0.415). Total IMCL content was 4.7-fold 
higher in DIABETICEXE_NO_SUB rats than in LEANEXE_NO_SUB rats, 
independent of time point. Directly after treadmill running, total IMCL 
content was 25±7% decreased in LEANEXE_NO_SUB (p<0.05) and 33±4% in 
DIABETICEXE_NO_SUB rats (p<0.01) when compared with baseline. At 24 h 
post exercise, total IMCL contents had returned to baseline levels in both 
LEANEXE_NO_SUB and DIABETICEXE_NO_SUB rats (p<0.05). 
 

 
 
Figure 2. Total (12C+13C) intracellular lipid content in liver (IHCL; panel A) and 
tibialis anterior muscle (IMCL; panel B) of healthy ZDF fa/+ rats (LEANEXE_NO_SUB) 
and diabetic ZDF fa/fa rats (DIABETICEXE_NO_SUB) measured at baseline, directly 
post exercise and at 24 h post exercise (n=7 per group). Data are expressed as a 
mean percentage of the unsuppressed water signal ± SEM. * Significantly different 
from LEAN (p<0.05); † significantly different from baseline (p<0.05); # significantly 
different from post exercise (p<0.05). 

 
In Figure 3, the group averaged 13C-labeled ICL pools in liver 

(panel A) and TA muscle (panel B) are presented for LEAN and DIABETIC 
rats of the NO_EXE and EXE groups at 4 and 24 h after treadmill visit and 
the administration of 13C-labeled lipids. DIABETIC rats incorporated 3.2-
fold more dietary derived 13C-labeled lipids into their IHCL depot compared 
with LEAN rats, independent of time point and treadmill use (p<0.001). 
The 13C-labeled IHCL content of both LEAN and DIABETIC rats did not 
change between 4 and 24 h after the administration of 13C-labeled lipids 
(p=0.523). Prior exercise did not affect lipid handling in liver of both LEAN 
and DIABETIC rats (p=0.604). 

DIABETIC rats stored 2.1- and 12.7-fold more dietary lipids into 
the IMCL pool compared with LEAN rats at 4 and 24 h after the 
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administration of 13C-labeled lipids, respectively (p<0.05), independent of 
treadmill use. In contrast to the liver, 13C-labeled IMCL in LEAN rats 
decreased 75±8% between the 4 and 24 h post time point (p<0.01), 
independent of treadmill use, which was not observed in DIABETIC rats 
(p=0.503). Interestingly, no effects of exercise were observed on lipid 
handling in skeletal muscle tissue (p=0.981) of both LEAN and DIABETIC 
rats. 

 

 
Figure 3. 13C-enriched intracellular lipid content in liver (IHCL; panel A) and tibialis 
anterior muscle (IMCL; panel B) of healthy ZDF fa/+ rats (LEAN) and diabetic ZDF 
fa/fa rats (DIABETIC) in no-exercise (NO_EXE) and exercise (EXE) groups 
determined at 4 and 24 h after treadmill visit and the oral administration of [U-13C] 
algal lipid mixture (n=8 per group). Data are expressed as a mean percentage of 
the unsuppressed water signal ± SEM. * Significantly different from LEAN (p<0.05); 
^ significantly different from 4 h post (p<0.05). 
 
5.4 Discussion 
 
This study aimed to elucidate the effects of exercise on intracellular lipid 
handling in liver and skeletal muscle of healthy and diabetic rats. The 
application of 1H-[13C] MRS33 allowed for direct in vivo measurements of 
total and 13C-labeled ICL content in liver and muscle, at baseline and at 
multiple time points after a single bout of exercise followed by oral 
administration of 13C-labeled lipids. The first objective was to characterize 
to what extent intracellular lipids in skeletal muscle and liver are being 
used as a substrate source during exercise. At baseline, total IMCL and 
IHCL content were substantially higher in diabetic than in healthy rats. 
Directly after one hour of treadmill running, IMCL depots of both healthy 
and diabetic rats were significantly reduced. In contrast, physical activity 
did not seem to affect the IHCL depots. The second objective was to 
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investigate to what extent prior exercise affected dietary lipid uptake. In 
line with total lipid content, dietary lipid uptake in both skeletal muscle and 
liver was substantially higher in diabetic rats when compared with healthy 
rats. However, prior exercise did not affect postprandial lipid uptake in liver 
and skeletal muscle of both healthy and diabetic rats. 
 We used the ZDF rat as an animal model of type 2 diabetes. 
Between 8 and 10 weeks of age, fa/fa rats progress from a 
normoglycemic-hyperinsulinemic to a hyperglycemic-hyperinsulinemic 
state.41, 42 In this study, we confirmed that 12-week old fa/fa rats developed 
overt type 2 diabetes, characterized by elevated plasma glucose and TG 
levels (Table 2) in the fed state. Heterozygous fa/+ rats remained 
normoglycemic and served as healthy controls.41, 42  
 Type 2 diabetes has been associated with an increased IMCL 
content in both animal43-46 and human studies.8-10, 14 This was confirmed in 
the present study, as we observed markedly elevated IMCL stores in 
diabetic rats when compared with healthy rats. The IMCL pool has been 
shown to act as a dynamic fuel with an increase in its mobilisation and 
subsequent oxidation during physical activity in lean individuals.9, 16, 18-22, 27, 

