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Abstract: Zinc-dependent matrix metalloproteinases (MMPs) belong to metzincins that comprise not
only 23 human MMPs but also other metalloproteinases, such as 21 human ADAMs (a disintegrin
and metalloproteinase domain) and 19 secreted ADAMTSs (a disintegrin and metalloproteinase
thrombospondin domain). The many setbacks from the clinical trials of broad-spectrum MMP
inhibitors for cancer indications in the late 1990s emphasized the extreme complexity of the
participation of these proteolytic enzymes in biology. This editorial mini-review summarizes
the Special Issue, which includes four review articles and 10 original articles that highlight the
versatile roles of MMPs, ADAMs, and ADAMTSs, in normal physiology as well as in neoplastic and
destructive processes in tissue. In addition, we briefly discuss the unambiguous involvement of
MMPs in wound healing.

Keywords: extracellular matrix; inflammation; wound healing; cytokines; proteinases;
interstitial collagens

More than half a century ago, Gross and Lapière discovered a true collagenase, which was
the first vertebrate matrix metalloproteinase (MMP) responsible for the resorption of the tail in the
metamorphosing tadpole [1]. We now know that vertebrate collagenase belongs to the metzincins,
which is a clan of metalloendopeptidases found in all living organisms [2,3]. The metzincins, with their
third ligand being histidine or aspartate in the active site, comprise not only the MMP family, which
has 23 members in humans [4], but also other metalloproteinases, such as adamlysins or reprolysins,
including ADAMs (a disintegrin and metalloproteinase domain; 21 members in humans) and ADAMTSs
(a disintegrin and metalloproteinase thrombospondin domain), consisting of 19 secreted enzymes and
at least 7 ADAMTS-like proteins that are devoid of catalytic activity [5,6], astacins (e.g., meprins, bone
morphogenetic protein-1), leishmanolysins, serralysins, and snapalysins [2].

Research activities that followed the discovery by Gross and Lapière focused in the beginning
on the critical role of these proteinases in extracellular matrix (ECM) remodeling in homeostatic
balance and imbalance [7]. Thus, it turned out that MMPs are necessary for multiple and
diverse physiological processes, such as reproduction, morphogenesis, embryonic development,
bone remodeling, angiogenesis, and tissue repair, but they can also contribute to tissue destruction
during cancer development and spreading and in arthritis/osteoarthritis and fibrotic diseases.
The association of pathologies with MMP overexpression was also the impetus for the intense
exploration of synthetic MMP inhibitors (MMPIs), especially those targeting cancer diseases, in the mid
and late 1990s [8,9]. The results of randomized controlled trials were overwhelmingly disappointing for
small-molecule MMPIs, due to their poor oral bioavailability, lack of efficacy, dose-limiting toxicities,
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and undesired musculoskeletal side effects [10]. These first-generation synthetic MMPIs targeted
broadly by mimicking MMPs’ natural substrate (usually collagen) [8], but later innumerable substrates
were identified [11]. Unfortunately, these early MMPIs also inactivate proteinases unrelated to the
disease but necessary for one or more physiological processes [8]; the importance of ADAMs and
ADAMTSs was unknown at the time. Today, there is consensus that MMPs, ADAMs, and ADAMTSs
function in many cell-signaling pathways, in which they are probably even more important than in
ECM remodeling [11,12]. In parallel with our increased understanding of the diverse biological roles
of these proteinases, the current goal is the development of highly selective inhibitors [8,13] although
there is still no approved MMPI available. The only exception is low-dose oral doxycycline (Periostat®),
which was approved in 1998 as an adjunct for the treatment of adult periodontitis. The mechanism
of the beneficial doxycycline at subantimicrobial doses (20 mg b.i.d.) involves inhibiting collagenase
(MMP-8) activity [14].

The content of this Special Issue highlights the multiple biological functions of these proteolytic
enzymes and includes four review articles [4,15–17] and 10 original articles [18–27]. The articles
address the role of MMPs, ADAMs, and ADAMTSs, in normal physiology as well as in neoplastic and
tissue destructive processes.

Reflecting their pleiotropic activities, MMPs are closely associated with direct and indirect cell
communication by modifying cell adhesion via integrin interactions and by activating or inactivating
cytokines/chemokines or other signaling biomolecules and their cognate receptors. The specific roles
of MMPs in these complicated signaling networks are highlighted by Young et al. [17].

