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Members of the ADAMTS (a disintegrin and metallo-
proteinase with thrombospondin motifs) family are 

involved in the degradation of extracellular matrix (ECM) 
proteins during development, morphogenesis, tissue re-
pair, and remodeling. They differ from other proteases 
like MMPs (matrix metalloproteinases) with respect to 
function, binding and anchoring properties, substrate rec-
ognition, and half-life. Thus far, the ADAMTS family has 
attracted less attention in vascular research than MMPs 
(Figure 1). Recent findings, however, point towards an im-
portant role of ADAMTS family members in atherosclero-
sis, restenosis, and aneurysm formation.

ADAMTS Proteases and Hyaluronan-Binding 
Proteoglycans

ADAMTSs comprise a family of 19 secreted, extracellular 
enzymes with a common multidomain structure. Their or-
ganization consists of an N-terminal prodomain, a catalytic 
domain and a disintegrin-like domain, linked to an addi-
tional C-terminal region referred to as the ancillary domain. 
The latter is key for regulating the activity of ADAMTSs 
and the specification of their substrate-binding preferences. 
The importance of both domains in vascular biology is il-
lustrated in context of angiogenesis where the catalytic and 
the noncatalytic domains revealed antiangiogenic proper-
ties.1 Parallel evolution of ADAMTSs with hyaluronan and 
hyaluronan-binding proteoglycans alludes to their central 
role in the regulation of these proteoglycan substrates. 
Hyaluronan-binding proteoglycans are major components 
of the skeletal, nervous, and cardiovascular system. Their 
proteolysis is regulated by a subset of ADAMTSs called 
proteoglycanases (ADAMTS-1, -4, -5, -8, -9, -15, and -20). 
ADAMTS-1, -4, and -5 are the main enzymes responsible 
for cleaving hyaluronan-binding proteoglycans in the vas-
culature and will be the focus of this viewpoint (Figure 2). A 
shared feature of these large aggregating hyaluronan-bind-
ing proteoglycans is their tridomain structure containing a 
C-type lectin domain at the C-terminus, an N-terminal hy-
aluronan-binding domain, and a central domain harboring 

the numerous glycosaminoglycan side chains. Aggregates 
of hyaluronan and hyaluronan-binding proteoglycans carry 
an enormous fixed negative charge, thus attracting coun-
ter-ions and water into the tissue. For this reason, they are 
responsible for vascular viscosity. They are also essential 
binding partners for various cell-associated and ECM mol-
ecules, including collagens, elastin, fibronectin, CD44, and 
integrins. Hence, although elastin and collagens are impor-
tant for nonlinear elasticity of the vasculature, aggrecan and 
versican, the main hyaluronan-binding proteoglycans in 
the vasculature, give additional support and simultaneously 
dampen blood flow and pressure oscillations ensuring pe-
ripheral organ perfusion at steady flow and pressure because 
of their viscous properties.2

ADAMTSs and Versican in Atherosclerosis
Besides granting viscous properties to the vasculature, 
glycosaminoglycans bound to hyaluronan-binding proteo-
glycans also interact with lipoproteins, in particular LDL 
(low-density lipoprotein). These lipid-retaining properties of 
the vascular ECM are key for the development of atheroscle-
rosis, making ADAMTSs potential targets to reverse the re-
tention of lipoproteins in the vasculature. Jönsson-Rylander 
et al3 suggested that ADAMTS-1 may promote atherogenesis 
by cleaving ECM proteins, such as versican and inducing 
vascular smooth muscle cell migration. Ren et al4 demon-
strated that loss of ADAMTS-4 attenuates atherosclerosis 
in apoE (apolipoprotein E)-deficient mice on high-fat diet 
and results in a more stable plaque phenotype with reduced 
macrophage and lipid content. Our group first implicated 
ADAMTS-5 in the regulation of vascular proteoglycan turn-
over and lipoprotein retention in murine atherosclerosis.5 
Loss of ADAMTS-5 activity in aortas of young and old 
apoE-deficient mice on chow-fed diet was associated with 
an accumulation of versican and biglycan, the major lipo-
protein-binding proteoglycans in atherosclerosis. Notably, 
ADAMTS-5 activity resulted in the release of LDL from the 
vascular ECM. This potent activity of ADAMTS-5 on the 
LDL-binding proteoglycan fraction of the ECM warrants 
further investigation.5

