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ORIGINAL ARTICLE

ADAM-9, ADAM-15, and ADAM-17 are upregulated in macrophages
in advanced human atherosclerotic plaques in aorta and carotid
and femoral arteries*Tampere vascular study
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Abstract
Background and aims. The expression of disintegrin and metalloprotease ADAM-9, ADAM-15, and ADAM-17 has been
associated with cell-cell, cell-platelet, and cell-matrix interactions and inflammation. They are possibly implicated in the
pathophysiology of atherosclerosis.
Methods and results. Whole-genome expression array and quantitative real-time polymerase chain reaction (PCR) analysis
confirmed that ADAM-9, ADAM-15, and ADAM-17 are upregulated in advanced human atherosclerotic lesions in samples
from carotid, aortic, and femoral territories compared to samples from internal thoracic artery (ITA) free of atherosclerotic
plaques. Western analysis indicated that the majority of these ADAMs were in the catalytically active form. ADAM-9,
ADAM-15, and ADAM-17-expressing cells were shown to co-localize with CD68-positive cells of monocytic origin in the
atherosclerotic plaques using immunohistochemistry and double-staining immunofluorescence analysis. Co-localization
was demonstrated in all vascular territories. In the carotid territory, cells expressing the ADAMs co-distributed also with
smooth muscle cells and, in femoral territory, with CD31-positive endothelial cells, indicating that the ADAM expression
pattern depends on vascular bed territory.
Conclusions. Present findings provide strong evidence for the involvement of catalytically active ADAM-9, ADAM-15, and
ADAM-17 in advanced atherosclerosis, most notably associated with cells of monocytic origin.
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Introduction

The inflammatory and chronic nature of athero-

sclerosis (1) makes it compelling to identify genes

involved in this process. To better understand the

alterations in gene expression in advanced athero-

sclerosis, we utilized genome-wide expression array
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(GWEA), encompassing all the known 23,000 genes

to study a unique sample material of advanced

plaques in aorta, carotid and femoral arteries, and

control samples from internal thoracic artery (ITA)

classified according to the American Heart Associa-

tion classification (2). Over 200 genes were found to

be upregulated, including members of the disinte-

grin and metalloprotease (ADAM) family (3). Of

these, ADAM-9, ADAM-15, and ADAM-17 were

selected for more detailed analysis because they have

been associated with cellular and physiological

functions pertinent to atherosclerosis, such as cell-

cell, cell-platelet, and cell-matrix interactions, as

well as with inflammation (4,5).

ADAM metalloprotease disintegrins are trans-

membrane proteins mediating targeted proteolysis,

cell adhesion, and signal transduction (3,6). ADAM

proteinases can release and activate cytokines,

growth factors, and other bioactive proteins from

their membrane-bound precursors and remove

receptors from the cell surface, in the process called

ectodomain shedding (4,5). However, not all

ADAMs are active proteinases as half of them do

not contain all the essential amino acids at the active

site (5). ADAMs have also been implicated in cell-

cell and cell-matrix interactions through binding to

integrins and other adhesion molecules (6). Their

diverse involvement in cell interactions suggests that

alterations in the expression of ADAMs may play

roles in complex pathologies such as atherosclerosis.

ADAM-9 has been implicated both in ectodo-

main shedding and cell interactions through integrin

binding. The potential ADAM-9 sheddase sub-

strates include growth factors and cytokines (5)

which have been linked to atherosclerosis (7,8).

ADAM-9 is capable of binding to a6b1 and avb5

(9,10), and also these interactions might be relevant

in atherosclerosis. ADAM-9 interaction with a6b1

was shown to regulate fibroblast motility, and a6b1

can induce the mobility of several cell types includ-

ing macrophages (11�13). The interaction with avb5

was shown to stimulate proinflammatory interleu-

kin-6 production in cultured osteoblasts (10).

ADAM-9 has indeed been shown to be expressed

in human atherosclerotic plaques, in conjunction

with increased levels of avb3 and a5b1 integrins

which also are associated with the development

and progression of atherosclerosis (14). No

ADAM-9 nor avb3 or a5b1 mRNA and only weak

ADAM-9 immunostaining were detected from hu-

man thyroid artery without atherosclerosis (14).

