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Abstract Insulin resistance is a characteristic of type-2

diabetes and its development is associated with an

increased fat consumption. Muscle is one of the tissues that

becomes insulin resistant after high fat (HF) feeding. The

aim of the present study is to identify processes involved in

the development of HF-induced insulin resistance in mus-

cle of ApOE3*Leiden mice by using microarrays. These

mice are known to become insulin resistant on a HF diet.

Differential gene expression was measured in muscle using

the Affymetrix mouse plus 2.0 array. To get more insight in

the processes, affected pathway analysis was performed

with a new tool, PathVisio. PathVisio is a pathway editor

customized with plug-ins (1) to visualize microarray data

on pathways and (2) to perform statistical analysis to select

pathways of interest. The present study demonstrated that

with pathway analysis, using PathVisio, a large variety of

processes can be investigated. The significantly regulated

genes in muscle of ApOE3*Leiden mice after 12 weeks of

HF feeding were involved in several biological pathways

including fatty acid beta oxidation, fatty acid biosynthesis,

insulin signaling, oxidative stress and inflammation.
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Introduction

The prevalence of type-2 diabetes (T2D) is increasing dra-

matically worldwide. One of the characteristics of T2D is

insulin resistance (IR). IR is a reduced responsiveness of

cells to the action of insulin. It has been demonstrated that

the consumption of a high fat (HF) diet is positively corre-

lated with the development of IR in humans and rodents [7].

Under physiological conditions, insulin stimulates the cel-

lular uptake and metabolism of glucose in muscle and other

tissues [15]. Muscle has an important role in the mainte-

nance of the glucose homeostasis. It is known that a HF-diet

can influence glucose metabolism in muscle [4]. Therefore,

it is of interest to investigate which biological processes are

regulated in HF diet-induced insulin resistance in muscle.

A well-described animal model that becomes insulin resis-

tant after feeding a HF diet is the ApOE3*Leiden mouse

model [12]. ApOE3*Leiden mice express the human

ApOE3*Leiden gene which results in a lipoprotein profile

that closely resembles that of humans [19]. The aim of

the present study is to identify processes involved in the

development of high-fat induced insulin resistance in

muscle of ApOE3*Leiden mice by using microarrays.

Microarray analysis has enabled the measurement of

thousands of genes in a single RNA sample. This results in

the generation of an enormous amount of gene expression

data. Lists of significantly regulated genes are generated

based on this data. However, when looking only at lists of

genes, no information is provided about the processes in

which they are involved. A manner to examine biological

processes is by performing pathway analysis [1]. In this

study, the pathway analysis was performed using the

PathVisio pathway editor [17], customized with plug-ins

(1) to visualize microarray data on pathways and (2) to

perform statistical analysis to select pathways of interest.
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Methods

Animal model and RNA extraction

APOE*3 Leiden transgenic mice were fed a high fat (HF)

diet for 12 weeks. As a control group (t = 0) chow-fed

APOE*3Leiden mice were used. The control and treatment

group consisted of 7 and 8 animals, respectively. Muscle

tissue was collected in both groups and freeze-clamped

immediately after harvesting. Total RNA for microarray

analysis was extracted from individual tissues and the

integrity of each RNA sample obtained was examined as

previously described [9]. RNA was labeled and hybridized

to Affymetrix MOE430-2.0 arrays.

Microarray data analysis

Differential gene expression was measured using the Af-

fymetrix MOE430-2.0 arrays. Quality control was

performed using the R pipeline which can be accessed from

Madmax (see https://madmax.bioinformatics.nl) or from

Genepattern [2]. All 15 arrays passed the quality control

and were used for normalization. The normalization

method used was GCRMA slow, which uses GC content of

the probes in Robust Multiarray Analysis. The arrays were

annotated using custom CDF v9.0.1 resulting in the re-

annotation of the probe sets into Entrez gene-ids. Filtering

was performed for low expressed genes. Genes were

selected with an expression[5 in at least four samples. In

muscle 10,777 genes met this filtering criterion and were

used for further statistical analysis.