47, 48 In line with these findings, the present study demonstrated that 
directly after cessation of exercise, the IMCL depot of healthy rats had 
been reduced by 25±7%. Although literature suggests that the capacity to 
use IMCL is impaired in sedentary, obese subjects and type 2 diabetes 
patients,19 the present study showed a similar relative, 33±4% reduction in 
the IMCL depot following exercise in the diabetic rats (Figure 2). Although 
the relative depletion was similar, in absolute terms the use of IMCL as a 
substrate source was even higher in the diabetic rats when compared with 
the healthy controls. Therefore, in contrast to our hypothesis, diabetic rats 
did not show an impaired capacity to utilize the IMCL depot as a substrate 
source during exercise. This may be attributed to the relatively normal 
plasma NEFA levels in the diabetic rats (Table 2) as opposed to the 
substantially elevated plasma NEFA levels in obese, type 2 diabetes 
patients.49, 50 It has been shown that elevated plasma NEFA levels inhibit 
the capacity to mobilize, and as such, oxidize the IMCL stores.51, 52 
 In agreement with previous observations,1, 2, 22, 32 we observed a 
substantially higher IHCL content in diabetic rats when compared with 
healthy rats (Figure 2). To date, reports on the acute effects of exercise on 
IHCL content in healthy and diabetic conditions are both scarce and 
inconsistent22, 27, 28 and it remains unclear to what extent IHCL is used as a 
substrate source during exercise. We observed that a single bout of 
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exercise does not reduce IHCL contents in both healthy and diabetic rats, 
suggesting that IHCL is not being used as a readily available fuel source 
to provide energy for physical activity. Though our findings seem to 
contradict previous findings of a markedly decreased IHCL contents 
following exercise,22 we confirm previous studies reporting no changes in 
IHCL content directly after a single 1 h bout of exercise in healthy 
rodents.27, 28 Interestingly, longer bouts of exercise have been shown to 
increase IHCL content.28 It could be speculated that longer exercise 
bouts28 stimulate an increase in IHCL storage through a consistent 
elevation of plasma NEFA and TG levels secondary to prolonged exercise. 
In agreement, previous studies in humans have observed increases in 
IMCL in inactive muscle tissue following prolonged exercise, which was 
attributed to the increased plasma NEFA flux.53, 54 

Most exercise studies have focused on the depletion of IMCL 
during exercise, but fewer data are available on post-exercise IMCL 
repletion. In the present study, we observed replenishment of the IMCL 
pool back to baseline levels within 24 h of post-exercise recovery (Figure 2) 
for both healthy and diabetic animals. Although it is known that feeding a 
normal-fat diet after cessation of exercise results in repletion of the IMCL 
content to baseline levels,20, 29, 30 it is not known whether endogenous or 
newly ingested lipids are used for this replenishment. To investigate the 
metabolic fate of ingested lipids after cessation of exercise, 13C-labeled 
lipids were orally administered following one hour of treadmill running. 
Postprandial lipid uptake in muscle of diabetic rats was 2.1-fold higher 
when compared with healthy rats (Figure 3), which is in accordance with 
previous reports of increased muscle lipid uptake in ZDF rats by our lab32 
and in patients with type 2 diabetes during postprandial conditions.7, 10, 55 
In contrast to healthy rats, 13C-labeled IMCL in the diabetic rats did not 
significantly decrease between 4 and 24 h after treadmill visit and the 
administration of 13C-labeled lipids, suggesting that IMCL turnover is 
reduced in diabetic rats at rest. These data are in accordance with 
previous reports of reduced lipid oxidation in insulin-resistant and type 2 
diabetic muscle.3, 5, 10, 23, 32, 56-61 Despite the observed declines in total 
IMCL contents during exercise and the subsequent replenishment of the 
total IMCL pools, we did not observe an elevated incorporation of dietary 
lipids into the IMCL depots after cessation of exercise in either healthy or 
diabetic rats compared with their respective controls in the groups without 
exercise (Figure 3). These results suggest that endogenous lipids are 
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being used for the replenishment of the IMCL pool during recovery from 
exercise.  

