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Abstract The goal of this study was to investigate the Introduction

effect of a short-term nutritional intervention on gene

expression in adipose tissue from lean and overweighfdipose tissue not only functions as a fat storage organ, it
subjects. Gene expression probles were measured afi@so has an important metabolic and endocrine function.
consumption of an intervention spread (increased levels oAdipose tissue plays a role in insulin sensitivity and
polyunsaturated fatty acids, conjugated linoleic acid andnRammatory status, e.g., through release of fatty acids and
medium chain triglycerides) and a control spread (40 g ofadipokines 1, 27]. In obesity, adipose tissue mass is
fat daily) for 9 days. Adipose tissue gene expression proincreased and as a result, endocrine and metabolic func-
bles of lean and overweight subjects were distinctlytions of adipose tissue are affected. Moreover, obesity is
different, mainly with respect to defense response and@ssociated with systemic inRammation due to macrophage
metabolism. The intervention resulted in lower expressionnpltration in adipose tissue. Complications of obesity
of genes related to energy metabolism in lean subjectsnclude insulin resistance, cardiovascular disease and
whereas expression of infBammatory genes was down-regaetabolic syndromel] 38, 39.

ulated and expression of lipid metabolism genes was up- It has been shown that energy restriction, changes in
regulated in the majority of overweight subjects. Individual dietary macronutrient composition and weight loss result in
responses in overweight subjects were variable and theggne expression changes in adipose tissue from overweight
correlated better to waistbhip ratio and fat percentage thaor obese subject$] 22, 35). The goal of this study was to

BMI.
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investigate the effects of a short-term nutritional inter-
vention on gene expression in adipose tissue and to
investigate whether the gene expression response differs
between lean and overweight subjects. Earlier, we showed
that dietary effects can be monitored by gene expression
probling in white blood cells32].

The nutritional intervention consisted of a spread with
increased levels of medium chain triglycerides, short-chain
polyunsaturated fatty acids (PUFA: C18:2 and C18:3) and
conjugated linoleic acid (CLA: C18:2) (further referred to
as intervention spread). This composition was chosen to
elicit an effect on food intake and satiety. Medium chain
triglycerides, PUFA and CLA are reported to have satiating
power [L3, 18, 29]. The two spreads did not differ in their
effect on satiety (described in detail elsewhere: Pasman
et al., in preparation). To a large extent, it is unknown how
the fatty acids can infBuence food intake, energy expendi-
ture and eventually body mas&7. Analysis of adipose
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tissue gene expression is of interest because of its centredtio (WHR) was 0.86t+ 0.05 in the lean sub-group com-
role in fat and energy metabolism in response to nutritionapared to 0.96+ 0.07 in the overweight subgroup.
interventions and because of its role in inBammation. The study was approved by the Medical Ethics Com-
Furthermore, PUFA have been reported to inBuence admittee of the University Medical Centre of Utrecht (20
pose tissue function5] 21] and CLA can play a role in September 2005) and conducted according to the ICH
reduction of adipose tissue mask 87, 40]. Guideline for Good Clinical Practice in OctoberBNovem-
We found that in adipose tissue fatty acid transporteber 2005.
gene expression was slightly higher in lean subjects and The study was designed as a randomized cross-over,
slightly lower in overweight subjects in response to theplacebo-controlled, double blind study. Each subject
intervention spread compared to the control spread. Alsaeceived two treatments. The treatment period lasted nine
fatty acid uptake showed a tendency to change in responglays and the wash-out period was 2 weeks. The two
to the intervention (details in Pasman et al., in preparation)treatments consisted of a spread containing fatty acids
Here we study in greater detail the response of adiposknown for their satiating effect [increased levels of med-
tissue to the different fatty acid intake by whole genomeium chain triglycerides, short-chain polyunsaturated fatty
gene expression probling of subcutaneous adipose tissaeids (PUFA: C18:2 and C18:3) and conjugated linoleic
biopsies taken from the subjects after consumption of thacid (CLA: C18:2) (further referred to as intervention
intervention or control spread with an equal amount of fatspread)] and a control spread containing fatty acids nor-
for 9 days. mally eaten with breakfast. The exact composition of the
Effects of the short-term nutritional intervention were spreads is presented in TaldleBlends with the fatty acids
studied both in overweight and lean subjects, by focusingf interest were mixed by Lipid Nutrition (Wormerveer,
on enriched functional groups of genes and putting these ifthe Netherlands). Romi Smil (Heerenveen, The Nether-
the context of the intervention, thereby aiming to shed dands) prepared the spreads. The subjects used the spread
light on the potential mechanisms of action of the fattywith breakfast and lunch; 26 grams in the morning, and
acids. 26 g in the afternoon (in total 52 g of spread daily, con-
taining 40 g of fat). The spreads replaced the spread
normally consumed in the diet. The amount of fat supplied

Subjects and methods in the spread was similar in both interventions and energy
intake was kept constant, resulting in a difference in fatty
Study design and subjects acid composition intake only.

