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Insulin resistance is characterized by disturbances in lipid metabolism in skeletal muscle.
Our aim was to investigate whether gene expression and fatty acid (FA) profile of skeletal
muscle lipids are affected by diets differing in fat quantity and quality in subjects with the
metabolic syndrome (MetS) and varying degrees of insulin sensitivity. 84 subjects (age
57.3±0.9 y, BMI 30.9±0.4 kg/m2, 42 M/42 F) were randomly assigned to one of four iso-
energetic diets: high-SFA (HSFA); high-MUFA (HMUFA) or two low-fat, high-complex
carbohydrate diets, supplemented with 1.24 g/day of long-chain n-3 PUFA (LFHCCn-3) or
control oil (LFHCC) for 12 weeks. In a subgroup of men (n=26), muscle TAG, DAG, FFA and
phospholipid contents were determined including their fractional synthetic rate (FSR) and
FA composition at fasting and 4 h after consumption of a high-fat mixed-meal, both pre-
and post-intervention. Genes involved in lipogenesis were downregulated after HMUFA
(mean fold change −1.3) and after LFHCCn-3 (fold change −1.7) in insulin resistant subjects
(< median of (SI)), whereas in insulin sensitive subjects (>median of insulin sensitivity) the
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Fig. 1 – Flow chart of the study. Subjects w
only male subjects.
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opposite effect was shown (fold change +1.6 for both diets). HMUFA diet tended to decrease
FSR in TAG (P=.055) and DAG (P=.066), whereas the LFHCCn-3 diet reduced TAG content
(P=.032). In conclusion, HMUFA and LFHCCn-3 diets reduced the expression of the lipogenic
genes in skeletal muscle of insulin resistant subjects, whilst HMUFA reduced the fractional
synthesis rate of DAG and TAG and LFHCC n-3 the TAG content. Our data indicate that these
diets may reduce muscle fat accumulation by affecting the balance between FA synthesis,
storage and oxidation.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

The metabolic syndrome (MetS) is a cluster of factors
enhancing the risk for development of type 2 diabetes and
cardiovascular diseases [1]. Insulin resistance of skeletal
muscle is fundamental to the metabolic dysregulation
associated with obesity and physical inactivity, and contrib-
utes to the development of the MetS [2]. Potential mecha-
nisms contributing to reduced insulin signaling and action in
skeletal muscle include an increased supply of triacylglycerol
(TAG) and free fatty acids (FFA) to ‘nonadipose’ tissues, such
as skeletal muscle (‘lipid overflow’ hypothesis) [2], reduction
in muscle mitochondrial oxidative capacity [3] and increased
intramuscular lipid accumulation [4]. The accumulation of
lipids, like diacylglycerol (DAG) and ceramides [4], may
reduce insulin action in the skeletal muscle by interfering
with insulin signaling and/or by inducing inflammatory
pathways [4–6]. Also, changes in the FA composition of
muscle lipids may play a role in the etiology of insulin
resistance. It has been shown that endurance exercise
training reduced total DAG content in skeletal muscle, as
well as the saturation of the DAG fraction; these changes in
intramuscular lipids were correlated with improved glucose
tolerance [7]. Furthermore, the FA composition of membrane
phospholipids may influence the action of insulin in the
skeletal muscle and is correlated with insulin sensitivity [8–
11]. Higher levels of polyunsaturated fatty acids (PUFA) in cell
membranes of cultured muscle cells increase membrane
ere randomized to 4 di
fluidity [8], the number of insulin receptors [12], the affinity
of insulin to the insulin receptor [13] and glucose membrane
transport [14]. Dietary intervention, aimed at reducing the
intake of saturated fat, may improve lipid metabolism and
insulin action in the MetS, possibly via effects on skeletal
muscle FA handling [15]. It is unclear whether saturated fat
should be replaced by carbohydrates or unsaturated fat, and
little information is available on the relation between dietary
fat quantity and quality and skeletal muscle FA handling in
vivo. PUFA may chronically stimulate adipocyte differentia-
tion [15,16], thereby increasing lipid storage in adipose tissue
and reducing lipid overflow towards muscle. A diet enriched
with n-3 PUFA may increase long-chain (LC) n-3 PUFA in
muscle cell membranes, thereby enhancing insulin sensitiv-
ity [11]. In addition, there are indications from human
muscle cell lines, as well as rodents, that saturated fatty
acids (SFA) accumulate preferentially as DAG, thereby
inhibiting insulin signaling; whereas unsaturated FA are
more readily converted into TAG [17,18]. Moreover, replacing
SFA by unsaturated FA may favor fat oxidation above storage
[17]. A 3-day high-carbohydrate diet has been shown to
induce changes in partitioning of FA in healthy subjects,
leading to increased fat deposition in liver and muscle,
which might be related to lower postprandial dietary FA
oxidation and altered partitioning of FA to tissue esterifica-
tion [19]. Regarding the possible differential mechanisms
tuned by different FA, there are clearly defined intracellular
pathways. PUFA may regulate gene transcription, acting as
ets. The stable isotope study in Maastricht, was performed in
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agonists of peroxisome proliferator-activated receptors
(PPARs) (involved in FA catabolism) and down-regulate sterol
regulatory element-binding protein 1c (SREBP1c) (lipogenic
pathways) expression [20]; whereas SFA and MUFA have little
effect on these processes [21]. Furthermore, it has been
proposed that lipid infusion and energy excess promote
reduced expression of genes encoding key enzymes in
oxidative metabolism and mitochondrial function (regulated
by the transcription factor PPAR gamma co-activator 1α
(PCG1α)) [22]. Recently, we validated an unique dual stable
isotope tracer approach to study the contribution of dietary
and endogenous FA to FA partitioning in detail. This
technique makes it possible to study the contribution of
dietary FA to skeletal muscle fat storage directly, which is
very relevant since per os measurements will better reflect
daily life conditions in humans than measurements under
infusion conditions. The aim of the present study was to
study the chronic effect (12 wk) of four isoenergetic diets
differing in fat quality and quantity on skeletal muscle
intracellular lipid partitioning and skeletal muscle lipid
content and FA composition in subjects with the MetS.
2. Methods

