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Abstract

Objectives: The a disintegrin and metalloprotease (ADAM)
family of metalloproteases possesses a proteolytic function
and activates various inflammatory factors. Their expression
pattern in an abdominal aortic aneurysm (AAA) is as yet un-
known. The aim of this study was to make a detailed analysis
of the expression of ADAMs 8, 9, 10, 12, 15 and 17, and their
tissue inhibitors of metalloprotease (TIMP)-1 and TIMP-3 in
patients with AAA. Design: The aortic vessel walls of AAA
patients (n = 20) and non-aneurysmal aortic specimens (n =
10) were obtained by conventional surgical repair and au-
topsy. SYBR green-based real-time PCR, histology and im-
munohistochemistry were performed on all samples. Main
Outcome Measures: Quantitative expression analysis and
the localisation of various ADAMs in AAA. Results: ADAMs
tested in our study were expressed in both AAA and con-
trol aorta without any significant differences between the
groups. In contrast, expression of TIMP-1 was significantly
reduced in AAA compared to control vessels. Smooth mus-

cle cells (SMCs), neovessels and macrophages were positive
for all ADAMs and TIMPs tested. Infiltrates were negative
for TIMP-3, and luminal endothelial cells were positive for
ADAMs 15 and 17. A significant positive correlation was ob-
served between ADAMs 10, 12, 15, 17, TIMP-3 and SMCs. Con-
clusion: ADAMs are constitutively expressed in normal aor-
tic vessel walls and AAA, particularly in SMCs.

Copyright © 2012 S. Karger AG, Basel

Introduction

Despite considerable advances in surgical treatment,
the ruptured human abdominal aortic aneurysm (AAA)
is still associated with a mortality rate of 65-85% [1, 2]. A
diameter is currently the only reliable determinant of the
imminent rupture of an AAA and patients exceeding 5.5
cm generally undergo surgical or endovascular interven-
tion [2, 3]. However, the outcome of rupture is poor with
less than half of the patients being delivered to the hospi-
tal alive [1, 4].

It is well known that inflammation and proteolytic
degradation markedly contributes to the formation and
rupture of an AAA [5, 6]. During inflammation, the aor-
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tic wall is weakened by loss of smooth muscle cells (SMCs)
and destruction of the extracellular matrix (ECM), espe-
cially elastic fibres [5]. The responsibility of proteolytic
enzymes, such as matrix metalloproteinases (MMPs), in
the degradation of the aortic wall has already been well
examined [7-9]. The role of other subgroups of proteo-
lytic enzymes with a disintegrin and metalloprotease
(ADAMs) domain in AAA is, however, unknown. Be-
sides their proteolytic function, most ADAMs are able to
process and activate other proteins and enzymes [10-20].
For example, ADAMs 10 and 17 catalyse the shedding
of tumour necrosis factor (TNF)-a, which is an impor-
tant pro-inflammatory enzyme [11, 12]. Furthermore,
ADAMs are involved in the shedding of various ligands
of epidermal growth factor receptors, e.g. heparin-bind-
ing epidermal growth factor and transforming growth
factor-a [12]. There is also evidence that epidermal
growth factor ligands are involved in the pathogenesis of
atherosclerosis [13]. Furthermore, some studies have de-
scribed increased expression of ADAMs in connection
with malign tumours [11, 14]. ADAM:s 10, 12 and 15 are
able to cleave components of the ECM and vascular wall
such as collagen IV or gelatine [11, 15, 16]. However, hith-
erto only little is known about the function of ADAMs in
atherosclerosis and even less about their presence and
possible role in AAA. ADAM-15 has already been detect-
ed in vascular SMCs of atherosclerotic vessels but inter-
estingly not in SMCs of control arteries [17]. Hence, an-
other study described increased expression of ADAM-17,
also known as TACE (TNF-a-converting enzyme), in hu-
man AAA [18]. Especially in the transition zone, high
levels of ADAM-17 and TNF-o have been detected, im-
plementing a certain role in the development of AAA.