In diabetic rats, uptake of dietary lipids into the liver was 3.2-fold 
greater than in healthy rats at 4 h after lipid administration. Additionally, 
liver weights were 60% higher in diabetic rats when compared with healthy 
rats. Therefore, the difference in the total amount of lipids taken up by the 
livers of diabetic and healthy animals was even larger. This is in 
accordance with previous observations of elevated lipid uptake in insulin-
resistant and diabetic liver.3-7, 32 During periods of high lipid influx, such as 
during the immediate postprandial period, the liver acts as a systemic lipid 
buffer by taking up NEFA from the spillover pathway and chylomicron 
remnants, which are later re-secreted back into the circulation as VLDL.62, 

63 It has been suggested that in the insulin-resistant state, a greater 
proportion of meal derived fatty acids may be handled by the liver in the 
postprandial period.63 We did not observe an effect of prior exercise on 
dietary lipid uptake into the liver of both healthy and diabetic rats (Figure 
3), which is in line with findings from Hansen et al.31 The absence of an 
effect of prior acute exercise on liver lipid uptake in this study was not 
unexpected, because the current exercise regimen, i.e. one hour of 
treadmill running, also did not affect total IHCL stores. It could be 
speculated that other, e.g. longer or more intense, exercise protocols that 
do modulate total IHCL stores may also exert and effect on dietary lipid 
uptake into the liver. 
 
5.5 Conclusion 
 
IMCL but not IHCL stores represent a viable substrate source during 
exercise in healthy and diabetic rats. Postprandial lipid deposit in IMCL 
and IHCL stores is increased in the type 2 diabetic state and is not 
affected by prior exercise  
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6.1 Summary  
 
Lipid handling in models of insulin resistance and physical 
(in)activity  
 
Worldwide, diabetes has reached epidemic proportions, with type 2 
diabetes accounting for ~90% of all cases. One of the earliest 
disturbances in the etiology of type 2 diabetes is insulin resistance in 
major metabolic tissues, such as the liver and skeletal muscle. It has been 
well established that high-energy, high-fat diets1-3 and a sedentary 
lifestyle4-7 are important factors leading to an increased risk of developing 
type 2 diabetes. Whole-body insulin resistance is generally accompanied 
by ectopic lipid deposition in liver8, 9 and skeletal muscle tissue.10-12 The 
mechanistic link between intracellular lipid overload and insulin resistance 
is believed to reside in the accumulation of lipid derived intermediates, 
such as diacylglycerols and ceramides, which trigger activation of novel 
protein kinases C leading to impairments in insulin signaling.13 A key issue 
that remains to be determined is whether the excess storage of lipids in 
insulin-resistant muscle and liver is a consequence of greater lipid uptake 
from the circulation, decreased lipid utilization, or a combination of both. 
To identify the exact origin of lipid handling derangements in insulin-
resistant tissues, direct in vivo measurements of lipid storage dynamics 
are essential.  

Lipid handling in insulin-resistant liver and skeletal muscle has 
previously been determined using radioactive or stable-isotope labeled 
fatty acid tracers in arterio-venous balance methods or by determining the 
specific uptake of these tracers in biopsies, collected tissues, cultured liver 
and muscle cells, or giant vesicles obtained from muscle. However, these 
methods are either indirect, invasive, or only performed in vitro. Localized 
1H magnetic resonance spectroscopy (MRS) is a powerful tool for the non-
invasive detection of intracellular lipid storage in vivo, but it cannot 
discriminate between disturbances in lipid uptake on one hand and lipid 
utilization on the other. In chapter 2, the novel application of localized 1H-
[13C] MRS in combination with the oral administration of a 13C-labeled lipid 
mixture was introduced to examine in vivo lipid handling in liver and 
skeletal muscle in rodents. 1H-[13C] MRS indirectly detects the 13C-labeled 
lipids through the attached 1H nuclei, which has a number of advantages 
over the direct detection of 13C: (i) it is more sensitive than direct 13C 
MRS;14-16 (ii) it can be combined with 1H single-voxel localization, which is 
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less prone to chemical shift displacement errors compared with 13C 
volume selection;17 (iii) 1H MRS separately detects intra- and extracellular 
lipids based on a difference in resonance frequency,18-20 which is not 
apparent in the 13C MR spectra; and (iv) in contrast to direct 13C MRS, no 
external reference is needed for the quantification of the amount of 13C-
labeled lipids from the 1H-[13C] MR spectrum, because it can be expressed 
relative to the total (12C+13C) amount of lipids or the water signal, which 
are both determined within the same experiment. 1H-[13C] MRS proved to 
be a powerful method for the longitudinal assessment of in vivo 
postprandial lipid partitioning in liver and skeletal muscle of healthy rats. 
We have shown that, in healthy rats, the uptake of 13C-labeled lipids was 
about 10-fold higher in liver compared with skeletal muscle and that 
between 5 and 24 h after 13C-labeled lipid administration the turnover of 
13C-enriched lipids was more rapid in liver than in skeletal muscle tissue. 