Altogether, these interactions and expression data

are consistent with a potential role of ADAM-9 in

atherosclerosis.

The first direct indication of a potential role of an

ADAM in atherosclerosis was, indeed, the demon-

stration of upregulated ADAM-15 in monkey ather-

osclerotic lesions (1). Also ADAM-15 has been

shown to mediate both ectodomain shedding and

binding to integrins. The potential sheddase sub-

strates of ADAM-15 include epidermal growth factor

(EGF) family growth factors (5) with possible asso-

ciation with atherosclerosis (7). Human ADAM-15,

but remarkably not rodent adam-15, contains

the ‘classical’ arginine-glycine-aspartate (RGD) se-

quence in its putative integrin-binding motif which

appears to mediate binding to a5b1, avb3, and a(IIb)b3

integrins (9,15,16). ADAM-15 is highly expressed in

mouse vascular cells and endocardium (17), and in

cultured human aortic smooth muscle and umbilical

vein endothelial cells (1). Similarly to ADAM-9, weak

ADAM-15 immunostaining was detected from nor-

mal human arteries while the mRNA level was below

detection, but atherosclerotic plaques from carotid

arteries showed upregulated ADAM-15 (and

ADAM-9) expression in conjunction with elevated

a5b1 and avb3 integrins (14). ADAM-15 seems to be

an important mediator of inflammation (18). Hence,

also ADAM-15 is an intriguing candidate to be

involved in the pathology of atherosclerosis.

ADAM-17, besides ADAM-10, is the most

studied sheddase ADAM, originally identified as

the tumor necrosis factor alpha (TNF-a) convert-

ing-enzyme (TACE) (19,20). In addition to TNF-a,

ADAM-17 can activate several cytokines and growth

factors implicated in atherosclerosis and remove

their receptors from cell surfaces (5), and the

number of putative novel substrates continues to

grow. Since ADAM-17 has been implicated in

Key messages

. Upregulated expression of ADAM-9,

ADAM-15, and ADAM-17 and the pre-

sence of their catalytically active forms are

implicated in advanced human athero-

sclerosis and suggest roles in the monocyte

homing, migration, or proliferation in

aorta, carotid, and femoral arteries.

. As the therapeutic intervention of ADAMs

in human diseases is actively pursued, our

findings underline the potential of target-

ing the development of atherosclerosis

through modulation of ADAM function.

. A precise picture of ADAMs expression is

a prerequisite for understanding the con-

tribution of their intricate interplay in

atherosclerosis, towards which the present

study takes an important step.
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atherosclerosis (21,22), and since it can modulate

leukocyte adhesion by shedding L-selectin (23,24)

and modulating macrophage activity (25), ADAM-

17 is an interesting potential target for the treatment

of inflammatory diseases such as atherosclerosis (8).

Further investigations of ADAM-17 will also ad-

vance our understanding of the molecular basis of

atherosclerosis.

The current view of possible roles of ADAMs in

atherosclerosis is based mainly on animal and in vitro

experiments, and on a single report of arterial

location but without classification of the degree of

atherosclerosis or verification of gene expression

data (14,22). Based on our genome-wide expression

array data on ADAMs, we hypothesized that their

expression is upregulated in advanced atherosclero-

sis and might co-distribute with endothelial, smooth

muscle, or monocytic cells in atherosclerotic areas.

Thus we performed detailed analysis of atherosclero-

tic plaques in different arterial beds, i.e. carotid

region, aorta, and femoral region, to find out

whether ADAMs associate with global progression

of atherosclerosis in human subjects.

Methods

Vascular samples

Vascular sample series from femoral arteries, carotid

arteries, and abdominal aortas were obtained during

open vascular procedures from 30 patients under

surveillance of a senior consultant vascular surgeon

(NO). Six control samples were taken from internal

thoracic arteries (ITA) obtained during coronary

artery bypass grafting. The study has been approved

by the Ethics Committee of Tampere University

Hospital. All clinical investigations were conducted

according to declaration of Helsinki principles. The

samples were taken from patients subjected to open

vascular surgical procedures in the Division

of Vascular Surgery and Heart Centre, Tampere

University Hospital. The vascular samples were

classified according to recommendation of American

Heart Association (AHA) (2).