A specific example of MMP-dependent cytokine signaling was elucidated by Sammel et al. [27].
They showed that not only ADAM-10 but also ADAM-17 and several other MMPs can shed the
interleukin (IL)-11 receptor to induce transsignaling, a process where soluble receptor fragments
interact with the ligand to act on cells not responsive to the ligand alone. Functional redundancy
ensures a robust response, even in the absence of individual members of the shedding machinery.
Although the current study remains at the level of cell culture and overexpression systems, it warrants
further investigation of this elaborate proteinase network in animal models and in samples from
patients with disturbances in individual components.

Another example of the importance of MMPs as proteinases with essential functions that have
evolved within robust networks with redundant activities is presented by Rogerson et al. in their
studies on ADAMTS [26]. In their research study in genetically manipulated mice, Rogerson et al.
identified ADAMTS-9 as a novel aggrecanase that, in the absence of the aggrecanolytic ADAMTS-4
and ADAMTS-5, is highly increased in its abundance and might assume the critical functions of
ADAMTS-4 and ADAMTS-5 in normal skeletal development [26]. ADAMTS-4 and ADAMTS-5
are thought to contribute to osteoarthritis by degrading the proteoglycan aggrecan in articular
cartilage [28]. ADAMTSs are highly conserved in mice and humans, but it remains to be explored if
similar redundancies also contribute to human pathologies.

The way in which membrane-tethered MMPs can interact with soluble members of the MMP
family was demonstrated by Albrechtsen et al. at the University of Copenhagen [18]. By identifying
basigin, an inducer of soluble MMPs, as a novel shed substrate of ADAM-12, they revealed a new
function of the proteinase within the MMP network. This mechanistic insight has the potential to
help devising novel strategies for inhibiting aberrant MMP activity in carcinogenesis, although in vivo
validation is required.

Yip et al. [16] thoroughly reviewed the literature on MT4-MMP (MMP-17), another
membrane-anchored MMP that has only been poorly studied [4]. MT4-MMP is one of the two
members (the other one is MT6-MMP) of the family that is tethered to the membrane by a
glycosylphosphatidylinositol anchor and shows specific activity in processing only a few ECM
components. These appear to be important in many diseases, particularly in several types of cancer,
which again demonstrates the strong need to better understand every member of the MMP family as a
potential target for therapy.
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Several studies in this Special Issue corroborate findings that show that MMPs have to be tightly
controlled to prevent detrimental activity in disease. This might also be achieved by posttranslational
modification (PTM) of the proteinase or the substrates. Many PTMs in MMPs and their target proteins
have been identified, but their dynamic relationships are still poorly understood. In a review article,
Madzharova et al. [4] summarize the current knowledge of the PTM (glycosylation, phosphorylation,
and glycosaminoglycans)-mediated control of MMP activity and review the technologies used to study
this topic.

As an additional layer of the control of MMP activity, soluble MMPs can also activate each
other, e.g., by propeptide removal. For instance, the stromelysin MMP-3 is incapable of cleaving
triple-helical fibrillar collagens but increases collagenolysis via the activation of collagenases [29].
Mirastschijski et al. [24] has convincingly demonstrated the profound effect of the lack of MMP-3 on
tumor necrosis factor-α (TNF-α)-initiated collagenolysis in the skin of MMP-3-deficient mice, a finding
that supports the indirect pathological role of MMP-3 in skin collagen catabolism through the activation
of the human collagenase MMP-1 [30]. The authors did not demonstrate a direct link between murine
MMP-13 and collagenase activity.

Oku et al. [25] have studied the effect of inflammation on cancer metastasis and the involvement
of matrix metalloproteinase-9 (MMP-9). They used exogenous TNF-α to mimic the in vivo conditions
and found that TNF-α upregulated MMP-9 at the transcriptional and translational levels in gastric
cancer and mesothelial cell lines. The peritoneal barrier was modeled in vitro by mesothelial cells
grown on a basement membrane matrix. TNF-α increased cancer cell invasion of the mesothelium
via a process that was inhibited by MMP-9 gene silencing but not by MMP-2 gene silencing and was
rescued by the addition of MMP-9 (Figure 1).
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Figure 1. Tumor necrosis factor-α (TNF-α) stimulates gastric carcinoma cells and peritoneal mesothelial
cells to secrete matrix metalloproteinase-9 (MMP-9), which promotes cancer cell invasion [25].