The LIPGENE human dietary intervention study was a
randomized, controlled trial, carried out at 8 centers across
Table 1 – Gene-specific forward and reverse primers for RT-PCR

Gene Forward primer P

β2M GGACTTCGAGCAAGAGATGG
RPL13a CCTGGAGGAGAAGAGGAAAGAGA
LPL CATCTCTTGGGATACAGCCTTG
PPARα AAAAGCCTAAGGAAACCGTTCTG
PGC1α CCAGGTCAAGATCAAGGTCTCCAG
ACC2 GCAAGAACGTGTGGGGTTACT
mCPT1b CGGGACAGGGGTAAGTTCTG
SREBP1c ACACAGCAACCAGAAACTCAAGC
SREBP2 GCACCACTCCGCAGACGAG
ChREBP GCCTCAAGGTGAGCAAAGCTA
NDUFB5 GCTGCTCCTGTTCGACACA
SDHB CCACAGCTCCCCGTATCAAG
PPARδ CCCTCACTGCTGGACCAAC
HSL GCGGATCACACAGAACCTGGAC
ATGL GTGTCAGACGGCGAGAATG
CD36 AGTCACTGCGACATGATTAATGGT CAGATGCAGCCTCA
FASN TATGCTTCTTCGTGCAGCAGTT AGCGCCTCCAGCAC
SCD1 TGGCATTCCAGAATGATGTCTATG CGTGACCACCGTGC
DGAT1 CGTGAGCTACCCGGACAATC ACCTACCGCGATCT
CGI58 GGAGAGAGGTCAGGATGGCTAA CTCCCCACATGGTG
NRF1 CGTTGCCCAAGTGAATTATTCTG TTGTTCCACCTCTC
SIRT1 AGAGCCTCACATGCAAGCTCTAG ACTCCAAGGCCACG
RPLP0 CCATTCTATCATCAACGGGTACAA TCTCCACAGACAAG

β2M, β-2-microglobulin; RPL13a, ribosomal protein L13a; LPL, lipoprotein
peroxisome proliferators-activated receptor coactivator 1α; ACC2, acetyl-C
SREBP1c, sterol regulatory element binding protein 1c; SREBP2, sterol reg
element binding protein; NDUFB5, NADH dehydrogenase (ubiquinone) 1
peroxisome proliferator-activated receptorδ; HSL, hormone sensitive lipas
FASN, fatty acid synthase; SCD1, stearoyl-CoA desaturase 1; DGAT1,
identification 58; NRF1, nuclear respiratory factor 1; SIRT1, sirtuin 1; RPLP
Europe as part of the EU 6th Framework project LIPGENE
(Contract no. FOOD-CT-2003-505944). In total, 486 volun-
teers with the MetS at the age of 35–70 years and body
mass index (BMI) 20–40 kg/m2, were included and randomly
assigned to receive one of four diets for a 12-week period
[23,24]. The present study was performed in a sub-cohort of
the LIPGENE intervention study. All subjects were informed
about the study and written informed consent was attained
before study participation. The study protocol was ap-
proved by the local research ethics committees at each
intervention center.

2.1. Subjects and experimental design

2.1.1. Muscle gene expression
In 4 out (Uppsala, Dublin, Oslo and Maastricht) of the
8 centers muscle biopsies were taken and all in a
subgroup of subjects. A total of 84 muscle biopsies were
available. The definition of the MetS was based on the
NCEP ATP III report [25], with subjects meeting at least
three out of five criteria as described previously [15]. In a
subgroup of 26 men, skeletal muscle FA metabolism was
studied in more detail by means of stable isotope tracers
in one center, at Maastricht University (see Fig. 1). In the
total LIPGENE study 486 subjects were included. We
included in the present study all subjects from whom
enough material was available. For this reason, the
.

robe Reverse primer

AGCACTGTGTTGGCGTACAG
TTGAGGACCTCTGTGTATTTGTCAA
GGGCTTCTGCATACTCAAAGT
TATCGTCCGGGTGGTTGCT
TTCGGTGCGTGCGGTGTC
TCGTAGTGGGCTTGCTGAAAA
TCTCGCAGGTCTGCTTTTGTG
GCCGACACCAGATCCTTCAGAG
TGGACTTGAGGCTCAAGGACTTG
GCTGGCACAGGTTAATGGC
CTGCTAGTTCAGCTTGACCAAT
TCGGAAGGTCAAAGTAGAGTCAA
GCGCTCACACTTCTCGTACT
AGCAGGCGGCTTACCCTCAC
TGGAGGGAGGGAGGGATG

TTTCCACCTTTTG CTGCAATACCTGGCTTTTCTC
CCTGTTGT GCTGCCACACGCTCCTCTAG
CCACCACA GGAATTATGAGGATCAGCATGTGT
CTACTACTTCCTCTTCGC AAAGTTGAGCTCGTAGCACAAGG
CCCTACGTCTATATC AACATCTTCTCTTCAGCTTCTTTAAGG
CATCAGCCA CCCTGTAACGTGGCCCAAT
GATAGGTCCATATACTT GCCAATCATAAGATGTTGCTGAAC
GCCAGGACTCG AGCAAGTGGGAAGGTGTAATCC

lipase; PPARα, peroxisome proliferator-activated receptor α ; PGC1α,
oA carboxylase 2; mCPT1b, muscle carnitine palmitoyltransferase 1b;
ulatory element binding protein 2; ChREBP, carbohydrate responsive
β subcomplex; SDHB, succinate dehydrogenase complex B; PPARδ,
e; ATGL, adipose triglyceride lipase; CD36, cluster of differentiation 36;
acyl CoA:diacylglycerol acyltransferase; CGI58, comparative gene
0, ribosomal protein, large, P0.
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number of subjects was not similar in the different
dietary groups.

