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Abstract

Background: Atherosclerosis, the major cause of mortal-
ity and invalidity in industrialized countries, is a multi-
factorial disease associated with high plasma cholesterol
levels and inflammation in the vessel wall. Many different
genes have previously been demonstrated in atherosclero-
sis, although limited numbers of genes are dealt with in
each study. In general, data on dynamic gene expression
during disease progress is limited and large-scale evalua-
tion of gene expression patterns during atherogenesis
could lead to a better understanding of the key events in
the pathogenesis of atherosclerosis. We have therefore ap-
plied a mouse gene filter array to analyze gene expression
in atherosclerotic ApoE-deficient mice.

Materials and Methods: ApoE-deficient mice were fed
atherogenic western diet for 10 or 20 weeks and aortas iso-
lated. C57BL/6 mice on normal chow were used as controls.

The mRNAs of 15 animals were pooled and hybridized onto
commercially available Clontech mouse gene array filters.
Results: The overall gene expression in the ApoE-
deficient and control mice correlated well at both time
points. Gene expression profiling showed varying pat-
terns including genes up-regulated at 10 or 20 weeks only.
At 20 weeks of diet, an increasing number of up-regulated
genes were found in ApoE-deficient mice.

Conclusions: The gene expression in atherogenesis is not
a linear process with a maximal expression at advanced
lesion stage. Instead, several genes demonstrate a dynamic
expression pattern with peaks at the intermediate lesions
stage. Thus, detailed evaluation of gene expression at sev-
eral time points should help understanding the develop-
ment of atherosclerosis and establishment of preventive
intervention.

Introduction

Atherosclerosis is the major cause of mortality and in-
validity in industrialized countries (1). The disease
progresses over several decades and may remain silent
until clinical manifestations occur, often with fatal out-
come due to, for example, heart infarction or stroke.
Although atherosclerosis is a multifactorial disease (1),
it is highly correlated with high plasma cholesterol
levels (2). Atherosclerosis has been described as an in-
flammatory disease due to the specific cellular and
molecular responses at the site of lesions (2).

The inflammatory changes of the vessel wall rec-
ognized today are characterized by early expression of
adhesion molecules on activated endothelium (3,4).
Blood-derived mononuclear cells, mainly monocytes
and T lymphocytes (T cells), extravasate through the
endothelial layer (5,6). In the subendothelial space,
monocytes differentiate into macrophages and start in-
ternalizing modified low-density lipoproteins (6) that
have been captured by the extracellular matrix (7).
Macrophages may present lipoprotein-derived anti-
gens to T cells (8), that in turn secrete inflammatory cy-
tokines such as interferon-y (9). In advanced lesions,
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smooth muscle cells appear in the intima and form a
fibrous cap over a necrotic core of the lesion (10).

Mouse models are increasingly used to explore
the mechanisms in the pathogenesis of atherosclero-
sis (11). The ApoE-deficient (ApoE-/-) mouse has
gained increasing interest as a suitable model of ath-
erosclerosis and offers the unique possibility to eval-
uate the disease progress at different stages (12,13).

To increase the understanding of the pathogene-
sis of the disease, several candidate genes have been
explored, although the methodological evaluation
has previously been limited to a few genes. The re-
cent development of gene array technology offers
new possibilities to evaluate many genes at the same
time. The evaluation of the gene expression patterns
during the disease progress could lead to a better un-
derstanding of the key events in the pathogenesis of
atherosclerosis (14).

In this study, we evaluated the gene expression
in atherosclerotic ApoE-/- mice at 10 and 20 weeks
on western diet applying a commercially available
cDNA filter array.

Materials and Methods
Animals and Tissue Preparation
Female ApoE-/- mice (15) on the B6 back-

ground (strain C57BL/6H-Apoe™!UNC12%) were ob-
tained from M&B Breeding and Research Centre
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(Bomholtgaard, Denmark) and normal C57BL/6
from Charles River Sverige AB (Uppsala, Sweden)
at 6-8 weeks of ages. ApoE-/- mice were fed west-
ern diet containing 0.15% cholesterol for 10 or
20 weeks. Mice were sacrificed in groups of five
mice by exsanguination under carbon dioxide anes-
thesia on consecutive days. After perfusion with ice-
cold phosphate-buffered saline (PBS), the heart and
the total aorta were dissected out and placed on ice-
cold PBS. The samples were further rinsed mechan-
ically under the dissection microscope before freez-
ing. The aortas of five mice were pooled and stored
at —808C until mRNA preparation. C57BL/6 mice fed
normal chow were used as negative controls. Fifteen
mice per group were compared.

