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Abstract

Background: Obesity and insulin resistance are two major risk factors underlying the metabolic syndrome. The
development of these metabolic disorders is frequently studied, but mainly in liver, skeletal muscle, and adipose
tissue. To gain more insight in the role of the small intestine in development of obesity and insulin resistance,
dietary fat-induced differential gene expression was determined along the longitudinal axis of small intestines of
C57BL/6] mice.

Methods: Male C57BL/6) mice were fed a low-fat or a high-fat diet that mimicked the fatty acid composition of
a Western-style human diet. After 2, 4 and 8 weeks of diet intervention small intestines were isolated and divided
in three equal parts. Differential gene expression was determined in mucosal scrapings using Mouse genome 430
2.0 arrays.

Results: The high-fat diet significantly increased body weight and decreased oral glucose tolerance, indicating
insulin resistance. Microarray analysis showed that dietary fat had the most pronounced effect on differential gene
expression in the middle part of the small intestine. By overrepresentation analysis we found that the most
modulated biological processes on a high-fat diet were related to lipid metabolism, cell cycle and inflammation.
Our results further indicated that the nuclear receptors Ppars, Lxrs and Fxr play an important regulatory role in
the response of the small intestine to the high-fat diet. Next to these more local dietary fat effects, a secretome
analysis revealed differential gene expression of secreted proteins, such as Il18, Fgfl5, Mif, Igfbp3 and Angptl4.
Finally, we linked the fat-induced molecular changes in the small intestine to development of obesity and insulin
resistance.

Conclusion: During dietary fat-induced development of obesity and insulin resistance, we found substantial
changes in gene expression in the small intestine, indicating modulations of biological processes, especially related
to lipid metabolism. Moreover, we found differential expression of potential signaling molecules that can provoke
systemic effects in peripheral organs by influencing their metabolic homeostasis. Many of these fat-modulated
genes could be linked to obesity and/or insulin resistance. Together, our data provided various leads for a causal
role of the small intestine in the etiology of obesity and/or insulin resistance.

Page 1 of 16

(page number not for citation purposes)



BMC Medical Genomics 2008, 1:14

Background

Metabolic syndrome is a multi-component condition
associated with a high risk of type 2 diabetes mellitus and
cardiovascular disease [1]. In industrialized societies,
approximately 20-40% of the population is affected by
the metabolic syndrome and its incidence is expected to
rise even further in the next decades [2]. Obesity and insu-
lin resistance are two major risk factors underlying the
metabolic syndrome. Obesity is considered the principal
causal factor of insulin resistance, which is the pivotal
metabolic disturbance in the metabolic syndrome [3].

Lifestyle factors, such as nutrition and limited physical
activity, are known to contribute to the pathogenesis of
obesity and insulin resistance. The association between
development of these disorders and excessive intake of
dietary fat is frequently studied, especially in obesity-
prone C57BL/6] mice [4-8]. Most of these studies focused
on the physiology and underlying molecular mechanisms
in liver, skeletal muscle and adipose tissue, as these organs
are target organs of insulin-modulated metabolism [9-
11]. However, there is growing evidence that also the
small intestine can play a role in the etiology of obesity
and/or insulin resistance, as it serves as a gatekeeper at the
physical interphase between body and diet. Efficient
absorption and metabolic processing of nutrients is a
major function of the small intestine, in which various
nuclear receptors are likely to play an important regula-
tory role. Additionally, the enterocytes in the small intes-
tine are responsible for sensing of luminal contents that
are modulated by the diet. As a result of this sensing, the
small intestine secretes signaling molecules, such as gut
hormones and pro- and anti-inflammatory cytokines, to
which liver, muscle and adipose tissue respond by modu-
lating their metabolism to keep homeostatic control.
Small intestinal factors that are previously reported to
contribute to development of metabolic syndrome are gut
hormones affecting satiety and glucose homeostasis
[12,13], diminished fatty acid oxidative capacity of ente-
rocytes [5] and gut microbiota-mediated modulations
[6,14].

In this study, microarray analysis of small intestinal
mucosa was performed to explore the role of the small
intestine in development of dietary fat-induced obesity
and/or insulin resistance in C57BL/6] mice. We deter-
mined high-fat diet-induced molecular changes along the
longitudinal axis of the small intestine, at different time
points during a Western-style humanized high-fat diet
intervention. We analyzed the biological processes in the
small intestine that are affected by feeding a high-fat diet
and determined the involvement of nuclear receptors in
gene expression changes. Beside the molecular changes
that provoke a more local effect in the small intestine, we
further studied the differential gene expression of (novel)
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small intestinal secreted proteins that are able to induce
systemic effects. Therefore, an additional secretome anal-
ysis was performed. Finally, we linked the molecular
changes found in the small intestine after high-fat diet
feeding to development of obesity and insulin resistance.

Methods

Animals and diets

Male C57BL/6] mice (age 4 weeks) were purchased from
Harlan (Horst, The Netherlands) and were housed in the
light and temperature-controlled animal facility (12/12
(light/dark), 20°C) of Wageningen University. They had
free access to water and received standard laboratory chow
(RMH-B, Arie Blok BV, Woerden, The Netherlands) for
two weeks, followed by the low-fat diet for three weeks to
adapt to the purified diets. All experiments were approved
by the Ethical Committee on animal testing of Wagenin-
gen University. To investigate the effect of dietary fat on
development of obesity and insulin resistance and on
small intestinal gene expression in C57BL/6] mice, we
used low-fat (reference) and high-fat diets that are based
on 'Research Diets' formulas D12450B/D12451, with
adaptations regarding type of fat (palm oil in stead of
lard) and carbohydrates to mimic the fatty acid and carbo-
hydrate composition of the average human diet in West-
ern societies (Research diet services, Wijk bij Duurstede,
The Netherlands). Thus, the high-fat diet mimics the ratio
of saturated to monounsaturated to polyunsaturated fatty
acids (40:40:20) in a human diet. The complete composi-
tion of the diets is given in Additional file 1. It should be
noted that in these diets the energy density of all nutrients,
except fat and starch, is equal.

At the start of the diet intervention, the mice were divided
into two groups and were fed a powdered high- or a low-
fat purified diet. After 2, 4, and 8 weeks of diet interven-
tion, 6 mice per diet group, per time point were sacrificed
after they were anaesthetized with a mixture of iso-
fluorane (1.5%), nitrous oxide (70%) and oxygen (30%).
All mice were sacrificed in the postprandial state and diur-
nal variability was avoided by harvesting small intestines
at the same time of the day for both diet groups. The small
intestines were divided into three equal parts along the
longitudinal axis (proximal, middle and distal part of the
small intestine). Small intestinal epithelial cells were
scraped, snap-frozen in liquid nitrogen, and stored at -
80°C until RNA isolation. Body weight was recorded
weekly. The mice that were sacrificed after 8 weeks of diet
intervention were all subjected to an oral glucose toler-
ance test (OGTT) at week 7. Therefore, after 6-hours fast-
ing, all mice received 0.5 ml of a 20% glucose solution via
an oral gavage and blood glucose was measured after 15,
30, 45, 60, 90 and 150 minutes using Accu-Chek blood
glucose meters (Roche Diagnostics, Almere, The Nether-
lands). To determine food intake, non-absorbable chro-
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mic oxide was supplemented to the diets for one week
(week 5 of diet intervention). At the end of this week feces
was quantitatively collected during 48 hours and fecal
chromic oxide levels were determined as previously
described [15]. These fecal chromic oxide levels were then
used to calculate the energy intake per mouse per day on
a high-fat and low-fat diet. An outline of this study design
is presented in Additional file 2.

For immunohistochemical analysis, an identical low-fat
and high-fat diet intervention study was performed for 2
weeks (n = 12 per diet). Small intestines were again
excised, divided into three equal parts, cut open longitu-
dinally, and washed with PBS. Thereafter, the small intes-
tinal parts were fixed in 10% buffered formalin and
embedded in paraffin.

RNA isolation

Total RNA was isolated using TRIzol reagent (Invitrogen,
Breda, The Netherlands) according to the manufacturer's
instructions. The isolated RNA was further column-puri-
fied using the SV total RNA isolation system (Promega,
Leiden, The Netherlands). RNA concentration was meas-
ured on a NanoDrop ND-1000 UV-Vis spectrophotome-
ter (Isogen, Maarssen, The Netherlands) and analyzed on
a bioanalyzer (Agilent Technologies, Amsterdam, the
Netherlands) with 6000 Nano Chips according to the
manufacturer's instructions.