Huber et al. [22] set out to elucidate the cellular mechanisms involved in the differential effect of
high-molecular-weight heparin (HMWH) compared with that of other anticoagulants on MMP-9 blood
levels. For this purpose, monocytic and T and B lymphocytic cell lines were cocultured. The researchers
demonstrated that HMWH increased IL-16 and sICAM-1 secretion by T lymphocytes, which in turn
increased IL-8 and MMP-9 production by monocytes (Figure 2).
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Figure 2. Proposed model of the induction of matrix metalloproteinase-9 (MMP-9) production in
monocytes by high-molecular-weight heparin (HMWH)-treated T cells. T cells secrete the mediators
IL-16 and sICAM-1, which induce monocytic IL-8 production. Together, these factors induce continuous
IL-8 secretion as well as enhanced MMP-9 production by monocytes [22].

To investigate the emerging functions of MMPs as immune modulators, Bates et al. [19]
mimicked the influence of inflammatory processes initiated by Porphyromonas gingivalis in vitro, causing
periodontal destruction. They developed a 3-cell coculture model that includes monocyte-derived
dendritic cells, CD4+ T lymphocytes, and primary gingival keratinocytes. MMP-7 and MMP-12
production differed significantly between the single cell cultures and the cocultures.

Dreschers et al. [20] addressed the clinical problem of premature delivery due to intrauterine
infection. They hypothesized that detrimental persistence of inflammation is caused by reduced
apoptosis of neonatal monocytes following phagocytosis of the infectious agent, e.g., Escherichia coli.
The reduced apoptosis of infected neonatal monocytes compared with that of infected adult monocytes
was attributed to increased shedding of CD95L by MMP-9. TACE (ADAM-17) was not involved in
this process. One drawback of the study was the use of the general MMP inhibitor chlorhexidine;
thus, the involvement of other MMPs could not be ruled out [31].

Tuberculosis remains a serious infectious disease, causing 2 million deaths every year at a global
level. In a comprehensive review of MMP involvement in tuberculosis, Rohlwink et al. [15] summarize
the current knowledge of the functions of MMPs in tuberculosis infections in both the lung and the
brain. They outline the critical activities of MMPs in ECM degradation and pathogen release in the
lung as well as in modulating immune responses. The use of various MMPIs in preclinical models of
pulmonary and central nervous system tuberculosis is also reviewed. The ambiguous roles of MMPs
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in disease progression, particularly in childhood tuberculous meningitis, underscore the need for an
increased understanding of how to balance MMP activity in treatment strategies.

Neuropathic pain is very difficult to treat, and there is an unmet medical need for effective
therapeutic approaches. Kwan et al. [23] evaluated the effect of MMP-2/MMP-9 inhibition on
neuropathic pain (Figure 3). They used an orally bioavailable MMP-2/MMP-9 inhibitor (AQU-118)
in the spinal nerve ligation rodent model of neuropathic pain and discovered a novel relationship
between elevated MMP-2 mRNA expression levels and caspase-3-mediated cell death, once again
highlighting the complex interactions of MMPs with other proteinases within the proteinase network.
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Figure 3. MMP inhibitor (MMPI) targets (increased apoptosis, increased cytokine activation, and
decreased myelin basic protein levels) in neuropathic pain [23].

Snake venom metalloproteinases belong to the adamlysins, and their antithrombotic effects are
well-known [32]. Huang et al. [21] tested the therapeutic effect of the metalloproteinase SP, which
was isolated and purified from the venom of a moccasin snake (Agkistrodon acutus), in animal models
of induced thrombosis and pulmonary embolism. The protein prolonged the coagulation time and
inhibited platelet aggregation and thrombosis. Mechanistically, metalloproteinase SP cleaved the α, β,
and γ chains of fibrinogen.

During wound healing, MMPs are involved in multiple cellular, molecular, and biochemical
processes [33]. To decipher the role of MMPs, we used synthetic nondiscriminative MMPIs in animal
and human acute injury wound-healing models [34–39]. The main conclusion of these studies is
that neoepithelium formation is severely impaired by blocking MMP activity, while, paradoxically,
increased collagen deposition in skin or peritoneal or intestinal wounds does not result from inhibiting
MMP activities [34–37]. Without the protective epithelium, there is an increased susceptibility to
infection. This presents a therapeutic challenge for nonhealing chronic cutaneous wounds, which often
present with excessive MMP activity [33,40,41]: therapy should block the activity of pathogenic MMPs
but not affect the activity of the MMPs required for reepithelialization [39]. The MMPs responsible
for reepithelialization are unknown, but mouse models indicate that MMP-9 is one candidate [42],
and in vitro studies suggest MMP-1 and MMP-7 as important candidates as well [43,44]. MMP-10 is
highly upregulated in keratinocytes of the migrating tip in wounds with dermal involvement [39,45]
and can cleave several cell adhesion and bioactive proteins [46]. Nonetheless, MMP-10-deficient mice
did not show severe deficits in epithelial healing [47], indicating that the role of redundancy in the
interconnected MMP network needs to be explored. Another clinical example is the regeneration of
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the mucosal epithelium of anastomotic wounds after resection of diseased colorectal tissue. While
they are beneficial for normal anastomotic wound healing [9,48], broad-spectrum MMPI therapies are
detrimental to anastomotic wound repair under complicated conditions [49]. Under these conditions,
nonselective MMPIs severely delay epithelial coverage resulting in increased invasion by pathogenic
microorganisms, abscess formation, and anastomosis insufficiencies [49]. Additionally, inhibition of
the antimicrobial MMP-12 may contribute to weakening of the host defense [50]. The use of more
selective MMPIs or local delivery of the MMPI to avoid systemic side effects may be a solution [37,51].