Histologic Characterization of Atherosclerosis

The hearts were snap-frozen in n-heptane chilled
with liquid nitrogen. Frozen cryostat sections were
dried, fixed with 4% formaldehyde in PBS at room
temperature for 10 min and rinsed in distilled H,O.
After rinse in 60% isopropanol for 2 min, the sam-
ples were incubated in 0.67% Oil Red O for 15 min
to visualize lipid deposits. Finally, all sections were
counterstained with Harris’ hematoxylin.

mRNA Isolation, cDNA Synthesis, and Filter Hybridization

The frozen samples were homogenized in a dismem-
brator (B. Braun, Melsungen AG, Germany). Lysis
buffer (Dynal, NY, USA) was added to the ho-
mogenate and mRNA isolated on oligo-dT—conju-
gated magnetic beads (Dynabeads, Dynal). The
mRNA quantity was estimated using DNA Dip Stick
(Invitrogen, Groningen, The Netherlands). The
pooled mRNA from 3 3 5 mice (0.6 ug totally) from
each group was precipitated with Na acetate. cDNA
was labeled with [a->?P]dATP and hybridized to the
mouse gene expression array (Clontech Laboratories
Inc., Palo Alto, CA, USA) following the instructions
of the manufacturer. The membranes for the two
groups of each time were exposed on the same phos-
phor plate (Fuji BAS 2040, Fujifilm, Tokyo, Japan)
for 4-14 hours and were quantified on a BAS 2500
Bio-Imaging Analyzer (Fujifilm).

Real-Time Polymerase Chain Reaction

Twenty nanograms of mRNA from each sample were
reverse transcribed (RT) using superscript II accord-
ing to the manufacturers manual (Gibco, Life tech-
nologies, Rockville, MD, USA). One and a half mi-
croliters of cDNA was amplified by real-time PCR
with 1x TagMan Buffer, 5mM MgCl2, 200uM of
each dNTP, 200uM of each primer, 1.25pM of probe,
0.25U Amp-Erase Uracil N-Glycosylase, 1.25 U Am-
pliTaq Gold (PE Biosystems, Foster City, CA, USA).
For the amplification of the iNOS gene (16), the
primers iNOS-FW: 5-CAG CTG GGC TGT ACA AAC
CTT-3 and iNOS-RV: 5-CAT TGG AAG TGA AGC
GTT TCG-3 (GIBCO/BRL, Grand Island, NY, USA)
and probe iNOS-TM: 5-CGG GCA GCC TGT GAG

ACC TTT GA-3 (PE Biosystems) were used. For nor-
malization of RNA loading between control samples
were run using B-actin (16), the primers B-actin
FW: 5-AGA GGG AAA TCG TGC GTG AC-3 and
B-actin RW: 5-CAA TAG TGA TGA CCT GGC CGT-3
(GIBCO/BRL, Grand Island, NY, USA) and the
probe B-actin TM: 5-CAC TGC CGC ATC CTC TTC
CTC CC-3 (PE Biosystems) were used. Each sample
was analyzed in duplicates (2 min at 508C, 10 min
at 958C, 0.15 min at 958C, and 1 min at 608C) using
ABI Prism 7700 Sequence Detector (PE Biosystems).
The PCR amplification was correlated against a stan-
dard curve. The reactions were performed in
MicroAmp Optical 96-Well Reaction Plates (PE
Biosystems).

Data and Statistical Analysis

The image was imported in the Image Gauge
Version 3.0 computer program (Fujifilm). The light
intensity/cm* was measured for one gene at a turn,
applying exactly equal areas per gene for both
groups at each time point. Background values for
equal squares were taken at close locations on the
filter and subtracted from the raw data. The gene ex-
pressions for each group at 10 and 20 weeks of treat-
ment were subjected to regression analysis applying
StatView 4.1 software.

Results
Experimental Set-Up

The experimental set-up was designed to analyze
the differences between normal arterial walls and
atherosclerotic lesions applying a commercially
available mouse gene expression array (Clontech)
that contained 588 genes. Atherosclerotic ApoE-/-
mice were fed atherogenic western diet for 10 and
20 weeks and the gene expression was compared
with age-matched C57BL/6 mice on normal chow.
Because the lesion size of atherosclerotic plaques is
very small in the mouse model, total aortas were
dissected out, starting from the beginning of the aor-
tic arch extending to and including the ileac bifurca-
tion, for isolation of mRNA. The root of the aorta
was frozen for immunohistologic characterization of
the lesions. The extent of atherosclerosis has previ-
ously been found to correlate to the disease stages in
the aorta (13). Figure 1 shows the extent of athero-
sclerosis in the root of the aorta in ApoE-/- mice af-
ter 10 and 20 weeks of western diet compared to
C57BL/6 mice after 20 weeks.