Results from studies on intracellular lipid handling in insulin-
resistant skeletal muscle and liver tissue are far from consistent. Lipid 
uptake in muscle of insulin-resistant and type 2 diabetic patients as well as 
animal models has been reported to be increased, similar or even 
decreased when compared with insulin-sensitive controls. Also for the 
proposed differences in muscle lipid oxidation and liver lipid uptake and 
secretion between healthy and insulin-resistant and/or type 2 diabetic 
conditions inconsistent data have been reported. Differences in study 
design, such as the nutritional state (postprandial versus postabsorptive 
conditions), the stage of type 2 diabetes pathogenesis and the 
methodology applied to assess lipid handling, likely contributed to the 
apparent inconsistencies. In chapter 3, the 1H-[13C] MRS technique was 
applied in pre-diabetic and diabetic rats to gain more insight in the 
derangements in liver and skeletal muscle lipid handling at different stages 
during the pathogenesis of type 2 diabetes. It was shown that in vivo 
postprandial lipid handling was disturbed in both liver and skeletal muscle 
of pre-diabetic and diabetic rats compared with healthy controls. However, 
important differences appeared to exist between the pre-diabetic and 
diabetic state. Lipid uptake in liver was largely elevated in the pre-diabetic 
state, whereas muscle seemed to be protected from excess lipid uptake. 
In contrast, after the development of overt type 2 diabetes, lipid uptake 
was strongly elevated in both liver and muscle. Muscle lipid utilization was 
significantly lower in both pre-diabetic and diabetic muscle, indicative of 
impairments in lipid mobilization and/or oxidation. In chapter 3, it was 
postulated that the accumulation of lipids in pre-diabetic muscle is mainly 
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the result of reduced lipid oxidation, but that the situation is aggravated 
during the development to overt diabetes due to an additional increased 
uptake of dietary lipids. 

Besides the consumption of high-energy, high-fat diets,1-3 the 
increased incidence of type 2 diabetes, in particular in children and 
adolescents, is also attributed to the sedentary lifestyles4-7 adapted in 
developed countries.21, 22 Previous studies showed that individuals who 
are largely dependent on a wheelchair for mobility have an increased risk 
of developing glucose intolerance and insulin resistance,23-26 which is likely 
attributed to reduced physical activity and loss of leg muscle mass. In 
chapter 4, the impact of chronic muscle deconditioning on whole-body 
insulin sensitivity, muscle oxidative capacity and intramyocellular lipid 
(IMCL) content was assessed in subjects with paraplegia. IMCL content 
was determined both in vivo and in vitro using 1H MRS and fluorescence 
microscopy, respectively. Moreover, muscle biopsy samples were stained 
for succinate-dehydrogenase (SDH) activity as a measure for muscle fiber 
oxidative capacity. Despite the loss of functional ability of the legs, young, 
healthy paraplegic individuals did not show a substantial decline in 
glucose tolerance and/or whole-body insulin sensitivity. The loss of leg 
muscle recruitment was accompanied by lower muscle fiber oxidative 
capacity, whereas mixed muscle lipid deposition remained unaffected. 
However, the typical subcellular SDH and IMCL distribution patterns, as 
observed in able-bodied controls, were lost in muscle fibers collected from 
subjects with paraplegia. These findings suggest that in healthy subjects 
negative feedback systems prevent excess lipid deposition in muscle 
tissue during an extensive period of muscle disuse, reflecting an adaptive 
response to a lower metabolic demand. 