No carry-over effect of treatments was found for
The study was conducted at TNO Quality of Life, wherebodyweight (data not shown).
subjects were recruited from a pool of volunteers. Each
subject was informed about the study orally and in writingAdipose tissue biopsies
before they signed the informed consent forms. Subjects
met the inclusion criteria: (1) healthy male subjects (leanTwo fat biopsies were taken from each subject, one after
BMI between 18 and 25 kg/fror overweight/obese: BMI  consumption of the placebo spread for 9 days and one after
between 27.5 and 35 kgfn (2) normal Dutch eating consumption of the intervention spread for 9 days. Biop-
pattern and used to consuming breakfast, (3) non-restrainesles were taken in the evening and time of sampling was
eaters according to the Dutch Eating Behavior Question-
naire (lean:<2.5 and overweight/obese:3.25) [33, 34].
Subjects with a disorder, using medication or having a
history of medical or surgical events that may have affected 2P!e 1 The composition of the spreads

study outcomes were excluded. Intervention  Control

A total of 25 subjects (all of Dutch ancestry) were spread (%) spread (%)
eligible of which 20 subjects were randomly selected as , ic acid (MCT, C12:0) (and C14:0) 17.2 0
well as four reserves. Ten lean (BMI meanSD 21.2+ ... . (C16:0) 17.9 175

1.5 kg/nt, age range 1941 years) and ten overweight MEBiearic acid (C18:0) 3 10
(BMI 29.7 + 1.9 kg/nf, age range 21D58 years) startedOleic acid (Cl8'l; 45 40
and completed the study. Body fat percentage wa%()njuq&lted linoleic acid (C18:2) 12.4 0
12.2+ 4.2% in the lean sub-group compared to 2£8 Linoleic acid (C18:2) 40.3 30
3.7% in the overweight sub-group. Waist circumferencepinoIenic acid (C18:3) 25 0
was 794+ 6 cm in the lean sub-group compared to ' |

. . . . Other f i 2.2 2.
102+ 8 cm in the overweight sub-group and WalstE)hlpot er fatty acids >
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kept constant as much as possible for the two treatmentafter consumption of the placebo spread and after con-
Subcutaneous adipose tissue was obtained from th&umption of the intervention spread, allowing for analysis

abdominal region by needle aspiration under local anessf gene expression changes in response to intervention
thesia using 2 50 ml 8.4% NaHCQ, 0.05% lidocaine and within each subject [calculated as 2log ratio (intervention

1.0 mg/ml epinephrine (according to Kolaczynski et al.vs placebo)].

[16]). Part of the fat suspension was immediately frozen in  First, effects of BMI (lean sub-group or overweight sub-

liquid nitrogen and stored at80°C for RNA isolation. group), treatment (intervention spread or control spread) as
well as the interaction component BM{ Intervention was
RNA isolation, labeling and hybridization tested using two-way ANOVA in SAS (SAS Institute Inc.,

Cary, USA). The null hypotheses (no difference) were

RNA was isolated by homogenizing the adipose tissueejected at the level of 0.01 of probability. When testing
biopsies in Trizol (Life Technologies S.A., Merelbeke, 15,762 probesets with these conditions, 158 probesets are
Belgium). After chloroform extraction the RNA isolation expected to be called signibcant.
was continued using NucleoSpin RNA Il kit (Biekeei- Second, a paired test for treatment effect in the lean
den). The protocol included a DNase digestion step. and in the overweight subgroup was performed in BRB

The isolated RNA samples were processed according tArrayTools (software for microarray data analysis devel-
Affymetrix protocols by Scienion Ag (Berlin, Germany). In oped by Dr. Richard Simon and Amy Peng Lam,
brief, RNA quality and integrity were veribped using the http://linus.nci.nih.gov/BRB-ArrayTools.htlusing mul-
RNA 6000 Nano assay on the Agilent 2100 Bioanalyzettiple testing correction by estimation of false discovery rate
(Agilent Technologies), resulting in RNA samples from ten(FDR). Threshold for signibcance was set by taking into
lean and eight overweight subjects to be included in theccountP value 0.01) as well as estimated FDRZ0%).
microarray analysis (RNA samples from two overweightFinally, in case of responders and non-responders within a
subjects did not pass the RNA quality control). sub-group, differentially expressed genes were selected