RNA isolation and genome-wide expression analysis

(GWEA)

The fresh tissue samples (n�26) were immediately

soaked in RNALater solution (Ambion Inc., Austin,

TX, USA), and total-RNA was isolated with Trizol

reagent (Invitrogen, Carlsbad, CA, USA) and

RNAEasy Kit (Qiagen, Valencia, CA, USA). The

concentration and quality of RNA were evaluated

spectrophotometrically (BioPhotometer, Eppendorf,

Wesseling-Berzdorf, Germany). The GWEA micro-

array experiments were performed by using Sentrix†

Human-8 Expression BeadChips analyzing over

23,000 known genes and gene candidates (Illumina,

San Diego, CA, USA) according to given instructions

by the manufacturer. In brief, a 200 ng aliquot of

total-RNA from each sample was amplified to cDNA

using Ambion’s Illumina RNA Amplification kit

following the instructions (cat. no I1755, Ambion,

Inc., Austin, TX, USA). In vitro transcription (IVT)

reaction of cDNA to cRNA was performed overnight

(14 h) including biotin-11-deoxy uridine tripho-

sphate (dUTP) (PerkinElmer Life And Analytical

Sciences, Inc., Boston, MA, USA) for labeling the

cRNA product. Both before and after the amplifica-

tions the RNA/cRNA concentrations were checked

with Nanodrop ND-1000 spectrophotometer (Nano-

drop Technologies, Wilmington, DE, USA), and

RNA/cRNA quality was controlled by BioRad’s

Experion Automated Electrophoresis System and

RNA StdSens Analysis Kit (BioRad Laboratories,

Inc., Hercules, CA, USA). Each sample cRNA

(1500 ng) was hybridized to Illumina’s Sentrix†

Human-8 Expression BeadChip arrays (Illumina) at

558C overnight (18 h) following the Illumina Whole-

Genome Gene Expression Protocol for BeadStation.

Hybridized biotinylated cRNA was detected with

1 mg/mL cyanine3-streptavidine (Amersham Bios-

ciences, Pistacataway, NJ, USA). BeadChips were

scanned with Illumina BeadArray Reader. The accu-

racy of Illumina Sentrix† Human-8 Expression

BeadChips microarray methodology to measure the

gene expression was earlier verified by real-time

quantitative TaqMan PCR by quantitating the ex-

pression of 20 genes with both methods (26).

Quantitative real-time PCR (qPCR)

From the 30 tissue samples, gene expression ana-

lyses were done with TaqMan low-density arrays

(LDAs) (Applied Biosystems, Foster City, CA,

USA). Total-RNA (500 ng) was reverse-transcribed

to cDNA using High Capacity cDNA Kit according

to the manufacturer’s instructions (Applied Biosys-

tems). For the PCR, LDAs were loaded with 8 mL

undiluted cDNA, 42mL H2O, and 50mL PCR

Universal Master Mix and run according to the

manufacturer’s instructions (Applied Biosystems).

Samples were analyzed as duplicates, and both

cDNA synthesis and PCR reactions were validated

for inhibition. Glyceraldehyde 3-phosphate dehy-

drogenase (GAPDH) was used as a housekeeping

gene control, and the qPCR results were analyzed

using SDS 2.2 Software (Applied Biosystems).
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Western analysis (WB)

Four randomly selected samples of atherosclerotic

plaques from carotid (two patients) and femoral

artery, and aorta were homogenized (100 mg/350

mL) in ice-cold lysis buffer (10 mM Tris-HCl pH

7.4, 1% (w/v) Triton X-100, 0.1% (w/v) sodium

dodecyl sulphate (SDS), 0.1% (w/v) sodium deox-

ycholate, 150 mM NaCl) (27) containing Roche

Complete protease inhibitors (Roche Diagnostics,

Mannheim, Germany) using a Potter-Elvehjem

homogenizer with a teflon pestle. The amount of

protein was not measured but the samples (each

100 mg wet weight) were prepared in equal volumes

of homogenization and sample buffers. Insoluble

debris was removed with centrifugation (16.2 k�g,

10 min) in a refrigerated microcentrifuge at 48C.