In conclusion, the present Special Issue has shed some light on the complex functions of MMPs,
ADAMs, and ADAMTSs, in physiological and pathological processes. The new experimental and
collected data that are provided here add to the current knowledge. The identification of novel substrates
has been critical to the recent advances of the MMP research field [52], and novel high-throughput
degradomics technologies have been instrumental in extending the classical view on MMPs as simple
tissue degraders to precise signaling scissors modulating complex immune responses. The use of these
promising technologies together with valid disease models and clinical studies has the potential to
translate into effective therapeutic modulators inhibiting detrimental MMP activities and enhancing
their beneficial effects as targets and antitargets in diseases [12,53].

Funding: Ulrich auf dem Keller acknowledges support by a Novo Nordisk Foundation Young Investigator Award
(NNF16OC0020670).
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Abbreviations

ADAM A disintegrin and metalloproteinase domain
ADAMTS A disintegrin and metalloproteinase thrombospondin domain
ECM Extracellular matrix
HMWH High-molecular-weight heparin
IL Interleukin
MMP Matrix metalloproteinase
MMPI Matrix metalloproteinase inhibitor
PTM Posttranslational modification
sICAM-1 Soluble intercellular adhesion molecule
TACE Tumor necrosis factor-α converting enzyme
TNF-α Tumor necrosis factor-α

References

1. Pardo, A.; Selman, M. MMP-1: The elder of the family. Int. J. Biochem. Cell Biol. 2005, 37, 283–288. [CrossRef]
[PubMed]

2. Gomis-Rüth, F.X. Structural aspects of the metzincin clan of metalloendopeptidases. Mol. Biotechnol. 2003,
24, 157–202. [CrossRef]

3. Rawlings, N.D.; Barrett, A.J.; Woessner, J.F.; Salvesen, G. Handbook of Proteolytic Enzymes, 3rd ed.; Elsevier
Science & Technology: San Diego, CA, USA, 2012.

4. Madzharova, E.; Kastl, P.; Sabino, F.; Auf dem Keller, U. Post-translational modification-dependent activity
of matrix metalloproteinases. Int. J. Mol. Sci. 2019, 20, 3077. [CrossRef] [PubMed]

5. Le Goff, C.; Cormier-Daire, V. The ADAMTS(L) family and human genetic disorders. Hum. Mol. Genet. 2011,
20, R163-7. [CrossRef] [PubMed]

6. Brocker, C.N.; Vasiliou, V.; Nebert, D.W. Evolutionary divergence and functions of the ADAM and ADAMTS
gene families. Hum Genomics 2009, 4, 43–55. [CrossRef] [PubMed]

7. Amar, S.; Smith, L.; Fields, G.B. Matrix metalloproteinase collagenolysis in health and disease. Biochim.
Biophys. Acta Mol. Cell Res. 2017, 1864, 1940–1951. [CrossRef]

8. Fischer, T.; Senn, N.; Riedl, R. Design and structural evolution of matrix metalloproteinase inhibitors.
Chemistry 2019, 25, 7960–7980. [CrossRef]

http://dx.doi.org/10.1016/j.biocel.2004.06.017
http://www.ncbi.nlm.nih.gov/pubmed/15474975
http://dx.doi.org/10.1385/MB:24:2:157
http://dx.doi.org/10.3390/ijms20123077
http://www.ncbi.nlm.nih.gov/pubmed/31238509
http://dx.doi.org/10.1093/hmg/ddr361
http://www.ncbi.nlm.nih.gov/pubmed/21880666
http://dx.doi.org/10.1186/1479-7364-4-1-43
http://www.ncbi.nlm.nih.gov/pubmed/19951893
http://dx.doi.org/10.1016/j.bbamcr.2017.04.015
http://dx.doi.org/10.1002/chem.201805361


Int. J. Mol. Sci. 2020, 21, 2678 7 of 9

9. Ågren, M.S.; Jorgensen, L.N.; Delaissé, J.M. Matrix metalloproteinases and colon anastomosis repair: A new
indication for pharmacological inhibition? Mini Rev. Med. Chem. 2004, 4, 769–778.