Next, 1.5ug of high-quality total RNA was used with based on showing a consistent response in the majority of
the Affymetrix Eukaryotic One-Cycle Target Labeling and the subjects (debned as25% expression change up in
Control reagents to generate Biotin-labeled antisensenore than 50% of the subjects 825% expression change
cRNA. The labeled cRNA was further used for the down in more than 50% of the subjects).
hybridization to the NuGO Affymetrix Human Genechip  Subsets of differentially expressed genes were analyzed
NuGO_Hs1a520180 (custom designed by the Europeaiurther in GenMAPP to bnd functional groups of genes
Nutrigenomics Organization NuGO, consisting of 23,941(based on Gene Ontology) that were overrepresented in
probesets including 71 control probesets, for details sethe subsets7]. Other tools used for data analysis include
http://blog.bigcat.unimaas.m/martijin/NuGO). After an Gene Set Enrichment Analysis3]] and T-probler 2]
automated process of washing and staining, absolute valuésr enrichment analysis of functional groups of genes.
of expression were calculated from the scanned array usinghe tissue-specibc gene sets were derived from SymAtlas

the Affymetrix GCOS software. (http://symatlas.gnf.org/SymAtlgs[30] and from Lyons
et al. [20]. Cluster and treeview http://rana.lbl.gov/
Data analysis EisenSoftware.htm[8]) were used for generation of clus-

ter trees, using average linkage clustering and uncentered
Quality control of microarray data was performed usingcorrelation as similarity metric. A biological network was
BioConductor packages (a.o. simpleaffy and affyplm,generated in MetaCore version 4.3 (GeneGo Inc., St
through the NuGO MadMax pipelinehttps://madmax. Joseph, MI, USA). MetaCof#' is based on a proprietary
bioinformatics.n). One microarray did not pass quality manually curated database of human proteinBprotein, pro-
control criteria due to high background values and lowteinPDNA and protein compound interactions, metabolic
percentage of present calls. Therefore, microarray data fand signaling pathways and the effects of bioactive mole-
nine lean and eight overweight subjects were included ircules in gene expression. Only curated interactions were
data analysis. used.

Raw signal intensities (from CEL bles) were normalized Data from the placebo intervention were used for
using the GCRMA algorithm (gc-rma slow). Probesetscomparison of gene expression levels in adipose tissue
were bltered on at least one present call and at least orfeom lean and overweight subjects.
expression value above 5 (resulting in a set of 15,762 The gene expression data are available through Array-
probesets). Expression data were log-transformed (base FExpress, a public repository for microarray datatg://

The cross-over design of the study ensured measurementwivw.ebi.ac.uk/arrayexpressaccession numer E-TABM-
gene expression probles in adipose tissue of each subje®t7).
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Results adipose tissue from lean subjects. Enrichment analysis of

tissue-specibc gene sets, by comparing the lean sub-group
Subcutaneous adipose tissue gene expression problestofoverweight sub-group (GSEA) and by analyzing over-
lean and overweight subjects were distinctly differentweight subjects individually (T-proPler), showed that this
(3,069 probesets selected with< 0.01 for BMI-effect; set of genes specibc for CD14-positive monocytes was
Fig. 1). An overview of enriched functional groups of signibcantly enriched in the adipose tissue from over-
genes (based on Gene Ontology) in this set of 3,069veight subjects compared to lean subjects and that this
probesets is shown in TabR Genes involved in energy gene set was among the two most enriched gene sets in
metabolism were expressed at a higher level in adiposseven out of the eight overweight subjects. Other inRam-
tissue from lean subjects (functional groups Ogeneration ofatory markers that were expressed at higher level in
precursor metabolites and energyO, Olipid metabolisra@ipose tissue from overweight subjects included leptin,
Oglucose metabolism®). Furthermore, genes encodommplement factor D (CFD), interleukin receptor 6 (IL6R),
mitochondrial proteins were expressed at a higher level imnterleukin receptor 10 alpha (IL1ORA), interleukin 1
adipose tissue from lean subjects than in adipose tissueceptor antagonist (ILLRN) and a number of interleukins
from overweight subjects. (IL15, IL17D, IL18) (data not shown).