Laemmli SDS-polyacrylamide gel electrophoresis

(PAGE) sample buffer (5x) with dithiothreitol

(DTT) was added to 1x concentration (0.1 M

DTT final). The samples were heated at 998C for

5 minutes, cooled to room temperature and centri-

fuged 16.2 k�g for 10 minutes prior to loading 100

mL/well onto a 10% SDS-polyacrylamide gel. Mole-

cular weight markers (Chemichrome Ultimate,

C2117, Sigma, St. Louis, MI, USA) were run along

the samples. Following the SDS-PAGE, the proteins

were electrotransferred onto a polyvinylidene fluo-

ride (PVDF) membrane (BioRad, Hercules, CA,

USA) in a semi-dry blotter. The membrane was then

treated with 0.1% (w/v) Ponceau S in 5% acetic acid

to verify the successful transfer, to ensure an even

loading, and to fix the proteins onto the membrane.

The primary antibodies against human ADAM

protein ectodomains were from R&D Systems

(Abingdon, UK). Goat-anti-ADAM-9 (AF939),

goat-anti-ADAM-15 (AF935), and goat-anti-

ADAM-17 (AF2129) were diluted 1/1000 in tris-

buffered saline with Tween-20 (TBST) containing

5% non-fat milk (TBS with 0.1% (w/v) Tween-20).

The peroxidase-coupled secondary antibody, anti-

goat/sheep (A9452, Sigma), was diluted 1/5000 in

TBST/milk.

For the immunodetection, the blots were blocked

with 5% (w/v) non-fat milk in TBST, followed with

1 h incubation at room temperature (RT) with the

primary antibodies. After several TBST washes and

the secondary antibody incubation (1 h, RT), the

blots were washed with TBST, rinsed in TBS, and

the bound secondary antibody was visualized with

enhanced chemiluminescence (ECL) and a digital

imager. Just prior to the ECL reagent incubation,

the blots were rinsed in water. The ECL was done

with SuperSignal West Dura reagents according to

the manufacturer’s protocol (Pierce, Rockford,

USA). The ECL was visualized in a ChemiDoc

XRS digital imager using Quantity One 4.5.2 soft-

ware (BioRad).

Immunohistochemistry (IH)

Immunohistochemistry was performed using the

avidin biotin complex (ABC) method (Vectastain

Elite kit, Vector Laboratories, Burlingame, CA,

USA) and paraffin-embedded vascular samples

without any counterstain. ADAMs in vascular

wall were detected with rabbit anti-human

ADAM-9 (AF1031), mouse anti-human ADAM-

15 (MAB935), and chicken anti-human ADAM-17

(AF930) ectodomain antibodies (R&D Systems,

Minneapolis, MN, USA). The following primary

antibodies were used to detect vascular cell markers

in adjacent sections: Muscle actin (mouse anti-

human muscle actin, clone HHF35; DakoCytoma-

tion, Glostrup, Denmark) was used to detect smooth

muscle cells. CD68 (mouse anti-human CD68,

clone PG-M1; DakoCytomation) was used as mar-

ker of monocytes and macrophages. For the detec-

tion of endothelial cells, CD31 antibody (mouse

anti-human CD31, endothelial cell, clone JC70A;

DakoCytomation) was used. The sections were

subjected to microwave antigen retrieval treatment

as described earlier (28). Endogenous peroxidase

activity was extinguished by treating the section with

0.3% H2O2 for 30 min. Subsequently the sections

were incubated overnight with the primary antibo-

dies followed by biotinylated horse anti-goat, goat

anti-chicken (1:500, Vector Laboratories), or sheep

anti-mouse (1:300, Amersham Int., Buckingham-

shire, UK) and ABC complex for 30 min. Diamino-

benzidine was used as the chromogen. All antibodies

were diluted in phosphate buffered saline (PBS)

containing 1% bovine serum albumin (BSA) and

0.3% of Triton X-100. Controls included omitting

the primary antibody or replacing it with non-

immune sera. No staining was seen in the controls.