Microarray hybridization and analysis

Per time point, equal amounts of total RNA of six mice per
diet group were pooled for the proximal, middle and dis-
tal part of the small intestine. These pooled RNA samples
were hybridized to Mouse genome 430 2.0 arrays
(Affymetrix, Santa Clara, CA, USA). Detailed methods for
the labelling and subsequent hybridizations to the arrays
are described in the eukaryotic section in the GeneChip
Expression Analysis Technical Manual Rev. 3 from
Affymetrix, which is available upon request. Arrays were
scanned on an Affymetrix GeneChip Scanner 3000. For
microarray data analysis Microarray Analysis Suite 5.0
(MAS 5.0) was used, which is also provided by Affymetrix.
Comparison analysis by MAS 5.0 was performed to deter-
mine the dietary fat-induced differential gene expression
for each part of the small intestine per time point. To indi-
cate the magnitude and direction of differential gene
expression, MAS 5.0 software provides signal log ratio's
(SLR). If the SLR is equal to or greater than 0, fold change
is obtained with +25LR, otherwise with -2-SLR Array data
have been submitted to the Gene Expression Omnibus,
accession number GSE8582.

To determine overrepresentation of Gene Ontology (GO)
Biological Process subsets upon high-fat diet intervention,
an ErmineJ overrepresentation analysis (ORA) was per-
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formed [16]. Gene score files that were used as input con-
tained the 'change p-values' of all probes sets provided by
MAS 5.0 comparison analysis. By setting the Gene score
threshold to a p-value of 0.0025, only significantly differ-
entially expressed genes were included in the ORA analy-
ses. Moreover, only GO subsets that contained between 2
and 125 genes were taking into account. The Ermine]J soft-
ware generally uses Benjamini-Hochberg correction of p-
values to determine which gene sets are selected with a
particular false discovery rate (FDR). The FDR is consid-
ered a rapid and reasonable guide to which gene sets are
likely to be of highest interest [16].

Heat map diagrams visualizing SLR of differentially
expressed genes were made using Spotfire DecisionSite
software by applying hierarchical clustering.

cDNA synthesis and real-time quantitative PCR

For each individual sample, single-stranded complemen-
tary DNA (cDNA) was synthesized from 1 pug of total RNA
using the Reverse transcription system (Promega, Leiden,
The Netherlands) following the supplier's protocol. cDNA
was PCR amplified with Platinum Taq DNA polymerase
(all reagents were from Invitrogen). Primer sequences (see
Additional file 3) were retrieved from the online Primer-
Bank database [17], or otherwise designed using the
Primer3 program [18]. Primers were tested for specificity
by BLAST analysis. Real-time quantitative PCR (qPCR)
was performed using SYBR green and a MylQ thermal
cycler (Bio-Rad laboratories BV, Veenendaal, The Nether-
lands). The following thermal cycling conditions were
used: 2 min at 94°C, followed by 40 cycles of 94°C for 15
s and 60°C for 45 s. PCR reactions to validate dietary fat-
induced differential gene expression were performed in
duplicate and all samples were normalized to 18S and
cyclophilin A expression. To analyse basal gene expression
of nuclear receptors along the longitudinal axis of the
small intestine we only normalized for cyclophilin A, as
we found significant differences for 18S expression
between the proximal, middle and distal parts of the small
intestine.

Immunohistochemistry

Four-micrometer sections of paraffin-embedded distal
part of the small intestine were mounted on Superfrost
microscope slides. These sections were dewaxed in xylene
and rehydrated in a series of graded alcohols. To block
endogenous peroxidase activity, slides were incubated
with 3% H,O, for 20 minutes. Antigen retrieval was per-
formed by placing the slides in citrate buffer (pH 6.0) and
heat them in a microwave oven 5 min 700 W (without lid)
and 4 times 5 min 500 W (with lid). After cooling down
to room temperature, the sections were briefly washed
with PBS. Prior to staining, a 20 minutes preincubation
was performed using 20% normal goat serum (Vector
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Laboratories, Burlingame, CA, USA). The sections were
stained in a three-step procedure utilizing the following
incubations: overnight incubation at 4 °C with rat mono-
clonal antibodies against Ki67 (Clone TEC-3) (DakoCyto-
mation B.V., Heverlee, Belgium), diluted 1:200 in PBS.
Thereafter, the sections were incubated with a bioti-
nylated goat-anti-rat for 30 minutes, followed by 45 min-
utes incubation with peroxidase-labelled avidin-biotin
complex (Vector Laboratories). Between all incubations,
sections were washed three times in PBS. Diaminobenzi-
dine tetrahydrochloride (DAB, Vector Laboratories) was
used as substrate to visualize the bound antibodies. After
counterstaining with Meyer's hematoxylin, sections were
mounted with DePex mounting medium (Gurr, BDH,
Poole, Dorset, UK).

Statistical analysis

Physiological data and qPCR results are reported as the
mean + the standard error (SE) for six mice. The differ-
ences between the mean values were tested for statistical
significance by the two-tailed Student's ¢ test.

Results

Dietary fat-induced obesity and insulin resistance in
C57BL/6J mice

To evaluate the effect of a Western-style humanized high-
fat diet on the development of obesity and insulin resist-
ance, C57BL/6] mice were fed a high-fat versus low-fat
diet for eight weeks. Figure 1A shows that already after two
weeks on the high-fat diet, C57BL/6] mice demonstrated
a significantly higher weight gain than mice on the low-fat
diet. Moreover, an oral glucose tolerance test performed
after seven weeks of diet intervention showed that the
high-fat diet induced a significantly higher glucose intol-
erance (Figure 1B), indicating development of insulin
resistance. To determine whether these dietary effects are
confounded by higher energy intake on the high-fat diet,
we calculated food intake from the measurements of non-
absorbable chromic oxide in feces (see Methods). We
found that energy intake on the high-fat diet (10.8 + 0.9
kcal/day) was even slightly lower, but not significantly dif-
ferent from that on the low-fat diet (11.9 + 0.9 kcal/day).
Thus, we conclude that not the amount, but solely the
composition of the high-fat diet induced obesity and
insulin resistance in C57BL/6] mice.

Dietary fat-induced changes in small intestinal gene
expression

After 2, 4 and 8 weeks of diet intervention, molecular
changes between the low- and high-fat diet were analyzed
for each part of the small intestine. The numbers of genes
that were differentially expressed in at least one week of
diet intervention are visualized in Figure 2. The highest
numbers of genes, transiently (grey bars) as well as contin-
uously differentially expressed during diet intervention
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(black and white bars), were found in the middle part of
the small intestine. The most pronounced (-3 > fold
change > +3) and consistent molecular changes through-
out diet intervention are listed in Additional file 4. As
microarray analyses in this study were performed on
mouse samples that were pooled per diet group per time
point, qPCR was used to verify differential gene expres-
sion of randomly selected genes in individual mouse sam-
ples. In all parts of the small intestine, but especially in the
middle part, qPCR results were highly in accordance with
the microarray data (see Additional file 5). In the proxi-
mal and distal part of the small intestine, variance
between individual mouse samples was slightly higher
and therefore the qPCR results were not always signifi-
cant.

Biological processes influenced in the small intestine by
feeding a high-fat diet

We performed an overrepresentation analysis (ORA) for
each part of the small intestine, to determine which bio-
logical processes were influenced by exposure of the small
intestine to a high-fat diet. In the ORA analysis, all genes
showing differential expression in at least one week of diet
intervention were included (Figure 3). Additionally, heat
map diagrams were created to display the number of dif-
ferentially expressed genes that were annotated to the GO
Biological Process terms listed in Figure 3 and to visualize
the magnitude and direction of their differential expres-
sion (indicated by the SLR) (Figure 4).

ORA analysis showed that biological processes related to
lipid metabolism were highly regulated by dietary fat in
all parts of the small intestine. Additionally, the heat map
diagrams in Figure 4A show that the up- or down-regula-
tion of many lipid metabolism-related genes was very
consistent in time and that dietary fat had the strongest
effect in the proximal and middle part of the small intes-
tine. In these parts, genes involved in fatty acid transport,
chylomicron synthesis and especially fatty acid oxidation
were highly up-regulated, whereas genes involved in cho-
lesterol transport were down-regulated by dietary fat. In
the distal part of the small intestine, similar regulation of
fatty acid oxidation and cholesterol transport was seen,
but less prominent than in the more proximal parts of the
small intestine. These data indicate that processing of die-
tary fat is mainly accomplished in the duodenum and
jejunum. However, the ileum is still capable of handling
the overflow of fat.