ADAMTSs and Aggrecan in Vascular Injury
Versican is the main hyaluronan-binding proteoglycan in both 
veins and arteries; however, aggrecan is induced on vascular 
injury: using proteomics in mice fed with a stable isotope diet 
we observed a pronounced upregulation of aggrecan on graft-
ing veins to the arterial circulation.6 Furthermore, in a porcine 
model of stent-induced vascular injury, we noted an inverse as-
sociation between cellularity and proteoglycan content in cor-
onary arteries: aggrecan and versican accumulated in vessels 
treated with a drug-eluting stent as compared to a bare metal 
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stent.6 These changes were accompanied by reduced expres-
sion of Adamts-1 and -5, but an increase in Adamts-4.6 The 
observation that aggrecan, the main large aggregating proteo-
glycan in cartilage, is higher in arteries than in veins, induced 
in coronary arteries after stenting, and by grafting veins from 
a low- to a high-pressure environment is intriguing. Larger 
arteries require increased viscosity compared with veins be-
cause of blood pressure propagation. Although the precise role 
of aggrecan in arterial viscoelasticity remains to be explored, 
a recent report has linked aggrecan degradation to vascular 
stiffness.7 Notably, MMPs are less efficient in cleaving aggre-
can compared with ADAMTSs (Figure 2).8 Correspondingly,  
proteomics analysis revealed an accumulation of aggrecan in 
murine aortas lacking ADAMTS-5 activity.6

ADAMTSs in Aneurysmal Disease
Interestingly, Oller et al9 showed that haploinsufficiency of 
ADAMTS-1 in mice leads to thoracic aortic aneurysm for-
mation. In contrast, we found that ADAMTS-5 deficient mice 
also display increased aortic dilatation in response to Ang II 
(angiotensin-II)–induced hypertension, despite a compensa-
tory increase of ADAMTS-1.10 On Ang II infusion, reduced 
versicanolysis resulted in an exacerbated build-up of versican 
in the aortic wall. This reduced versican cleavage was still 
observed despite higher ADAMTS-1 levels.10 Aggrecan and 
versican accumulation is also evident in human thoracic aor-
tic aneurysm together with a downregulation of ADAMTS-5 
expression.11 Thus, the balance of ADAMTSs may affect 
the development of aneurysm formation by influencing the 
abundance of the proteoglycans involved in maintaining 
the viscoelastic properties of the vasculature. In addition, 

haploinsufficiency of ADAMTS-1 resulted in a lower systol-
ic and diastolic blood pressure. Similarly, mice lacking the 
catalytic domain of ADAMTS-5 had lower blood pressure 
in response to Ang II–induced hypertension. Oller et al9 con-
vincingly demonstrate that haploinsufficiency of ADAMTS-1 
mediates aortic dilation by upregulating inducible nitric ox-
ide synthase yet the precise  mechanism  remained elusive. 
Although the proposed target, syndecan-4, has been implicat-
ed in nitric-oxide-mediated vasodilation9 and can be cleaved 
by ADAMTS-1,12 its accumulation was not shown in aortas of 
ADAMTS-1 haploinsufficient mice. Also, syndecan-4 trans-
genic animals have no pronounced vascular phenotype and 
normal blood pressure.13 To further our understanding of the 
function of proteases, all ECM constituents should be taken 
into consideration. This is best achieved using proteomic 
techniques.

Regulation of ADAMTS Activity by Cellular 
Uptake

LRP1 (low-density lipoprotein receptor–related protein 1) acts  
as a protease sink for ADAMTS-5 regulating its abundance, 
hence, affecting its proteolytic activity.14 We have recent-
ly shown that silencing of LRP1 in human aortic smooth 
muscle cells is associated with reduced gene expression of 
ADAMTS-5 and a concomitant increase in the extracellular 

Figure 2. ADAMTS (a disintegrin and metalloproteinase with 
thrombospondin motifs) proteases regulate proteoglycan content. 
Members of the ADAMTS family degrade versican and aggrecan. These 
hyaluronan-binding proteoglycans are the main components responsible 
for vascular viscosity. Although extracellular matrix components like 
elastin and collagens are predominantly degraded by MMPs (matrix 
metalloproteinases), hyaluronan-binding proteoglycans, such as versican 
and aggrecan, are mainly regulated by members of the ADAMTS family. 
Decreased ADAMTS activity results in proteoglycan accumulation, which 
has been associated with lipid retention and atherosclerosis, as well as 
elastin breaks and aortic aneurysm formation. Thus, members of the 
ADAMTS family as key regulator of proteoglycan turnover should be 
studied more widely in the context of vascular diseases.