Therefore, the aim of the present study was to conduct
an expression analysis of ADAMs with proteolytic func-
tion [19] such as ADAMs 8, 9, 10, 12, 15 and 17, and their
tissue inhibitors of metalloprotease (TIMP)-1 and TIMP-
3 [20] in human AAA by quantitative PCR. The localisa-
tion of the corresponding ADAMs was determined by
means of immunohistochemistry.

Patients and Methods

Patient Demographics

Samples of 20 patients were collected in a standardised man-
ner from the aneurysmal body during the open surgical proce-
dure of AAA. The tissue samples were segmented in blocks of
3-4 mm (3-5 blocks), immediately fixed in formalin and after
24 h embedded in paraffin. The average age of the patients was
67.7 = 12.6 years (17 male, 3 female). The mean diameter of an-
eurysm detected was 7.2 £ 1.9 cm. Control samples of 10 non-
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aneurysmal infrarenal abdominal aortas were obtained within 1
day of death from the Institute of Forensic Pathology of the Uni-
versity Munich. The quality of RNA and the integrity of cDNA
were proven by an RNA/cDNA Quality Assay Kit (Clontech, Hei-
delberg, Germany). None of the control samples showed large-
scale atherosclerotic lesions or suffered from connective tissue
disease, e.g. Ehlers-Danlos syndrome.

The study was conducted with the approval of our institution-
al review board and ethics commission. Informed consent was
obtained from all patients prior to their participation in the study.
The investigation conformed to the principles outlined by the
Declaration of Helsinki for use of human tissue or subjects [21].

Quantitative Real-Time PCR

Quantitative real-time PCR was performed with specimens
from AAAs and control aortas fixed in formalin and embedded
in paraffin. The material for real-time PCR was obtained from the
same paraffin blocks used for histological examination. It was
obtained subsequently as a consecutive tissue material to the his-
tological slides. The RNA was isolated using the High Pure RNA
Paraffin Kit according to the manufacturer’s instructions (Roche,
Mannheim, Germany) and further modified in our laboratory in
order to increase the total yield of RNA. The isolated RNA was
transcribed into cDNA using the cDNA Synthesis Kit RevertAid
(Fermentas, St. Leon-Rot, Germany). Quantitative real-time PCR
was performed using SYBR Green fluorescence dye (peqLab, Er-
langen, Germany) and SYBR Green Cycler iQ™ 5 real-time PCR
Detection System (Bio-Rad, Hercules, Calif., USA) at the follow-
ing conditions: initialization step 5 min at 95°C; denaturation 10 s
at 95°C; annealing 30 s at 55°C (ADAM-9), 60°C (ADAMs 8, 10,
12, 15, 17, TIMP-1 and TIMP-3) or 62°C (glyceraldehyde 3-phos-
phate dehydrogenase, GAPDH); extension 10 s at 72°C, 40 cycles.
All results were normalised for the expression of GAPDH. Fur-
thermore, the PCR results were proven by gel electrophoresis. The
following primers were applied in the present study: GAPDH
forward 5-CACTGCCAACGTGTCAGTGGTG-3', reverse 5-TG-
TAGCCCAGGATGCCCTTGAG-3"; ADAM-8 forward 5’-CCC-
AGCTTTGTGTGTGTTTAAG-3', reverse 5'-AATAAAAGCTT-
TCAGCCCTGCT-3"; ADAM-9 forward 5-TCAGAGGATTGC-
TGCATTTAGA-3', reverse 5-CTCCACATTTCAGAGGCTCT-
TT-3"; ADAM-10 forward 5-ACCCTACAAATCCTTTCCGT-
TT-3', reverse 5'-CATCAAAATCTCGGTCTGTGAA-3"; ADAM-
12 forward 5-CCTTAGATCTGGCATGTTAGCC-3', reverse 5'-
ATCAAACTCTCCTGGCTCTCTG-3"; ADAM-15 forward 5'-
GACAGTGTCCTCGCTCTACCTC-3',reverse 5'-CTTCAGTCA-
TGGTAGGGGACTC-3"; ADAM-17 forward 5-GGGACATA-
ATTTTGGAGCAGAA-3', reverse 5'-CCACTCACAGCTATGG-
GATACA-3’; TIMP-1 forward 5-GAAAAGGGCTTC-CAGT-
CCCGTC-3, reverse 5'-ATTCAGGCTATCTGGGACCGCA-3;
TIMP-3 forward 5'-CTTCCCAGATGATGACAATGAA-3’, re-
verse 5'-ACCCCATATGACAGCATAGACC-3".

