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Chapter 3: Endogenous Collagenase 
The role of matrix metalloproteinases in wound repair 

The serine proteinases comprise the largest family of extracellular enzymes and include plasmin, 
plasminogen activators, and leukocyte elastase, as well as the coagulation and digestive proteinases. 
Generally, these are potent enzymes with broad catalytic speci icity and are readily available when 
needed. Plasminogen, the inactive form of plasmin, is present in high concentrations in blood and tissue. 
Neutrophils store an abundance of leukocyte elastase. In contrast, the metalloproteinases in wounded 
tissues have more de ined substrate speci icity and are generally produced on demand. 

The structural and functional diversity of matrix metalloproteinases (MMPs) rivals that of the superfamily 
of collagens (reviewed in the previous chapter). The MMPs belong to a large family of zinc-dependent 
endopeptidases, the irst of which was described over a half century ago. MMPs were discovered initially as 
the agents responsible for tail resorption during frog metamorphosis [1-3] and have since been identi ied 
as the main processors of extracellular matrix (ECM) components [4]. MMPs have also been implicated in 
more sophisticated processes than mere ECM turnover [5,6]. These include the activation or inactivation 
of other proteins through limited proteolysis of selected bonds, as well as the shedding of membrane-
anchored forms into circulation. Substrates include other (pro-)proteases, protease inhibitors, clotting 
factors, antimicrobial peptides, chemotactic and adhesion molecules, and growth factors, hormones, 
cytokines, as well as, their receptors and binding proteins. In such shedding functions, MMPs overlap in 
substrate speci icity, and in spatial and temporal location [4,7,8]. 

Twenty three different MMPs (in human tissues) representing 24 distinct gene products have been 
characterized [9]. Based on their cellular localization, these enzymes can be broadly subdivided into 
secreted and membrane-bound MMPs. However, a more detailed analysis of their structural organization 
and substrate speci icities indicates that MMPs may be better classi ied as collagenases, gelatinases, 
stromelysins, matrilysins, and membrane-type MMPs [9]. 

The typical MMP consists of three subdomains: the pro-domain, the catalytic domain, and the hemopexin-
like C-domain, connected to the catalytic domain via a short linker region. The catalytic domain of MMPs 
contains a Zn2+ ion-binding amino acid sequence motif and a substrate-speci ic site. The MMP is synthesized 
as a pre-proenzyme and is maintained in latent conformation by the pro-domain via interaction between a 
cysteine (located in prodomain) and a Zn2+ ion (located in the catalytic domain). Only when this interaction 
is disrupted, either by proteolysis of the pro-domain or by a chemical modi ication of the cysteine, the 
MMP becomes activated. A number of intracellular and extracellular proteinases, including other MMPs, 
are known to speci ically degrade the pro-domain to activate MMPs in vivo [9]. 

Domain structure of matrix metalloproteinases (MMPs) (Figure 1). 

As mentioned the MMPs are multi-domain enzymes that have a pro-domain, an enzymatic domain, 
a zinc-binding domain, and a hemopexin/vitronectin (VN)-like domain (except in MMP7 and MMP-26). 
Additionally, membrane-type MMPs contain membrane anchor, with some membrane type (MT)-MMPs also 
possessing a cytoplasmic domain and a carboxyl terminus. Gelatinases contain a gelatin-binding domain 
with three ibronectin (FN)-like repeats [10]. Note: Nagase et al. 2006 [11], have created ‘ribbon’ diagrams 
depicting the subdomains of MMPs, pro-MMPs and TIMPs (tissue inhibitors of metalloproteinases). I 
would encourage the reader to review this reference for more detail. 

Metalloproteinases are released and participate in normal regulated tissue processes such as wound 
repair and morphogenesis during development and involution [12], however, they may be overproduced 
and destructive during prolonged in lammatory conditions [13]. 
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The breakdown of ibrillar collagen is initiated by collagenases and completed by gelatinases and other 
less speci ic proteases [14].