Furthermore, ORA analysis showed that dietary fat
affected the regulation of cell cycle-related processes. This
effect was most pronounced in the middle and distal parts
of the small intestine. Cell proliferation seemed to be
enhanced by dietary fat early in diet intervention, as at
these time points genes that are essential for progression
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Body weight and oral glucose tolerance test. (A) Body weight gain of C57BL/6] mice during a low-fat or high-fat diet
intervention of 8 weeks. (B) An oral glucose tolerance test was performed after 7 weeks of diet intervention. After an oral gav-
age of 100 mg glucose, blood glucose levels were monitored for 150 minutes. The changes in blood glucose levels (upper fig-
ure) and the area under he curve were calculated (lower figure). In (A) and (B), data are means * SE. * p < 0.05. LF = low-fat
diet, HF = high-fat diet.
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Dietary fat-induced differential gene expression
along the longitudinal axis of the small intestine. For
the proximal, middle and distal part of the small intestine, the
numbers of genes that were differentially expressed in at
least one week of diet intervention are plotted (grey bars).
Among those are genes that were consistently up- (I) or
down-regulated (D) on a high-fat diet (white and black bars,
respectively).

through cell cycle were up-regulated and genes involved
in apoptosis were down-regulated (Figure 4B). Remarka-
bly, after 8 weeks of diet intervention, hardly any differen-
tial gene expression related to cell cycle can be detected.
To ensure that the dietary fat-induced modulations in cell
cycle-related processes reflected proliferation of entero-
cytes and not immune cells (see below), we performed
immunohistochemistry on the distal part of the small
intestine. We found that villus length and the total
number of cells per villus were significantly higher in mice
fed the high-fat diet (Figure 5A and 5B). Additionally, we
determined proliferation rates in the villi by specific stain-
ing of proliferation marker Ki67 (Figure 5C). Differences
in Ki67-positive cells between the low-fat and high-fat
diet were most pronounced at the base of the villi, show-
ing a tendency towards an increased proliferation rate on
a high-fat diet (p = 0.07). Together these data indicate that
inhibition of apoptosis and increase in cell proliferation
induced by dietary fat results in enlargement of small
intestinal villi. This might be functional to extent the
capacity of fat absorption.

GO Biological Process subsets related to inflammation/
immune response were also overrepresented in small
intestine after feeding a high-fat diet. Figure 4C showed
that for many of these related genes the differential expres-
sion was not very consistent in time, especially in the
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proximal and distal part of the small intestine. However,
in the middle part, a substantial number of genes showed
a sustained down-regulation throughout high-fat diet
intervention. Remarkably, many of these down-regulated
genes are known to be interferon gamma (IFNy)-induci-
ble genes [19,20]. This continuous down-regulation of
genes in the middle part of the small intestine suggests a
diminished inflammatory response to the high-fat diet.
However, it remains difficult to draw a definitive conclu-
sion on inflammatory status of the overall small intestine,
as hardly any gene showed a continuous up- or down-reg-
ulation in all parts of the small intestine.

Differential gene expression of nuclear receptors and their
target genes in the small intestine after feeding a high-fat
diet

Nutritional modulation of metabolic pathways is fre-
quently mediated by nuclear receptors that act as ligand-
activated transcription factors [21]. In the small intestine,
we found that gene expression related to lipid metabo-
lism-related processes was highly affected after exposure
to a high-fat diet. As peroxisome proliferator activated
receptors (Ppars) and liver X receptors (Lxrs) are com-
monly linked to these pathways, we selected these nuclear
receptors to study their role in transcriptional regulation
during high-fat diet intervention. Another metabolic
nuclear receptor that might be a key regulator of the
response to dietary fat is the farnesoid X-activated receptor
(Fxr). This receptor is activated by bile acids [22], which
are supposed to be elevated in the small intestinal lumen
after feeding a high-fat diet to facilitate digestion. First, we
determined the expression of the nuclear receptors along
the longitudinal axis of the small intestine under basal
conditions (on a low-fat diet) (Figure 6). For most nuclear
receptors, the highest expression could be detected in the
middle part of the small intestine where fat absorption is
expected to be most pronounced. The highest Fxr expres-
sion was found in the ileum, the predominant site for
absorption of bile acids. Except for the continuously
down-regulation of Ppard and co-activator Pgcl« in the
middle part of the small intestine, the effect of a high-fat
diet on nuclear receptor expression itself was minimal
(Figure 7). However, even more informative for their reg-
ulatory involvement in lipid metabolism-related proc-
esses, is the ligand-specific activation pattern of the
nuclear receptors. Therefore, we analyzed the differential
expression of the target genes of the nuclear receptors,
which reflects their activation by specific nutrients (pri-
mary diet effects; e.g. fatty acids) and/or diet-related
metabolites (secondary diet effects; e.g. biliary cholesterol
and bile acids). Ppara, -6 and -y can all be activated by
fatty acids and in general there seems to be a substantial
overlap between the target genes of these nuclear recep-
tors. In the small intestine, the activation of Ppara is most
extensively studied and therefore we mainly focused on

Page 6 of 16

(page number not for citation purposes)



BMC Medical Genomics 2008, 1:14

http://www.biomedcentral.com/1755-8794/1/14

proximal middle distal

GO Biological Process GO ID wk2 wk4 wk8|wk2 wk4 wk8|wk2 wk4 wks
fatty acid metabolism GO:0006631
phospholipid metabolism GO0:0006644
steroid biosynthesis GO0:0006694
coenzyme metabolism G0:0006732
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:S lipid biosynthesis G0:0008610
% phospholipid biosynthesis G0:0008654
sterol metabolism GO:0016125
fatty acid oxidation GO:0019395
carboxylic acid metabolism GO0:0019752
membrane lipid biosynthesis GO:0046467
G1/S transition of mitotic cell cycle G0:0000082
M phase of mitotic cell cycle G0:0000087
regulation of cell growth G0:0001558
o  Nhucleosome assembly GO:0006334
% anti-apoptosis G0:0006916
= mitosis G0:0007067
e negative regulation of cell proliferation G0:0008285
cell growth GO:0016049
negative regulation of progression through cell cycle GO0:0045786
positive regulation of programmed cell death G0:0043068
_g physiological defense response G0:0002217
.5 §_ Ag p&p of exogenous peptide antigen G0:0002478
® $ humoral immune response GO:0006959
E g antigen processing and presentation (Ag p&p) G0:0019882
€ € Ag p&p of exogenous antigen G0:0019884
£ Ag p&p of exogenous peptide antigen via MHC class Il GO:0019886
pyruvate metabolism GO:0006090
»  phosphate metabolism GO:0006796
§ oxygen and reactive oxygen species metabolism GO:0006800
5 sodium ion transport GO0:0006814
é response to oxidative stress G0:0006979
= mRNA metabolism GO:0016071
protein metabolism G0:0019538

Figure 3

Overrepresentation of GO Biological Process subsets in the small intestine during high-fat diet intervention. In
the ORA analysis all genes showing differential expression in at least one week of diet intervention were included. For the
proximal, middle and distal part of the small intestine, GO Biological Process subsets with a FDR < 0.0] and a RawScore = 10
in at least one week of diet intervention are considered significantly overrepresented. Black boxes indicate |.0E-31 < FDR <
I.0E-08; dark grey boxes indicate |.0E-08 < FDR < 0.01; white boxes indicate FDR > 0.01, so not significant. An empty row
indicates that this part of small intestine did meet the above mentioned selection criteria (i.e. FDR > 0.01 at all time points).

the differential expression of Ppara target genes as identi-  small intestine. As many of the target genes were also
fied in Ppara null mice [23] (Figure 7). Our microarray  annotated to overrepresented lipid metabolism-related
data clearly show that Ppara is considerably activated on ~ processes (Figure 3 and Figure 4A), we conclude that
the high-fat diet, as numerous target genes were up-regu-  Ppara plays an important regulatory role in absorption
lated especially in the proximal and middle part of the  and processing of the dietary fat in the small intestine.
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Lipid metabolism

1. Cholesterol transport (e.g. Abca1, Npc1l1)

2. Fatty acid transport (e.g. SLC27a2, SLC27a4)
3. Chylomicron synthesis (e.g. Mttp, Apoc2)

4. Fatty acid oxidation (e.g. Cpt1a, Hadha)

-1.5 M 15 SLR

Cell cycle

1. Apoptosis (e.g. Birc, Bcl, Casp)

2. Progression through cell cycle (e.g. Cyclin, Cdk, Cdc)
3. Histone related (e.g. Hist1h1c, Hist2h3c2)

-1.5 TN 15 SLR

Inflammation/immune response
1. Acute phase proteins (e.g. Pap, Reg3g)