In contrast to the negative effects of a sedentary lifestyle, physical 
activity has been shown to be beneficial in the treatment of obesity-related 
disorders, such as insulin resistance and type 2 diabetes.27 It is well 
accepted that both endurance and resistance exercise training increase 
whole-body glucose tolerance and/or insulin sensitivity,28, 29 but the effects 
of exercise on lipid handling in insulin-resistant muscle and, in particular, 
liver are not well understood. In chapter 5, the effect of a single bout of 
exercise on postprandial lipid handling in liver and skeletal muscle was 
investigated, both in healthy and in type 2 diabetic rats. Directly after a 
single bout of endurance exercise, 13C-labeled lipids were orally 
administered to the rats and 1H-[13C] MRS was applied to examine in vivo 
lipid partitioning. One hour of treadmill running depleted the IMCL pool, but 
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did not affect total liver lipid content in both non-diabetic and diabetic rats. 
Although the total IMCL pool was replenished at 24 h post exercise, prior 
exercise did not augment postprandial lipid uptake in muscle or liver tissue. 
Therefore, this study suggests that after exercise, endogenous lipid pools 
are utilized for the replenishment of IMCL stores, in favor of newly 
ingested lipids. 
 
6.2 Future perspectives 
 
This thesis focused on derangements in lipid handling in insulin-resistant 
liver and skeletal muscle tissue. However, the new application of 1H-[13C] 
MRS and the studies described in this thesis provide a good starting point 
for a wide variety of new interesting topics to be investigated. The non-
invasive character of 1H-[13C] MRS allows the incorporation of 13C-labeled 
substrates to be studied not only in liver and skeletal muscle, but also in 
other organs, such as adipose tissue and the heart. One of the main 
contributors to the development of type 2 diabetes is chronic overfeeding, 
which is associated with adipose tissue dysfunction. Dysfunctional adipose 
tissue is characterized by adipocyte hypertrophy, increased secretion of 
pro-inflammatory cytokines and insulin resistance.30-32 Insulin-resistant 
adipocytes have a low liposynthetic capacity and a high lipolytic capacity, 
causing an increased release of non-esterified fatty acids into the 
circulation,30 which in turn exposes other, non-adipose tissues to an 
increased lipid burden. The application of 1H-[13C] MRS together with the 
administration of 13C-labeled lipids developed in this thesis provides a 
means to study derangements in in vivo lipid handling in dysfunctional 
adipose tissue. 

Cardiovascular disease is the main cause of death in diabetes.33, 

34 However, the high cardiovascular disease incidence in type 2 diabetes 
is only partly due to the contribution of diabetes to atherosclerotic coronary 
artery disease and its association with hypertension. Myocardial disease in 
diabetes patients which cannot be ascribed to coronary artery disease or 
hypertension is termed diabetic cardiomyopathy35-37 and affects 60% of 
well-controlled type 2 diabetes patients.38 In order to explain the aetiology 
of diabetic cardiomyopathy, focus has recently turned to the negative 
effects of lipid accumulation in the heart. However, the underlying 
mechanisms of lipid accretion in the diabetic heart are not completely 
understood. The new approach introduced in this thesis in principle allows 
for direct in vivo determination of myocardial lipid handling, and as such, 
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would provide for a better understanding of the lipotoxic mechanisms 
leading to cardiomyopathy in type 2 diabetes. However, in vivo MRS of the 
heart is challenging due to cardiac and respiratory motion and this is even 
more of a problem for J-difference editing, which requires two separate 
acquisitions. Therefore, other editing approaches, such as multiple 
quantum coherence based spectral editing, might need to be developed to 
achieve single-scan editing of 13C-labeled lipids in the heart.39, 40 

Although physical inactivity is a major risk factor for obesity, type 2 
diabetes and coronary heart disease,41 the physiological consequences of 
physical inactivity have received little attention.42 Knowledge on 
relationships between sedentary behavior and obesity is essentially based 
on epidemiological studies or on the clinical benefits of increasing the level 
of physical activity through adherence to  exercise training.43 In chapter 4, 
the effects of chronic disuse of skeletal muscle in young healthy 
individuals were examined with respect to intramyocellular lipid distribution 
and muscle oxidative capacity. Reduced oxidative capacity and a loss of 
the typical intracellular distribution of lipid droplets and oxidative capacity 
were observed. However, no information regarding intracellular lipid 
content and oxidative capacity was obtained for other metabolically 
important tissues such as the heart and liver. Additionally, it would be 
interesting to determine which metabolic process, i.e. lipid uptake or 
utilization, would be first affected during the onset of muscle disuse. 
Applying 1H-[13C] MRS in combination with the administration of 13C-
labeled lipids in a rat model of inactivity, e.g. rats with hind limb 
unloading,44 would help elucidate changes in lipid metabolism in different 
tissues during physical inactivity.  