The co-localization of CD68 and ADAM-9 and

ADAM-17 in carotid arteries was studied with

double-staining immunofluorescence (IF). The sam-

ples were fixed with 4% paraformaldehyde (in 0.1 M

PBS, pH 7.3) for 6 h at �48C and cryoprotected with

20% sucrose in PBS. Frozen sections (6 mm) were cut

with Micron HM560 Cryostat and thaw-mounted

onto Polysine glass slides (Menzel, Braunschweig,

Germany). The sections were incubated overnight

with mouse monoclonal anti-CD68 (1:10) and rabbit

anti-ADAM-9 (1:100), or with the mixture of CD68

antibody and chicken anti-ADAM-17 followed by a

mixture of biotinylated sheep anti-mouse antibody

(1:200, Amersham) and rhodamine-conjugated goat

anti-rabbit antibody (1:50, Boehringer Mannheim),
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or with a mixture of fluorescein-labeled sheep anti-

mouse antibody (1:10, Amersham) and biotinylated

goat anti-chicken (Vector Labs, Peterborough, Eng-

land) for 30 min at �378C, respectively. Subse-

quently, the sections were incubated with

fluorescein isothiocyanate (FITC)-conjugated avidin

or rhodamine-conjugated avidin (1:100, Vector Labs)

for 30 min, respectively. Sections were mounted in a

mixture of glycerol and PBS (3:1) containing 0.1%

paraphenylenediamine and examined in Nikon

Microphot FXA microscope equipped with proper

fluorescence filters. Photographs were obtained with

a PCO Sensicam digital camera (PCO, Kelheim,

Germany). Alternatively the co-localization of

ADAM-9, ADAM-15, ADAM-17, and CD68 was

studied in 5 mm paraffin sections (mirror image

sections). Sections were stained with ABC method

as described above.

Statistical analyses

Statistical analyses were performed using SPSS

version 14.0 (SPSS Inc., Chicago, IL, USA). The

non-parametric Mann-Whitney U-test was used for

comparison of mRNA expression between athero-

sclerotic and control tissues and between different

arterial regions. Data are presented as median and

range.

Results

Characteristics of the subjects and studied vascular

samples

The median age was 70.0 years (45�93 years) and

75.9% of the subjects were men. The prevalence of

risk factors was as follows: dyslipidemia 40.7%,

hypertension 77.8%, diabetes 18.5%, history of

smoking 86.2%, alcohol usage more than once a

week 42.8%. A total of 73.3% of the samples were

classified as type 5�6 advanced plaques.

ADAM mRNA expression in the atherosclerotic tissue

We compared the ADAM-9, ADAM-15, and

ADAM-17 expression level between atherosclerotic

tissue (types 5�6) and control tissue from internal

thoracic artery (ITA) (type 0), and expression levels

between different vessel types. In GWEA, the

median ADAM-9 expression was elevated relative

to ITA in the carotid arteries (1.2-fold, P�0.012),

aortas (1.3-fold, P�0.001), and femoral arteries

(1.5-fold, P�0.010), respectively (Figure 1).

ADAM-15 expression was elevated relative to ITA

in the carotid arteries (2.2-fold, PB0.001), aortas

(2.7-fold, PB0.001), and femoral arteries (3.0-fold,

P�0.010), respectively (Figure 1). ADAM-17

expression was elevated relative to ITA in the carotid

arteries (1.2-fold, PB0.001), aortas (1.2-fold,

P�0.001), and femoral arteries (1.3-fold, P�
0.01), respectively (Figure 1).

According to GWEA, the median ADAM-9

expression level in atherosclerotic tissues (n�20)

was 233 (153�338) and 174 (173�185) in ITA

tissues (type 0, n�6) (1.3-fold relative to ITA, P�
0.001) (Figure 2). The median ADAM-15 expres-

sion level in atherosclerotic tissues (n�20) was 635

(366�834), and 239 (219�263) in ITA (type 0, n�
6) (2.7-fold relative to ITA, PB0.001) (Figure 2).