Histology and Immunohistochemistry

Sections of 2-3 wm were cut from each segment of the forma-
lin-fixed paraffin-embedded aortic tissue samples. Aortic tissues
were removed from a central part of the aneurysmal body, seg-
mented into 3-5 blocks dependent upon the sample size and treat-
ed accordingly. In order to create a series of repetitive slides, the
same paraffin block was used for all examinations. First, hae-
malum-eosin (HE) and elastica-van Gieson (EvG) staining was

] Vasc Res 2012;49:198-206 199



performed in order to assess the sample morphology, cellularity
and degradation of the aortic vessel wall. For immunohistochem-
istry, dewaxed and hydrated sections were boiled in citric buffer
(pH 6.0) to retrieve the epitopes of antigens, washed and treated
with appropriate antibodies.

For cell characterisation, AAA samples and control aortic tis-
sues were treated with antibodies against vascular SMCs (anti-
smooth muscle actin, mouse monoclonal, clone HHF35, dilu-
tion 1:200; Dako, Glostrup, Denmark), endothelial cells (an-
ti-von Willebrand factor, mouse monoclonal, clone F8/86, dilu-
tion 1:500; Dako), macrophages/monocytes (anti-CD68, mouse
monoclonal, clone KP1, dilution 1:2,000; Dako), T and B lympho-
cytes (anti-CD3, rabbit polyclonal, dilution 1:400 and anti-CD20,
mouse monoclonal, clone L26, dilution 1:500; Dako). For detec-
tion of ADAMs and TIMPs, the following antibodies were ap-
plied: anti-ADAM-8 (goat polyclonal, dilution 1:25; R&D Sys-
tems), anti-ADAM-10 (rabbit polyclonal, dilution 1:30; abcam,
Cambridge, UK), anti-ADAM-15 (mouse monoclonal, dilution
1:50; R&D Systems), anti-ADAM-17 (rabbit polyclonal; dilution
1:800; R&D Systems), anti-TIMP-1 (rabbit polyclonal, dilution
1:100; Lab Vision), and anti-TIMP-3 (mouse monoclonal, dilution
1:100; abcam).

Following primary antibody incubation, von Willebrand fac-
tor and smooth muscle actin were visualized using the APAAP
ChemMate Detection Kit (rabbit anti-mouse; Dako) according to
the manufacturer’s instructions. All other primary antibodies
were detected by LSAB ChemMate Detection Kit (biotinylated
goat anti-mouse/anti-rabbit; Dako).

Histological and Statistical Evaluation

The intensity of staining was evaluated in all specimens prior
to the validation of the corresponding intensities within each
sample. The graduation was performed via light microscopy by
two experienced investigators blinded for the study samples ap-
plying the following semiquantitative graduation: no staining (-);
positive staining of some (+) or most (++) cells and the majority
of specimens; strong overall positive staining detected in all cells
and all specimens (+++), and the intensity of staining varied be-
tween different samples and also within the same specimen (-/+).