10. Coussens, L.M.; Fingleton, B.; Matrisian, L.M. Matrix metalloproteinase inhibitors and cancer: Trials and
tribulations. Science 2002, 295, 2387–2392. [CrossRef]

11. Rodriguez, D.; Morrison, C.J.; Overall, C.M. Matrix metalloproteinases: What do they not do? New substrates
and biological roles identified by murine models and proteomics. Biochim. Biophys. Acta 2010, 1803, 39–54.
[CrossRef]

12. Kessenbrock, K.; Plaks, V.; Werb, Z. Matrix metalloproteinases: Regulators of the tumor microenvironment.
Cell 2010, 141, 52–67. [CrossRef] [PubMed]

13. Levin, M.; Udi, Y.; Solomonov, I.; Sagi, I. Next generation matrix metalloproteinase inhibitors—Novel
strategies bring new prospects. Biochim. Biophys. Acta Mol. Cell Res. 2017, 1864, 1927–1939. [CrossRef]
[PubMed]

14. Golub, L.M.; McNamara, T.F.; Ryan, M.E.; Kohut, B.; Blieden, T.; Payonk, G.; Sipos, T.; Baron, H.J. Adjunctive
treatment with subantimicrobial doses of doxycycline: Effects on gingival fluid collagenase activity and
attachment loss in adult periodontitis. J. Clin. Periodontol. 2001, 28, 146–156. [CrossRef] [PubMed]

15. Rohlwink, U.K.; Walker, N.F.; Ordonez, A.A.; Li, Y.J.; Tucker, E.W.; Elkington, P.T.; Wilkinson, R.J.;
Wilkinson, K.A. Matrix metalloproteinases in pulmonary and central nervous system tuberculosis-a review.
Int. J. Mol. Sci. 2019, 20, 1350. [CrossRef] [PubMed]

16. Yip, C.; Foidart, P.; Noel, A.; Sounni, N.E. MT4-MMP: The GPI-anchored membrane-type matrix
metalloprotease with multiple functions in diseases. Int. J. Mol. Sci. 2019, 20, 354. [CrossRef]

17. Young, D.; Das, N.; Anowai, A.; Dufour, A. Matrix metalloproteases as influencers of the cells‘ social media.
Int. J. Mol. Sci. 2019, 20, 3847. [CrossRef]

18. Albrechtsen, R.; Wewer Albrechtsen, N.J.; Gnosa, S.; Schwarz, J.; Dyrskjot, L.; Kveiborg, M. Identification of
ADAM12 as a novel basigin sheddase. Int. J. Mol. Sci. 2019, 20, 1957. [CrossRef]

19. Bates, A.M.; Fischer, C.L.; Abhyankar, V.P.; Johnson, G.K.; Guthmiller, J.M.; Progulske-Fox, A.; Brogden, K.A.
Matrix metalloproteinase response of dendritic cell, gingival epithelial keratinocyte, and T-cell transwell
co-cultures treated with Porphyromonas gingivalis hemagglutinin-B. Int. J. Mol. Sci. 2018, 19, 3923. [CrossRef]

20. Dreschers, S.; Platen, C.; Ludwig, A.; Gille, C.; Kostlin, N.; Orlikowsky, T.W. Metalloproteinases TACE and
MMP-9 differentially regulate death factors on adult and neonatal monocytes after infection with Escherichia
coli. Int. J. Mol. Sci. 2019, 20, 1399. [CrossRef]

21. Huang, J.; Fan, H.; Yin, X.; Huang, F. Isolation of a novel metalloproteinase from Agkistrodon venom and its
antithrombotic activity analysis. Int. J. Mol. Sci. 2019, 20, 4088. [CrossRef]

22. Huber, R.; Attili/Abedalkhader, R.; Kuper, D.; Hauke, L.; Luns, B.; Brand, K.; Weissenborn, K.; Lichtinghagen, R.
Cellular and molecular effects of high-molecular-weight heparin on matrix metalloproteinase 9 expression.
Int. J. Mol. Sci. 2019, 20, 1595. [CrossRef] [PubMed]