2. Histocompatibility class Il (e.g. H2-Aa, H2-DMa)

3. Immunoglobulin related (e.g. Igl-V1,lgj)

4. IFNy induced (e.g. Ifi30, Indo)

-1.5 M 15 SLR

Heat map diagrams of differentially expressed genes on a high-fat diet. SLR of differentially expressed genes related

to lipid metabolism (A), cell cycle (B) and inflammation/immune response (C)

are clustered in a heat map diagram for the prox-

imal, middle and distal part of the small intestine. Green and red indicate down- and up-regulation of gene expression, respec-
tively. In general, three expression patterns can be distinguished; consistently up-regulated, consistently down-regulated or

alternate up- and down-regulation during diet intervention. Amongst other genes that display similar expression patterns on a
high-fat diet, the boxes include differentially expressed genes that share association with particular biological processes (num-

bered). Differentially expressed genes with a -0.3 > SLR > 0.3 in at least one
color scheme ranges from SLR -1.5 to I.5.

week of diet intervention were included and the
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Figure 5

Dietary fat-induced cell proliferation in the small
intestine, analyzed by immunohistochemistry. Inmu-
nohistochemistry was performed on distal small intestinal
sections of C57BL/6) mice fed a low-fat or high-fat diet using
Ki67-specific antibodies. Besides the villus length (A) and
total number of villus cells (B), also the number of Ki67-posi-
tive cells per villus (C) were determined. Per mouse, 15 villi
were counted and the mean values were calculated. * p <
0.05, # p = 0.07. LF = low-fat diet, HF = high-fat diet.
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Nuclear receptors Lxra (Nr1h2) and Lxrf3 (Nr1h3) are
known to be activated by endogenous oxysterol metabo-
lites. They control gene expression related to cholesterol
and fatty acid metabolism. Surprisingly, for these biologi-
cal processes we found quite different expression patterns
of the target genes. Cholesterol transporters ATP-binding
cassette, subfamily A1, -G5 and -G8 (Abcal, Abcg5 and
Abcg8, respectively) were down-regulated by a high-fat
diet, whereas stearoyl-Coenzyme A desaturase 1 (Scdl) and
sterol regulatory element binding factor (Srebf1) were up-reg-
ulated. Fatty acid synthase (Fasn) showed hardly any regu-
lation. These data suggest that on a high-fat diet the
expression of these target genes is not exclusively control-
led by these Lxr receptors. Other transcription factors and
co-regulators might also be involved.

Based on the expression patterns of Fxr (Nrlh4), we
expected the most pronounced target gene regulation in
the distal part of the small intestine. However, in this part
we only found a late down-regulation of fibroblast growth
factor 15 (Fgf15), a signaling molecule that represses bile
acid synthesis in the liver. Remarkably, the most pro-
nounced differential gene expression of Fxr target genes
was found in the middle part of the small intestine,
namely a continuous up-regulation of ileal bile acid binding
protein (Ibabp) and small heterodimer partner (Shp). These
results suggest that on a high-fat diet the passive absorp-
tion of unconjugated bile acids increases in the middle
part of the small intestine, while active absorption of bile
acids in the distal part of the small intestine is probably
decreased. Taken together, our data showed that Ppars,
Lxrs and Fxr are substantially activated by the primary and
secondary metabolites of a high-fat diet and might there-
fore play an important role in regulation of small intesti-
nal lipid metabolism-related processes during high-fat
diet intervention.

Secretome analysis of differentially expressed genes in the
small intestine after feeding a high-fat diet

Next to molecular changes that provoke local metabolic
effects in the small intestine, we also studied the differen-
tial gene expression of (novel) small intestinal secreted
proteins that are able to induce systemic effects. To iden-
tify the secreted proteins that are differentially expressed
during high-fat diet intervention, we performed a secre-
tome analysis. For this analysis, genes that were differen-
tially expressed in at least one week of diet intervention
(fold change >1.5) were additionally selected for their cor-
responding GO Cellular Component term 'extracellular
region/space’ (GO:0005576/G0O:0005615) (Figure 8).
Some of these selected genes showed a consistent differen-
tial gene expression throughout the small intestine and at
all time points (e.g. Angptld, ApoC2, Dnasel, Cgrefl, Gaso6,
H2-Q10). Differential expression of others genes was
restricted to a more specific part of the gut (e.g. Cck, Gsn,
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Figure 6

Relative mRNA expression of nuclear receptors along the longitudinal axis of the small intestine under basal
conditions. For the proximal, middle and distal part of the small intestine, gene expression levels of Ppars, Lxrs and Fxr were
determined after 2 weeks of low-fat diet intervention. gPCR data of the nuclear receptors are visualized as the mean expres-
sion of individual mice + SE. Expression in the middle and distal part of the small intestine is relative to the expression in the
proximal part, which was set to |. g, b, and c indicate significant (p < 0.05, two-tailed Student's t test) differential gene expres-
sion between the distinct parts of the small intestine (a between the proximal and middle part, b between the middle and distal

part and ¢ between the proximal and distal part).

Pap, Regl, Fgf15, Ccl28, Pyy). For several genes, also a time
effect could be detected in their differential expression, as
they showed early (e.g. Igfbp4, Ttr) or late phase (e.g. Ccl5,
Ccl28, 1gj, Fgf15) responses. Consistent with the ORA
analysis data described above, many of the secreted pro-
teins are related to lipid metabolism, especially chylomi-
cron synthesis (e.g. ApoA4, ApoC2, ApoC3), and
inflammation/immune response (e.g. several chemok-
ines, H2-Q10, 1118, Mif, Rsad2, Saal/2). Although we do
not propose that all of these secreted proteins act as sign-
aling molecules that provoke a systemic effect on periph-
eral organs, we consider genes related to inflammation/
immune response and the gut hormones (e.g. Cck, Pyy) as
promising candidates. Also genes with a pronounced dif-
ferential gene expression, of which function is not com-
pletely elucidated yet (e.g. Angptl4, H2-Q10, Oitl,
Smpdl3a/b) are potential interesting signaling molecules
that might contribute to development of obesity and/or
insulin resistance.

Discussion

In this study, we demonstrated that C57BL/6] mice
develop obesity and glucose intolerance on a high-fat diet
that mimics the fatty acid composition of a Western-style
human diet. It might seem surprising that despite the iso-

energetic intake on the low- and high-fat diet, only mice
on a high-fat diet become obese. However, this can (at
least partly) be explained by the increased energy dissipa-
tion on the low-fat diet due to ATP requirement for the
conversion of glucose to fatty acids. This process occurs in
liver and adipose tissue of rodents [24], but is thought to
be of minor importance in humans on a Western-style
diet [25].

Microarray analyses of small intestinal mucosa showed
that dietary fat had the most pronounced effect in the
middle part of the small intestine. Furthermore, we found
that many dietary fat-induced molecular changes are
related to lipid metabolism, cell cycle and inflammation/
immune response. Although it seems obvious that lipid
metabolism with respect to fatty acid absorption and
transport is changed in the small intestine after feeding a
high-fat diet, it remains intriguing that also fatty acid oxi-
dation is elevated. So far, there is no solid explanation for
this, but we speculate that small intestinal fatty acid oxi-
dation is enhanced to prevent toxic accumulation of free
fatty acids in the enterocyte. In liver, muscle and adipose
tissue, chronic inflammation is also considered to be a key
player in the development of metabolic disorders [26]. In
the small intestine, however, we found no conclusive evi-
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proximal middle distal

Probe set ID _Gene name Symbol  wk2 wk4 wk8|wk2 wk4 wk8|wk2 wk4 wk8
Ppar & target genes
1449051_at Peroxisome proliferator activated receptor a Ppara
1439797 _at Peroxisome proliferator activated receptor & Ppard
1420715_a_at Peroxisome proliferator activated receptor y Ppary
1456395_at Ppary, coactivator 1a Pgcla
1416946_a_at Acetyl-CoA acyltransferase 1 Acaa1
1449065_at Acyl-CoA thioesterase 1 Acot1
1439478_at Acyl-CoA thioesterase 2 Acot2
1416408_at Acyl-CoA oxidase 1, palmitoyl Acox1
1460409_at Carnitine palmitoyltransferase 1a, liver Cptla
1424853_s_at Cytochrome P450, family 4 a, polypeptide 10  Cyp4a10
1423858_a_at 3-Hydroxy-3-methylglutaryl-CoA synthase 2 Hmgcs2
1416632_at Malic enzyme, supernatant Mod1
1417273_at Pyruvate dehydrogenase kinase, isoenzyme 4 Pdk4
1423108_at Solute carrier family 25, member 20 Slc25a20
Lxr & target genes
1450444 _a_at Liver X receptor a Lxra, Nr1h3 NC
1416353_at Liver X receptor 3 LxrB, Nr1h2 -
1421840_at ATP-binding cassette, sub-family A, 1 Abca1
1419393 _at ATP-binding cassette, sub-family G, 5 Abcg5
1420656_at ATP-binding cassette, sub-family G, 8 Abcg8
1423828_at Fatty acid synthase Fasn
1415964 _at Stearoyl-Coenzyme A desaturase 1 Scd1
1426690_a_at Sterol regulatory element binding factor 1 Srebf1
Fxr & target genes
1419105_at Farnesoid X-activated receptor Fxr, Nr1h4
1450682_at lleal bile acid binding protein Ibabp, Fabp6
1418376_at Fibroblast growth factor 15 Fgf15
1449854 _at Small heterodimer partner Shp, NrOb2
1454854 _at Organic solute transporter beta Ostb
1450245_at Solute carrier family 10, member 2 (Asbt) Slc10a2