On the other hand, genes involved in defense response, Consumption of the intervention spread resulted in a
intracellular signaling and cell adhesion were expressed atifferential gene expression response in adipose tissue from
higher levels in adipose tissue from overweight subjectdean and overweight subjects, as indicated by the BMI-
than in adipose tissue from lean subjects. Within theséntervention interaction effect (706 probesets selected with
groups of genes, gene expression of specibc macrophage< 0.01 for BMI x intervention interaction effect;
markers [e.g., CD14, CD163 and macrophage scavengéig. 1). When plotting the expression changes (intervention
receptor 1 (MSR1)] was signibcantly higher in adiposespread versus control spread) of this set of 706 genes in the
tissue of overweight subject® (< 0.001 for BMI-effectin  lean and overweight subjects (Fig), it can be seen that
two-way ANOVA), pointing towards presence of macro- the expression changes are more pronounced (larger fold
phages or inBammatory cells in the adipose tissue biopsieghanges) in the lean subjects than in the overweight sub-
from overweight subjects. This is further illustrated in jects. In addition, statistical analysis of treatment effects in
supplementary Fig. 1, which clearly shows higher expresthe lean and overweight sub-group individually resulted in
sion of genes specibc for CD14-positive monocytes imo probesets signibcantly differentially expressed due to
adipose tissue from seven overweight subjects than ithe intervention in overweight subjects compared to 813

differentially expressed probesets due to the intervention in
lean subjects.

85007 Enrichment analysis of the set of differentially expres-
sed genes in lean subjects indicated that in lean subjects
30007 consumption of the intervention spread led to down-regu-
* lation of genes involved in functional groups indicated as
5 2500 - Omitocbongrioné, Ogeneratio~n of precursor metabolites and
S energyO, Olipid metabolismO, Ocarbohydrate metabolismO
g_ 2000 - (Table 3), together pointing towards a general effect on
S energy metabolism. These selected Oenergy metabolismO
5 15001 genes showed considerable variation in their response
'g among the overweight subjects (supplementary Fig. 2).
2 1000 The results indicate that in the overweight subjects the
response to the intervention is less strong and more vari-
500 - able than in the lean subjects. We further explored the
possibility that a selection of the overweight subjects did
0 - show a consistent gene expression response for a number of
BMI intervention BMI x genes or processes. Therefore, genes were selected based

intervention . . . .
on showing a consistent response in the majority of the

Fig. 1 Results of 2-way ANOVA investigating effect of BMI [lean subjects (debned as25% expression change up in more
(n = 9) or overweight £ = 8) group], intervention (intervention than 50% of the subjects or25% expression change down

spread or placebo) and BMt intervention interaction. Threshold for . 0 -
signibcance was set @ < 0.01. Testing 15,762 probesets with in more than 50% of the subjects). In total, 501 probesets

value threshold of 0.01 would result in 158 probesets detected alHlIPlled these criteria. Enriched functional groups in this
signibcant by chance set of genes were Olipid metabolismO, Oresponse to stressO,
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Table 2 Enriched functional groups (based on Gene Ontology) in total set of differentially expressed genes in lean versus overweight subjects
(3,069 probesets), in genes expressed at high levels in lean than in overweight (1,325 probesets) and in genes expressed at higher levels in lean
than overweight (1,744 probesets)

GO Functional group of genes Number of genesll genes Higher in lean Higher in overweight
group measured
Percent Z Percent Z Percent VA
changed scoré changed score changed score
CcC Mitochondrion 522 38.5 14.4 34.3 25.7
BP Generation of precursor metabolites and energy 508 29.5 8.6 215 13.6
BP Oxidative phosphorylation 77 36.4 4.9 312 8.6
BP Lipid metabolism 503 27.6 7.3 17.9 10.2
BP Carbohydrate metabolism 392 25.5 5.3 125 47 13.0 2.6
BP Glucose metabolism 77 28.6 3.0 221 5.4
BP Mitochondrial transport 17 41.2 2.9 41.2 5.7
BP Cell adhesion 502 19.1 2.0 13.3 3.3
BP Cell-matrix adhesion 60 28.3 2.6 25.0 4.2
BP Defense response 723 24.2 6.3 215 11.8
BP InBammatory response 183 26.2 3.8 24.6 7.2
BP Response to stress 829 20.6 3.8 17.0 8.0
BP Intracellular signaling cascade 930 19.1 2.8 13.8 5.0
BP I-kappaB kinase/NF-kappaB cascade 98 28.6 3.4 22.4 4.5
MF Scavenger receptor activity 28 32.1 2.4 32.1 4.2