In addition to applying localized 1H-[13C] MRS in combination with 
a mixture of 13C-labeled lipids, it would be interesting to investigate the 
differential effects of specific long chain fatty acids (LCFA) on intracellular 
lipid handling. The metabolic fate of LCFAs is dependent on chain length 
as well as on the degree of saturation. The efficiency of FA oxidation is 
inversely proportional to chain length and level of saturation.45 In addition, 
chain length of saturated LCFA is inversely correlated with insulin 
sensitivity.46 By using 13C-labeled FAs with specific chain lengths and 
levels of saturation (i.e. mono-unsaturated FAs [MUFA] and poly-
unsaturated FAs [PUFA]), the effects of FA chain length and saturation on 
intracellular lipid uptake and utilization could be investigated in multiple 
tissues. This approach would help reach a better understanding of the role 
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of dietary fat composition in metabolic abnormalities related to insulin 
resistance and type 2 diabetes. 

Next to derangements in liver lipid uptake and secretion, 
increased de novo lipogenesis (DNL) might lead to accumulation of lipids 
in the liver. DNL reflects an adaptive response to handle high-
carbohydrate loads by converting excess carbohydrate to FAs and 
triglycerides.47 However, to date, the contribution of DNL to hepatic lipid 
accumulation is not clear. Using localised 1H-[13C] MRS in combination 
with the administration of 13C-labeled glucose, the conversion of glucose 
to lipids can be measured in the liver in vivo, and as such, the role of DNL 
in hepatic lipid accumulation can be elucidated.  

The non-invasive character of 1H-[13C] MRS makes translation of 
the technology to human research very straightforward. However, direct 
scaling of the amount of 13C-labeled lipids used in the rat studies to 
humans (80 g for a 70 kg subject) would, aside from obvious health 
aspects, lead to huge costs. On the other hand, if it is taken into account 
that in human studies both voxel size and radio frequency coil are an order 
of magnitude larger in each dimension, then sensitivity will be at least an 
order of magnitude higher (signal increases with the third power of voxel 
dimension, but decreases linearly to quadratically with coil dimension). 
Therefore, it is hoped that, at magnetic field strengths of at least 7 T, it will 
be possible to accurately detect lower amounts of 13C enrichment in 
humans and that the required amount of 13C-labeled lipids can be reduced 
to practical proportions. 
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Heel even heb ik erover gedacht om een heel klein, of zelfs geen 
dankwoord te schrijven, zodat ik in ieder geval niemand vergeet te 
bedanken. Maar zonder begeleiders, collega’s, familie en vrienden was 
dit proefschrift zeker niet tot stand gekomen. Daarom ga ik toch een 
poging wagen om in ieder geval zoveel mogelijk mensen niet vergeten 
te bedanken. 
 Als eerste wil ik graag Klaas bedanken. Hartelijk bedankt voor 
het bieden van de mogelijkheid om onderzoek te mogen doen binnen 
uw Biomedical NMR groep. U heeft een vakgroep neergezet waarin ik 
me erg thuis heb gevoeld, doordat er naast interessant onderzoek 
doen ook ruimte was voor gezelligheid. Daarnaast heb ik onze 
discussies, welke vaak leidden tot nieuwe inzichten, en uw positieve 
manier van commentaar geven op stukken, erg gewaardeerd. 
 Jeanine, jij bent misschien wel nóg belangrijker geweest voor 
de totstandkoming van dit proefschrift. Doordat jij nog ruimte had in 
jouw net opkomende SPEM-groep heb ik de mogelijkheid gekregen om 
wetenschappelijk onderzoek te doen, zowel met proefpersonen als 
proefdieren. Jouw secure en directe manier van werken heb ik altijd 
erg gewaardeerd. Daarnaast was het fijn dat jouw deur altijd open 
stond om vragen te beantwoorden en hulp te bieden daar waar nodig. 
In het begin liep het onderzoek zelf erg stroef door allerlei, 
voornamelijk technische, problemen. Maar toen we al aan een plan B 
aan het denken waren, kwam de doorbraak gelukkig precies op tijd. 
Het is extra leuk dat dit op het laatste nippertje zelfs nog een publicatie 
in Diabetologia op heeft geleverd. 
 Luc, via jou ben ik de eerste keer in contact met de 
wetenschap gekomen. Ook jouw secure en directe manier van werken 
heb ik enorm gewaardeerd. Tijdens mijn, verlengde, master project bij 
jouw, toen nog niet zo grote, M3-groep, ben ik het onderzoek doen echt 
leuk en vooral ook interessant gaan vinden. Ik wist na het behalen mijn 
master zeker dat ik graag wilde doorgaan met onderzoek doen en dus 
wilde promoveren. Jij wees me er toen op dat Jeanine op zoek was 
naar een promovendus en dat dat een uitgelezen mogelijkheid zou zijn 
om de techniek en fysiologie te blijven combineren. Daarvoor ben ik je 
nog steeds dankbaar. Onze besprekingen en discussies waren altijd 
zeer stimulerend en zorgden meestal voor nog veel meer nieuwe 
ideeën. 
 Naast mijn begeleidingsteam zijn Sander, maar vooral ook 
Tom enorm belangrijk geweest bij de nieuwe toepassing van 1H-[13C] 
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MRS in de lever en skelet spier. Nadat Sander zijn Master project had 
afgerond met geslaagde 1H-[13C] MRS metingen in fantomen, mocht ik 
het overnemen om samen met Tom de opstelling te perfectioneren 
voor in vivo metingen. Al duurde dit misschien iets langer dan vooraf 
verwacht, is het uiteindelijk wel gelukt en ligt het een groot deel van het 
resultaat voor u. 