Pre- and post-intervention, subjects came to the center
after an overnight fast on two different occasions. In one day,
the subjects completed anthropometric measurements, do-
nated a fasting blood sample and completed an insulin-
modified intravenous glucose tolerance test to measure
insulin sensitivity as described previously [26,27]. Insulin
sensitivity was the primary end point of the LIPGENE human
dietary intervention study. On a separate day, after an
overnight fast, a biopsy was taken from the vastus lateralis
muscle under local anesthesia of the skin and fascia using the
Bergström method with suction [28]. Biopsies were cleaned
from any visible fat and blood, immediately frozen in
isopentane at its melting point or RNA later, and stored at
−80 °C until analysis.

2.1.2. Muscle lipid metabolism
In a sub-cohort of 26 men, a postprandial stable isotope study
was performed pre- and post intervention in one center
(Maastricht University) [15]. At time point zero (0 min) subjects
consumed a standardized high-fat mixed-meal containing
200 mg [U-13 C]-palmitate (98% enrichment; Cambridge Iso-
tope Laboratories). The high-fat mixed-meal was a liquid test
meal providing 2.6 MJ, including 61% energy (E%) fat (35.5E%
SFA, 18.8E% MUFA and 1.7E% PUFA), 33E% carbohydrates and
6.3E% protein.

Biopsies from skeletal muscle were taken at fasting before
the experiment and at the end of the postprandial measure-
ment period (240 min) to determine intramuscular TAG, DAG,
FFA, and phospholipids (PL) content, their degree of satura-
tion, as well as the fractional synthetic rate (FSR) of TAG, DAG,
and PL (see skeletal muscle lipid analyses).
Table 2 – Subject characteristics before and after dietary interve

HSFA (n=24) HM

Pre Post Pr

Men / Women 12/12 13/13
Age (years) 55.9±1.7 58.0±
Height (m) 1.70±0.02 1.70±
Body weight (kg) 87.3±3.0 87.1±3.1 92.5±
BMI (kg/m2) 29.9±0.8 29.8±0.8 31.8±
Waist (cm) 103±2 101±2 105±
WHR 0.96±0.02 0.96±0.02 0.96±
Systolic BP (mm Hg) 138±3 135±3 137±
Diastolic BP (mm Hg) a 86±2 83±2 86±2
Insulin sensitivity (mU/L−1·min−1·10−4) 3.47±0.73 3.25±0.41 3.04±
HOMAIR 2.18±0.27 2.40±0.37 2.26±
Glucose (mmol/L) 5.79±0.14 5.77±0.18 6.02±
Triglycerides (mmol/L) 1.95 ±0.11 1.77±0.09 1.73±
Total cholesterol (mmol/L) 5.35±0.09 5.35±0.09 5.21±
HDL-cholesterol (mmol/L) 1.05±0.02 1.12±0.03 1.09±
LDL-cholesterol (mmol/L) 3.18±0.10 3.16±0.09 3.09±

Abbreviations: BMI, body mass index; WHR, waist-to-hip ratio; BP, blood p
acid; HMUFA, high-fat monounsaturated fatty acid; LFHCC, low-fat high
Values are means±SEM. No effects of dietary intervention, repeated mea
a P<.05 for the differences between groups pre-intervention, one-way AN
b P=.040, post hoc comparison to HMUFA.
2.2. Dietary intervention

Subjects were randomly assigned to one of four iso-energetic
intervention diets:

(1) High-fat (38E%) SFA-rich diet (16E% SFA, 12E% mono-
unsaturated fatty acids (MUFA), 6E% PUFA) (HSFA)

(2) High-fat (38E%) MUFA-rich diet (8E% SFA, 20E% MUFA,
6E% PUFA) (HMUFA)

(3) Low-fat (28E%), high-complex carbohydrate diet (8E%
SFA, 11E% MUFA, 6E% PUFA), with a control capsule (1 g
per day) (LFHCC)

(4) Low-fat (28E%), high-complex carbohydrate diet (8E%
SFA, 11E% MUFA, 6E% PUFA), with a long-chain n-3
PUFA supplement (1.24 g per day of eicosapentaenoic
and docosahexaenoic acid, ratio 1.4:1) (LFHCCn-3)

The HSFA diet functioned as the control per reference diet,
to reflect the fat content and composition of the Northern
European diet. The intervention diets were specifically
designed to reduce dietary SFA by replacement with MUFA
or as part of an LFHCC diet, while keeping dietary energy and
n-6 PUFA constant [24].

A range of fat-modified food products were provided to
subjects with specific dietetic counseling, as described previ-
ously [15]. A food exchange model was developed, and
carbohydrate–fat exchanges were used to ensure that all
diets were isoenergetic. A detailed description of the food
exchange model and assessment of compliance is published
elsewhere [23]. Loders-Croklaan (Wormerveer, the Nether-
lands) supplied the study capsules used in diet LFHCC and
LFHCCn-3. All subjects completed 3-day weighed food record
at baseline, week 6, and week 12, and center-specific dietary
ntion.

