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Abstract The ADAMTS (a disintegrin and metalloprotei-
nase with thrombospondin motifs) proteases are secreted
enzymes that regulate extracellular matrix turnover by
degrading specific matrix components. Roles for the
proteases in inflammation and atherosclerosis have been
suggested by a number of recent studies, and the role of
ADAMTS-4 and -5 in the breakdown of aggrecan and
subsequent degradation of cartilage during osteoarthritis
has also been established. The ability of the ADAMTS
proteases to degrade versican, the primary proteoglycan in
the vasculature, is thought to be central to any hypothesized
role for the proteases in atherosclerosis. In this review, we
introduce the structure and function of the ADAMTS
family of proteases and review the literature that links
them with inflammation and atherosclerosis.
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Introduction

The ADAMTS (a disintegrin and metalloproteinase with
thrombospondin motifs) proteases are a distinct group of
zinc metalloproteases (MMPs) comprising 20 members,
ADAMTS-1 to ADAMTS-20, that are structurally related

to the ADAM and matrix MMP families of proteinases [1,
2]. ADAMTS proteases are non-membrane-bound enzymes
that interact with components of the extracellular matrix
(ECM) such as procollagen, hyalectans and cartilage
oligomeric matrix protein to cause their degradation [2,
3]. The physiological roles of the ADAMTS proteases are
only just beginning to be established, but a role in cartilage
turnover has been described [1]. The ADAMTS proteases
have been implicated in pathophysiological processes
including osteoarthritis and cancer. A role for the
ADAMTS proteases in inflammation and atherosclerosis
has only recently come to light. This review will discuss the
structure and function of the ADAMTS proteases and their
potentially important roles in atherosclerosis.

The ADAMTS protease family

The mammalian ADAMTS proteases share between 20% and
40% homology with ADAMTS-13 being the most distinct.
The ADAMTS family is usually subdivided into four classes
based on structural and/or functional similarities. These are
the proteoglycanases, the procollagen-n-peptidases, von
Willebrand cleaving factor (ADAMTS-13) and the other
ADAMTS proteases whose function is currently unclear
(including ADAMTS-6, -7, -10, -12 and -16 to -19) [1, 4].
Targets of the ADAMTS proteases are summarized in Table 1.

The proteoglycanases

ADAMTS-1, -4, -5, -8, -9 and -15 are collectively known
as the proteoglycanases as they cleave the proteoglycans
aggrecan, versican and brevican to result in the degradation
of the ECM [4]. A role for the ADAMTS proteases in ECM
degradation was first suggested by knockout of ADAMTS-
1 in mice where impaired formation of adipose tissue and
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accumulation of collagen within the skin tissue suggested
that the processing of collagen and other ECM molecules
was defective [5].

ADAMTS-1 was the first of the ADAMTS proteases to
be characterized in 1997 [6] and was later identified as a
potent inhibitor of angiogenesis [7] and then as an
‘aggrecanase’ [8]. Aggrecan is present within the articular
cartilage where it is important for withstanding compressive
deformation during joint movement and for protecting
collagen from degradation. Aggrecan is cleaved by
ADAMTS proteases at Glu–Ala bonds within the glycos-
aminoglycan region of the protein [4, 9, 10]. ADAMTS-4
and -5 show the highest aggrecanase activity and have been
implicated in osteoarthritis and rheumatoid arthritis (RA)
(reviewed by [11] and [12]).

Although the cleavage of aggrecan has been extensively
researched, the cleavage of versican (a vascular proteogly-
can structurally similar to aggrecan) by the ADAMTS
proteases is of significant importance in atherosclerosis and
inflammation. As detailed in this review, ADAMTS-1, -4
and -9 are able to cleave versican at Glu–Ala bonds, and
this has particular significance to atherosclerosis as versican
accumulation is observed in blood vessels susceptible to
atherosclerosis [1, 13]. ADAMTS-4 is also able to cleave
brevican, one of the primary proteoglycans in the central
nervous system, and this action may be relevant to the
pathophysiology of stroke [14]. Similar to versican and
aggrecan, brevican can be cleaved by both MMPs and
ADAMTS proteases at distinct sites. Interestingly, cleavage
of brevican by ADAMTS-4 at a Glu–Ser bond has been
linked to glioma invasion [15, 16].