The median ADAM-17 expression level in athero-

sclerotic tissues (n�20) was 285 (239�395), and

232 (231�234) in ITA (type 0, n�6) (1.2-fold

relative to ITA, PB0.001) (Figure 2).

The Illumina GWEA array results were verified

with quantitative PCR. ADAM-9 expression was

elevated in the carotid arteries (1.8-fold, PB0.001),

aortas (1.7-fold, PB0.001), and there was trend of

increase in femoral arteries (1.4-fold, P�0.065),

respectively (Figure 3). ADAM-15 expression was

not elevated in the carotid arteries (1.4-fold,

P�0.607), but there was a significant increase in

aortas (2.1-fold, P�0.012), and a trend of increase in

femoral arteries (2.2-fold, P�0.065), respectively

(Figure 3). ADAM-17 expression was elevated in

the carotid (1.1-fold, PB0.001), aorta (1.4-fold, PB

0.001), and it was not elevated in femoral artery (1.3-

fold, P�0.132), respectively (Figure 3). No apparent

difference in gene expression profiles was found

between early (type 5) and advanced plaques (type 6).

ADAM protein expression in the atherosclerotic tissue

Immunohistochemistry of atherosclerotic lesions re-

vealed that ADAM-9, ADAM-15, and ADAM-17

proteins were expressed in the atheromatous core and

to some extent in all the vessel layers in early and

advanced plaques in all the vessel beds while only

sparse cells were positive in ITA vessels (Figure 4). In

aortas ADAM-9, ADAM-15, and ADAM-17-stain-

ing cells co-distributed mainly with CD68-positive

cells in the plaque but did not co-distribute with

CD31-positive cells (Figure 4A). In femoral arteries,

however, ADAM-9, ADAM-15, and ADAM-17-

positive cells co-distributed with endothelial cells

and in addition with macrophages (Figure 4B). In

the carotid arteries, ADAM-9, ADAM-15, and

ADAM-17-positive cells co-distributed with both

macrophages and smooth muscle cells (Figure 4C).

Immunofluorescence double-staining microscopy of

a representative carotid plaque confirmed that
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ADAM-9 and ADAM-17-positive cells co-localized

with CD68-positive cells (Figure 5). The staining of

ADAM-9 and ADAM-17 was localized at the plasma

membrane while CD68 was cytoplasmic (Figure 5).

ADAM-15 staining co-localized with CD68 in the

mirror sections (Figure 5). The representative figure

shows expression of ADAM-9 in macrophages invad-

ing the endothelial cell layer in a neovascularization

capillary within the atherosclerotic plaque (Figure 5).

The majority of ADAM-9, ADAM-15, and

ADAM-17 protein was in the catalytically active

form in the atherosclerotic plaques of carotid and

femoral arteries and aorta (Figure 6). A putative

negligible signal of unprocessed pro-form at c.

110 kDa was seen only after very long over-exposure

(1 h) for ADAM-9 and ADAM-15 (data not shown).

Hence, virtually all ADAM-9, ADAM-15, and

ADAM-17 protein appears to be in the processed

mature, presumably catalytically competent form.

Discussion

The present study provides novel evidence suggest-

ing that the metalloprotease disintegrins ADAM-9,

ADAM-15, and ADAM-17 (4,5) are associated with

the pathophysiology of human atherosclerosis. The

results corroborate those of the earlier animal model

and in vitro studies (1) indicating roles for these

ADAMs in atherosclerosis, in addition to the first

demonstration of upregulation of ADAM-9 and

ADAM-15 in human atherosclerotic carotid arteries

(14). The combined examination with GWEA,

qPCR, immunohistochemistry (IHC), and IF

showed that ADAM-9, ADAM-15, and ADAM-17

expression was upregulated in advanced athero-

sclerosis at the transcriptional and protein levels.

The results are novel as four different vascular

territories were examined, and they suggest that

the upregulated expression of these ADAMs is likely

to be associated with monocytic cells in the athero-

sclerotic plaques and with smooth muscle and

endothelial cells in the carotid and femoral terri-

tories, respectively. A precise picture of ADAMs

expression is a prerequisite for understanding the

contribution of their intricate interplay in athero-

sclerosis, towards which the present study takes an

important step.