23. Kwan, M.Y.; Choo, A.; Hanania, T.; Ghavami, A.; Beltran, J.; Shea, J.; Barboza, A.; Hu, A.; Fowler, M.;
Neelagiri, V.R.; et al. Biomarker analysis of orally dosed, dual active, matrix metalloproteinase (MMP)-2 and
MMP-9 inhibitor, AQU-118, in the spinal nerve ligation (SNL) rat model of neuropathic pain. Int. J. Mol. Sci.
2019, 20, 811. [CrossRef] [PubMed]

24. Mirastschijski, U.; Lupše, B.; Maedler, K.; Sarma, B.; Radtke, A.; Belge, G.; Dorsch, M.; Wedekind, D.;
McCawley, L.J.; Boehm, G.; et al. Matrix metalloproteinase-3 is key effector of TNF-alpha-induced collagen
degradation in skin. Int. J. Mol. Sci. 2019, 20, 5234. [CrossRef] [PubMed]

25. Oku, T.; Shimada, K.; Kenmotsu, H.; Ando, Y.; Kurisaka, C.; Sano, R.; Tsuiji, M.; Hasegawa, S.; Fukui, T.;
Tsuji, T. Stimulation of peritoneal mesothelial cells to secrete matrix metalloproteinase-9 (MMP-9) by
TNF-alpha: A role in the invasion of gastric carcinoma cells. Int. J. Mol. Sci. 2018, 19, 3961. [CrossRef]

26. Rogerson, F.M.; Last, K.; Golub, S.B.; Gauci, S.J.; Stanton, H.; Bell, K.M.; Fosang, A.J. ADAMTS-9 in mouse
cartilage has aggrecanase activity that is distinct from ADAMTS-4 and ADAMTS-5. Int. J. Mol. Sci. 2019, 20,
573. [CrossRef]

27. Sammel, M.; Peters, F.; Lokau, J.; Scharfenberg, F.; Werny, L.; Linder, S.; Garbers, C.; Rose-John, S.;
Becker-Pauly, C. Differences in shedding of the interleukin-11 receptor by the proteases ADAM9, ADAM10,
ADAM17, meprin alpha, meprin beta and MT1-MMP. Int. J. Mol. Sci. 2019, 20, 3677. [CrossRef]

28. Mehana, E.E.; Khafaga, A.F.; El-Blehi, S.S. The role of matrix metalloproteinases in osteoarthritis pathogenesis:
An updated review. Life Sci. 2019, 234, 116786. [CrossRef]

http://dx.doi.org/10.1126/science.1067100
http://dx.doi.org/10.1016/j.bbamcr.2009.09.015
http://dx.doi.org/10.1016/j.cell.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20371345
http://dx.doi.org/10.1016/j.bbamcr.2017.06.009
http://www.ncbi.nlm.nih.gov/pubmed/28636874
http://dx.doi.org/10.1034/j.1600-051x.2001.028002146.x
http://www.ncbi.nlm.nih.gov/pubmed/11168739
http://dx.doi.org/10.3390/ijms20061350
http://www.ncbi.nlm.nih.gov/pubmed/30889803
http://dx.doi.org/10.3390/ijms20020354
http://dx.doi.org/10.3390/ijms20163847
http://dx.doi.org/10.3390/ijms20081957
http://dx.doi.org/10.3390/ijms19123923
http://dx.doi.org/10.3390/ijms20061399
http://dx.doi.org/10.3390/ijms20174088
http://dx.doi.org/10.3390/ijms20071595
http://www.ncbi.nlm.nih.gov/pubmed/30935029
http://dx.doi.org/10.3390/ijms20040811
http://www.ncbi.nlm.nih.gov/pubmed/30769782
http://dx.doi.org/10.3390/ijms20205234
http://www.ncbi.nlm.nih.gov/pubmed/31652545
http://dx.doi.org/10.3390/ijms19123961
http://dx.doi.org/10.3390/ijms20030573
http://dx.doi.org/10.3390/ijms20153677
http://dx.doi.org/10.1016/j.lfs.2019.116786


Int. J. Mol. Sci. 2020, 21, 2678 8 of 9

29. Manka, S.W.; Bihan, D.; Farndale, R.W. Structural studies of the MMP-3 interaction with triple-helical
collagen introduce new roles for the enzyme in tissue remodelling. Sci. Rep. 2019, 9, 18785. [CrossRef]

30. Ågren, M.S.; Schnabel, R.; Christensen, L.H.; Mirastschijski, U. Tumor necrosis factor-alpha-accelerated
degradation of type I collagen in human skin is associated with elevated matrix metalloproteinase (MMP)-1
and MMP-3 ex vivo. Eur. J. Cell Biol. 2015, 94, 12–21. [CrossRef]