The procollagen-n-proteinases

ADAMTS-2, -3 and -14 are termed procollagen-n-protei-
nases due to their involvement in the removal of N-terminal
peptides from procollagen to form mature collagen.
ADAMTS-2 is thought to play a role in the formation of
skin, and similar to the other collagen C-proteinases, its
expression can be upregulated by the cytokine transforming
growth factor-β (TGF-β) [3]. More recently, the expression
of ADAMTS-2 in monocytes and macrophages has been
implicated in the regulation of inflammation and wound

repair [17]. ADAMTS-3 and -14 are thought to function
primarily in cartilage and tendon, respectively [2].

Von Willebrand cleaving factor

ADAMTS-13 has been identified as the protease that
cleaves the multimeric glycoprotein, von Willebrand factor
(VWF) [18]. This protein, present predominantly in the
plasma, has a key role in coagulation. VWF is a carrier for
clotting factor VIII and has a significant role in coagulation
and thrombus formation as part of the thrombin pathway. In
atherosclerosis, VWF binds to ECM molecules to promote
platelet adhesion and aggregation at sites of damage to the
vascular wall [1, 2]. ADAMTS-13 has been demonstrated
to colocalize with VWF in thrombi of human coronary
arteries [19]. Cleavage of VWF by ADAMTS-13 is thought
to attenuate thrombus formation in atherosclerotic plaques,
and a role for the disintegrin domain of ADAMTS-13 in
this process has been identified [19]. In addition to this, a
lack of ADAMTS-13 has been linked with thrombotic
thrombocytopenic purpura where large multimers of VWF
accumulate in the absence of ADAMTS-13 resulting in
micro-thrombi and vascular obstructions [20].

The domain structure of ADAMTS proteases

The ADAMTS proteases have a domain structure (Fig. 1)
that is conserved throughout the family. ADAMTS pro-
teases are synthesized as proproteins which are cleaved to
become active through the removal of the prodomain by a
furin proprotein convertase within the trans-Golgi [21, 22].
The catalytic (metalloproteinase) domain of ADAMTS
proteases is comprised of a catalytic zinc coordinated by

Table 1 Targets of the ADAMTS proteases

ADAMTS target ADAMTS proteases

Aggrecan ADAMTS-1, -4, -5, -9, -15

Versican ADAMTS-1, -4, -9

Brevican ADAMTS-4

Procollagen ADAMTS-2, -3, -14

Von Willebrand Factor ADAMTS-13

(n)

Protease Domain Ancillary Domain

(n)

Signal Peptide

Disintegrin –
Like Domain

Cysteine Rich 
Domain

Prodomain Metalloproteinase 
Domain
Spacer 
Domain

Thrombospondin
Type I repeat

Variable

NN

Fig. 1 Archetypal domain structure for the ADAMTS proteases. The
ADAMTS proteases contain a signal sequence that is followed by a
prodomain of varying length and a catalytic metalloproteinase domain.
This protease domain region is highly conserved between ADAMTS
members with ADAMTS-13 being the exception, having an unusually
short prodomain. The ancillary domain is made up of a disintegrin-like
domain, a thrombospondin type I repeat, a cysteine-rich domain and a
spacer domain. The remainder of the protein is variable according to
the different family members. The variable sections are made up of a
number of thrombospondin type I repeats and other domains. See text
for more details

1204 J Mol Med (2010) 88:1203–1211



three histidine residues. This active site motif is followed
by a highly conserved methionine residue, a pattern also
observed in the ADAM and MMP families [2]. The
catalytic domain is followed by a smaller, disintegrin-like
domain. This region shares 25–45% homology with the
snake venom disintegrins but does not interact with
integrins. Following this region are the thrombospondin type
1-like repeats (TSR). These sequences are unique to the
ADAMTS proteases amongst the matrix protease families and
are homologous to the type 1 repeats found within thrombo-
spondins 1 and 2. One important function of this domain is to
bind to the ECM and to glycosaminoglycans such as heparin
[1, 2]. The highly conserved cysteine-rich domain follows
the TSR region and contains ten cysteine residues. The
crystal structure of ADAMTS-1 revealed that this was
stacked against the active site of the protease [23]. It is
followed by a spacer region that varies in length and
sequence but usually contains several hydrophobic residues
towards the N-terminal end. Between 1 and 14 TSRs follow
the spacer region in all ADAMTS proteases except
ADAMTS-4 [2, 4].