UFA (n=26) LFHCC (n=16) LFHCCn-3 (n=18)

e Post Pre Post Pre Post

8/8 9/9
1.5 57.1±2.0 58.2±2.4
0.02 1.71±0.02 1.72±0.02
3.0 92.4±2.9 91.3±2.90 90.1±2.7 90.8±3.4 90.1±3.6
0.8 31.8±0.8 30.9±0.8 30.6±0.8 30.7±0.8 30.4±1.0
2 104±2 105±2 104±2 104±2 102±2
0.02 0.95±0.02 0.98±0.02 0.98±0.02 0.96±0.02 0.96±0.03
3 137±4 145±4 139±4 134±3 129±2

83±2 91±2b 87±2 82±2 80±1
0.28 2.69±0.30 3.02±0.66 3.21±0.43 2.71±0.30 2.99±0.31
0.21 2.27±0.30 2.88±0.57 2.70±0.70 2.20±0.45 2.03±0.26
0.15 6.13±0.17 6.16±0.24 5.64±0.24 6.20±0.16 6.22±0.17
0.07 1.68±0.08 1.74±0.08 1.75±0.09 1.73±0.09 1.56±0.06
0.09 5.12±0.10 5.24±0.10 5.13±0.10 5.43±0.10 5.17±0.11
0.03 1.14±0.03 1.10±0.03 1.09±0.03 1.12±0.03 1.11±0.03
0.09 3.00±0.09 3.19±0.10 3.11±0.11 3.38±0.11 3.15±0.11

ressure; HDL, high-density lipoprotein; HSFA, high-fat saturated fatty
complex carbohydrate.
sures ANOVA.
OVA.



Fig. 2 – Normalized mRNA levels before and after dietary
intervention (mean±SEM). SREBP1c (A), ChREBP (B) and
SREBP1c after HMUFA diet for men (n=13) andwomen (n=13)
(C). The overall difference for SREBP1c was P=.048, with a
post-hoc difference after the HMUFA diet (P=.070). For
ChREBP the overall difference was P=.007, with a tendency
for increase after the HSFA diet. Paired t test showed an
increase for SREBP1c in men after the HMUFA diet (P=.020).
Significant post-hoc differences within the diets are indicat-
ed with *. *P<.05.
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analysis programs were used to analyze the food diaries.
Subjects should remain weight stable within the range of 2 kg
during the intervention period, and were asked to maintain
their normal pattern of physical activity, alcohol consumption
and smoking.

2.3. Biochemical analyses

Blood for lipid analyses was collected in potassium EDTA
vacutainer tubes. Glucose samples were collected in fluoride
oxalate vacutainers, and insulin samples in serum tubes. All
plasma samples were centrifuged immediately (10 min, 4 °C,
1500 g), whereas serum samples were allowed to clot for
30 min at room temperature before centrifugation. Samples
were then aliquoted and stored (−80 °C) until further analysis.
Serum insulin concentrations were determined by solid
phase, two-side fluoro-immunometric assays (AutoDELFIA
Insulin kit, Wallac Oy, Turku, Finland) using a 1235 Auto-
DELFIA automatic immunoassay system. PlasmaTAG, glucose
and HDL-cholesterol were determined with an ILab 600
clinical chemical analyzer (Instrumentation Laboratory, War-
rington, UK) using enzymatic colorimetric kits. Minimum
detection limit and CV for plasma TAG, glucose and HDL-
cholesterol were 0.02 mmol/L and 0.9%, 0.1 mmol/L and 0.8%
and 0.05 mmol/L and 0.5%, respectively. HDL-cholesterol was
monitored by an HDL-cholesterol kit (Instrumentation Labo-
ratory, Warrington, UK).

2.4. Skeletal muscle lipid analyses

Skeletal muscle biopsies were lyophilized and dissected free
of extra-myocellular fat, blood, and connective tissue. Total
lipids were extracted from 10–20 mg muscle sample using
chloroform–methanol (2:1 vol/vol) and internal standards,
and thereafter evaporated under nitrogen at 37 °C. The
extracted lipids were separated into FFA, DAG, TAG, and
PL by thin-layer chromatography and transferred into tubes
for methylation. The TAG and DAG fractions were methyl-
ated by adding 1 mL of toluene–methanol–(BF3-methanol
14%) (20%–55%–25% vol/vol) and incubated in capped tubes
for 30 min at 100 °C. The PL fraction was methylated by
adding 1 mL of (BF3-methanol 14%) and incubation in
capped tubes for 90 min at 100 °C. The FFA fraction was
methylated by adding 1 mL of methanol–(BF3-methanol 14%)
(50%–50% vol/vol) and incubation in capped tubes at room
temperature for 15 min. After incubation, 2 mL pentane was
added to the samples, vortexed, and centrifuged (1000 g,
5 min, 20 °C), followed by isolation of the pentane extracts
(upper phase) and evaporation under nitrogen at 30 °C.
Finally, the residues were dissolved in isooctane and
concentrations of fatty acids in the fractions were deter-
mined using an analytical gas liquid chromatograph (GLC).
Stable isotope enrichment of the lipid fractions was
determined by measuring the 13 C-to-12 C ratio on a GLC-
IRMS (Finnigan MAT-252).

2.5. Skeletal muscle mRNA and DNA isolation

RNA was isolated from approximately 25 mg of muscle
tissue. The tissues were homogenized in 1 mL Trizol for
RNA stabilization and subsequent RNA isolation according
to a standardized protocol described by manufacturer. RNA
was then purified using the RNeasy mini kit (Qiagen
Benelux BV, Venlo, the Netherlands) followed by dissolving
RNA in RNase and DNase free water. RNA was quantified

image of Fig.�2
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and checked for purity on the NanoDrop 1000 (NanoDrop
Technologies, Wilmington, DE), and considered suitable for
further processing at ratios between 260/280 and 260/230 of
>1.7. RNA integrity was evaluated using the BioAnalyzer
(Agilent, Palo Alto, CA) and considered to be intact with an
RNA integrity number >7.0. Total DNA was isolated from
5 mg of each muscle section using QIAqmp DNQ Micro
Kit (Qiagen).