Figure 7

Dietary fat-induced differential expression of nuclear (hormone) receptors and their target genes in the small
intestine. For the proximal, middle and distal part of the small intestine, differential gene expression (indicated by fold

changes) of nuclear (hormone) receptors and their target genes was determined by microarray analysis, after 2, 4, and 8 weeks
of high-fat diet intervention. Red and green boxes indicate a significant up- and down-regulation, respectively. NC = no change,

A = absent.

dence for an increased inflammatory status that might
contribute to development of dietary fat-induced obesity
and insulin resistance.

Further analysis of our microarray data revealed that
nuclear receptors, such as Ppars, ILxr and Fxr play an
important role in the regulation of small intestinal metab-
olism after feeding a high-fat diet. Besides this, we also
found differential gene expression of signaling molecules
that can be secreted from the small intestinal mucosa and
provoke systemic effects. To determine the association of

these dietary-fat induced changes in the small intestine
with development of obesity and/or insulin resistance, we
linked them to previous data that were mainly obtained
by using null- and transgenic mice models (Table 1). We
consider the molecular changes that point into the right
direction (Table 1; shown in bold) to be potential small
intestinal effectors in the etiology of the metabolic syn-
drome. This will now be further discussed. Recently,
Tobin et al. reviewed the role of Ppars, Lxrs and Fxr in dis-
eases that are related to the metabolic syndrome [27].
However, these transcription factors were mainly studied
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proximal middle distal

Probe set ID_Gene name Symbol wk2 wk4 wk8|wk2 wk4 wk8|wk2 wk4 wks

1451625_a_at  RIKEN cDNA 1700013L23 gene 1700013L23Rik NC A A A

1453132 a_at  RIKEN cDNA 1810036H07 gene 1810036H07Rik A A A A

1428947_at RIKEN cDNA 2010001M09 gene 2010001MO9Rik NC

1425233_at RIKEN cDNA 2210407C18 gene 2210407C18Rik NC

1417130_s_at  angiopoietin-like 4 Angptl4

1417761_at apolipoprotein A-IV Apoa4

1418069_at apolipoprotein C-I Apoc2

1418278_at apolipoprotein C-l Apoc3

1446007 _at Bone morphogenetic protein 1 Bmp1

1455851_at bone morphogenetic protein 5 Bmp5

1419473 a_at  cholecystokinin Cck

1419426_s_at  chemokine (C-C motif) ligand 21 Ccl21

1455577 _at Chemokine (C-C motif) ligand 28 Ccl28

1418126_at chemokine (C-C motif) ligand 5 Ccl5

1417074 _at CEA-related cell adhesion molecule 10 Ceacam10

1424528 at cell growth regulator with EF hand domain 1 Cgref1

1422632_at cathepsin W Ctsw

1418652_at chemokine (C-X-C motif) ligand 9 Cxcl9

1424592 a_at  deoxyribonuclease | Dnasel

1418376_at fibroblast growth factor 15 Fgf15

1417399_at growth arrest specific 6 Gas6

1423404 _at gastrokine 1 Gkn1

1415812_at gelsolin Gsn

1416905_at guanylate cyclase activator 2a (guanylin) Guca2a

1417898 _a_at granzyme A Gzma

1419060_at granzyme B Gzmb

1425137_at histocompatibility 2, Q region locus 10 H2-Q10

1423062_at insulin-like growth factor binding protein 3 Igfbp3

1437405_a_at  insulin-like growth factor binding protein 4 Igfop4

1423584 _at insulin-like growth factor binding protein 7 Igfbp7

1424305_at immunoglobulin joining chain lgj

1417932_at interleukin 18 118

1449492 _a_at leukocyte cell-derived chemotaxin 2 Lect2

1438312_s_at  latent Tgf beta binding protein 3 Ltbp3

1416335_at macrophage migration inhibitory factor Mif

1424502_at oncoprotein induced transcript 1 Oit1

1448290_at Pacreatitis-associated protein Pap

1437453_s_at  proprotein convertase subtilisin/kexin type 9 Pcsk9

1417426_at proteoglycan 1, secretory granule Prg1

1431057_a_at  protease, serine, 23 Prss23

1424865_at peptide YY Pyy

1415905_at regenerating islet-derived 1 Reg1

1424009_at regenerating islet-derived 3 delta Reg3d NC

1448872_at regenerating islet-derived 3 gamma Reg3g NC

1418931_at regenerating islet-derived family, member 4 Reg4

1436058_at radical S-adenosyl methionine domain 2 Rsad2 NC

1450788_at serum amyloid A 1 Saal NC

1449326_x_at  serum amyloid A 2 Saa2 NC

1416635_at sphingomyelin phosphodiesterase, acid-like 3A SmpdI3a NC

1417300_at sphingomyelin phosphodiesterase, acid-like 3B SmpdI3b NC

1415871_at transforming growth factor, beta induced Tgfbi NC

1455913 x_at  transthyretin Ttr NC

1426399_at von Willebrand factor A domain containing 1 Vwai NC _
Figure 8

Secretome analysis of differentially expressed genes in the small intestine during high-fat diet intervention.
Secretome analysis was performed for the proximal, middle and distal part of the small intestine and included differentially
expressed genes with fold changes < -1.5 and > +1.5 in at least one week of diet intervention. Red and green boxes indicate a
significant up- and down-regulation, respectively. NC = no change, A = absent.
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in liver, muscle and white adipose tissue and little is
known so far about their small intestinal function. In our
study, we found an elevated expression of many target
genes of Ppars, especially of Ppara, which are involved in
lipid metabolism-related processes, such as fatty acid
transport and fatty acid oxidation. Previous studies
showed that Ppara null mice become more obese on a
high-fat diet than wild-type mice, but are resistant to die-
tary fat-induced insulin resistance [28,29]. With regard to
our study this might suggest that an elevated activation of
Ppara in the small intestine can contribute to develop-
ment of insulin resistance on a high-fat diet. As in null
mice, the lack of Ppara is associated with obesity it is hard
to directly link our Ppara-related gene expression data to
this metabolic disorder. However, Kondo et al. recently
showed that a suboptimal activation of Ppara and there-
fore an impaired fatty acid oxidation in the small intestine
of C57BL/6] mice might also contribute to the develop-
ment of dietary fat-induced obesity [5]. Interestingly, the
decreased expression of Pgc1 & that we found in our study
might point in the direction of a suboptimal activation of
Pparo, as it is known that Pgcla can cooperatively induce
the expression of Ppara target genes and increase cellular
fatty acid oxidation rates [30]. Moreover, a decreased
expression of Pgcla was previously already linked to an
inefficient fatty acid oxidation [31]. The continuous
down-regulation of Ppard in the middle part of the small
intestine might also be related to development of insulin
resistance, as Ppard null mice become more glucose intol-
erant on a high-fat diet [32]. Taken together, Ppars and
their co-activator Pgcla might be substantial small intes-
tinal contributors to development of obesity and/or insu-
lin resistance. For Lxr target genes Abcal, Scd1 and Srebf1
(encodes for sterol regulatory element binding protein 1c
(Srebplc)), a similar discrepancy as was seen for their
small intestinal gene expression on a high-fat diet was
reflected in the susceptibility of the corresponding null
mice to develop obesity and/or insulin resistance (Table
1). Abcal null mice become more glucose intolerant,
whereas Scd1 and Srebp1c null mice are protected against
these diet-induced metabolic disorders [33-35]. There-
fore, dietary fat-induced down-regulation of Abcal and
up-regulation of Scdl and Srebfl might contribute to
development of obesity and/or insulin resistance. The
strong up-regulation of Fxr target gene Shp in the middle
part of the small intestine might also be involved in devel-
opment of these metabolic diseases, as previous null mice
studies showed that mice lacking Shp are resistant to die-
tary fat-induced obesity and insulin resistance [36]. More-
over, the study of Wang et al. [36] implied that high
expression levels of Shp might be correlated with
decreased levels of Pgcla. Our study also shows an inverse
relationship between the expression of Shp and Pgcla.
Exploration of the small intestinal function of Abcal,
Scdl, Srebplc and Shp might further elucidate their

http://www.biomedcentral.com/1755-8794/1/14

potential role in development of obesity and/or insulin
resistance.