All results were analysed using SPSS for Windows version 17.0.
(SPSS 1Inc., Chicago, Ill., USA). Values of continuous variables
were compared using non-parametric Mann-Whitney U test. Sta-
tistical differences between more than two groups were analysed
by non-parametric Kruskal-Wallis test. The data were presented
by a box plot diagram showing the median and the 25th and 75th
percentile. Correlations between continuous variables were quan-
tified using Pearson’s correlation coefficient for normal distrib-
uted samples or by Spearman’s rank correlation coefficient. All
statistical comparisons were performed two sided in the sense of
an exploratory data analysis using <0.05 level of significance.

Results

Quantitative Expression Analysis

Using formalin-fixed paraffin-embedded tissue sam-
ples, the expression of all ADAMs and their inhibitors
TIMP-1 and TIMP-3 analysed in our study was detected
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in both AAA tissue samples and control aorta. Standard
normalisation of the quantitative PCR values to GAPDH
demonstrated no significant differences in the expression
of ADAMs between the study groups (fig. 1). Interest-
ingly, there was even a tendency of higher expression of
ADAMs in the control vessels compared to the AAA
samples. The same expression pattern was also found for
TIMP-3. Significant differences were observed only for
TIMP-1 (p = 0.019). Furthermore, to obtain an overview
of the expression levels of all ADAMs and their inhibi-
tors, the expression data at mRNA level are summarised
in figure 2. TIMP-1 demonstrated the highest expression
in the control aortic tissue. In contrast, the expression of
TIMP-3 was about 11-fold lower compared to TIMP-1
in both the control tissue and AAA samples. Regarding
ADAMs, the highest expression was observed for AD-
AMs 10, 12, and 15. The lowest expression was observed
for ADAM-9 with about a 50-fold lower level of mRNA
in AAA tissue samples and about a 200-fold lower level
of mRNA in aortic controls.

Histological Analysis and Immunohistochemistry

To associate the expression of ADAMs with the dif-
ferent cell types localised in AAA, histological and im-
munohistochemical analyses of ADAMs, TIMP-1 and
TIMP-3 were performed. First, AAA samples were char-
acterised by using HE and EvG staining. Tissue samples
were stained with CD68 for macrophages, smooth muscle
actin for SMCs and von Willebrand factor for endothelial
cells (ECs; table 1). Neovascularisation was mainly lo-
calised in the area of the deeper part of the media distant
from the lumen or between media and adventitia and was
mainly associated with inflammatory infiltrates. Wide-
spread loss of elastin, collagen and SMCs was observed in
all AAA tissue samples. Most AAA samples were athero-
sclerotic with extended calcified areas. AA A samples were
further stained with antibodies against ADAMs 8, 10, 15
and 17 and also against TIMP-1 and TIMP-3 (tig. 3). The
expression of ADAM-9 at mRNA level was very low and
therefore we did not perform any immunohistochemistry
for this metalloproteinase. Furthermore, we did not find
a suitable antibody for ADAM-12 and so the staining
against this ADAM was also omitted. The staining of the
luminal endothelial cells was negative for all ADAMs and
TIMPs tested, with the exception of ADAMs 15 and 17
(data not shown). In contrast, medial SMCs, macrophages
and inflammatory cells were positive for all ADAMs test-
ed and for TIMP-1 and TIMP-3 (fig. 3a, b). Furthermore,
neovessels expressed ADAMs 8, 10, 15 and 17, and TIMP-
1 and TIMP-3 (fig. 3¢). Regarding the individual ADAMs,
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Fig. 1. Expression of ADAMs 8, 9, 10, 12, 15 and 17, TIMP-1 and TIMP-3 in AAA tissue samples compared to control healthy aorta,
analysed by quantitative real-time PCR and SYBR Green fluorescence dye. Expression of the single ADAMs on an mRNA level was

normalised against GAPDH.

ADAMs 8 and 10 seemed to be expressed mainly in mac-
rophages, infiltrates and neovessels, and ADAMs 15 and
17 in addition also in SMCs. TIMP-1 was detected par-
ticularly in macrophages and inflammatory cells, and
TIMP-3 mainly in macrophages.