2.6. Real-time qRT-PCR for RNA

Both SYBR Green and Taqman were used for quantification
of mRNA expression levels. For expression of the genes in
the upper half of Table 1, isolated RNA was reversely
transcribed using the iScript cDNA synthesis Kit. The qPCRs
were performed in a volume of 25 μL containing 12.5 ng
cDNA, 1× IQ SYBR Green Supermix and 400 nmol/L of gene-
specific forward and reverse primers (Table 1). cDNA was
amplified using a two-step program (40 cycles of 10 s at
95 °C and 45 s at 60 °C) with a MyiQ system (Bio-Rad
Laboratiories, Veenendaal, the Netherlands). Gene expres-
sion levels were expressed relative to geometric mean of
two internal reference genes, i.e. ribosomal protein L13a
(RPL13a) and β-2-microglobulin. For expression of genes in
the lower half of Table 1, all primers and probes were
designed using Primer Express version 2.1 (Applied Biosys-
tems, Roche, Branchburg, NJ). qRT-PCRs [29] were per-
formed as one-step reactions in ABI PRISM 7900 (Applied
Biosystems, Branchburg, NJ) using the following conditions:
one cycle of 48 °C for 30 min, then 95o C for 10 min,
followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min.
For all assays performed using Taqman primers and probe,
the ribosomal phosphoprotein large P0 gene (RPLP0) was
used as internal control. Dividing the target genes by the
internal control RPLP0 gene normalized all expression data.
The internal control gene was tested for inter-individual
variability with a coefficient of variance to ensure precision
in the measurements.

2.7. Mitochondrial DNA content

Quantification of mitochondrial content was performed as
previously described using mtDNA copy number [30]. The
sequences for the primer/probe sets used in the Taqman
analysis of mtDNA content for NADH dehydrogenase subunit
1 (mitochondrial genome (ND1)) and of nuclear DNA for
lipoprotein lipase (LPL), were designed using Primer express
version 2.1 and can be e-mailed on request.

2.8. Calculations

Insulin sensitivity was determined using the MINMOD Mil-
lennium program (version 6.02; R Bergman, Los Angeles, CA)
[27]. The homeostasis model assessment for insulin resis-
tance (HOMAIR) was calculated according to Matthews et al
[31]. The fractional synthetic rate (FSR) is expressed as the
amount of dietary FA incorporated into the muscle lipid
fractions per gram of dry muscle tissue per hour. The
enrichment (determined by measuring the 13 C-to-12 C ratio)
of the skeletal muscle FFA pool at 4 h after meal consumption
was used to represent the precursor pool fromwhich the TAG,
DAG and PL pool was synthesized.

TAGFSR %= hð Þ = ETAGpalm t1ð Þ−ETAGpalm t0ð Þ
EFFApalm t1ð Þ *

1
4
*100

Where ETAG palm (t1) is the enrichment of palmitate in the
TAG pool after 4 h of ingestion and ETAG palm (t0) is the
background enrichment in the muscle TAG pool. EFFA palm

(t1) is the enrichment of palmitate in the FFA pool after 4 h
of ingestion. The content of individual FA in the TAG, DAG,
FFA and PL pool extracted from the muscle was expressed
as a percentage of the total FA identified. Several indices
(the sum of SFA, the sum of MUFA, the sum of PUFA (n-6
and n-3)) were derived.

2.9. Statistical methods

Statistical analyses were performed using SPSS 16.0 for
Macintosh (SPSS, Chicago, IL). All data are presented as
means±standard error of the means (SEM). The data were
normally distributed as tested with the Kolmogorov–Smir-
nov test. One-way analysis of variance (ANOVA) was used
to test for differences between dietary intervention groups
pre-intervention. Repeated-measures ANOVA was applied
to test for differences in changes between groups pre- and
post-intervention, with time as within-subjects factor and
diet and center as between-subjects factors. Corrections for
gender, insulin sensitivity and baseline differences were
performed in the repeated-measures ANOVA analysis. Post-
hoc testing within diets was performed with paired
sampled t test. One-way ANOVA was used to test differ-
ences in change in gene expression between insulin
resistant and insulin sensitive subjects. Statistical signifi-
cance was set at P< .05.
3. Results

In total, 84 subjects with the MetS completed pre- and post-
intervention measurements (HSFA, n=24; HMUFA, n=26;
LFHCC, n=16 and LFHCCn-3, n=18). Subject characteristics
were comparable between all the groups pre-intervention,
except for diastolic blood pressure, which was higher in the
LFHCC group than in the HMUFA group (Table 2). By
definition, subjects primarily had a large waist circumfer-
ence, elevated blood pressure and low plasma HDL-choles-
terol concentrations, whereas mean fasting plasma glucose
and TAG concentrations were only slightly elevated. The
dietary intervention did not cause significant changes in the
characteristics of the MetS and did not change insulin
sensitivity and insulin resistance (HOMAIR) in our sub-cohort
of the LIPGENE study (Table 2).

3.1. Muscle gene expression

3.1.1. Changes after dietary intervention
Skeletal muscle SREBP1c and ChREBP mRNA expression
showed significant diet*time interactions (P= .048 and
P=.007), respectively (Fig. 2A and B). Post-hoc comparisons
within the diets showed that SREBP1c mRNA only tended
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to increase after the HMUFA diet (P=.070, Fig. 2A), whereas
the other diets did not induce any change. A gender-
analysis showed that this increased SREBP-1c expression
was only seen in men (P=.020, Fig. 2 C). No interactions
between gender and diet-induced changes in gene expres-
sion were observed for the other genes. Post-hoc testing

image of Fig.�3


Table 3 – Subject characteristics before and after dietary intervention for the subgroup.