In the previous study by Al-Fakhri et al., the

mRNA levels of ADAM-9 and ADAM-15 in human

Figure 1. ADAM-9, ADAM-15, and ADAM-17 expression in control samples from internal thoracic artery (ITA), and carotid, aortic, and

femoral artery samples. Gene expression value is the normalized average gene intensity for each group measured in the Illumina Expression

BeadChips. *PB0.05, **PB0.01, ***PB0.001 relative to ITA, Mann-Whitney U-test.
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carotid artery plaques were increased 9- and 7-fold,

respectively, as compared to thyroid artery samples

from subjects free of atherosclerotic disease (14). In

the present study, the fold-change was lower, which

might be explained by the fact that our control

samples from internal thoracic artery were from

subjects with coronary artery atherosclerosis and,

albeit there was no histological evidence of athero-

sclerosis, it is obvious that the systemic nature of

atherosclerosis might be reflected in the levels of

ADAMs in all the vascular beds narrowing the

difference in expression levels. According to the

previous study, ADAM-9 and ADAM-15 were

expressed in smooth muscle cells in the neointima

of atherosclerotic arteries (14). Co-localization of

ADAM-9, ADAM-15, and ADAM-17-positive cells

with those labeled with CD68 antibody indicates

that these cells are of monocytic origin, although

these ADAMs were localized also to smooth muscle

cells in the carotid samples. Whether the rheologic

properties of different vascular beds have a different

effect on expression of ADAMs in specific cell types

in the plaque remains to be elucidated.

Proteolytic processing, the detachment of the

pro-domain, has been associated with the matura-

tion of at least some ADAMs, including ADAM-9

and ADAM-17, to a catalytically active form (5,6).

Western analysis indicated that virtually all ADAM-

9, ADAM-15, and ADAM-17 protein was in the

catalytically active form in atherosclerotic lesions in

carotid and femoral arteries and in aorta and hence

in the catalytically competent state.

The present findings support a role of ADAM-9

in the pathology of atherosclerosis through ectodo-

main shedding, cell-cell, or cell-matrix interactions.

ADAM-9 has been shown to be able to cleave several

substrates, including heparin binding-EGF (HB-

EGF) (29), and thus its upregulation might result

in misregulated shedding of factors effecting ather-

ogenesis (30). The ability of ADAM-9 to mediate

cell interactions through a6b1 and avb5 integrins

(10,31) may also contribute to atherosclerosis since

these interactions can regulate cell motility and the

production of interleukin-6 (9,10).

The co-localization of ADAM-15-expressing

cells with CD68 and co-distribution with CD31-

positive cells in atherosclerotic areas strongly suggest

that ADAM-15 on monocytic or endothelial cells

might play a role in monocyte-macrophage migra-

tion, endothelial-platelet adhesion, or matrix remo-

deling in atherosclerosis. ADAM-15 on endothelial

cells might interact with avb3 integrin on leukocytes,

Figure 2. ADAM-9, ADAM-15, and ADAM-17 expression in atherosclerotic samples and control samples from internal thoracic artery

(ITA). Gene expression value is the normalized average gene intensity for each group measured in the Illumina Expression BeadChips. *PB

0.05, **PB0.01, ***PB0.001 relative to ITA, Mann-Whitney U-test.
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especially monocytes, during atherogenesis. Consis-

tently cultured hematopoietic cells of monocytic

lineage express avb3 integrin which was shown to

bind recombinant ADAM-15 (31). Also, ADAM-15

binding to avb3 or a5b1 on smooth muscle cells in

atherogenic areas could modulate their migration/

proliferation properties (32); however, we did not

observe co-distribution of ADAM-15 with the

smooth muscle cells. Furthermore, ADAM-15-

mediated interactions between the endothelial cells

and platelets are potentially important since the

initiation, inflammation, atherogenesis, and plaque

formation, including the recruitment of progenitor

and dendritic cells, require adherence of platelets to

the endothelial cells. This would be consistent with

the platelet adhesion to ADAM-15-expressing en-

dothelial-like cells and subsequent platelet activation

and microthrombus formation in a flow chamber

model (16). Given the inflammatory nature of

atherosclerosis, it is interesting that in inflammatory

bowel diseases, ADAM-15 is upregulated in epi- and

endothelial cells in close contact with a5b1-expres-

sing leukocytes, suggesting a role in leukocyte

migration (33). This also corroborates our hypoth-

esis of ADAM-15 possibly contributing to mono-

cyte-macrophage migration in atherosclerosis.