31. Gendron, R.; Grenier, D.; Sorsa, T.; Mayrand, D. Inhibition of the activities of matrix metalloproteinases 2, 8,
and 9 by chlorhexidine. Clin. Diagn. Lab. Immunol. 1999, 6, 437–439. [CrossRef]

32. Markland, F.S., Jr.; Swenson, S. Snake venom metalloproteinases. Toxicon 2013, 62, 3–18. [CrossRef] [PubMed]
33. Sabino, F.; auf dem Keller, U. Matrix metalloproteinases in impaired wound healing. Met. Med. 2015, 2, 1–8.
34. Syk, I.; Ågren, M.S.; Adawi, D.; Jeppsson, B. Inhibition of matrix metalloproteinases enhances breaking

strength of colonic anastomoses in an experimental model. Br. J. Surg. 2001, 88, 228–234. [CrossRef]
35. Mirastschijski, U.; Haaksma, C.J.; Tomasek, J.J.; Ågren, M.S. Matrix metalloproteinase inhibitor GM 6001

attenuates keratinocyte migration, contraction and myofibroblast formation in skin wounds. Exp. Cell Res.
2004, 299, 465–475. [CrossRef] [PubMed]

36. Mirastschijski, U.; Johannesson, K.; Jeppsson, B.; Ågren, M.S. Effect of a matrix metalloproteinase activity
and TNF-alpha converting enzyme inhibitor on intra-abdominal adhesions. Eur. Surg. Res. 2005, 37, 68–75.
[CrossRef] [PubMed]

37. Krarup, P.M.; Eld, M.; Jorgensen, L.N.; Hansen, M.B.; Ågren, M.S. Selective matrix metalloproteinase
inhibition increases breaking strength and reduces anastomotic leakage in experimentally obstructed colon.
Int. J. Colorectal. Dis. 2017, 32, 1277–1284. [CrossRef]

38. Mirastschijski, U.; Schnabel, R.; Claes, J.; Schneider, W.; Ågren, M.S.; Haaksma, C.; Tomasek, J.J.
Matrix metalloproteinase inhibition delays wound healing and blocks the latent transforming growth
factor-beta1-promoted myofibroblast formation and function. Wound Repair. Regen. 2010, 18, 223–234.
[CrossRef]

39. Ågren, M.S.; Mirastschijski, U.; Karlsmark, T.; Saarialho-Kere, U.K. Topical synthetic inhibitor of matrix
metalloproteinases delays epidermal regeneration of human wounds. Exp. Dermatol. 2001, 10, 337–348.
[CrossRef]

40. Trøstrup, H.; Holstein, P.; Karlsmark, T.; Moser, C.; Ågren, M.S. Uncontrolled gelatin degradation in
non-healing chronic wounds. J. Wound Care 2018, 27, 724–734. [CrossRef]

41. Krishnaswamy, V.R.; Mintz, D.; Sagi, I. Matrix metalloproteinases: The sculptors of chronic cutaneous
wounds. Biochim. Biophys. Acta Mol. Cell Res. 2017, 1864, 2220–2227. [CrossRef]

42. Kyriakides, T.R.; Wulsin, D.; Skokos, E.A.; Fleckman, P.; Pirrone, A.; Shipley, J.M.; Senior, R.M.; Bornstein, P.
Mice that lack matrix metalloproteinase-9 display delayed wound healing associated with delayed
reepithelization and disordered collagen fibrillogenesis. Matrix Biol. 2009, 28, 65–73. [CrossRef] [PubMed]

43. Pilcher, B.K.; Dumin, J.A.; Sudbeck, B.D.; Krane, S.M.; Welgus, H.G.; Parks, W.C. The activity of collagenase-1
is required for keratinocyte migration on a type I collagen matrix. J. Cell Biol. 1997, 137, 1445–1457. [CrossRef]
[PubMed]

44. Hayden, D.M.; Forsyth, C.; Keshavarzian, A. The role of matrix metalloproteinases in intestinal epithelial
wound healing during normal and inflammatory states. J. Surg. Res. 2011, 168, 315–324. [CrossRef] [PubMed]

45. Krampert, M.; Bloch, W.; Sasaki, T.; Bugnon, P.; Rulicke, T.; Wolf, E.; Aumailley, M.; Parks, W.C.; Werner, S.
Activities of the matrix metalloproteinase stromelysin-2 (MMP-10) in matrix degradation and keratinocyte
organization in wounded skin. Mol. Biol. Cell 2004, 15, 5242–5254. [CrossRef]