Various signaling molecules that we found differentially
expressed in the small intestine after exposure to a high-
fat diet were previously associated with excessive weight
gain and an impaired glucose homeostasis. A recent study
showed that mice lacking the inflammatory cytokine
interleukin 18 (I118) have markedly increased body
weight and are insulin resistant [37,38]. It is even sug-
gested that 1118 possesses a glucose-lowering potential.
The continuous decreased expression of 1118 in the proxi-
mal and middle part of the small intestine that we found
after a high-fat diet intervention might suggest a role in
dietary fat-induced obesity and insulin resistance. Next to
118, macrophage inhibitory factor (Mif) is a pro-inflam-
matory cytokine that we found up-regulated in the small
intestine by dietary fat. This increased expression might
contribute to elevated plasma levels of Mif that are previ-
ously related to obesity and insulin resistance [39,40].
Furthermore, Fgf15 expression is thought to be inversely
associated with development of insulin resistance [41],
whereas a positive correlation is reported for expression of
insulin-like growth factor binding protein 3 (Igfbp3) [42].
In accordance with these previous studies, we found a
down-regulation of Fgf15 in the distal small intestine and
an up-regulation of Igfbp3 in the proximal parts of small
intestine after feeding a high-fat diet. Previous studies
showed that suppression of Angptl4 by gut microbiota,
was related to dietary fat-induced obesity [6]. In contrast,
we found a continuous up-regulation of this gene in all
parts of the small intestine. This implies that in our
C57BL/6] mice, the gut microbiota was not able to sup-
press Angptl4 on a high-fat diet. Nevertheless, the mice
still became obese. Therefore, we conclude that small
intestinal Angptl4 is probably not a main contributor to
development of obesity in our mouse model. Interest-
ingly, however, studies of Mandard et al. showed that ele-
vated levels of Angptl4 in blood are related to glucose
intolerance [43]. This might indicate that the dietary-fat
induced up-regulation of Angptl4 in the small intestine
can provoke a systemic effect on development of insulin
resistance. Moreover, a recent study of Desai et al. indi-
cates that Angptl4 plays an important role in the small
intestine [44]. They showed that Angptl4 null mice dis-
play severe intestinal pathology, especially abnormalities
of intestinal lymphatics, which even deteriorated after
feeding a high-fat diet. Further research will be required to
more accurately elucidate the function of Angptl4, but
also of 1118, Fgf15, Mif and Igfbp3 in the small intestine
and their possible role in the etiology of the metabolic
syndrome. For the incretin hormones, gastric inhibitory
polypeptide and glucagon-like peptide-1, that are fre-
quently associated with insulin sensitivity we found
hardly any changes in gene expression on a high-fat diet.
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Table I: Obesity- and/or insulin resistance-associated genes and their expression in the small intestine of C57BL/6) mice fed a high-fat

diet.

Gene name (symbol)

Previous association with obesity and/or
insulin resistance (ref.)

Transcriptional regulation in small

intestine on a HF diet

Nuclear receptors & target genes
ATP-binding cassette, sub-family A, |
(Abcal)

Farnesoid X-activated receptor (Fxr,
Nr1h4)

Liver X receptor (LXRa/, Nr1h2/3)

Peroxisome proliferator activated
receptor a (Ppara)

Peroxisome proliferator activated
receptor 3 (Ppard)

Peroxisome proliferator activated
receptor y (Ppary)

Ppary, coactivator lo (Pgcla)
Stearoyl-Coenzyme A desaturase | (Scdl)

Sterol regulatory element binding factor |
(Srebfl)
Small heterodimer partner (Shp, NrOb2)

Secreted (signaling) proteins
Angiopoietin-like 4 (Angptl4)

Fibroblast growth factor |5 (Fgfl5)
Glucagon-like peptide-1 (Glpl)
Gastric inhibitory polypeptide (Gip)

-I- mice; IR A [45] JP,M,D

-/- mice; IR A [46, 47] minimal regulation, but target genes:
TPM D

-/- mice; obesity & IR ¥ [48] minimal regulation, but target genes:
cholesterol metabolism { P,M, D
fatty acid metabolism TP, M

-/- mice; obesity A, IR ¥ [28,29] minimal regulation, but target genes:
TP,M, D

-I- mice; IR A [32] N

-/+ mice; IR' ¥ [49, 50] minimal regulation

Agonists (TZDs) used as anti-diabetic agents

-/- mice; obesity A, IR ¥ 51 IM

-/- mice; obesity & IR ¥ 33,34 TP,M,D

-/- mice; obesity ¥ [35] TP

-I- mice; obesity & IR ¥ [36] TP,M

Tg mice; obesity ¥, IR A [6] TP,M,D

Suppression by gut microbiota promotes

triglyceride storage

Injection of Fgfl5; glucose tolerance A [41] D

High plasma levels; IR ¥ [12,13] 7 (slightly) M

High plasma levels; IR ¥ [13] 1 (slightly) D

Tg mice; IR A [42] TP,M

Insulin-like growth factor binding protein
3 (Igfbp3)

Interleukin 18 (1118)

Macrophage migration inhibitory factor

(Mif)

-/- mice; obesity & IR A

High plasma levels; obesity & IR A [39]

[37] IP,M
™M, D

-/- mice: null mice, +/- mice: heterozygous mice, Tg mice: transgenic mice, IR: insulin resistance, P, M, D: proximal, middle, distal part of the small
intestine, A: prone to, V: resistant to, T: up-regulated expression, : down-regulated expression. In bold: dietary-fat induced molecular changes in
the small intestine that point in the same direction as data from previous null- and transgenic mouse studies regarding development of metabolic

syndrome.

Therefore, in our study the incretins probably do not con-
tribute to the development of dietary fat-induced insulin
resistance in the C57BL/6] mice.

Conclusion

During development of obesity and insulin resistance,
biological processes related to lipid metabolism, cell cycle
and inflammation/immune response are most strongly
modulated in the small intestine of C57BL/6] mice fed a
high-fat diet that mimics the fatty acid composition of a
Western-style human diet. Our data further indicate that
Ppars, Lxrs and Fxr are important metabolic regulators in
the response of the small intestine to dietary fat. Next to
these local small intestinal effects of a high-fat diet, we
also found modulated expression of secreted proteins,
such as 1118, Fgf15, Mif, Igfbp3 and Angptl4. These signal-
ing molecules might provoke metabolic effects in liver,
muscle and adipose tissue that underlie the development

of the metabolic syndrome. Finally, as many of the die-
tary-fat induced molecular changes in the small intestine
point in the same direction as data from previous null-
and transgenic mouse studies, we propose these changes
to be plausible effectors illustrating the role of the small
intestine in the etiology of the metabolic syndrome.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

NW, MM and RM participated in the design and supervi-
sion of the study. HBV performed most experimental
work, such as sample preparation and qPCR. MG and JJ
hybridized the microarrays. PG and GH assessed the qual-
ity control of the microarrays and provided support for
microarray analysis. NW performed microarray analysis
and drafted, together with RM, the manuscript. GH and

Page 14 of 16

(page number not for citation purposes)



BMC Medical Genomics 2008, 1:14

MM provided valuable feedback on the initial draft. All
authors read and approved the final manuscript.