Doordat het wat langer duurde, heb ik genoeg tijd gehad om 
de fijne kneepjes van het proefdierenonderzoek te leren van Nicole. 
Nicole, je had gelijk dat positief blijven en door zetten uiteindelijk leidt 
tot mooie studies! Het is erg leuk om te zien dat de toepassing ook 
voor mijn laatste kamergenoot, Sharon, een nuttige bleek in haar 
leveronderzoek. Sharon, jij hebt het na Sjoerd (1 jaar) en Robert (1 jaar) 
gelukkig wat langer met me volgehouden. Het was erg leuk om jou als 
kamergenootje te hebben. Daarnaast was het ook fijn om iemand, 
naast Ot en Jef, te hebben waarmee ik over voetbal kon praten, want 
dat was in onze groep maar magertjes. Bedankt dat je tijdens mijn 
verdediging mijn paranimf wilt zijn. Bart, met jou kon ik eigenlijk overal 
over ouwehoeren, behalve over voetbal. Maar vooral jouw eerste in 
vivo meting zal ik niet snel meer vergeten. Gelukkig is het daarna snel 
de goede kant op gegaan met jouw expertise op dat gebied. Ook jij 
bedankt dat je mijn paranimf wilt zijn. Ot, samen met Martijn en 
Mariska, zijn we voor het eerst naar het ISMRM congres (Stockholm) 
geweest. Al had ik de eer om het congres af te mogen sluiten met een 
presentatie, heb ik me uitstekend vermaakt, en natuurlijk veel geleerd, 
tijdens de rest van het congres. Vooral het diner in de ruimte waar de 
Nobel prijs wordt uitgereikt zal me bij blijven. Bastiaan en Desiree, jullie 
waren de perfecte aanvulling van onze buren, zodat niemand van ons, 
bijna tot het bittere eind van n-laag, naar de ‘b-vleugel’ wilde verhuizen. 

Jo, Leonie N en David, zonder jullie biotechnische 
ondersteuning hadden de hoofdstukken 2, 3 en 5 nooit tot stand 
kunnen komen. Doordat we het gelabelde vet met een spatel en een 
pincet aan de ratten moesten toedienen, waren jullie onmisbaar bij mijn 
metingen. Daarnaast heb ik van jullie erg veel geleerd bij de 
experimenten. Daarnaast was Larry ook erg belangrijk wanneer er 
probleempjes waren met, in het begin, de 1.5 T en later de 6.3 T. 
Wanneer Jeanine en/of Larry er niet waren om mijn vragen over de 6.3 
T op te lossen, kon ik gelukkig ook altijd bij Gustav terecht. Hedwig en 
Floortje, super bedankt dat jullie altijd klaar stonden voor de 
administratieve dingen die geregeld moesten worden. Daarnaast wil ik 
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natuurlijk ook iedereen die in de afgelopen tijd deel uit heeft gemaakt 
van de Biomedical NMR groep bedanken voor alle gezellige momenten 
tijdens en buiten het werk, zonder jullie had ik me zeker niet zo thuis 
gevoeld binnen de vakgroep. 