46. Schlage, P.; Egli, F.E.; Nanni, P.; Wang, L.W.; Kizhakkedathu, J.N.; Apte, S.S.; auf dem Keller, U. Time-resolved
analysis of the matrix metalloproteinase 10 substrate degradome. Mol. Cell Proteom. 2014, 13, 580–593.
[CrossRef]

47. Rohani, M.G.; McMahan, R.S.; Razumova, M.V.; Hertz, A.L.; Cieslewicz, M.; Pun, S.H.; Regnier, M.; Wang, Y.;
Birkland, T.P.; Parks, W.C. MMP-10 regulates collagenolytic activity of alternatively activated resident
macrophages. J. Invest. Dermatol. 2015, 135, 2377–2384. [CrossRef]

48. Ågren, M.S.; Andersen, T.L.; Andersen, L.; Schiødt, C.B.; Surve, V.; Andreassen, T.T.; Risteli, J.; Franzén, L.E.;
Delaissé, J.M.; Heegaard, A.M.; et al. Nonselective matrix metalloproteinase but not tumor necrosis
factor-alpha inhibition effectively preserves the early critical colon anastomotic integrity. Int. J. Colorectal.
Dis. 2011, 26, 329–337. [CrossRef]

http://dx.doi.org/10.1038/s41598-019-55266-9
http://dx.doi.org/10.1016/j.ejcb.2014.10.001
http://dx.doi.org/10.1128/CDLI.6.3.437-439.1999
http://dx.doi.org/10.1016/j.toxicon.2012.09.004
http://www.ncbi.nlm.nih.gov/pubmed/23000249
http://dx.doi.org/10.1046/j.1365-2168.2001.01649.x
http://dx.doi.org/10.1016/j.yexcr.2004.06.007
http://www.ncbi.nlm.nih.gov/pubmed/15350544
http://dx.doi.org/10.1159/000083150
http://www.ncbi.nlm.nih.gov/pubmed/15818044
http://dx.doi.org/10.1007/s00384-017-2857-x
http://dx.doi.org/10.1111/j.1524-475X.2010.00574.x
http://dx.doi.org/10.1034/j.1600-0625.2001.100506.x
http://dx.doi.org/10.12968/jowc.2018.27.11.724
http://dx.doi.org/10.1016/j.bbamcr.2017.08.003
http://dx.doi.org/10.1016/j.matbio.2009.01.001
http://www.ncbi.nlm.nih.gov/pubmed/19379668
http://dx.doi.org/10.1083/jcb.137.6.1445
http://www.ncbi.nlm.nih.gov/pubmed/9182674
http://dx.doi.org/10.1016/j.jss.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20655064
http://dx.doi.org/10.1091/mbc.e04-02-0109
http://dx.doi.org/10.1074/mcp.M113.035139
http://dx.doi.org/10.1038/jid.2015.167
http://dx.doi.org/10.1007/s00384-010-1106-3


Int. J. Mol. Sci. 2020, 21, 2678 9 of 9

49. Rehn, M.; Krarup, P.M.; Christensen, L.H.; Seidelin, J.B.; Ågren, M.S.; Syk, I. GM6001 increases anastomotic
leakage following colonic obstruction possibly by impeding epithelialization. Surg. Infect. (Larchmt) 2015, 16,
702–708. [CrossRef]

50. Houghton, A.M.; Hartzell, W.O.; Robbins, C.S.; Gomis-Ruth, F.X.; Shapiro, S.D. Macrophage elastase kills
bacteria within murine macrophages. Nature 2009, 460, 637–641. [CrossRef]

51. Pasternak, B.; Rehn, M.; Andersen, L.; Ågren, M.S.; Heegaard, A.M.; Tengvall, P.; Aspenberg, P.
Doxycycline-coated sutures improve mechanical strength of intestinal anastomoses. Int. J. Colorectal
Dis. 2008, 23, 271–276. [CrossRef]

52. Schlage, P.; auf dem Keller, U. Proteomic approaches to uncover MMP function. Matrix Biol. 2015, 44–46,
232–238. [CrossRef] [PubMed]

53. Dufour, A.; Overall, C.M. Missing the target: Matrix metalloproteinase antitargets in inflammation and
cancer. Trends Pharmacol. Sci. 2013, 34, 233–242. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1089/sur.2014.248
http://dx.doi.org/10.1038/nature08181
http://dx.doi.org/10.1007/s00384-007-0401-0
http://dx.doi.org/10.1016/j.matbio.2015.01.003
http://www.ncbi.nlm.nih.gov/pubmed/25603365
http://dx.doi.org/10.1016/j.tips.2013.02.004
http://www.ncbi.nlm.nih.gov/pubmed/23541335
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	References