The ability of the ADAMTS proteases to bind to the
extracellular matrix is one important property that distin-
guishes the ADAMTS family from the ADAM and MMP
families [21]. The proteases bind to sulphated glycosami-
noglycans present in the ECM including heparin and
aggrecan [1]. Both the catalytic and the non-catalytic
regions of the ADAMTS proteases are required for full
proteolytic activity and substrate binding. This is achieved
through post-translational processing (C-terminal trunca-
tion) of mature ADAMTS proteases within the spacer
region and may be mediated by MMPs [24].

Studies using murine ADAMTS-1 domain-deletion con-
structs and C-terminally processed forms of human
ADAMTS-4 have identified the TSP type 1 motifs and
the cysteine-rich and spacer regions in the C-terminal
domain as crucial for ECM binding, with truncation of this
region resulting in a loss of ECM binding [1, 25]. In
addition, the spacer and cysteine-rich regions together with
the thrombospondin motifs are required for substrate
recognition and cleavage by the proteases [26, 27].
Cleavage of the cysteine-rich and spacer regions reduces
the affinity of ADAMTS-4 for heparin and reduces its
ability to cleave aggrecan [2, 28].

Regulation of ADAMTS proteases

Regulation of the ADAMTS proteases remains a poorly
understood area. One regulatory property that is known is
that the activity of ADAMTS can be regulated by the tissue
inhibitors of metalloproteinases (TIMPs) [1, 29]. TIMPs-1,
-2, -3 and -4 are endogenous inhibitors of the MMPs [30].

However, TIMP-3 has been found to be an important
specific inhibitor of ADAMTS-4 and -5. In addition, TIMP-
2 and TIMP-3 can inhibit ADAMTS-1 aggrecanase activity
[31]. Hashimoto et al. [32] incubated ADAMTS-4 with
TIMPs to demonstrate the inhibitory action of these
molecules on the ability of ADAMTS-4 to cleave aggrecan.
Analysis of the IC50 values revealed that the activity of
TIMP-3 was 50-fold higher than that observed with TIMPs-
1 and -2 and approximately 250-fold higher than the
activity of TIMP-4, suggesting that this inhibitory action
on ADAMTS-4 is specific to TIMP-3 [32]. Although the
mechanism of inhibition has not been fully elucidated, a
study by Kashiwagi et al. [33] demonstrated that the N-
terminal domain of TIMP-3 was able to inhibit the
aggrecanase activity of ADAMTS-4 and -5 suggesting that
the N-terminal end of TIMP-3 may interact with ADAMTS.
A recent study has demonstrated that this interaction is
enhanced by the C-terminal domain of ADAMTS-4 and
ADAMTS-5. Binding of TIMP-3 may prevent interaction
between the ADAMTS and aggrecan by altering the active
site to favour interaction with TIMP-3 rather than the
aggrecan substrate [33, 34].

Inflammation and atherosclerosis

Atherosclerosis, the principal cause of heart attacks and
stroke is the one of the leading causes of death in Western
societies. Atherosclerosis is a progressive inflammatory
disease triggered by damage to the vascular endothelium by
various risk factors including genetic predisposition, hyper-
tension, smoking, hypercholesterolemia and type 2 diabetes
mellitus [35–38]. The disease is characterized by the
formation of a plaque composed of cholesterol, lipids,
inflammatory cells and debris resulting from cellular
apoptosis. In the primary stages of atherosclerosis, mono-
cytes and other inflammatory cells are attracted to the site
of damage by the elevated expression of cell surface
adhesion molecules such as inter-cellular adhesion
molecule-1 and vascular cell adhesion molecule-1 and
chemokines such as monocyte chemoattractant protein-1
by endothelial cells [35–38]. Monocytes migrate into the
arterial intima where they differentiate into macrophages.
Macrophages express cell surface scavenger receptors
which normally function to take up pathogens and
apoptotic cells but, in atherosclerosis, are able to take up
modified lipoproteins such as oxidized low density lipo-
protein (oxLDL) which accumulates in the vessel wall [35,
39, 40]. This uptake and subsequent accumulation of oxLDL
transforms macrophages to lipid-laden foam cells which
form the fatty streak associated with early stage atherosclero-
sis. The migration of vascular smooth muscle cells (VSMCs)
and T lymphocytes into the artery characterizes the progres-
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sion of a fatty streak to a more advanced fibrofatty lesion.
More complex lesions are formed when VSMCs move into
the intima and contribute to foam cell formation through
proliferation and lipoprotein uptake. The synthesis of ECM by
these cells produces a fibrous cap over the lesion to produce an
atherosclerotic plaque that can extend into the arterial lumen.
Over time these plaques can become unstable and prone to
rupture sometimes leading to thrombosis, myocardial infarc-
tion and other acute complications [35–38].