Enrichment analysis was performed in GenMAPP, by comparing the three selected sets of genes (all genes differentially expressed in lean versus
overweight subjects, genes expressed at higher levels in lean than in overweight subjects and genes expressed at higher levels in overweight than
in lean) to all genes on the microarray. Data from the placebo intervention were used for comparison of gene expression levels in adipose tissue
from lean and overweight subjects

GO Gene Ontology group<;C cellular componentBP biological processMF molecular function
& All Z scores in tableP < 0.05 (PermuteP)

Fig. 2 Overview of expression
changes (intervention spread vs.
control spread) of 706 probesets
(P < 0.01 for BMI x treatment
effect) in nine lean [ left side)
and eight overweightd right
side) subjects

Normalized Intensity
(Ing scale)
\

10

Fold change (intervention spread versus control spread)

O O O O O.m@
=

. -‘v._ .
overweight subjects

~—
lean subjects

Oextracellular matrix®, OapoptosisO and Ocell adhesibo®. a similar response for most functional groups,
Clustering of the genes in these functional groups (B)g. whereas two other respond differently. Interestingly,
illustrate variation in response among the overweightxpression of a number of the lipid metabolism and
subjects, but also show that six of the overweight subjecté3ammatory genes (response to stress) in the clusters was
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Table 3 Enriched functional groups (based on Gene Ontology) in set of differentially expressed genes (813 probesets) and in sub-set of down-
regulated genes (509 probesets) in sub-group of lean subjects in response to treatment

GO group  Functional group of genes Number of Al Down-regulated
genes measured

Percent changed Z score  Percent changedZ score

CC Mitochondrion 522 6.5 3.1 5.7 4.1

BP Generation of precursor metabolites and energy 508 6.9 35 55 3.7
BP Lipid metabolism 503 6.2 2.7 5.8 4.0
BP Carbohydrate metabolism 391 6.1 2.3 5.9 3.7
BP Glucose metabolism 77 104 2.9 10.4 4.0
BP Mitochondrial transport 17 23.5 4.2 235 5.1
BP Regulation of cell cycle 367 6.27 2.36 4.9 2.4
BP Complement activation), classical pathway 22 13.6 3.0
BP Oxygen and reactive oxygen species metabolism 65 7.7 2.4

Enrichment analysis was performed in GenMAPP, by comparing the two selected sets of genes (all genes differentially expressed in lean subjects
in response to intervention and sub-set of down-regulated genes in lean subjects in response to treatment) to all genes on the microarray

GO Gene Ontology groups;C cellular componentBP biological process
& All Z scores in tableP < 0.05 (PermuteP)

signibcantly different in overweight compared to leanthe results on a pathway or functional group level with
subjects (BMl-effect) and changed in response to coninterpretation in relation to the intervention and literature
sumption of the intervention spread in direction of data.
expression levels in lean subjects (genes marked with Our study data indicated that a considerable part of the
asterisk in Fig.3). differences in gene expression probles could be attributed
Finally, individual response in overweight subjects wasto the difference in BMI between the two sub-groups.
studied on level of functional groups of genes, usingExpression of infBammation-related genes was signibcantly
T-probler P], resulting in an enrichment score for func- higher in subcutaneous adipose tissue biopsies from over-
tional groups in individual subjects based on geneweight subjects than those from lean subjects. Specibcally,
expression changes in response to the intervention. Markers specibc for monocytes in blood were signibcantly
number of functional gene groups showed considerablaigher expressed in the adipose tissue from overweight
variation in response among the overweight subjects, witlsubjects, as was shown by different enrichment analysis
up-regulation in one or more subjects and down-regulatiompproaches. As tissue macrophages originate from mono-
in one or more other subjects. These functional gene groupsytes in blood that migrate into tissue, this Pnding is
include Omitochondrion®, Ocell adhesion® and Oextracediotesistent with increased macrophage content of adipose
matrix®, Oimmune response® and OinRammatory respaiss@.from overweight subjects, as previously described by
Interestingly, the individual response with regard to theseothers B8]. In addition to macrophage markers, also
functional groups correlated signibcantly to obesity pheexpression of specibc adipokines was different between
notype markers WHR or fat percentage (FH). WHR lean and overweight subjects. Consistent with other reports
correlated negatively with response of mitochondrial gene§14, 23], expression of leptin was higher and expression of
and positively with response of genes involved in celladiponectin was lower (although not signibcantly) in adi-
adhesion. In addition, fat percentage correlated positivelpose tissue from overweight subjects than in adipose tissue
with response of inBammatory genes. from lean subjects.
Expression of metabolism-related genes and genes
encoding mitochondrial proteins was higher in subcutane-
Discussion ous adipose tissue from lean subjects than in adipose tissue
from overweight subjects. A recent study of transcription
To our knowledge, this study is one of the brst to per-probles in adipose tissue from monozygotic twins discor-
form large-scale gene expression analysis in humadant for BMI also reported lower expression of genes
adipose tissue biopsies in response to a short-termelated to energy metabolism in obese subje@§].[In
nutritional intervention, in both lean and overweight addition, they report a reduction in mitochondrial DNA in
subjects. The study is exploratory in nature and describeadipose tissue from obese subjects. Overall, this indicates a
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Fig. 3 Cluster maps of genes in
biological processes enriched in
set of genes with consistent