Array Analysis

The quality of the autoradiographic spots was eval-
uated and only spots with circle-round demarcation
from the background were considered positive.
Genes that did not meet this criterion in all four
groups were considered as not expressed. Follow-
ing the exclusion of nonexpressed or technically un-
readable genes, 370 genes out of 588 genes remained
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Fig. 1. The histology of the extent of atherosclerosis lesions
is shown. The representative roots of the aorta for ApoE-/-
mice at 10 and 20 weeks of treatment and a control C57BL/6
mouse at 20 weeks of treatment are depicted. The histologic
sections were stained with Oil Red O.

for further analysis. To investigate whether the
genes expressed in ApoE-/- mice correlated to the
expression levels in C57BL/6 mice, intensities of
the individual genes expressed in ApoE-/- mice
were plotted in a regression analysis against the in-
tensities of the individual genes expressed in
C57BL/6 mice for 10 and 20 weeks of treatment
(Fig. 2). At the first time point, 10 weeks, the over-
all gene expressions were highly correlated (R*5
.94) between the two groups at an interval of ap-
proximately three orders of magnitude and only a
few genes visibly deviated from the main trend. At
20 weeks on diet, the correlation coefficient de-
creased (R* 5 .902), as would be expected due to the
progressive changes in atherosclerotic aortas of
ApoE-/- mice, but still showed a high correlation. To
normalize the individual genes, first the average
gene expression intensities for each group were di-
vided by the average of gene expression intensity of
the C57BL/6 mice after 10 weeks of treatment. The ex-
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Fig. 2. Regression analysis of the genes expressed in
ApoE-/- mice compared to C57BL/6 mice after 10 and

20 weeks of treatment. The scatter diagrams show the
expressed genes of ApoE-/- mice versus C57BL/6 mice at 10
(left) and 20 weeks (right) of treatment and the regression line.
The x- and y-axis show the signal intensity. The formula gives
the value for the regression line.

pression intensities of the individual genes of the
different groups were thereafter divided by the re-
spective normalization factors.

Gene Cluster Analysis

To analyze the gene expression over time, the ratios
between ApoE-/- mice and C57BL/6 mice of the in-
cluded genes at 10 and 20 weeks were calculated. To
get a third point for the graphical visualization of the
gene expression, the ratios between ApoE-/- and
C57BL/6 mice for all genes were set to 1 (5 no dif-
ference) for a time point “0 weeks”; assuming that
the gene expression of ApoE-/- mice and C57BL/6
mice would correlate even more strongly at the start
of the study than after 10 weeks of treatment (Fig.
2), because the disease might not yet have acceler-
ated. To visualize changes in gene expression over
time, the web-based program GENECLUSTER (17)
was applied; it organizes gene expression into pat-
terns using self-organizing map (SOM) algorithms. A
4 3 2 SOM analysis resulted in eight clusters with
different expression patterns (Fig. 3). As expected, a
majority of genes showed only small changes in
gene expression (Cluster 0, 1, and 2).

Genes summarized in Cluster 3 showed an in-
creased expression in ApoE-/- mice at 10 weeks of
diet whereas the gene ratios decreased to 1 or below
at 20 weeks (Table 1). The genes from Clusters 4 and
6, showing a strong up-regulation at 20 weeks of
diet in the ApoE-/- mice, are summarized in Table 2.
Some genes were more than 10-fold up-regulated at
that time point.

Genes from Clusters 5 and 7 are summarized in
Table 3. These genes showed an increased expression
in ApoE-/- mice at both time points, although not as
strong at 20 weeks as genes from Clusters 4 and 6.