Plaques vulnerable to rupture are characterized by a lipid-
rich core, thin fibrous cap, high levels of inflammation,
neovascularization and matrix remodelling [35]. Several
studies have demonstrated a key role for matrix-degrading
proteases in the synthesis and degradation of the ECM in
atherosclerosis. Synthesis of MMPs by macrophages and
VSMCs is increased in patients with unstable angina and
acute myocardial infarction, and their synthesis is increased
following macrophage activation by pro-inflammatory cyto-
kines. MMPs have also been demonstrated to contribute to
VSMC migration and proliferation [41–43]. Whilst con-
trolled ECM remodelling is essential for migration and
proliferation of VSMCs and contributes to plaque stability,
matrix degradation can result in the thinning of the fibrous
cap of the lesion and decreased collagen content of lesions,
rendering them vulnerable to rupture [42].

ADAMTS proteases—links with inflammation
and atherosclerosis

Changes in the degradation of ECM by MMPs and other
proteases have been associated with a number of patholog-
ical inflammatory conditions including atherosclerosis and
rheumatoid arthritis. This shift in balance of synthesis and

degradation is often driven by inflammation, injury and
oxidative stress [30, 44–46]. In atherosclerosis, macro-
phages and monocytes are known to secrete proteolytic
enzymes to influence the development of the lesion and/or
the stability of the plaque [45, 47]. Differentiation of
monocytes to macrophages is also accompanied by an
increase of matrix-degrading proteases [48]. Immunohisto-
chemical analysis has demonstrated that ADAMTS-1, -4, -5
and -8 are present within human carotid lesions and
advanced coronary atherosclerotic plaques [45]. Of these,
ADAMTS-4, -5 and -8 colocalize with macrophages whilst
ADAMTS-1 colocalizes with endothelial and smooth
muscle cells [45, 49]. ADAMTS-1 and ADAMTS-4 are
the most abundant of the proteases and have consequently
been the focus of studies on the link between ADAMTS
proteases and atherosclerosis [2]. The potential roles of
ADAMTS proteases in atherosclerosis and inflammation
are summarized in Fig. 2.

The enhanced expression of ADAMTS-1 in the kidney and
heart observed in response to in vivo lipopolysaccharide
(LPS) administration first suggested that ADAMTS proteases
were associated with inflammatory processes. The observa-
tion that the mRNA expression of murine ADAMTS-1 could
be upregulated by IL-1 was also consistent with a proposed
role for ADAMTS-1 in inflammation [4, 25, 29].

In endothelial cells, the expression of ADAMTS-1 can
be induced by LPS and the pro-inflammatory cytokine
tumour necrosis factor-α (TNF-α). This demonstrates that
the upregulation of ADAMTS-1 in response to inflamma-
tory cytokines may promote inflammation [50]. This can be
countered by high density lipoprotein (HDL), possibly due
to its protective role in endothelial cell function and
atherosclerosis. It is possible that HDL may inhibit the
expression of genes coding for proteolytic enzymes by

ADAMTS Protease Involvement in 
Inflammation and Atherosclerosis

Versican degradation, 
leading to cellular regulation 
of adhesion between 
endothelial cells and 
monocytes and also, 
proliferation and migration of 
VSMC.

Fibrous cap destabilisation of 
atherosclerotic lesions,
leading to an increased risk of 
plaque rupture and clinical 
symptoms.

VSMC migration, leading to 
a more stable 
atherosclerotic plaque 
phenotype, although also
increasing VSMC-derived 
foam cell numbers.

Cytokine modulated 
expression, leading to 
changes in ADAMTS 
expression and activity in the 
atherosclerotic disease state.

Altered cell-ECM contacts,
leading to intracellular 
signalling pathways being 
activated.

Control of cell viability,
leading to altered 
inflammatory phenotype of 
the atherosclerotic plaque.