expression change>*25%) in HT—E“_‘
the majority of overweight

subjects. Expression changes
(2log ratio) of intervention
spread versus placebo spread in
eight overweight subjects were
submitted to gene and sample
clustering (using average
linkage clustering and
uncentered correlation as
similarity metric). Red color
indicates up-regulation of
expression in response to
intervention spread compared to
placebo spreadsreen color
indicates down-regulation of
expression in response to
intervention spread compared to
placebo spreadisterisks are
signibcantly different

expression in overweight
compared to lean subjects
(BMl-effect) and expression
changed in response to the
intervention spread in direction
of expression levels in lean
subjects (colour in online)

T

Response to stress Lipid metabolism

DDHD1 (225970 at)
ELOVL3 (HuGO eht0238970_at) *
ABCD2 (207583 at) *

| ACLY (201127 s at) *
IDI1 (208881 x at) *
| ARCS (218434 s at) *
| PHPLA3 (233030 at) %
GPRAM (225420 at) *
FADS2 (202218 s at) *
SORT1 (221561 at)
HPGD (203914 x at)
ACAT2 (209608 s at) *
MTM1 (36920 at)™
SOLE (209218 at)*
OSBPL6 (223805 at)
CPT1R (203633 at)
PIGDS (211748 x at)
SCARB1 (201819 at)
SLC27A2 (205769 _at)

POLD3 (212836 at)
PLAT (201860 s at)

CYGB (226632 at)

CCL14 (205392 s at)

RPS6KAS (204635 at)

CRY? (HuGD eht0263762 at)

VIF (202112 at) =

CD8§3 (204440 at)

CCL8 (NuGO eht0225840 at)

ITGB2 (202803 s at)* —

ILIRH (212657 s at) *

STAB1 (38487 at) *

MARCO (HuGO eht0327097 at)x

CTGF (209101 at) -

CXCL2 (209774 x at) *

LBP (HuGO eht0217407 at)

BANF1 (210125 s at)

RADS1AP1 (204146 at)

02TVT4 HUMAN (1554741 s at)

FGF10 (HuGO eht0264664 at)

HP $72431.2 (HuGO eht0317402 = at)
FOS (209189 at) eFe
STIP1 (213330 s at)

SFPO (201585 s at) £ il _
RAD21 (200607 s at)

EP300 (213579 s at) Xtrace u’ar mat”x
CIDER (HuGO eht0342845 at) cell adhesion

MMP27 (HuGOD eht0260229 at)
LTBP1 (202729 s at) -
HP 066013.1 (227870 at)
STAB1 (38487 at) -
LAMB2 (216264 s at)

FHBP4 (212232 at)
ADAMTS18 (230040 at)
SMDC2 (223235 s at)
016473 HUMAH (208609 s at)
VWE (202112 at) -
CPXM2 (226824 at)

SCARB1 (201819 at)

MFGES (210605 s at)
ADRAMTS1 (222162 s at)

0D (HuGO eht0247535 at)
ADAM12 (HuGO eht0278082 at)
CHI3L1 (209395 at) -
ITGB2 (202803 s at)

CTGE (209101 at)

CDH11 (207173 x at)

VCAML (203868 s at)
ITGB3BP (205176 s at)
ARHGAPY (1552627 a at)
BYSL (203612 at)™ —

(!