Quantitative RT-PCR

To validate the pattern and threshold expression levels
of genes in the presented analysis we analyzed the
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Fig. 3. The gene expression profile during the develop-
ment of atherosclerosis in ApoE-/- mice is shown in
self-organizing maps (SOM). A 4 3 2 SOM summarizes the
expression pattern of 370 genes using GENECLUSTER. Genes
were submitted as ratios ApoE-/- versus C57BL/6 for 10 and
20 weeks and an imaginary ratio (5 1) as starting point for
treatment (see results). The thick line indicates the mean of the
ration of the genes in the cluster (# 5 number of genes per
cluster) and the standard deviation. The thin lines indicate the
minimum and maximum values.

expression of inducible nitric oxide sythetase
(INOS, Table 2), a gene with very low intensity in
the array analysis, by quantitative real-time RT-
PCR. Figure 4 shows RT-PCR values for iNOS. The
gene expression of iNOS in the gene array showed a
ratio of 0.68 and 2.4 in the ApoE-/- mice at 10 and

20 weeks, respectively. The quantitative RT-PCR
showed a 14-fold and 63-fold increase in the ApoE
mice at 10 and 20 weeks, respectively.

Discussion

Our study included four groups of 15 animals that
gave one analysis point. The high number of animals
for each group should acceptably mirror the average
gene expression for the different groups, although no
statistical evaluation for each time point could be
made. It was not feasible to undertake a study in-
cluding replicates for each point due to the low yield
of mRNA. However, regression analysis showed a
very strong correlation between ApoE-/- and C57BL/
6 gene expression at 10 weeks and a still good corre-
lation for gene expression at 20 weeks. Reproducibil-
ity is likely. This suggestion is further supported by
studies using commercial filter arrays from Clontech
(18). Furthermore, the additional up-regulation of
known atherosclerosis-related genes (see below) at
20 weeks compared to 10 weeks supports the relia-
bility of the presented data. The genes that are only
increased at 10 weeks of treatment must, however, be
interpreted with caution.

To study the detection level of the array, we eval-
uated the expression of iNOS, a gene that previously
has been associated with atherosclerosis (19) and
showed low intensity levels in the array analysis.
The array analysis and quantitative RT-PCR analysis
showed an up-regulation of iNOS at 20 weeks on
the diet. However, iNOS values at 10 weeks were
lower for ApoE-/- than for C57BL/6 in the array
analysis, but showed up-regulation in the quantita-
tive RT-PCR. Thus, the gene array set-up used in
this study was less sensitive for the analysis of iINOS
expression than quantitative RT-PCR. This might be
due to an underestimation of the ApoE-/- values for
10 weeks after normalization toward the average of
the intensities of all included genes of the C57BL/6
group at 10 weeks of treatment.

Studies on gene expression of homogenous cell
lines in vitro frequently define increases by a factor
of 2 as positive up-regulation of gene expression.
However, in our system, applying whole aortas to
look at changes in gene expression of atherosclerotic
tissue, we had to take into account that (i) the aorta
of ApoE-/- mice included both diseased tissue as
well as unaffected vessel wall, and (ii) that the dis-
eased part in itself consisted of a heterogeneous mix-
ture of different cell types. Thus, the changes we
were looking for consisted only of a minute amount
of total tissue or mRNA.