Fig. 2 ADAMTS protease
role in inflammation and ath-
erosclerosis. A summary of the
role of the ADAMTS proteases
during atherosclerosis and
inflammation
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endothelial cells similar to what has been observed for
several adhesion molecules [50]. ADAMTS-1 is a potent
inhibitor of angiogenesis and has been shown to inhibit the
proliferation of endothelial cells by sequestration of
vascular endothelial growth factor (VEGF). This is
achieved through direct binding of the protease to VEGF,
thereby preventing the interaction of VEGF with its
receptor [50, 51]. Conversely, the expression of
ADAMTS-1 can be upregulated by VEGF, and this is
protein kinase C-dependent, suggesting a feedback mech-
anism for the regulation of angiogenesis [52]. The
expression of both ADAMTS-1 and VEGF in endothelial
cells can be induced by hypoxia [53].

ADAMTS-1 has been linked with atherosclerosis devel-
opment through a role in promoting inflammation and
VSMC migration. Immunohistochemistry has shown that
ADAMTS-1 is expressed at high levels in the aorta and
colocalizes with endothelial cells and VSMCs in athero-
sclerotic lesions [45, 49]. Expression of ADAMTS-1 is
higher in migrating and proliferating VSMCs. Mice over-
expressing ADAMTS-1 crossed with ApoE-deficient mice
(a mouse model system for atherosclerosis) show an
increased thickening of the arterial intima suggesting that
ADAMTS-1 could be involved with expansion of lesions
[49]. ADAMTS-1 expression is also upregulated by shear
stress in human endothelial cells suggesting a role for the
protease in the adaptations in the vessel structure during
vascular events [54].

In contrast with ADAMTS-1, ADAMTS-4 colocalizes
with macrophages of atherosclerotic lesions, and its
expression can be upregulated by the pro-inflammatory
cytokines IFN-γ and TNF-α [45]. Studies using the LDL-
receptor and ApoB 100/100-deficient, atherosclerotic
mouse model have shown that the levels of ADAMTS-4
mRNA are induced almost threefold during lesion devel-
opment [45]. In vitro experiments in THP-1 cells and
primary monocytes have shown that the expression of
ADAMTS-4 and -8 are increased following the differen-
tiation of monocytes to macrophages whilst the expres-
sion of ADAMTS-1, -2, -5, -7 and -10 remains
unchanged [1, 45, 47]. The induction of ADAMTS-4
and -8 expression following monocyte–macrophage
differentiation is thought to be mediated through a
secondary signal. IL-1β is a suggested candidate for this
as its expression in monocytes is induced by PMA, which
is used for differentiation of THP-1 cells into macro-
phages, and it has also been demonstrated to induce
ADAMTS-4 expression in human chondrocytes [47] and
decrease versican synthesis in arterial smooth muscle cells
[55]. However, studies have shown that IL-1β does
not induce ADAMTS-4 expression in differentiating
THP-1 cells [45] suggesting that such regulation may be
differentiation specific.

The ability of both ADAMTS-1 and -4 to cleave the
proteoglycan versican is likely to be central to the
hypothesized roles for the proteases in atherosclerosis
[47]. Versican fragments are present in both arterial samples
and in nonhuman primate vascular graft models, indicating
that versican undergoes processing, and this processing is
likely to be carried out by the ADAMTS proteases [56].

Versican

Versican is a proteoglycan belonging to the same ‘hyalur-
onan-binding’ family as aggrecan and brevican and is
similar in structure to aggrecan in particular in the N- and
C-terminal domains [57]. Versican is a key component of
the ECM where it can interact with hyaluronan and link
proteins to form large aggregates that can regulate cellular
processes including adhesion, proliferation and migration,
as previously reviewed [58].

Four isoforms of versican (V0, V1, V2 and V3) arise from
alternative splicing of the same gene, located on chromosome
5q in humans [58, 59]. The four isoforms differ by the
presence or absence of two glycosaminoglycan binding
domains designated α-GAG and β-GAG. All versican
isoforms are made up of an N-terminal globular domain,
which contains binding elements for interaction with ECM
components such as hyaluronan, and a C-terminal globular
domain containing two EGF-like repeats, a complement-
regulatory protein-like repeat and a C-type lectin domain
[13, 59]. The glycosaminoglycan binding domains contain
between 5 and 23 chondroitin sulphate attachment regions
depending on versican isoform and tissue type and location
[59]. V0 contains both α-GAG and β-GAG binding
domains, V1 contains α-GAG, V2 contains β-GAG and
V3 has no glycosaminoglycan binding domains [58, 60].