Statistical analysis

Statistical analysis was performed on a NuGO blackbox

(see http://nbx2.nugo.org) using the limma R-package [16]

which is part of bioconductor (http://www.bioconductor.

org). Within the limma package Empirical Bayes statistics

[3] was performed comparing t = 12 with t = 0 and

resulting in a fold change, P value and false discovery rate.

Pathway analysis

PathVisio 1.1 was used to perform pathway analysis.

Custom plug-ins for visualizing microarray data and

calculating z scores were added to PathVisio. The mouse

Table 1 The 25 highest ranked

pathways based on z score

Genes were considered to be

regulated (positive for the set

criterion) if the fold change

(FC) is smaller than -1.2 or

higher than 1.2 and the P value

B0.05. Positive (r) are the

number of genes in the pathway

that meet the above-mentioned

criterion. Measured (n) are the

number of genes in the pathway

that are present on the

microarray. Total is the total

amount of genes in a specific

pathway. Percentage (%) is the

percentage of the measured

genes meeting the set criterion

Pathway Positive (r) Measured (n) Total % z Score

Fatty acid biosynthesis 15 19 22 78.95 5.91

Fatty acid beta oxidation 1 14 23 27 60.87 4.42

Muscle, fat and connective tissue specific genes 16 28 55 57.14 4.41

Pentose phosphate pathway 6 7 8 85.71 4.01

Beta oxidation meta MAPP 15 28 32 53.57 3.95

Mitochondrial LC-fatty acid beta-oxidation 9 15 16 60.00 3.49

Genes specific to internal organs 30 79 202 37.97 3.32

Genes specific to blood and lymph tissue 7 11 17 63.64 3.28

Glutathione metabolism 9 16 38 56.25 3.24

Irinotecan pathway 5 7 13 71.43 3.11

Fatty acid beta oxidation 2 4 6 6 66.67 2.6

Genes specific to blood and lymph tissue 9 21 40 42.86 2.24

Myometrial relaxation and contraction pathways 33 105 161 31.43 2.22

Alanine and aspartate metabolism 4 7 40 57.14 2.2

Inflammatory response pathway 10 25 41 40.00 2.11

Cholesterol biosynthesis 5 10 15 50.00 2.09

Circadian exercise 13 35 49 37.14 2.09

Triacylglyceride synthesis 8 19 25 42.11 2.06

Mouse insulin signaling 36 121 160 29.75 1.94

Oxidative stress 9 23 29 39.13 1.92

G Protein signaling pathways 20 61 87 32.79 1.89

Tryptophan metabolism 11 30 87 36.67 1.87

Fatty acid beta oxidation 3 4 8 8 50.00 1.87

Striated muscle contraction 8 21 45 38.10 1.72

Nuclear receptors in lipid metabolism and toxicity 7 18 34 38.89 1.67
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gene database of January 2008 and the mouse pathways

available on August 2008 were used. Genes were consid-

ered to be regulated when meeting the following criterion:

average fold change (FC) B-1.2 or C1.2 and P value

B0.05. Per pathway a z score was calculated by subtracting

the expected number of genes meeting the above-men-

tioned criterion from the observed number and then

dividing by the standard deviation of the observed number

of genes. A positive z score indicates that more genes met

the criterion than would be expected by chance. Thus, the

pathways with a positive z score were considered to be of

interest.

Results

From the 10,776 genes that passed the quality control,

10,445 genes could be linked to Ensembl identifiers by

PathVisio. Only 2,090, i.e. *20%, of these genes were

associated with the mouse pathways in the PathVisio

repository. Based on these 2,090 genes, pathways of

interest were selected. Per pathway a z score was calculated

(see ‘‘Methods’’ for a detailed description) and the path-

ways were ranked based on the z score. The pathways with

the highest positive z score were ranked as most regulated.