Atherosclerosis is a disease involving extravasa-
tion of blood-derived cells (5,6). Therefore, the
changes of the atherosclerotic vessel wall in ApoE-/-
mice should be reflected in the up-regulation of ad-
hesion molecules as well as in novel signs of blood
mononuclear cells when compared to nonathero-
sclerotic C57BL/6 mice. In agreement with this
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Table 1. Genes included in Cluster 3
Gene Name AC no. 10w C57B1/6 10w ApoOE-/- 10w Ratio 20w C57B1/6 20w ApoOE-/- 20w Ratio
Interleukin-7 receptor M29697 6 16 2.63 24 9 0.36
Racl murine homolog X57277 24 60 2.48 52 28 0.53
Transducin beta-2 subunit U34960 30 64 2.15 41 22 0.55
Integrin alpha 5 (CD51) U14135 19 39 2.05 19 17 0.89
Heat shock 60-kDa proteinl X53584 15 29 1.96 30 24 0.80
(HSP60); chaperonin;
GroEL homolog
Golgi 4-transmembrane U34259 93 182 1.95 253 135 0.53
spanning transporter; MTP
Growth hormone receptor M33324 28 53 1.88 24 16 0.65
Integrin alpha 4 X53176 18 33 1.83 15 12 0.80
Extracellular signal-regulated M61177 55 99 1.81 78 50 0.64
kinase 1 (ERK1); p44-MAPK;
ERT2
VLA-3 alpha subunit D13867 55 97 1.77 76 31 0.41
Ribosomal protein S29 L31609 37 65 1.76 60 48 0.80
CD31; platelet endothelial cell L06039 106 186 1.76 76 64 0.85
adhesion molecule 1
Fyn proto-oncogene; U70324 10 17 1.71 19 16 0.80
Src family member
Rab-2 ras-related protein X95403 113 192 1.70 324 244 0.75
CCHB3; calcium channel U20372 29 49 1.70 26 26 1.00
beta-3 subunit
APC (adenomatous M88127 14 23 1.68 19 16 0.80
polyposis coli protein)
Thrombomodulin X14432 36 58 1.62 22 17 0.80
IFNgR2; interferon-gamma S69336 14 23 1.61 60 54 0.89
receptor second (beta) chain
Gem induced immediate early U10551 14 23 1.61 24 12 0.51
protein; Ras family member
Insulin receptor J05149 43 68 1.59 15 16 1.03
SPI3; serpin U25844 107 169 1.58 91 93 1.03
p58/GTA; galactosyl-transferase M58633 7 11 1.57 15 12 0.80
associated protein kinase
Fibroblast growth factor M28998 68 104 1.53 65 35 0.53
receptor basic (b FGF-R)
Mast cell factor 044725 14 21 1.52 9 5 0.60
Phospholipase A2 D78647 141 214 1.52 145 119 0.82
Crk adaptor protein S$72408 40 60 1.49 39 38 0.98
Pre-platelet-derived growth X04367 73 108 1.48 67 48 0.72
factor receptor
Glucocorticoid receptor X13358 55 82 1.48 80 69 0.86
form A
Syp; SH-PTP2; adaptor D84372 56 83 1.48 65 35 0.53
protein tyrosine
phosphatase
HSP27; heat shock U03560 35 50 1.43 108 60 0.56
27-kDa protein 1
HMG-14 non histone X53476 222 315 1.42 371 264 0.71
chromosomal protein
Lamimin receptor 1 J02870 137 194 1.41 114 76 0.66
Cdk4; cyclin-dependent L01640 22 31 1.41 19 16 0.80
kinase 4
Androgen receptor X53779 12 16 1.37 9 3 0.40
Macrophage cannabinoid U21681 4 5 1.37 6 3 0.53
receptor 2 (CB2)
Growth/differentiation X77113 4 5 1.37 4 2 0.40

factor 2 (GDF-2)
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Table 2. Genes included in Clusters 4 and 6

Gene Name AC no. 10w C57B1/6 10w ApoE-/- 10w Ratio 20w C57B1/6 20w ApoOE-/- 20w Ratio

CD18 antigen beta subunit; leukocyte X14951 11 29 2.68 4 59 13.59
adhesion LFA-1

Vascular cell adhesion protein 1 M84487 17 65 3.83 11 116 10.72

Nerve growth factor beta (beta-NGF) K01759 18 2.05 2 21 9.60

C5A receptor L05630 7 0.98 2 19 8.80

Cell surface glycoprotein MAC-1 X07640 14 2.05 2 19 8.80
alpha subunit

Macrophage inflamatory protein (MIP) X12531 37 36 0.96 2 19 8.80

CD14 antigen M34510 15 25 1.69 15 111 7.31

Hepatocyte growth factor; hepapoitein X72307 9 14 1.52 16 7.20

Glutamate receptor channel subunit X04648 9 34 3.81 57 6.60
gamma

C-C chemokine receptor; monocyte U56819 9 13 1.45 4 28 6.40
chemo-attractant protein 1 receptor
(MCP-IRA)

Interleukin-5 receptor D90205 5 3 0.55 6 22 3.47

Corticotropin releasing factor receptor X72305 5 4 0.82 2 7 3.20

Thrombopoietin 134169 222 149 0.67 2 7 3.20

Gadd45; growth arrest and 128177 26 19 0.74 6 16 2.40
DNA-damage-inducible protein

Gut-specific Kruppel-like factor GKLF 020344 19 21 1.08 16 2.40

Inducible nitric oxide synthase M87039 15 10 0.64 4 10 2.40
(iNOS)

Endothelin b receptor (Ednrb) U32329 10 10 0.96 10 2.40

DNA-binding protein SMBP2 L10075 3 0.68 2 5 2.40

Glutamate receptor; ionotropic D10217 14 0.54 2 5 2.40
NMDA2A (epsilon 1)

Bone Morphogenetic protein 8a M97017 11 10 0.87 2 5 2.40
(BMP-8a)

Macrophage inflamatory protein X53798 6 9 1.48 2 5 2.40
2 alpha (MIP2-alpha)