Versican and atherosclerosis

The contribution of versican to atherosclerosis is not straight-
forward. In addition to being present within developing blood
vessels and within all three layers of the arterial wall, its
expression is upregulated in all forms of vascular disease and
has also been found to accumulate in different arterial lesions
including restenotic lesions and atherosclerotic plaques [47,
55]. Of the different isoforms, the V0, V1 and V3 forms are
detectable in the human aorta and expressed by VSMCs [57].
Versican is synthesized by arterial smooth muscle cells and is
able to influence the phenotypes of arterial smooth muscle
cells and endothelial cells [55]. In addition, versican
expression has been detected at the plaque thrombus interface
where it is thought to promote platelet adhesion and
aggregation [61].
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In non-disease states, versican is likely to provide
structure to the vasculature through its interaction with
hyaluronan [13]. Formation of complexes between hyalur-
onan and versican are necessary for the migration and
proliferation of VSMCs following wounding. This complex
formation is rapid and occurs during the detachment stage
of VSMC migration [62] and can be upregulated by platelet
derived growth factor (PDGF) in arterial smooth muscle
cells [63]. In addition to binding to versican, hyaluronan
can serve as an attachment ligand for macrophages and
lymphocytes suggesting that hyaluronan–versican com-
plexes may also influence the retention and adhesion of
inflammatory cells [13]. The chondroitin sulphate (CS)
chains of versican can interact with a number of adhesion
molecules and chemokines such as L-selectin and P-selectin
that may influence the migration and recruitment of
vascular cells including macrophages [64, 65].

In advanced atherosclerosis, the location of versican
close to accumulated lipoproteins at the edge of lesions
suggests that versican and versican complexes may have a
role in the retention of lipoproteins in addition to
inflammatory cells [13]. Multiple LDL particles are able
to bind to the CS chains of versican and other proteogly-
cans. Elongation of CS chains is observed in vascular injury
and promotes binding to LDL [13]. Versican–LDL complex
formation can increase lipoprotein uptake in both VSMCs
and macrophages [66, 67]. Versican–LDL complexes are
rapidly taken up by macrophages and can enter through the
LDL receptor pathway in smooth muscle cells [68, 69].
Formation of these complexes is enhanced by lipoprotein
lipase [70].

Cleavage of versican by ADAMTS proteases–relevance
to atherosclerosis

Sandy et al. [57] first showed that in the human aorta,
versican fragments could be generated by ADAMTS-1 and
ADAMTS-4 digestion of human intact versican. The
production of a 70-kDa fragment demonstrated that
consensus motifs (Glu–X bonds) for ADAMTS cleavage
were present within versican and other aggregating proteo-
glycans. The inability of other MMP enzymes to cleave at
this site (despite their ability to degrade the protein) further
supported the cleavage of versican by ADAMTS proteases
[57]. It is now known that the ADAMTS-1 and -4 proteases
cleave versican (isoformsV0 and V1) at the Glu441–
Ala442/Glu1428–Ala1429 bond [49, 57]. In the case of
ADAMTS-1, the degradation of the primary proteoglycan
component of the vascular ECM could facilitate the
migration of VSMCs [49]. Interestingly, ADAMTS-7 has
been demonstrated to facilitate the migration of VSMCs
and intimal thickening in a rat vascular balloon-injury

model, and this is thought to be mediated by the breakdown
of cartilage oligomatrix protein by the protease [71].

In addition to increased proliferation and migration of
VSMCs, versican fragments have also been linked with
changes in ECM volume of vascular lesions and therefore
with intimal growth and regression [56, 57]. The ECM
plays a large role in neointimal thickening, contributing
between 60% and 80% to the mass in vascular lesions. The
high number of glycosaminoglycan chains present in
versican contributes to the water content and volume of
the intima making the removal/deposition of proteoglycans
a highly effective way to control ECM volume [56]. Using
a graft repair model, it is possible to show that generation
of versican fragments can be increased by high blood flow,
indicating that the activity of ADAMTS proteases in blood
vessels may be mediated by shear stress [56]. Intimal tissue
regression following balloon- or stent-mediated injury has
been shown to be associated with increased blood flow and
loss of versican. In a baboon vascular graft model, high
blood flow causes cell death and loss of ECM. This is
accompanied by an increase of a versican cleavage product
that can be generated by the ADAMTS proteases-1, -4, -5
and -9. Kenagy and colleagues measured the mRNA levels
of ADAMTS proteases in this graft model and found that
levels of ADAMTS-4 were significantly increased follow-
ing a switch to high blood flow and that this was linked
with tissue atrophy [56, 72].