apoptosis

TIAl i201449 at)
PAWR (204004 at)
CIDER (HuGD eht0342845 at)
STK4 (243981 at)
APAF1 204859 = at)
SCARB1 (201819 at)
EP300 (213579 s at)
ITGB2 (202803 s at)
TIAF1 (202039 at)
APIS (201686 x at)
RAD21 (200607 s at)
YWHAH (201020 at)
ITGBIBP (205176 s _at)
HIPK3 (210148 at)
ADRA1A (211489 at)

possible difference in mitochondrial content or mitochon-C18:3), conjugated linoleic acid (CLA: C18:2) and med-
drial activity in adipose tissue from lean subjects andium chain triglycerides (C12:0) in the intervention spread.
overweight subjects. However, it can not be excluded thaThus, the gene expression differences can be related to
the increased mitochondrial activity actually reRects a dif-differences in intake of all these fatty acids and should be
ference in cell number in the adipose tissue biopsies, aisterpreted in that context.
increased adipose tissue mass can be due to increased adiBoth CLA and PUFA (specibcally n-3 PUFA) can exert
pocyte cell size as well as increased number of adipocytesnti-inBammatory effects4] 24]. In the majority of over-

The dietary intervention consisted of replacement ofweight subjects, dietary intervention resulted in down-
oleic acid and stearic acid in the placebo spread by shortegulation of expression of a number of infammation-
chain polyunsaturated fatty acids (PUFA: C18:2 andrelated genes (in enriched category Oresponse to stressO)
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8.0 - . that were expressed at signibcantly higher level in adipose
6.0 - A tissue from overweight subjects than in adipose tissue from
c e . lean subjects. This anti-inBammatory effect of the inter-
2 401 vention was, e.g., seen for macrophage inRammatory
g 204 protein 2 alpha_ (CXCL?), macrophage recep.tor MARCO
S * (MARCO) and interleukin-1 receptor antagonist (ILLRN).
S 0.0 w w w w w . In adipose tissue from lean subjects, the anti-inBammatory
€ 0o%8 08 09 095 1 ¢ 105 101 effect of the dietary intervention was restricted to down-
g - ¢ regulation of genes involved in complement activation
_$ -4.0 - * pathway (three subunits of complement C1q) and genes
= 60 4 * involved in reactive oxygen species metabolism.
Additionally, in adipose tissue from lean subjects the
-8.0 - =075 dietary intervention resulted in a down-regulation of genes
WHR P<0.05 involved in energy metabolism-related processes (genera-
tion of precursor metabolites and energy, lipid metabolism,
8.0 ~ carbohydrate metabolism). Biological network analysis
6.0 - B ¢ revealed that a number of the differentially expressed
c energy metabolism genes are targets of HNF4-alpha in
.g 4.0 1 liver and/or pancreas2p, 37]. Thus, possibly the expres-
2 59 ¢ sion of genes related to energy metabolism could have been
B regulated through transcription factor HNF4-alpha (F5p.
3 00 r r * r r - PUFA can bind to and repress activity of HNF4-alph4, [
o 0ol 08 09 095 1 ¢ 105 11 28, 37]. This implicates that, in addition to liver, HNF4-
% P ¢ alpha could be an important regulator of gene expression
z -4.0 1 ¢ and energy metabolism in adipose tissue, at least in lean
6.0 1 * subjects.
In the majority of overweight subjects, dietary inter-
-8.0 - = 079 vention affected expression of genes involved in lipid
WHR P<0.05 metabolism, resulting mostly in up-regulation of expression
(Fig. 3). Expression of lipid metabolism genes was lower in
8.0 adipose tissue from overweight subjects than in adipose
g 6.0 c . tissue from lean subjects, therefore increased expression of
3 ' lipid metabolism genes might be a benebcial effect of the
g 4.0 - . intervention in overweight subjects. Moreover, increased
> 0. energy gxpendlture as a result of up-regulatlon of Ilp!d
o . . metabolism could be one of the mechanisms through which
g 0.0 DA ® . CLA decreases adipose tissue mag2f, 37] and it could
g - 02—0 25 30 35 play a role in the proposed increase of energy expenditure
I by medium chain triglycerides2p]. Additional effects of
o 4.0 the dietary intervention in the majority of overweight sub-
% 6.0 - jects included effects on genes involved in apoptosis and
z * genes involved in cell adhesion and extracellular matrix.
-8.0 - 086 Effects on these processes are consistent with recently
fat percentage P<0.01 described effects of CLA and PUFA,[12, 37].