Interleukin 15 U14332 8 14 1.71 5 2.40

Ablphilin-1 (abi-1); similar U17698 23 23 0.98 15 33 2.17
to HOXD3

c-Fes proto-oncogene X12616 12 10 0.87 13 28 2.13

Interferon alpha-beta receptor M89641 8 7 0.86 14 2.13

Neuronal-cadherin (N-cadherin) M31131 19 17 0.90 14 2.13

Keratinocyte growth factor 722703 17 21 1.25 6 14 2.13
FGF-7

Nuclear factor related to U20532 96 152 1.58 119 250 2.11
P45 NF-E2

Clusterin; complement lysis L08235 275 379 1.38 305 615 2.02
inhibitor

PKC-beta; protein kinase X53532 6 7 1.14 4 9 2.00
C beta-II type

CD 40L receptor (TNF receptor family) M83312 8 1.17 4 9 2.00

CD3 antigen delta polypeptide M33158 8 1.03 4 9 2.00

Integrin alpha 2 (CD49b) X75427 5 5 0.96 4 9 2.00

Glutathione peroxidase (plasma U13705 75 84 1.11 30 60 2.00
protein); selenoprotein

Insulin-like growth factor-IA X04480 74 94 1.27 54 107 1.98

Bax; Bcl-2 heterodimerization 122472 51 47 0.93 32 62 1.92
partner and homolog

Ezrin; NF-2 (merlin) related X60671 9 11 1.22 13 24 1.87
filament/plasma membrane
associated protein

SRY-box containing gene 4 X70298 40 25 0.62 16 1.80

Urokinase type plasminogen activator X02389 15 16 1.10 9 16 1.80

FAF1; Fas-associated protein factor U39643 151 129 0.86 11 19 1.76
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Table 3. Genes included in Cluster 5 and 7
Gene Name AC no. 10w C57B1/6 10w ApoE-/- 10w Ratio 20w C57B1/6 20w ApoE-/- 20w Ratio
G-CSF receptor M58288 5 7 1.37 2 12 5.60
Monotype chemoattractant protein 3 S71251 54 74 1.37 6 36 5.60
Nuk tyrosine-protein kinase receptor 125890 14 10 0.73 2 10 4.80
Cellular retinoic acid binding protein II M35523 5 10 2.05 4 21 4.80
Gamma interferon induced monokine M34815 10 29 2.95 2 10 4.80
Cathepsin L X06086 132 288 2.18 28 131 4.68
CD44 antigen M27129 35 52 1.49 19 86 4.44
Vav proto-oncogene X64361 23 24 1.04 4 19 4.40
Ungl; uracil-DNA glycosylase X99018 17 7 0.40 4 19 4.40
P-selectin X91144 42 35 0.83 4 19 4.40
Integrin alpha 6 X69902 8 15 1.88 4 19 4.40
Syk tyrosine-protein kinase U25685 19 2.40 9 35 4.00
Ikaros DNA binding protein 103547 10 1.47 2 9 4.00
c-Fms proto-oncogene X68932 42 48 1.15 43 164 3.80
Cathepsin D x53337 390 734 1.88 259 907 3.50
Intercellular adhesion molecule-1 X52264 13 20 1.53 4 14 3.20
Macrophage inflammatory M35590 3 4 1.37 2 7 3.20
protein 1 beta
Interleukin 1 beta M15131 3 5 1.60 2 7 3.20
Cathepsin B M14222 255 697 2.73 177 504 2.85
SLAP U29056 1 6 6.16 2 5 2.40
Transforming growth factor beta M13177 67 106 1.58 56 114 2.03
cAMP-dependent protein kinase M20473 4 7 1.71 4 9 2.00
type I-beta regulatory chain
Erf; Ets-related transcription factor U58533 28 54 1.93 32 62 1.92
Pim-1 proto-oncogene M13945 13 19 1.46 17 31 1.80
MDR1; P-glycoprotein M14757 13 16 1.21 9 16 1.80
uPAR1 (CD87) X62700 9 12 1.37 9 16 1.80
DP-1 (DRTF-polipeptide 1) cell cycle X72310 28 48 1.71 30 54 1.77
regulatory transcription factor
Kinesin-like protein KIF 3B D26077 23 30 1.31 13 22 1.73
B7-2 (CD86); CD28 antigen L25606 8 11 1.37 11 17 1.60
antigen Iigand 2
CD28 (receptor for B71) M34563 8 9 1.11 4 1.60
Platelet-derived growth factor M29464 19 23 1.19 13 21 1.60
(A chain)
Interleukin 6 X51975 14 18 1.27 6 10 1.60
Membrane-type matrix X83536 68 86 1.27 37 59 1.60
matalloproteinase
Interleukin-converting enzyme (ICE) 128095 203 226 1.11 153 238 1.55
Elf-1 (Ets family transcription factor) U19617 16 29 1.84 19 29 1.51
Cathepsin H U06119 171 236 1.38 114 166 1.45
Fli-1 ets-related proto-oncogene X59421 14 17 1.25 17 24 1.40
I-xB (I-kappa B) alpha chain U36277 29 45 1.56 22 29 1.36
Insulin-like growth factor binding X81582 67 101 1.50 164 218 1.33
protein-4 (IGFBP-4)
CACCC Box- binding protein BKLF U36340 33 38 1.16 69 90 1.30
Statl U06924 36 58 1.62 45 59 1.29
Interferon-inducible protein 1 U19119 13 23 1.79 28 36 1.29
Interferon-gamma receptor M28233 11 15 1.37 11 14 1.28
Basic domain/leucine zipper L36435 4 7 1.71 15 19 1.26
transcription factor
GaplIl; GTPase-activating protein V20238 16 19 1.20 19 24 1.24
Beta-actin M12481 721 1156 1.60 1443 1777 1.23
T-lymphocyte activated protein M31042 65 85 1.31 41 50 1.22
MEK protein kinase L02526 29 37 1.28 65 78 1.20
Transcription factor LRG-21 U19118 23 34 1.46 9 10 1.20
Interleukin-6 receptor beta chain M83336 148 242 1.63 162 190 1.17
Glutathione S-transferase (microsomal) J03752 49 70 1.43 37 41 1.13
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Fig. 4. Quantitative RT-PCR of for iNOS, a gene with low
expression values in the gene array. The evaluation of the
expression levels for iNOS by quantitative RT-PCR is shown
for all groups. The y-axis indicates the mRNA ratio of iNOS
divided by the mRNA of B-actin. Mean 6 SEM of three pooled
samples each containing five mice for each time point.