Additional material

Additional file 1

Diet composition. Composition of the low-fat and high-fat diets that were
used in the diet intervention study in C57BL/6] mice.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1755-
8794-1-14-S1.doc]

Additional file 2

Outline of the diet intervention study in C57BL/6] mice. After a 3-weeks
acclimatization period on the low-fat purified (LF) diet, C57BL/6] mice
were fed a LF or high-fat (HF) purified diet for 2, 4 and 8 weeks (n = 6
per diet group, per time point). Body weight was recorded weekly. After 7
weeks of diet intervention, an oral glucose tolerance test (OGTT) was per-
formed on six mice per diet group. 'A" indicates that for both diets at week
2, 4 and 8, microarray analysis was performed on the proximal, middle
and distal part of the small intestine (SI), using pooled RNA samples for
each diet group.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1755-
8794-1-14-S2.pdf]

Additional file 3

Primer sequences. Overview of primer sequences that were used for qPCR
verification of dietary fat-induced differential gene expression in the small
intestine of C57BL/6] mice.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1755-
8794-1-14-S3.doc]|

Additional file 4

Genes showing a consistent differential expression in the small intestine of
C57BL/6] mice in all weeks of diet intervention. List of genes with the
most pronounced (fold changes < -3.0 and > +3.0 in at least one week of
diet intervention) and consistent differential gene expression in the small
intestine of C57BL/6] mice during diet high-fat intervention.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1755-
8794-1-14-S4.doc]|

Additional file 5

Verification of microarray results in individual mice by qPCR analysis.
For the proximal (A), middle (B) and distal part of the small intestine
(C), five genes that were found to be differentially expressed by microarray
analysis were randomly selected and their expression was validated in
individual mouse samples by qPCR. The qPCR data are visualized as the
mean expression of all individual mice per diet group per time point + SE,
relative to the expression on the LF diet at week 2, which was set to 1.
Only the results of the 18S normalization are shown as they are similar to
the results obtained for the cyclophilin A normalization. White and black
bars represent gene expression on the low- and high-fat diet, respectively.
# significant differential gene expression indicated by MAS 5.0. * p <
0.05 (two-tailed Student's t test).

Click here for file
|http://www.biomedcentral.com/content/supplementary/1755-
8794-1-14-S5.pdf]

http://www.biomedcentral.com/1755-8794/1/14

Acknowledgements

The authors would like to thank people of the animal facility of Wageningen
University, especially Suzanne Arts and Rene Bakker, for their excellent and
stimulating assistance with the animal experiment. Special thanks also to Els
Oosterink for her valuable contribution to gene expression analyses by
qPCR.

References

I. Moller DE, Kaufman KD: METABOLIC SYNDROME: A Clinical
and Molecular Perspective. Annual Review of Medicine 2005,
56(1):45-62.

2. Laaksonen DE, Niskanen L, Lakka HM, Lakka TA, Uusitupa M: Epide-
miology and treatment of the metabolic syndrome. Ann Med
2004, 36(5):332-346.

3.  Kahn BB, Flier JS: Obesity and insulin resistance. | Clin Invest
2000, 106(4):473-481.

4. Winzell MS, Ahren B: The high-fat diet-fed mouse: a model for
studying mechanisms and treatment of impaired glucose tol-
erance and type 2 diabetes. Diabetes 2004, 53 Suppl 3:5215-9.

5.  Kondo H, Minegishi Y, Komine Y, Mori T, Matsumoto |, Abe K,
Tokimitsu |, Hase T, Murase T: Differential regulation of intesti-
nal lipid metabolism-related genes in obesity-resistant A/)
vs. obesity-prone C57BL/6) mice. Am | Physiol Endocrinol Metab
2006, 291(5):E1092-1099.

6.  Backhed F, Manchester JK, Semenkovich CF, Gordon JI: From the
Cover: Mechanisms underlying the resistance to diet-
induced obesity in germ-free mice. PNAS 2007,
104(3):979-984.

7. Lin), YangR, Tarr PT, Wu PH, Handschin C, Li S, Yang W, Pei L, Uldry
M, Tontonoz P, Newgard CB, Spiegelman BM: Hyperlipidemic
Effects of Dietary Saturated Fats Mediated through PGC-
I[beta] Coactivation of SREBP. Cell 2005, 120(2):261.

8. Roche HM, Phillips C, Gibney MJ: The metabolic syndrome: the
crossroads of diet and genetics. Proc Nutr Soc 2005,
64(3):371-377.

9.  Sparks LM, Xie H, Koza RA, Mynatt R, Hulver MW, Bray GA, Smith
SR: A High-Fat Diet Coordinately Downregulates Genes
Required for Mitochondrial Oxidative Phosphorylation in
Skeletal Muscle. Diabetes 2005, 54(7):1926-1933.

10. Kreeft A, Moen CJA, Porter G, Kasanmoentalib S, Sverdlov R, van
Gorp PJ, Havekes LM, Frants RR, Hofker MH: Genomic analysis of
the response of mouse models to high-fat feeding shows a
major role of nuclear receptors in the simultaneous regula-
tion of lipid and inflammatory genes. Atherosclerosis 2005,
182(2):249.

I'l.  Campion J, Milagro Fl, Fernandez D, Martinez JA: Diferential gene
expression and adiposity reduction induced by ascorbic acid
supplementation in a cafeteria model of obesity. | Physiol Bio-
chem 2006, 62(2):71-80.

12. Cummings DE, Overduin J: Gastrointestinal regulation of food
intake. J Clin Invest 2007, 117(1):13-23.

13.  Drucker DJ: The role of gut hormones in glucose homeostasis.
J Clin Invest 2007, 117(1):24-32.

14.  Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon
Jl: An obesity-associated gut microbiome with increased
capacity for energy harvest. Nature 2006, 444(7122):1027.

I5.  Schurch AF, Lloyd LE, Crampton EW: The use of chromic oxide
as an index for determining the digestibility of a diet. | Nutr
1950, 41(4):629-636.

16. Lee H, Braynen W, Keshav K, Pavlidis P: Ermine): Tool for func-
tional analysis of gene expression data sets. BMC Bioinformatics
2005, 6(1):269.

17. Wang X, Seed B: A PCR primer bank for quantitative gene
expression analysis. Nucleic Acids Res 2003, 31(24):e154.

18. Rozen S, Skaletsky H: Primer3 on the WWW for general users
and for biologist programmers . In Bioinformatics Methods and
Protocols: Methods in Molecular Biology Edited by: Krawetz S, Misener S.
Totowa, NJ, Humana Press; 2000:365-386.

19. Kota RS, Rutledge JC, Gohil K, Kumar A, Enelow RI, Ramana CV:
Regulation of gene expression in RAW 264.7 macrophage
cell line by interferon-[gamma]. Biochemical and Biophysical
Research Communications 2006, 342(4):1137.

20. Rhee §), Walker WA, Cherayil B): Developmentally Regulated
Intestinal Expression of IFN-{gamma} and Its Target Genes

Page 15 of 16

(page number not for citation purposes)



BMC Medical Genomics 2008, 1:14

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

and the Age-Specific Response to Enteric Salmonella Infec-
tion. J Immunol 2005, 175(2):1127-1136.

Desvergne B, Michalik L, Wahli W: Transcriptional Regulation of
Metabolism. Physiol Rev 2006, 86(2):465-514.

Makishima M, Okamoto AY, Repa JJ, Tu H, Learned RM, Luk A, Hull
MV, Lustig KD, Mangelsdorf DJ, Shan B: Identification of a nuclear
receptor for bile acids. Science 1999, 284(5418):1362-1365.
Bunger M, van den Bosch HM, van der Meijde ], Kersten S, Hooiveld
GJ, Muller M: Genome-wide analysis of PPAR{alpha} activa-
tion in murine small intestine. Physiol Genomics 2007.

Jansen GR, Hutchon CF, Zanetti ME: Studies on lipogenesis in
vivo. Effect of dietary fat or starvation on conversion of
[14]glucose into fat ad turnover of newly synthsized fat. Bio-
chem | 1966, 99(2):323-332.

Acheson K], Schutz Y, Bessard T, Ravussin E, Jequier E, Flatt JP:
Nutritional influences on lipogenesis and thermogenesis
after a carbohydrate meal. Am | Physiol Endocrinol Metab 1984,
246(1):E62-70.

Hotamisligil GS: Inflammation and metabolic disorders. Nature
2006, 444(7121):860-867.

Tobin JF, Freedman LP: Nuclear receptors as drug targets in
metabolic diseases: new approaches to therapy. Trends in
Endocrinology & Metabolism 2006, 17(7):284-290.

Guerre-Millo M, Rouault C, Poulain P, Andre ], Poitout V, Peters |M,
Gonzalez FJ, Fruchart JC, Reach G, Staels B: PPAR-{alpha}-Null
Mice Are Protected From High-Fat Diet-Induced Insulin
Resistance. Diabetes 2001, 50(12):2809-2814.

Patsouris D, Reddy JK, Muller M, Kersten S: Peroxisome Prolifer-
ator-Activated Receptor {alpha} Mediates the Effects of
High-Fat Diet on Hepatic Gene Expression. Endocrinology 2006,
147(3):1508-1516.

Vega RB, Huss JM, Kelly DP: The Coactivator PGC-1 Cooper-
ates with Peroxisome Proliferator-Activated Receptor alpha
in Transcriptional Control of Nuclear Genes Encoding Mito-
chondrial Fatty Acid Oxidation Enzymes. Mol Cell Biol 2000,
20(5):1868-1876.