The 25 highest ranked pathways are listed in Table 1. In

the top 25 many pathways related to fatty acid metabolism

are present. Moreover, the insulin-signaling pathway is

ranked high. The fatty-acid oxidation, fatty acid biosyn-

thesis and insulin-signaling pathways will be discussed in

more detail below.

Fatty acid metabolism

Most genes present in the Mus musculus fatty acid beta

oxidation 1 pathway (see Fig. 1 and http://wikipathways.

org) are significantly downregulated after 12 weeks of HF

feeding in muscle of ApoE3*Leiden mice. The expression

of hormone sensitive lipase (-5.39-fold), lipoprotein lipase

(-2.04-fold) and mitochondrial short chain enoyl Co-

enzyme A hydratase (-1.58-fold) is decreased compared to

the control group (t = 0). Not only the oxidation of fatty

acids but also the fatty acid biosynthesis is downregulated.

In the Mus musculus fatty acid biosynthesis pathway (see

Fig. 2 and http://wikipathways.org), ATP citrate lyase

(-10.37-fold), fatty acid synthase (-26.21-fold) and stea-

royl-Coenzyme A desaturase 1 (-2.43-fold) are among the

genes of which the expression is significantly decreased

after 12 weeks of HF feeding.

Fig. 1 Gene expression data mapped on the Mus musculus fatty acid

beta oxidation 1 pathway. Fold changes are represented as a gradient

and visualized per genebox on the left. Yellow boxes indicate a

significance of P B 0.05 and are visualized per genebox on the right.

Light gray boxes indicate not significant and are also visualized on the

right. The dark gray boxes represent the genes that could not be

measured
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Insulin signaling

The mouse insulin signaling pathway is a very extensive

pathway (see Fig. 3 and http://wikpathways.org). This

pathway is divided into several parts like (1) vesicular

transport, (2) PKB/Akt signaling and (3) metabolic reg-

ulation, which are important processes in the cellular

insulin response. The present results demonstrate that the

expression of the main insulin sensitive glucose trans-

porter (GLUT4, genename = Slc2a4, -1.23-fold) is

significantly decreased in muscle after 12 weeks. In

contrast, the expression of GLUT1 (Slc2a1) remains

unchanged. The PKB/Akt signaling appears to be slightly

upregulated reflected by an increased expression of

3-phosphoinositide dependent protein kinase-1 (PDK1,

1.15-fold), glycogen synthase kinase 3 beta (GSK3b,

1.15-fold) and glucocorticoid regulated kinase (GSK,

1.22-fold). In addition, the key genes involved in the

vesicular transport of GLUT4 are significantly upregu-

lated, i.e. Ras-related protein Rab-4A (1.7-fold), syntaxin

binding protein 3A (1.48-fold), syntaxin binding protein

4 (1.33-fold) and vesicle-associated membrane protein

2 (Vamp2, 1.45-fold). Finally, the expression of genes

belonging to the metabolic regulation of insulin, i.e.

phosphofructokinase (-1.99-fold), hormone sensitive

lipase (-5.39-fold) and glycogen synthase 2 (-2.39-fold)

are downregulated in muscle of ApOE3*Leiden mice.

Unfortunately, 25% of the genes in the Mus musculus

insulin signaling pathway can either not be detected with

the Affymetrix mouse chip used or are filtered out

because of their low expression. These genes are repre-

sented as gray boxes in the insulin pathway (see Fig. 3).