Naast Luc, zijn andere mensen van de M3-groep ook belangrijk 
geweest dit proefschrift. René, bedankt dat jij me de fijne kneepjes in 
het lab en bij de microscoop hebt bijgebracht, daardoor heb ik de kans 
gekregen om mijn bijdrage te leveren aan een aantal gepubliceerde 
artikelen. Super gaaf om te horen dat het allemaal erg goed gaat in 
Australië, samen met Anouk, Brett en Lyra. Marlou, jouw bijdrage 
tijdens jouw stage aan hoofdstuk 4 is van onschatbare waarde bij het 
tot stand komen van het artikel. Naast jou is ook de bijdrage van Ralph, 
Hans, Stephan, Milou en Joan erg belangrijk geweest voor dat 
hoofdstuk. Al met al was een lang project, maar het eindresultaat mag 
er zijn met 2 al gepubliceerde artikelen! 
 Dan zijn er nog een aantal vrienden van de universiteit (zowel 
Eindhoven als Maastricht) die ik graag zou willen bedanken. Kim en 
Marrelle (en Douwe), Robbert-Jan en Felicia (en Quinn), Lex en 
Jessica (en Renske en Jeroen),  Niels en Anke, ik hoop dat we nog 
vaak etentjes mogen hebben, welke we met een lekker sambuca’tje 
kunnen afsluiten. Or in the case of my friends from the US/Canada, 
Nick and Alana, every good night ends with a shot of Wild Turkey… 
Ben and Kim, although you live at the other end of the world 
(Melbourne) and we do not talk very often, you’ll stay special friends. 
 Natuurlijk wil ik hier ook een paar vrienden van mijn 
tafeltennisclub Red Star’58 bedanken. Tafeltennis is al sinds mijn 
zesde een groot onderdeel van mijn leven en belangrijk voor mijn 
ontspanning. Jasper, we tafeltennissen al zo ongeveer ons hele leven 
samen en hebben zo met zijn tweeën heel Nederland rondgecrosst en 
hebben we regelmatig her en der het licht uitgedaan, niet alleen bij 
thuiswedstrijden. Ronald, jij bent vooral de laatste jaren mijn vaste 
dubbel-/teammaat en dat is ook altijd gezellig. Het is leuk om zo af en 
toe kampioen te worden, minder leuk om te degraderen, maar het 
belangrijkste is dat we er altijd een leuke avond van maken. Daar 
hebben Maarten, Selmir en Job ook een belangrijke bijdrage aan 
geleverd. 
 Rob, Koen en Danique, Sander en Merel, Noud en Wendy, 
Bart en Caroline (en Milou), Roel en Sandra (en Jaap en Anna), we 
kennen elkaar al heel lang en al gaan we niet meer iedere week een 
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pilske pakken in de stad, iedere keer dat we gaan is het altijd weer een 
mooie avond en lijkt het alsof we nog op de middelbare school zitten. 
Al moet ik zeggen dat dat laatste gevoel de volgende morgen meestal 
wel weer over is. Daarnaast moeten we ons weekendje Schin op Geul 
moeten er in houden. Hopelijk kan ik straks vanuit Canada telkens een 
goedkope vlucht vinden, want die braadworsten met friet kan ik niet 
missen, denk ik. 
 Linda, Katy and Clint, Julia, Nancy and Brian, from the first 
time we met, I felt comfortable and part of your family. Although I made 
a big fool out of myself at the end of my first visit to Toronto, I am 
happy you took the risk of inviting me again and it is still a lot of fun to 
visit Toronto. I truly admire that even during tough times you stayed 
very positive, and that the (typical Canadian?) hospitality never 
disappeared. 

Pap en mam, jullie wil ik natuurlijk ook erg graag bedanken. 
Het duurde allemaal iets langer dan gepland, maar jullie zijn me altijd 
blijven steunen. Jullie waren altijd erg geïnteresseerd in hoe het met 
mijn onderzoek ging, al was het vaak waarschijnlijk wat lastig te 
begrijpen. Het doet me goed om te horen dat jullie stiekem toch wel 
een beetje trots op me zijn, dat maakt dit boekje voor mij extra speciaal. 
Wie had ooit gedacht dat ik een boek zou gaan schrijven, he… Max, ik 
ben blij dat je mijn broer(tje) bent. Het is mooi om te zien dat we allebei 
een compleet andere richting in zijn gegaan na het VWO, maar dat we 
daarnaast veel interesses als ‘lekker eten’, tafeltennis, horeca (zowel 
passief als actief) delen. Ik weet zeker dat je een mooie carrière 
tegemoet zult gaan. Je hebt alle capaciteiten om het te gaan maken in 
het bedrijfsleven! 

And last, but certainly not least, my lovely wife, Laura, I am 
very happy we’ve met all those years ago at C’est la vie. Although I do 
not think that far ahead in general, I never could have thought I was 
going to marry that beautiful Canadian. I definitely have no regrets and 
am looking forward to the next chapter of our life together… C’est la vie 
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