Figure 1. Current literature on MMPs (matrix metalloproteinases) and 
ADAMTSs (a disintegrin and metalloproteinase with thrombospondin 
motifs) in the vasculature. Number of entries returned in a Pubmed 
search for “MMP and vascular” or “ADAMTS and vascular”.
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bioavailability of ADAMTS-1.10 Similarly, on treatment with 
Ang II, aortas from ADAMTS-5 deficient mice displayed low-
er levels of LRP1 but increased abundance of ADAMTS-1. 
Thus, ADAMTS enzymes must not be studied individually, 
but the cross-talk of the different ADAMTS proteases and 
their receptors has to be taken into consideration. It is also 
plausible that hyperlipidemia may influence vascular ECM 
homeostasis not only by inducing the expression of proteases 
but also by impairing their cellular uptake. LRP1-mediated 
endocytosis of lipoproteins could impact the uptake of prote-
ases from the extracellular space and shift the balance towards 
proteolysis in the vessel wall.

Regulation of ADAMTS Activity and Substrate 
Recognition by Glycosylation

In addition to their abundance, ADAMTS activity de-
pends on a number of other factors including tempera-
ture, pH, substrate availability, coenzymes, inhibitors, and 
posttranslational modifications. One of the major post-
translational modifications regulating ADAMTS activ-
ity is glycosylation. In fact, all ADAMTS enzymes, with 
the exception of ADAMTS-4, are N-glycosylated and, 
in addition, their ancillary domains are subjected to pro-
teolytic processing affecting their secretion, localization, 
and activity. Thus, ADAMTS activity can be increased 
directly by higher enzyme expression, indirectly by in-
fluencing LRP1-mediated ADAMTSs uptake, but also by 
posttranslational modifications affecting ADAMTS secre-
tion and activity. Glycosylation alters both ADAMTSs ac-
tivity and the susceptibility of certain ECM substrates for 
ADAMTS-mediated cleavage. Indeed, chondroitin sulfate 
side chains on versican are mandatory for proteolysis by 
ADAMTS-5 and ADAMTS-1.15 Understanding how glyco-
sylation affects ADAMTS activity and substrate specificity 
may reveal a new therapeutic strategy.

Concluding Remarks and Future Perspectives
The late evolutionary rise of proteoglycanases and their main 
substrate allowed for the development of a more complex 
viscoelastic vasculature. Although the importance of arterial 
elasticity (elastin, collagens) has been commonly accepted in 
vascular disease, arterial viscosity provided by hyaluronan-
proteoglycan aggregates is less well studied in the vasculature. 
Proteoglycanases of the ADAMTS family regulate proteogly-
can turnover in the vasculature. Therefore, they have potential 
as therapeutic targets in atherosclerosis and aneurysm forma-
tion. Here, specific attention should be given to glycosylation 
as a potential mechanism for influencing ADAMTS activity 
and substrate recognition. Although, at present, our knowl-
edge on the extent of ECM glycosylation and the subsequent 
functional consequences is limited, novel mass spectrometry 
methods for the analysis of intact glycopeptides will pave the 
way in this area of research.

Disclosures
None.

Sources of Funding
M. Mayr is a British Heart Foundation (BHF) Chair Holder (CH/ 
16/3/32406) with BHF programme grant support (RG/16/14/32397) 
and member of a Transatlantic Network of Excellence Program grant 
funded by the Fondation Leducq (18CVD02 - Defining the Roles of 
Smooth Muscle Cells and Other Extracellular Matrix Producing Cells 
in Late Stage Atherosclerotic Plaque Pathogenesis).

References
	 1.	 Rodriguez-Manzaneque JC, Fernandez-Rodriguez R, Rodriguez-Baena 

FJ, Iruela-Arispe ML. Adamts proteases in vascular biology. Matrix 
Biol. 2015;44–46:38–45. doi: 10.1016/j.matbio.2015.02.004

	 2.	 Armentano RL, Graf S, Barra JG, Velikovsky G, Baglivo H, Sánchez R, 
Simon A, Pichel RH, Levenson J. Carotid wall viscosity increase is re-
lated to intima-media thickening in hypertensive patients. Hypertension. 
1998;31:534–539.