In overweight subjects the response to the dietary
Fig. 4 Scatter plots of obesity phenotype parameters (waistbhip ratiintervention was not as strong as in the lean subjects and
WHR or fat percentage) and scores \alue) for enrichment of moreover, the response among the overweight subjects was
functional processes (based on Gene Ontology) that were affected by . ! . . .
dietary intervention.a Score for enrichment of genes encoding ariable. The consistent response in a selection of over-
mitochondrial proteins for each overweight subject plotted againstveight subjects was not related to treatment order.
WHR; b Score for enrichment of cell adhesion genes plotted againspossib|y, adipose tissue in overweight subjects is not as

WHR; ¢ Score for enrichment of inBammatory response genes fo"fSexibIe and responsive to dietary intervention as adipose
each overweight subject plotted against fat percentage
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Fig. 5 Network of direct interactions between transcription factors ATP citrate lyaseCISY citrate synthaseNDUFA3 NADH dehydro-
HNF4alpha, SREBP1 and PPARA and genes involved in energgenase (ubiquinone) 1 alpha subcomplex, 8D014(TOM?7)

metabolism that were differentially expressed in lean subjects
response to intervention spread compared to control spreadw

intranslocase of outer mitochondrial membrane 7 homolog (yeast);
UGTREL7 UDP-glucuronic acid/UDP-N-acetylgalactosamine trans-

pointing down indicates down-regulation of expression in response t@orter; THTPA thiamine-triphosphataseSUOX Sulbte oxidase,

intervention spread compared to control spread, arrow pointing

upnitochondrial precursor;PI4Kbeta: Phosphatidylinositol 4-kinase

indicates up-regulation of expression in response to interventiorbeta; /0/F6: Cytochrome b561 domain-containing protein 2;

spread compared to control spreddues betweensymbols indicate

TXNDC4: thioredoxin domain containing 1£KM?2 Pyruvate kinase

connections described in literature. This bgure was made using/3; Cl4orfl: Probable ergosterol biosynthetic protein 2Z8NKI

MetaCoré™ (v4.3) from GeneGo Ind.IPA Lipase A,GPDI glycerol-
3-phosphate dehydrogenase UCP2 mitochondrial uncoupling
protein 2,DHCR7 7-dehydrocholesterol reductase¥VD diphospho-
mevalonate decarboxylaséCACA acetyl-coA carboxylase KCLY

Serine/threonine-protein  kinase PINK1, mitochondrial precursor;
IFRD?2 Interferon-related developmental regulator RYAL3 Hyal-
uronidase-3 precursoKARS Lysyl-tRNA synthetaseSLC35A2 UDP-
galactose translocator

tissue in lean subjects. Also, the intervention effect mightis associated with obesity phenotype markers WHR and fat
have been diluted due to increased adipose tissue masspercentage, suggesting a link between body fat distribution
overweight subjects compared to the lean subjects, therend response to nutritional intervention.
fore resulting in less pronounced expression changes. The fat biopsies analyzed were subcutaneous biopsies,
Lastly, genotype and polymorphisms can not be exluded asmken from the abdomen. Abdominal fat, mostly visceral
a factor in the variation in response. abdominal fat, is often linked to complications and disease
The overweight subjects were selected based on BMI, aprogression 36]. However, some studies report a role for
obesity marker that does not take fully into account adipossubcutaneous abdominal tissue in obesity related diseases
tissue distribution in the body. In contrast, WHR and waist[10]. The Pnding that subcutaneous adipose tissue responds
circumference are more specibc markers for body fat disto nutritional intervention is encouraging for further
tribution and presence of central or upper-body obediS/[ research, as this is the only easily accessible source of
19]. Interestingly, the individual response of the over- adipose tissue from humans. Thus, whole genome expres-
weight subjects to the intervention correlated to the obesitgion probling in adipose tissue may help to identify
phenotype markers WHR and fat percentage. For exampleelevant mechanisms and targets of nutritional intervention
expression of mitochondrial genes was up-regulated ifn obesity prevention or treatment.
response to dietary intervention in the overweight subject In summary, response to the dietary intervention was
with the lowest WHR and down-regulated in response tdifferent in lean and overweight subjects. Increased
intervention in the overweight subject with the highestshort-chain polyunsaturated fatty acids (PUFA: C18:2
WHR. Interestingly, these two subjects have a similar BMl.and C18:3), conjugated linoleic acid (CLA: C18:2) and
Overall, these results show that the subjects, classiped asedium chain triglycerides (C12:0) consumption resulted
overweight on the basis of their BMI, are heterogeneous ifn lower expression of genes related to energy metabo-
their response to dietary intervention and that this respondesm in lean subjects, whereas in the majority of
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overweight subjects expression of inRammatory gene&3. Kamphuis MMJW, Lejeune MPGM, Saris WHM, Westerterp-
was down-regulated and expression of lipid metabolism
genes was up-regulated. Individual responses in over-
weight subjects were variable and these correlated bettau. Kern PA, Di Gregorio GB, Lu T, Rassouli N, Ranganathan G
to obesity phenotype markers WHR and fat percentage
than BMI.
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