Cytokine regulation of versican expression
and degradation

All stages of atherosclerosis are regulated by pro- and anti-
inflammatory cytokines. It is therefore possible that the
expression and activity of versican and of ADAMTS
proteases in the vascular system will be regulated by
cytokines. Little is currently known about cytokine regula-
tion of ADAMTS proteases in relation to atherosclerosis
although the expression of ADAMTS-1 and ADAMTS-4 is
upregulated by pro-inflammatory cytokines [45]. In con-
trast, versican expression is known to be regulated by a
number of cytokines including PDGF, TGF-β and IL-1β
[55, 73]. Studies in monkey arterial smooth muscle cells
showed that PDGF and TGF-β upregulate the expression of
versican mRNA [73]. In addition, immunostaining of
atherosclerotic lesions from hypercholesterolemic nonhu-
man primates has shown that versican–hyaluronan com-
plexes colocalize in the ECM with TGF-β and PDGF
positive cells [74]. Further studies in arterial smooth muscle
cells have shown that IL-1β reduces the mRNA stability of
versican leading to decreased levels of synthesis [55], and
interestingly, the cytokine is also able to upregulate decorin
expression and induce aggrecan degradation through the

1208 J Mol Med (2010) 88:1203–1211



upregulation of ADAMTS aggrecanase activity [55]. This
is an area for further study.

Concluding remarks

In summary, proteases play a critical role in atherosclerosis.
Inflammation drives a shift in the balance between ECM
synthesis and its degradation by proteases. Degradation of
the ECM contributes to plaque instability and the subse-
quent rupture and thrombosis that are the culmination of
atherosclerosis. A large number of studies have demon-
strated a crucial role for macrophage-produced proteases,
particularly MMP-2 and MMP-9 in the degradation of
ECM in atherosclerotic plaques [30]. Recent studies have
revealed potentially important roles for ADAMTS proteases
in atherosclerosis and inflammation (summarized in Fig. 2).
The expression of the ADAMTS proteases, particularly
ADAMTS-1 and ADAMTS-4, in atherosclerotic lesions
and their ability to breakdown versican, a key component of
the vascular ECM, implicates them in the disease.
ADAMTS-1 and -4 have been shown to colocalize with
smooth muscle cells and macrophages, respectively, in
lesions, and fragments of versican present in human aorta
and atherosclerotic lesions can be generated by the
proteases. In vivo, ADAMTS-1 knockout mice show
accumulation of collagen and defective ECM degradation
suggesting that the ADAMTS proteases may play a role
similar to that of the MMPs [49]. Additionally, PPARγ
agonists with anti-inflammatory properties such as the
thiazolidinediones, used in the treatment of type II diabetes
mellitus, have also been demonstrated to inhibit
macrophage-produced metalloproteases including MMP-9
and ADAMTS-4 which may contribute to plaque stability
[47].

Involvement of the ADAMTS proteases in inflammatory
disease is suggested by the role of ADAMTS-4 and -5 in
osteoarthritis and RA where they induce cartilage break-
down through the degradation of the key proteoglycan
component of cartilage, aggrecan, a molecule that is highly
structurally similar to versican [75]. RA has been linked
with accelerated atherosclerosis, with cardiovascular
disease as the highest cause of mortality in RA patients
[76]. More research will be required to further the
understanding of the role of ADAMTS proteases in both
inflammation and atherosclerosis, and in vivo, functional
data will be particularly important for this. Many questions
remain to be answered regarding the molecular activity,
regulation and function of ADAMTS proteases in the
vasculature. Are the ADAMTS proteases pro- or anti-
atherogenic in nature? How are they regulated by cytokines
and other inflammatory mediators? Are versican fragments
generated by ADAMTS cleavage biologically active? In

particular, the role of ADAMTS proteases may be much
more complex than cleavage of versican and ECM
degradation.
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