	 3.	 Jönsson-Rylander AC, Nilsson T, Fritsche-Danielson R, Hammarström 
A, Behrendt M, Andersson JO, Lindgren K, Andersson AK, Wallbrandt P, 
Rosengren B, Brodin P, Thelin A, Westin A, Hurt-Camejo E, Lee-Søgaard 
CH. Role of ADAMTS-1 in atherosclerosis: remodeling of carotid artery, 
immunohistochemistry, and proteolysis of versican. Arterioscler Thromb 
Vasc Biol. 2005;25:180–185. doi: 10.1161/01.ATV.0000150045.27127.37

	 4.	 Ren P, Hughes M, Krishnamoorthy S, Zou S, Zhang L, Wu D, Zhang C, 
Curci JA, Coselli JS, Milewicz DM, LeMaire SA, Shen YH. Critical role of 
ADAMTS-4 in the development of sporadic aortic aneurysm and dissec-
tion in mice. Sci Rep. 2017;7:12351. doi: 10.1038/s41598-017-12248-z

	 5.	 Didangelos A, Mayr U, Monaco C, Mayr M. Novel role of ADAMTS-5 
protein in proteoglycan turnover and lipoprotein retention in atherosclero-
sis. J Biol Chem. 2012;287:19341–19345. doi: 10.1074/jbc.C112.350785

	 6.	 Suna G, Wojakowski W, Lynch M, et al. Extracellular matrix proteomics 
reveals interplay of aggrecan and aggrecanases in vascular remodel-
ing of stented coronary arteries. Circulation. 2018;137:166–183. doi: 
10.1161/CIRCULATIONAHA.116.023381

	 7.	 Yasmin, Maskari RA, McEniery CM, Cleary SE, Li Y, Siew K, Figg NL, 
Khir AW, Cockcroft JR, Wilkinson IB, O’Shaughnessy KM. The ma-
trix proteins aggrecan and fibulin-1 play a key role in determining aortic 
stiffness. Sci Rep. 2018;8:8550. doi: 10.1038/s41598-018-25851-5

	 8.	 Durigova M, Nagase H, Mort JS, Roughley PJ. MMPs are less effi-
cient than ADAMTS5 in cleaving aggrecan core protein. Matrix Biol. 
2011;30:145–153. doi: 10.1016/j.matbio.2010.10.007

	 9.	 Oller J, Méndez-Barbero N, Ruiz EJ, et al. Nitric oxide mediates aor-
tic disease in mice deficient in the metalloprotease Adamts1 and in a 
mouse model of Marfan syndrome. Nat Med. 2017;23:200–212. doi: 
10.1038/nm.4266

	 10.	 Fava M, Barallobre-Barreiro J, Mayr U, Lu R, Didangelos A, Baig F, 
Lynch M, Catibog N, Joshi A, Barwari T, Yin X, Jahangiri M, Mayr 
M. Role of ADAMTS-5 in aortic dilatation and extracellular matrix 
remodeling. Arterioscler Thromb Vasc Biol. 2018;38:1537–1548. doi: 
10.1161/ATVBAHA.117.310562

	 11.	 Cikach FS, Koch CD, Mead TJ, Galatioto J, Willard BB, Emerton KB, 
Eagleton MJ, Blackstone EH, Ramirez F, Roselli EE, Apte SS. Massive 
aggrecan and versican accumulation in thoracic aortic aneurysm and dis-
section. JCI Insight. 2018;3(5):97167. doi: 10.1172/jci.insight.97167

	 12.	 Rodríguez-Manzaneque JC, Carpizo D, Plaza-Calonge Mdel C, Torres-
Collado AX, Thai SN, Simons M, Horowitz A, Iruela-Arispe ML. 
Cleavage of syndecan-4 by ADAMTS1 provokes defects in adhesion. Int J 
Biochem Cell Biol. 2009;41:800–810. doi: 10.1016/j.biocel.2008.08.014

	 13.	 Forsberg E, Kjellén L. Heparan sulfate: lessons from knockout mice. J 
Clin Invest. 2001;108:175–180. doi: 10.1172/JCI13561

	 14.	 Yamamoto K, Troeberg L, Scilabra SD, Pelosi M, Murphy CL, Strickland 
DK, Nagase H. LRP-1-mediated endocytosis regulates extracellular ac-
tivity of ADAMTS-5 in articular cartilage. FASEB J. 2013;27:511–521. 
doi: 10.1096/fj.12-216671

	 15.	 Foulcer SJ, Nelson CM, Quintero MV, Kuberan B, Larkin J, Dours-
Zimmermann MT, Zimmermann DR, Apte SS. Determinants of versi-
can-V1 proteoglycan processing by the metalloproteinase ADAMTS5. J 
Biol Chem. 2014;289:27859–27873. doi: 10.1074/jbc.M114.573287

Key Words: aggrecan ◼ aneurysm ◼ atherosclerosis ◼ extracellular matrix 
◼ versican

D
ow

nloaded from
 http://ahajournals.org by on M

arch 16, 2019