To our knowledge, the present study provides the

first comprehensive immunohistochemical examina-

tion of ADAM-17 expression in human atherosclero-

sis. The results agree with and extend those of the

earlier investigations implicating ADAM-17 in the

pathology of atherosclerosis. Previously, Canault and

co-authors have demonstrated elevated ADAM-17

protein levels in the lipidic core of human athero-

sclerotic plaques and showed with a detailed analysis

of an apolipoprotein E-deficient mouse model that

ADAM-17 immunostaining increased along with the

development of atherosclerotic lesions (21). In a

subsequent study they provided convincing evidence

indicating the pathophysiological role of ADAM-17

sheddase activity in human atherosclerosis (22). The

contribution of ADAM-17 in atherosclerosis is also

corroborated by the studies showing increased TNF-

a levels after acute myocardial infarction (34,35) and

localization of TNF-a expression in atheromas (36).

The ability of ADAM-17 to downregulate macro-

phage colony-stimulating factor receptor (M-CSFR)

from macrophages undergoing activation enables

Figure 3. Expression of ADAM-9, ADAM-15, and ADAM-17 mRNA in control samples from internal thoracic artery (ITA), and carotid,

aortic, and femoral artery samples measured with TaqMan Low-Density Array. *PB0.05, **PB0.01, ***PB0.001 relative to ITA, Mann-

Whitney U-test.
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Figure 4. Expression of ADAM-9, ADAM-15, and ADAM-17 in human atherosclerotic plaques. Serial staining of monocyte marker CD68

and smooth muscle cell marker HHF35 in human aortic (A), femoral (B), and carotid (C) plaques. Samples from internal thoracic artery

(ITA) served as controls (D). NV indicates a neovascularized vessel. A straight line indicates the transition between the intima and media.

Arrows indicate typical positively stained cells. The stage of atherosclerosis was classified according to American Heart Association (AHA)

classification (type 1�6). 100� magnification.
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Figure 5. Double immunofluorescence images demonstrating co-localization of ADAM-9 and ADAM-17 and CD68, and mirror image

sections showing the co-localization of ADAM-15 and CD68. ADAM-9-immunoreactive cells at the border of adventitia and media

(arrows) are also labeled with CD68. High-magnification image showing ADAM-9/CD68-immunoreactive cells (arrows) adhered to the

intima of neovascularization capillary (arrowheads point to the intima exhibiting red/yellow autofluorescence). ADAM-9 labeling is very

strong in the cell membrane. Mirror image sections indicating co-localization of ADAM-15 and CD68. Arrows point to the cells

immunoreactive to both antigens. Double immunofluorescence photographs demonstrating the co-localization of ADAM-17 and CD68.

ADAM-17 immunoreactivity is very strong in the cell membrane whereas CD68 labeling is seen throughout the cytoplasm.
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fully activated phenotype in mononuclear macro-

phages by rapidly preventing M-CSF-mediated sig-

naling (25), suggesting that also ADAM-17 might

effect macrophage function in atherogenesis. To sum

up, our results combined with other studies suggest

that ADAM-17 might contribute to atherosclerosis

by activating and inactivating pro- and anti-inflam-

matory factors, respectively, and thus regulating

inflammation, leukocyte adhesion, migration, and

proliferation.

In conclusion, our results implicate ADAM-9,

ADAM-15, and ADAM-17 in advanced athero-

sclerosis and suggest roles in the monocyte homing,

migration, or proliferation in all major vascular beds.

As the therapeutic intervention of ADAMs in human

diseases is actively pursued (5,37), our findings

underline the potential of targeting the development

of atherosclerosis through modulation of ADAM

function.
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