Correlation Analysis

For better understanding of the behaviour of ADAMs
in the aortic vessel wall, expression of these proteinases
was correlated with specimen morphology (content of
elastin and collagen, macrophages, SMCs, inflammation,
neovascularisation) and clinical occurrence of AAA. Sig-
nificant correlation was observed between ADAMs 10,
12, 15and 17, TIMP-3 and the content of SMCs within the
aneurysmal vessel wall (r = 0.486, 0.511, 0.478, 0.589 and
0.590, respectively; p < 0.05). No significant correlations
were observed between the expression of ADAMs or
TIMPs and other vessel wall components. Regarding
clinical parameters, positive correlation was observed for
ADAM-17, TIMP-3 and CRP (r = 0.471 and 0.586; p <
0.05), and negative correlation for TIMP-1 and CRP (r =
-0.572; p < 0.05). In addition, to understand the inter-
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Fig. 2. An overview: expression of ADAMs 8, 9, 10, 12, 15 and 17,
TIMP-1 and TIMP-3 in AAA tissue samples compared to control
non-aneurysmal aortic tissues, analysed by quantitative real-time
PCR and SYBR Green fluorescence dye as shown in figure 1, nor-
malised against the expression of GAPDH.
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Fig. 3. Selective immunohistochemical
staining of ADAMs 8, 10, 15and 17, TIMP-
1 and TIMP-3 in smooth muscle cells (a),
inflammatory cells (b) and neovessels (c)
within human AAA tissues samples. The
staining of ADAMs and TIMPs is brown,
cells are counterstained with haemalum
eosin (blue; colours online version only).
The scale bar in the first picture (upper
left) applies to all other histological pic-
tures.

Table 1. Histological and morphological characteristics of tissue samples of AAA study patients

Cellularity! Infiltrates  Elastin Collagen ~ Macrophages SMCs Neovessels ~ Calcification
Patients (n = 20) +/++ ++ + +/++ +/++ + +/++ +
Range (min, max) +, +++ += At o+t + ++ +/=, +++ =t -+t
Controls? (n = 10) ++ - +++ e+t - o+ -3 -

! Cellularity means the overall density of cells within the sample-inclusive infiltrates.

2 For all control aortic tissue samples the results were the same.

3 Small vessels are found at the border between media and adventitia. These microvessels are, however, not associated with any in-
filtrates and contribute generally to the blood supply of the normal large vessels.
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Fig. 3. Selective immunohistochemical
staining of ADAMs 8, 10, 15 and 17, TIMP-
1 and TIMP-3 in smooth muscle cells (a),
inflammatory cells (b) and neovessels (c)
within human AAA tissues samples. The
staining of ADAMs and TIMPs is brown,
cells are counterstained with haemalum
eosin (blue; colours online version only).
The scale bar in the first picture (upper
left) applies to all other histological pic-
tures.

related relationships between the single ADAMs and
their inhibitors, their expression was compared to each
other. Interestingly, with the exception of ADAM-8 and
TIMP-1, all other ADAMs and also TIMP-3 correlated
significantly to each other (r>0.700; p<0.001). Thus, the
expression of ADAMs and TIMP-3 seems to be regulated
by the same factors. ADAM-9 correlated with ADAMs
10, 12 and 17 (p < 0.05), and ADAM-8 with ADAMs 10
and 15 (p < 0.05). No correlation was observed between
any single ADAM and TIMP-1.

Considering that mRNA-based expression analysis
does not provide concrete information on protein expres-
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sion and activity, we attempted to normalise ADAMs on
their relevant inhibitors (TIMPs) instead of GAPDH.
These data indicated significant increased activity of
ADAMs 10 and 15in AAA.