HSFA (n=7) HMUFA (n=5) LFHCC (n=7) LFHCCn-3 (n=7)

Pre Post Pre Post Pre Post Pre Post

Age (years) 59.0±2.4 58.6±5.6 56.0±2.2 56.7±5.0
Height (m) 1.74±0.03 1.74±0.01 1.74±0.02 1.76±0.03
Body weight (kg) a 90.9±3.1 89.1±3.6 103.9±3.0 b,c 103.9±2.6 93.7±3.2 92.8±3.5 85.7±4.5 84.2±5.5
BMI (kg/m2) a 30.2±1.8 29.2±2.1 34.2±0.8 d,e 34.2±0.7 30.9±1.1 30.6±1.2 27.5±0.9 26.8±1.1
Waist (cm) 107±3 103±3 114±1 115±2 107±2 105±3 103±2 100±3
WHR 1.03±0.01 1.02±0.02 1.05±0.02 1.07±0.02 1.02±0.01 1.02±0.02 1.04±0.02 1.03±0.02
Systolic BP (mm Hg) 136±8 141±8 131±5 132±7 141±5 133±4.5 136±5 127±4
Diastolic BP (mm Hg) 80±3 79±2 85±4 84±6 92±4 87±4 83±3 77±1
Insulin sensitivity
(mU/L−1·min−1·10−4)

2.10±0.38 3.05±0.53 2.28±0.46 2.16±0.43 1.93±0.30 1.98±0.33 2.83±0.82 3.18±0.49

HOMAIR 2.16±0.56 1.83±0.68 2.42±0.65 2.41±0.42 2.63±0.33 2.83±0.82 2.02±0.27 1.54±0.20
Glucose (mmol/L) 5.69±0.10 5.66±0.14 5.71±0.26 5.78±0.28 5.83±0.16 5.74±0.16 6.01±0.24 6.09±0.30
Triglycerides (mmol/L) 1.66 ±0.27 1.58±0.24 1.45±0.42 1.31±0.27 2.22±0.50 2.03±0.45 2.81±0.73 1.79±0.16
Total cholesterol
(mmol/L)

4.72±0.44 4.79±0.34 4.85±0.29 4.79±0.32 5.07±0.40 4.72±0.42 5.41±0.18 4.91±0.22

HDL-cholesterol (mmol/L) 0.78±0.04 0.79±0.03 0.92±0.06 1.01±0.03 0.96±0.09 0.90±0.10 0.92±0.04 0.90±0.04
LDL-cholesterol (mmol/L) 2.74±0.28 3.26±0.35 2.94±0.27 3.02±0.37 2.87±0.43 2.87±0.43 3.56±0.23 3.17±0.38
TAG (μmol/g dry weight) 124.11±36.9 85.14±29.94 149.35±28.97 141.91±22.59 163.27±48.63 68.14±18.44 164.89±35.32 90.56±22.26 f

DAG (μmol/g dry weight) 10.27±3.74 4.85±1.89 8.02±0.7 9.14±3.0 6.57±1.31 8.25±1.66 8.11±1.12 8.68±1.92
PL (μmol/g dry weight) 77.62±41.22 74.63±9.80 61.1±14.30 79.53±6.28 64.79±3.40 73.33±4.78 70.65±2.49 83.16±6.01

Abbreviations: BMI, body mass index; BP, blood pressure; HDL, high-density lipoprotein; HSFA, high-fat saturated fatty acid; HMUFA, high-fat
mono-unsaturated fatty acid; LFHCC, low-fat high complex carbohydrate. Values are mean±SEM. No effects of dietary intervention, repeated
measures ANOVA.
a P<.05 for the differences between groups pre-intervention, one-way ANOVA.
b P=.025, post hoc comparison to HSFA.
c P=.003, post hoc comparison to LFHCCn-3.
d P=,046, post hoc comparison to HSFA.
e P=,002, post hoc comparison to LFHCCn-3.
f P=.032, post-hoc comparison within LFHCCn-3 diet.
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revealed that the HSFA diet trended to increase the ChREBP
mRNA expression (P= .14) in men and women. Gene
expression of PGC1α, SREBP2, ACC2, mCPT1b, LPL, PPARα,
PPARδ, NDUFB, SDHB, ATGL, CGI58, HSL, DGAT, CD36, SCD1,
NRF, FAS and SIRT1 did not change after dietary interven-
tion (data not shown), and there were no changes in
mitochondrial DNA content as result of dietary intervention
(data not shown).