Fig. 2 Gene expression data mapped on the Mus musculus fatty acid

synthesis pathway. Fold changes are represented as a gradient and

visualized per genebox on the left. Yellow boxes indicate a signifi-

cance of P B 0.05 and are visualized per genebox on the right. Light

gray boxes indicate not significant and are also visualized on the

right. The dark gray boxes represent the genes that could not be

measured
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Discussion

First of all the present study demonstrated that with path-

way analysis, using PathVisio, a large variety of processes

can be investigated. The significantly regulated genes in

muscle of ApOE3*Leiden mice after 12 weeks of HF

feeding were involved in several biological pathways

including fatty acid beta oxidation, fatty acid biosynthesis,

insulin signaling, oxidative stress and inflammation. In

muscle, it has been demonstrated that increased lipid

deposition is associated with the development of insulin

resistance [10]. Therefore, the focus of pathway analysis

was in particular on fatty acid metabolism and the insulin

signaling. We showed that processes involved in fatty acid

metabolism in muscle of ApOE3*Leiden mice are down-

regulated after 12 weeks of HF feeding, which is in

agreement with markedly dropped plasma ketone bodies, a

measure of fatty acid beta oxidation (data not shown).

Moreover, insulin signaling is regulated after 12 weeks of

HF feeding. The affected muscular insulin signaling proved

to be in accordance with the presence of HF-induced

insulin resistance (data not shown).

Fig. 3 Gene expression data mapped on the mouse insulin signaling

pathway. Fold changes are represented as a gradient and visualized

per genebox on the left. Yellow boxes indicate a significance of

P B 0.05 and are visualized per genebox on the right. Light gray
boxes indicate not significant and are also visualized on the right. The

dark gray boxes represent the genes that could not be measured
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Fatty acid metabolism

Kelley and coworkers showed that fatty acid-induced

insulin resistance is associated with a decreased muscular

fatty acid oxidation [6]. We also demonstrated that after

HF feeding most genes involved in fatty acid beta oxida-

tion are downregulated. In addition, genes involved in fatty

acid biosynthesis were downregulated. For example stea-

royl-CoA desaturase 1 (Scd1), which is a critical player in

fat metabolism in skeletal muscle [5], is significantly

decreased by 2.4-fold after 12 weeks of HF-diet. These

data indicate that even when the intake of fatty acid

increases the oxidation is not increased, which could be a

reason for the accumulation of lipids in muscle. Moreover,

fatty acid biosynthesis is most likely inhibited and thus not

contributing to the elevated muscular lipid deposits.

However, to unravel the exact mechanism additional

studies in which protein levels and enzymatic activity are

measured should be performed.

Insulin signaling

Insulin stimulates muscular glucose uptake via vesicular

transport of GLUT4 from the intracellular compartment to

the plasma membrane. We demonstrated that the expression

of GLUT4 is decreased in muscle under insulin resistant

conditions. Several studies have also observed a decrease in

GLUT4 mRNA in muscle after feeding a high fat diet [8, 18].

Strikingly, expression of key genes in the vesicular transport

machinery was increased in the insulin resistant muscle of

ApOE3*Leiden mice. This is most likely to compensate for

the loss of GLUT4 expression. For example, Rab4 and

syntaxin4, which interact and are involved in insulin-stim-

ulated glucose uptake [11], are significantly up-regulated

after 12 weeks of HF feeding. In addition, the expression of

VAMP2, which is required for GLUT4 vesicles incorpora-

tion into the plasma membrane in response to insulin [14], is

increased. Interestingly, genes involved in the metabolic

response of insulin are downregulated, i.e. hormone sensitive

lipase and glycogen synthase 2. Since muscle is not sensitive

to 12 weeks of HF feeding, these data show that the meta-

bolic response to insulin is most likely decreased.

Second, the present study demonstrated that 97% of the

genes in the dataset are recognized by PathVisio, whereas

only 20% of these genes are present on the pathways in the

PathVisio repository. This reflects the need for pathways

covering more genes in the repository of PathVisio. For

example, although both fatty acid oxidation and biosyn-

thesis are available the regulation of fatty acid uptake is

missing. A new initiative, Wikipathways [13], enables the

development of new pathways on a community base. These

new pathways will be added to the repository of pathway

tools to make them more complete.
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