Discussion

The development of AAA is closely associated with al-
ternation of connective tissue in the aortic wall, especial-
ly fragmentation of elastic fibres and collagen degrada-
tion through various proteolytic enzymes, particularly
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Fig. 3. Selective immunohistochemical
staining of ADAMs 8, 10, 15 and 17, TIMP-
1 and TIMP-3 in smooth muscle cells (a),
inflammatory cells (b) and neovessels (c)
within human AAA tissues samples. The
staining of ADAMs and TIMPs is brown,
cells are counterstained with haemalum
eosin (blue; colours online version only).
The scale bar in the first picture (upper
left) applies to all other histological pic-
tures.

MMPs [8, 9, 22]. Some promising drugs inhibiting MMPs
have already been shown to be successful in experimental
models [23]. However, no positive results have been ob-
served in clinical trials. This phenomenon may be based
on the fact that MMPs are not the only proteinases able
to degrade connective tissue. There is a plethora of pro-
teolytic enzymes belonging to the family of metallopro-
teinases such as ADAMs with multiple biological roles
including cell-matrix interaction, zymogen activation
(shedding) and cell adhesion. These processes contribute
to cell migration, proteolysis and angiogenesis [24]. The
effect of ADAMs on the pathology of AAA is as yet un-
known, although some researchers have proposed the

204 ] Vasc Res 2012;49:198-206

ADAM-17

TIMP-3

role of ADAMs 9, 15 or 17 in atherosclerosis [25-28]. No
recent studies have been performed in human AA Aswith
the exception of ADAM-17 [9, 24].

Our results demonstrate that all ADAMs known for
their proteolytic activity such as ADAMs 8, 9, 10, 12, 15
and 17 are expressed in both AAA samples and control
aortic tissues. Surprisingly, regarding the absolute ex-
pression of ADAMs at mRNA level, it was either similar
for both study groups or even higher in the control group.
These results were partially in discordance with the data
by Herren et al. [17], who observed no expression of
ADAM-15 in control vessels, for example. However, in
contrast to our study where we analysed the expression of

Lipp/Lohoefer/Reeps/Rudelius/
Baummann/Heemann/Eckstein/Pelisek

[
£
=

9]
<
o
o
T

>

©
=

S
@

4

v

>

-
K=l

[¢]
O



ADAMs directly in the aortic tissue samples, those re-
searchers used explanted human aortic SMCs in cell cul-
ture, the conditions of which may generate significantly
different results compared to tissue samples. A healthy
aortic vessel wall is composed mainly of SMCs and con-
sequently ADAMs are expressed predominantly in these
cells. The results were further confirmed by our correla-
tion analysis. The expression of all ADAMs correlated
significantly with the amount of SMCs within the aortic
vessel with the exception of ADAMs 8 and 9. In contrast
to the study by Oksala et al. [24], we did not observe any
correlation between the appearance of macrophages or
inflammatory cells within AAA and expression of the
analysed ADAMs. There was also no significant correla-
tion between the frequently observed extent of neovascu-
larisation and ADAMs expression. So far, only one study
has described the expression of ADAMs in AAA. Satoh
et al. [18] detected elevated levels of ADAM-17 mRNA in
AAAs compared to a control. In contrast, we did not ob-
serve any differences in the expression of ADAM-17 be-
tween AAA and healthy aorta.

Regarding the localisation of ADAMs expression
within the aortic vessel wall by means of immunohis-
tochemistry, SMCs were, as expected, positive for all
ADAMs tested and are probably the main source of
ADAMs in a healthy aorta. Interestingly, Satoh et al. [18]
located ADAM-17 mainly in macrophages. In AAA, in-
flammatory cells and neovessels were also positive for all
ADAMs tested in our study. Thus, ADAMs seem to be of
particular relevance to the cellular activity, proliferation
and migration also in the AA A wall, contributing to ath-
erosclerosis and degradation of the ECM [26]. ADAMs
mediate proteoglycan and integrin bindings, cell-cell and
cell-matrix interaction in the vessel wall [17, 20, 27, 28].

The activity of proteolytic enzymes is closely associ-
ated with the expression of their corresponding inhibi-
tors [11]. Control aortic tissues in our experiments ex-
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