hypothesis, VCAM-1 (4) was up-regulated 3.83-fold
in ApoE-/- mice at 10 weeks, and further increased
to an 10.72-fold induction at 20 weeks compared to
C57BL/6 mice. A similar pattern showed ICAM-1
(20) that increased from a 1.52-fold induction at 10
weeks to a 3.20-fold up-regulation at 20 weeks. A
graphical illustration of the expression pattern of ad-
hesion molecules present in Tables 1 through 3 is
shown in Figure 5.

Mac-1, a marker for macrophages, showed an ex-
pression level that increased from a 2.05-fold
induction at 10 weeks, to an 8.8-fold induction at
20 weeks paralleling the increased influx of macro-
phages into the subendothelial space at sites of ath-
erosclerosis. Additionally, CD14 and CD18, which
are both expressed in monocytes/ macrophages,
increased from a 1.69- and 2.68-fold induction at
10 weeks to a 7.31- and 13.59-fold up-regulation at
20 weeks of treatment. Interestingly, the c-Fms
proto-oncogene, encoding for the receptor of the
macrophage colony-stimulating factor, which previ-
ously has been demonstrated to be up-regulated in
human atherosclerotic lesions (21), showed a 1.15-
fold induction at 10 weeks that increased to 3.8-fold
at 20 weeks. CD3, a marker for T cells, showed a
1.03-fold induction at 10 weeks and increased to a
ratio of 2.00 at 20 weeks. Similarly, CD4 was up-
regulated 1.1-fold (7.5 versus 7.0) at 10 weeks and
1.3-fold (8.6 versus 6.5) at 20 weeks (Cluster 2) in
ApoE-/- mice compared to C57BL/6 mice. Addition-

12
—~ VCAM-1
—— ICAM-1
9 —e— P-selectin
—~v— PECAM-1

Intensity Ratio (ApoE-/- vs. C57BL/6)
? ?

0 10 20
weeks

Fig 5. Expression pattern of adhesion molecules during the
development of atherosclerosis in ApoE-/- mice are shown.
The changes of expression for four adhesion molecules are
depicted in the diagram. The y-axis indicates the ratios of gene
expression between ApoE-/- mice and C57BL/6 control mice for
10 and 20 weeks of diet.

ally, CD40 that has evolved as an important signal-
ing path in atherosclerosis (22), increased from a
1.14-fold induction to a 2.00-fold increase in ApoE-/-
mice at 20 weeks of treatment.