The repeated measures ANOVA showed that there was
a significant interaction between insulin sensitivity at
baseline and diet-induced changes in gene expression for
7 out of 21 genes, which was independent of baseline
expression levels. To illustrate these differential effects on
gene expression, the total group was divided based on the
median of insulin sensitivity (2.69 (mU/L−1·min−1·10−4). At
baseline, insulin resistant subjects (below median of
insulin sensitivity, age 57.4±2.95 y and BMI 31.3±1.0 kg/
m2) had higher SREBP1c and ACC2 mRNA expression levels
Fig. 3 – Change in normalized mRNA levels after dietary interven
SREBP1c (A), SREBP2 (B), ChREBP (C), ACC2 (D), NDUFB5 (E), SDHB (
between IR and IS subjects after a HMUFA diet for SREBP1c (one-
ChREBP (one-way ANOVA P=.008), ACC2 (one-way ANOVA P=.0
expression was different between IR and IS subjects after a LFHC
way ANOVA P=.002), ACC2 (one-way ANOVA P=.002), NDUFB5 (o
Significant differences between the change in gene expression d
*P<.05. § indicates a trend.
in the fasting state than insulin sensitive subjects (above
median of insulin sensitivity (SI), age 56.7±2.6 y and BMI
30.5±1.6 kg/m2) (P=.001 and P=.020, respectively, data not
shown). Insulin resistant and insulin sensitive subjects
responded differently to the HMUFA and the LFHCCn-3
diet in mRNA levels of SREBP1c (diet*time*SI interaction
P<.001), SREBP2 (P=.055), ChREBP (P=.040), ACC2 (P=.088),
NDUFB5 (P= .071), SDHB (P= .032) and ATGL (P= .029)
(Fig. 3A, B, C, D, E, F and G, respectively). The HMUFA
diet reduced the mRNA level of the lipogenic genes
SREBP1c (one-way ANOVA P= .012), SREBP2 (one-way
ANOVA P=.002), ChREBP (one-way ANOVA P=.008) and
ACC2 (one-way ANOVA P=.065) and the lipolytic gene
ATGL (one-way ANOVA P=.039) among insulin resistant
subjects, whereas the opposite effect was seen in insulin
sensitive subjects. Moreover, insulin resistant subjects had
lower mRNA levels of SREBP1c (one-way ANOVA P=.005),
SREBP2 (one-way ANOVA P=.002) and ACC2 (one-way
tion (mean±SEM) among IR and IS subjects as shown for
F) and ATGL (G). The change in gene expression was different
way ANOVA P=.012), SREBP2 (one-way ANOVA P=.002),
65) and ATGL (one-way ANOVA P=.039). The change in gene
Cn-3 diet for SREBP1c (one-way ANOVA P=.005), SREBP2 (one-
ne-way ANOVA P=.025) and SDHB (one-way ANOVA P=.049).
ifferences among IR and IS subjects are indicated with *.
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ANOVA P=.002) after the LFHCCn-3 diet, whereas insulin
sensitive subjects showed the opposite effect. The LFHCCn-
3 diet enhanced expression of the OXPHOS genes NDUFB5
Fig. 4 – Incorporation of dietary FA in skeletalmuscle as shown for
pattern after dietary intervention as shown for PL after the HMU
change in % n-3 PUFA after the LFHCCn-3 diet (F). The HMUFA diet
68% (P=.054) and of the DAG fraction by 56% (P=.066). The HMUFA
The % C16:0 (P=.024) and % C18:0 (P=.059) were reduced and the
The LFHCCn-3 diet caused enhanced % SFA (P=.042) and reduced
C16:1n-7 (P=.042) in the DAG fraction. The LFHCCn-3 diet induced
(P=.036). Significant post-hoc differences are indicated with *. *P
(one-way ANOVA P=.025) and SDHB (one-way ANOVA
P= .049) among insulin sensitive subjects, but not in
insulin resistant subjects.
TAG (A), DAG (B) and PL (C) and changes in skeletalmuscle FA
FA diet (D), change in DAG after the LFHCCn-3 diet (E) and
seemed to reduce the postprandial FSR of the TAG fraction by
diet increased the % PUFA (P=.020) and the %MUFA (P=.071).
% of C18:1n-9 (P=.033) and C18:3n-3 (P=.082) were increased.
%MUFA (P=.023) by increasing % C18:0 (P=.086) and reducing
an increase in % n-3 PUFA in the DAG (P=.007) and PL fraction
<.05. § indicates a trend.

image of Fig.�4
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3.2. Muscle lipid metabolism

3.2.1. Fractional synthetic rate and content of the TAG, DAG,
FFA and PL fractions
A sub-cohort of 26 men at Maastricht University (HSFA, n=7;
HMUFA, n=5; LFHCC, n=7 and LFHCCn-3, n=7) completed a
postprandial stable isotope study. Subject characteristics were
comparable at baseline, except for a slightly higher body
weight and BMI among subjects on the HMUFA diet than on
the HSFA and LFHCCn-3 diets (Table 3). Total fasting plasma
TAG concentration decreased significantly after the LFHCCn-3
diet (Post-hoc testing, P=.032, Table 3).

The FSR of the TAG and DAG fraction (the incorporation of
[U-13 C]-palmitate from the high-fat mixed-meal) trended to
change as a result of dietary intervention as compared with
baseline, but this did not reach statistical significance (P=.096
and P=.126, RM-ANOVA, Fig. 4). The HMUFA diet seemed to
reduce the postprandial FSR of the TAG fraction by 68%
(P=.054, Fig. 3A) and of the DAG fraction by 56% (P=.066,
Fig. 4B). The four different diets did not induce any changes in
FSR in the PL fraction (Fig. 4 C).

3.2.2. Fatty acid composition of the TAG, DAG, FFA and
PL fractions
The HMUFA diet increased the % PUFA (P=.020) significantly
and trended to increase the %MUFA (P=.071) in the PL fraction
as compared with baseline, concomitant with a reduction in
the total degree of FA saturation. Specifically, the % C16:0
(P=.024) and % C18:0 (P=.059) were reduced and the % of
C18:1n-9 (P=.033) andC18:3n-3 (P=.082) increased (Fig. 4D). The
LFHCCn-3 diet caused enhanced% SFA (P=.042) and reduced%
MUFA (P=.023) by increasing % C18:0 (P=.086) and reducing
C16:1n-7 (P=.042) in theDAG fraction (Fig. 4E). Furthermore, the
LFHCCn-3 diet induced an increase in % n-3 PUFA in the DAG
(P=.007) andPL fraction (P=.036) (Fig. 4 F). TheHSFAandLFHCC
diets didnot causeanydifferences in the FAcompositionof the
different intramuscular lipid fractions.
4. Discussion