Koves TR, Li P, An J, Akimoto T, Slentz D, llkayeva O, Dohm GL, Yan
Z, Newgard CB, Muoio DM: Peroxisome Proliferator-activated
Receptor-{gamma} Co-activator |{alpha}-mediated Meta-
bolic Remodeling of Skeletal Myocytes Mimics Exercise
Training and Reverses Lipid-induced Mitochondrial Ineffi-
ciency. | Biol Chem 2005, 280(39):33588-33598.

Lee CH, Olson P, Hevener A, Mehl |, Chong LW, Olefsky JM,
Gonzalez FJ, Ham |, Kang H, Peters JM, Evans RM: PPAR{delta} reg-
ulates glucose metabolism and insulin sensitivity. PNAS 2006,
103(9):3444-3449.

Rahman SM, Dobrzyn A, Dobrzyn P, Lee SH, Miyazaki M, Ntambi JM:
Stearoyl-CoA desaturase | deficiency elevates insulin-signal-
ing components and down-regulates protein-tyrosine phos-
phatase IB in muscle. PNAS 2003, 100(19):11110-11115.
Gutierrez-Juarez R, Pocai A, Mulas C, Ono H, Bhanot S, Monia BP,
Rossetti L: Critical role of stearoyl-CoA desaturase-1 (SCDI)
in the onset of diet-induced hepatic insulin resistance. | Clin
Invest 2006, 116(6):1686-1695.

Jiang T, Wang Z, Proctor G, Moskowitz S, Liebman SE, Rogers T,
Lucia MS, Li |, Levi M: Diet-induced Obesity in C57BL/6) Mice
Causes Increased Renal Lipid Accumulation and Glomerulo-
sclerosis via a Sterol Regulatory Element-binding Protein-
|l c-dependent Pathway. | Biol Chem 2005, 280(37):32317-32325.
Wang L, Liu J, Saha P, Huang ], Chan L, Spiegelman B, Moore DD: The
orphan nuclear receptor SHP regulates PGC-I[alpha]
expression and energy production in brown adipocytes. Cell
Metabolism 2005, 2(4):227.

Netea MG, Joosten LA, Lewis E, Jensen DR, Voshol PJ, Kullberg BJ,
Tack CJ, van Krieken H, Kim SH, Stalenhoef AF, van de Loo FA, Ver-
schueren |, Pulawa L, Akira S, Eckel RH, Dinarello CA, van den Berg
W, van der Meer |W: Deficiency of interleukin-18 in mice leads
to hyperphagia, obesity and insulin resistance. Nat Med 2006,
12(6):650-656.

Zorrilla EP, Sanchez-Alavez M, Sugama S, Brennan M, Fernandez R,
Bartfai T, Conti B: Interleukin-18 controls energy homeostasis
by suppressing appetite and feed efficiency. Proc Natl Acad Sci
U S A2007, 104(26):11097-11102.

Church TS, Willis MS, Priest EL, Lamonte M), Earnest CP, Wilkinson
W], Wilson DA, Giroir BP: Obesity, macrophage migration

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

http://www.biomedcentral.com/1755-8794/1/14

inhibitory factor, and weight loss.
29(6):675-681.

Herder C, Kolb H, Koenig W, Haastert B, Muller-Scholze S, Rath-
mann W, Holle R, Thorand B, Wichmann HE: Association of Sys-
temic Concentrations of Macrophage Migration Inhibitory
Factor With Impaired Glucose Tolerance and Type 2 Diabe-
tes: Results from the Cooperative Health Research in the
Region of Augsburg, Survey 4 (KORA S4). Diabetes Care 2006,
29(2):368-371.

Fu L, John LM, Adams SH, Yu XX, Tomlinson E, Renz M, Williams PM,
Soriano R, Corpuz R, Moffat B, Vandlen R, Simmons L, Foster |,
Stephan JP, Tsai SP, Stewart TA: Fibroblast Growth Factor 19
Increases Metabolic Rate and Reverses Dietary and Leptin-
Deficient Diabetes. Endocrinology 2004, 145(6):2594-2603.

Silha JV, Gui Y, Murphy LJ: Impaired glucose homeostasis in
insulin-like growth factor-binding protein-3-transgenic mice.
Am | Physiol Endocrinol Metab 2002, 283(5):E937-945.

Mandard S, Zandbergen F, van Straten E, Wahli W, Kuipers F, Muller
M, Kersten S: The fasting-induced adipose factor/angiopoietin-
like protein 4 is physically associated with lipoproteins and
governs plasma lipid levels and adiposity. | Biol Chem 2006,
281(2):934-944.

Desai U, Lee EC, Chung K, Gao C, Gay J, Key B, Hansen G, Mach-
ajewski D, Platt KA, Sands AT, Schneider M, Van Sligtenhorst I,
Suwanichkul A, Vogel P, Wilganowski N, Wingert |, Zambrowicz BP,
Landes G, Powell DR: Lipid-lowering effects of anti-angiopoie-
tin-like 4 antibody recapitulate the lipid phenotype found in
angiopoietin-like 4 knockout mice. Proc Natl Acad Sci U S A 2007,
104(28):11766-11771.

Brunham LR, Kruit JK, Pape TD, Timmins JM, Reuwer AQ, Vasaniji Z,
Marsh BJ, Rodrigues B, Johnson D, Parks JS, Verchere CB, Hayden
MR: [beta]-cell ABCAI influences insulin secretion, glucose
homeostasis and response to thiazolidinedione treatment.
Nat Med 2007, 13(3):340-347.

Duran-Sandoval D, Cariou B, Fruchart |C, Staels B: Potential regu-
latory role of the farnesoid X receptor in the metabolic syn-
drome. Biochimie 2005, 87(1):93.

Cariou B, van Harmelen K, Duran-Sandoval D, van Dijk TH, Gref-
horst A, Abdelkarim M, Caron S, Torpier G, Fruchart JC, Gonzalez FJ,
Kuipers F, Staels B: The Farnesoid X Receptor Modulates Adi-
posity and Peripheral Insulin Sensitivity in Mice. | Biol Chem
2006, 281(16):11039-11049.

Kalaany NY, Gauthier KC, Zavacki AM, Mammen PPA, Kitazume T,
Peterson JA, Horton JD, Garry D), Bianco AC, Mangelsdorf DJ: LXRs
regulate the balance between fat storage and oxidation. Cell
Metabolism 2005, 1(4):231.

Kubota N, Terauchi Y, Miki H, Tamemoto H, Yamauchi T, Komeda
K, Satoh S, Nakano R, Ishii C, Sugiyama T, Eto K, Tsubamoto Y,
Okuno A, Murakami K, Sekihara H, Hasegawa G, Naito M, Toyoshima
Y, Tanaka S, Shiota K, Kitamura T, Fujita T, Ezaki O, Aizawa S, Kad-
owaki T: PPAR gamma mediates high-fat diet-induced adi-
pocyte hypertrophy and insulin resistance. Mol Cell 1999,
4(4):597-609.

Miles PDG, Barak Y, He W, Evans RM, Olefsky |M: Improved insu-
lin-sensitivity in mice heterozygous for PPAR-{gamma} defi-
ciency. | Clin Invest 2000, 105(3):287-292.

Leone TC, Lehman J], Finck BN, Schaeffer P}, Wende AR, Boudina S,
Courtois M, Wozniak DF, Sambandam N, Bernal-Mizrachi C, Chen Z,
Holloszy JO, Medeiros DM, Schmidt RE, Saffitz JE, Abel ED, Semenk-
ovich CF, Kelly DP: PGC-lalpha deficiency causes multi-system
energy metabolic derangements: muscle dysfunction, abnor-
mal weight control and hepatic steatosis. PLoS Biol 2005,
3(4):elOl.

Int | Obes (Lond) 2005,

Pre-publication history
The pre-publication history for this paper can be accessed
here:

http://www.biomedcentral.com/1755-8794/1/14/prepub

Page 16 of 16

(page number not for citation purposes)



	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Animals and diets
	RNA isolation
	Microarray hybridization and analysis
	cDNA synthesis and real-time quantitative PCR
	Immunohistochemistry
	Statistical analysis

	Results
	Dietary fat-induced obesity and insulin resistance in C57BL/6J mice
	Dietary fat-induced changes in small intestinal gene expression
	Biological processes influenced in the small intestine by feeding a high-fat diet
	Differential gene expression of nuclear receptors and their target genes in the small intestine after feeding a high-fat diet
	Secretome analysis of differentially expressed genes in the small intestine after feeding a high-fat diet

	Discussion
	Conclusion
	Competing interests
	Authors' contributions
	Additional material
	Acknowledgements
	References
	Pre-publication history