Moreover, the increased expression of platelet-
derived growth factor (1.19- and 1.60-fold induction
at 10 and 20 weeks, respectively) might be associ-
ated with an increased proliferation and migration
of smooth muscle cells from the media into the in-
tima, a key feature of atherosclerosis (23,24). The ex-
pression of transcription factor egr-1 (Cluster 2) was
increased at 20 weeks of treatment, although at a
rather low level (a ratio of 0.99 and 1.3 at 10 and
20 weeks, respectively, when comparing the egr-1
expression in ApoE-/- and C57BL/6 mice). Egr-1
has recently been detected in human atherosclerotic
lesions and confirmed in a related mouse model, the
LDL receptor-deficient mouse (25). Phospholipase
AII is expressed in our study in normal C57BL/6
mice and at increased levels in atherosclerotic ApoE-/-
mice at 10 weeks (Table 1). These results are similar
to the previous findings of the expression of phos-
pholipase AII in normal and atherosclerotic human
vascular tissue (26). Together, this indicates that
ratios down to 1.13 might be interpreted as an up-
regulation in our study.

In the present study, we compared ApoE-/- mice
on a high cholesterol diet with C57BL/6 on normal
diet to analyze the differences between atheroscle-
rotic lesions and nonatherosclerotic vessels. We can-
not exclude that some effects of gene expression may
be due to compounds of the western diet (increased
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cholesterol levels), which are not due to develop-
ment of atherosclerosis per se. However, the in-
creases in expression of many genes associated with
atherosclerosis over time imply that our experimen-
tal set-up truly mirrors atherosclerosis-related gene
expression.

In addition to the established atherosclerosis-
associated genes, several new candidate genes were
found up-regulated in ApoE-/- mice. The macro-
phage chemoattractant protein-3 (MCP-3) (Table 3),
a chemokine that attracts both macrophages and T
cells, has previously been shown to be induced in
vascular smooth muscle cells after cytokine stimula-
tion (27). MCP-3 binds to the chemokine CC
receptors-2 (CCR-2), similar to the related MCP-1,
and CCR-3 (28). Interestingly, MCP-3 has addition-
ally been suggested as an inhibitor of inflammation
after cleavage by gelatinase 4 (29). Nerve growth
factor (NGF) is up-regulated at 10 weeks and further
increased at 20 weeks of treatment (Table 2). NGF is
expressed in vascular smooth muscle in vascular
remodeling after injury (30,31), but has not yet been
evaluated in the context of atherosclerosis. Interest-
ingly, extensive studies indicate that NGF might
have an important role in inflammation (32-34).
NGF and bFGF have been shown to increase mRNA
levels of cathepsin-S, -B, and -L (35). These pro-
teases were up-regulated during atherosclerosis in
the present study and were confirmed by immuno-
histochemistry in the lesions (Jormsjo S et al, man-
uscript submitted). CD4" T cells and mast cells
might be a potential source for NGF in the athero-
sclerotic lesions (36,37). Hepatocyte growth factor
(Table 2) has previously been shown to be present
in rat and human vascular endothelial and smooth
muscle cells (38). Hepatocyte growth factor has been
shown to increase the expression of CD44 in
endothelial cells and might thus contribute to ad-
herence and extravasation of inflammatory cells
(39,40). The overall expressions of both nerve
growth factor and hepatocyte growth factor are low
in C57BL/6, indicating that the up-regulation might
be specific for the aortas of the ApoE-/- mice. Cellu-
lar retinoic acid binding protein-II (CRABP-II), a
gene that is regulated by the retinoic acid receptor
(RAR) signaling path (41), showed an increased ex-
pression and supports the previous finding of RAR-
mediated signaling in human atherosclerosis (42).
The low overall expression suggests a rather low
retinoic acid mediated signaling in the control tissue
(Table 3).

In conclusion, we studied gene expression during
the development of atherosclerosis in the commonly
used ApoE-/- mouse applying the commercially
available Clontech mouse gene array. Having the
drawbacks of our study design in mind, the gene ex-
pression in our study reflected features in the devel-
opment of atherosclerosis that have been described
earlier by others. Furthermore, the results indicate

that gene expression is not a linear process with a
maximal expression at advanced lesion stage.
Rather, the pathogenesis should already to be evalu-
ated in detail at early time points, to understand the
development of atherosclerosis and to establish a
preventive intervention. The present analysis is
based on the evaluation of 377 genes and it will be
necessary to interpret the present results in conjunc-
tion with future studies to evaluate the significance
of the different findings.
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