This study examined the effect of diets differing in fat
quantity and quality on skeletal muscle gene expression and
intramuscular lipid partitioning in subjects with the MetS.
There was a significant interaction between baseline insulin
sensitivity and the diet-induced changes in gene expression.
The mRNA expression of the lipogenic genes SREBP1C and
ACC2 decreased in insulin resistant subjects after the HMUFA
and the LFHCCn-3 diets whilst the LFHCCn-3 diet enhanced
OXPHOS (NDUFB5 and SDHB) mRNA expression among
insulin sensitive subjects. The HMUFA diet also decreased
the ATGLmRNA in insulin resistant subjects. In line with this,
the HMUFA diet tended to reduce incorporation of dietary
palmitate in skeletal muscle TAG and DAG, whereas the
LFHCCn-3 diet reduced the TAG content in skeletal muscle.
There were no dietary effects on the expression of genes
important for mitochondrial function, biogenesis and trans-
port, FA transport and lipolysis.

The HMUFA diet increased SREBP1c mRNA expression in
men, but not in women. Interestingly, in the total cohort of the
LIPGENE dietary intervention study, it was shown that
increases in insulin sensitivity (HOMAIR) were more pro-
nounced in women compared with men on the HMUFA diet
[24]. Based on the gene expression data, it is tempting to
speculate that this sexual dimorphism may be related to
differences in skeletal muscle fat storage. This seems
consistent with findings of an increased rate of FA oxidation
during a high MUFA diet in women compared with men [32].

The insulin resistant and insulin sensitive subjects
responded differently to the HMUFA and LFHCCn-3 diets
with a more pronounced reduction of SREBP1c and ACC2
mRNA expression among insulin resistant subjects and an
enhanced expression of the OXPHOS genes NDUFB5 and SDHB
on the LFHCCn-3 diet among insulin sensitive subjects.
Although baseline expression levels of SREBP1c and ACC2
were higher in the insulin resistant group, the reduction of
these lipogenic genes was independent of the baseline
difference. In aggregate with the larger reduction of the
lipogenic genes, the HMUFA diet seemed to reduce the
incorporation of dietary FA (palmitate) in the DAG and TAG
pool and the LFHCCn-3 diet reduced the skeletal muscle TAG
content in the subgroup of men. These data indicate a shift
towards a lower accumulation of lipids in muscle on the diets
high in MUFA or high in complex carbohydrates with n-3
supplement, which is dependent on the initial degree of
insulin sensitivity (or insulin resistance). The primary mech-
anism for PUFA or MUFA to regulate SREBP1c mRNA may be
related to the suppression of proteolytic processing, which in
turn reduces mRNA transcription [33]. Low SREBP1c and ACC2
mRNA levels may lead to reducedmalonyl-CoA concentration
(via a reduction in ACC2mRNA expression), and subsequently
FAs are directed towards oxidation instead of storage [34].

Previous studies have shown that diet may influence the
FA composition of PL, which may influence the action of
insulin within the skeletal muscle [8,9]. A high level of PUFA in
PL also may enhance membrane fluidity [8], the number of
insulin receptors [12], the affinity of insulin to the insulin
receptor [13] and glucose transport across the membrane [14].
In our present study we found a reduced saturation of the
skeletal muscle PL fraction after an HMUFA diet (increased
content oleic acid) and enhanced incorporation of n-3 PUFA in
the DAG and PL pools on the LFHCCn-3 diet, illustrating dietary
compliance to our intervention diets. Thus, it seems that the
supplemented n-3 PUFAs are incorporated into the DAG and
PL fractions, in accordance with that the FA composition of
skeletalmuscle reflects the dietary fat composition in humans
[35]. In a previous study, however, differences in the TAG
fraction were also shown, whereas we only observed changes
in the DAG and PL fractions. Increased n-3 in these fractions
can contribute to a lower saturation level of these fractions.

A possible limitation of our sub-study on skeletal muscle
fat metabolism is the relative small number of subjects per
group for the more detailed stable isotope measurements on
fatty acid handling. To eliminate the between center differ-
ences the stable isotope studywas performed in one center. In
the muscle gene expression study, center was included as a
random variable in the statistical analysis. The effect of
HMUFA and LFHCCn-3 on lipogenic gene expression and on PL
FA composition might be beneficial for insulin sensitivity in
the long-term. Our present sub-study was not intended and
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powered to study the effect on insulin sensitivity. However,
also in the whole LIPGENE study no differential effects of diets
on insulin sensitivity were found [24]. It is possible that the 12-
week dietary period is too short or the changes in dietary
composition and subsequent changes in skeletal muscle FA
metabolism were too small to translate into significant
differences in insulin sensitivity. It is also possible that n-6
PUFA, rather than MUFA or n-3 PUFA enhances insulin
sensitivity in subjects with the MetS [36].

Insummary, the12-weekHMUFAandLFHCCn-3diets induced
changes in gene expression and skeletal muscle FA partitioning,
whichmay shift the balance from storage to oxidation in insulin
resistant subjects, leading to less muscle lipid accumulation.
Furthermore, these two diets affected skeletal muscle PL
composition with less SFA on the HMUFA diet and an enhanced
level of n-3 PUFA on the LFHCCn-3 diet. These positive effects on
lipid metabolism did not promote changes in insulin sensitivity.
This might suggest that the range of dietary fat intake under
condition of isoenergetic exchange was insufficient to affect
insulin sensitivity or that lipid metabolism per se has no
prominent role in the regulation of insulin sensitivity.
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