Collagenase is an absolute requirement for initiation of the degradation of interstitial collagen. The 
prominent role of mammalian collagenase is to catalyze the initial cleavage of ibrillar collagen in situations 
where that protein needs to be removed [14]. Collagenase must act before any other proteolytic event 
involved in the degradation of ibrillar collagen can proceed. Most of the collagenase present in tissue 
undergoing degradation is tightly bound to the collagen ibers. 

Stromelysins have been isolated as proteoglycan-degrading enzymes, but they also have a very broad 
spectrum of activity. An interesting fact is that they can activate procollagenase. Stromelysins can further 
modify an already active collagenase molecule by clipping off a little piece within the catalytic domain, 
thereby making a much more active collagenase. 

Stromelysin-1 and -2 (MMP- 3 and -10, respectively) cannot degrade ibrillar collagen type 1, but are 
strong proteoglycanases that can degrade basement membranes, laminin, ibronectin, and non-helical 
telopeptides of some non- ibrillar collagens table 4-2) [9,15,16]. 

Matrilysin is the smallest matrix metalloproteinase (Mr 28,000), but possesses broad and potent 
catalytic activity against ECM substrates. Matrilysin is a stronger proteoglycanase than stromelysin and 
also degrades basement membranes, insoluble elastin, laminin, ibronectin and entactin [9,16]. 

Although in vitro studies have identi ied numerous substrates for various MMPs, the precise identities 
of their in vivo targets has remained more elusive. A number of macromolecules associated with ECM of 
the endothelium are potential in vivo targets of MMPs [9]. 

Matrix metalloproteinases are also capable of digesting a number of other constituents of ECM, such 
as ibronectin (FN) and elastin, and a variety of other cell- and ECM-associated molecules. The actions of 
some MMPs are likely to mediate highly regulated processing of ECM-bound pro-TGF-β (transforming 
growth factor beta 1) and pro-IL-1 (interleukin 1 beta) [9] (Table 1). 

Figure 1: Domain structure of matrix metalloproteinases (MMPs).
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Nowhere in biology does there exist a more signi icant example of the need for carefully regulated, 
spatially organized degradation of collagen than in the process of wound healing. Fibroblasts, which 
differentiate into various cell types, produce chemically prominent quantities of collagenase [17]. In a 
variety of human wounds that collagenase-1 (MMP-1) cleaves ibrillar type I collagen, and is invariably 
produced by basal keratinocytes migrating across the dermal matrix. Furthermore, MMP-1 expression 
is induced in primary keratinocytes by contact with native type I collagen and not by either basement 
membrane proteins or other components of the dermal or provisional (wound) matrix [18]. A diversity 
of cell types, including macrophages, ibroblasts, endothelial cells, and keratinocytes, appear to produce 
messenger RNA (mRNA) for collagenase and tissue inhibitor of metalloproteinase (TIMP). Little if any 
expression is detected in necrotic regions, in adjacent non-wounded dermis, or epidermis [17]. In these 
ways, endogenous collagenase is prohibited from attacking viable tissue. 

The products of ibroblasts, such as collagen, MMPs, and cytokines, are important in wound healing and 
scar remodeling. Fibroblasts construct new extracellular matrix components, initiate collagen synthesis, 
and provide wound-edge tension through contractile proteins, actin and desmin. Matrix degradation is 
coordinated through the action of MMPs, proteoglycanases, and serine proteases. Fibroblasts, endothelial 
cells, and macrophages release these enzymes. Anti ibrotic factors are also released, including interferon-α 
and interferon-β, which are produced by leukocytes and ibroblasts, respectively, and interferon-γ, 
produced by Tlymphocytes. These interferons inhibit ibroblast synthesis of collagen and ibronectin and 
decrease ibroblast development [19]. 

Table 1: The following table details the human matrix metalloproteinases and the substrates upon which they act [9]. 
MMPs Alternative  Nomenclature Collagen Substrates Other Substrates 
MMP-1 Collagenase-1 I, II, III, VI, VII, X Aggrecan, gelatin, MMP-2, MMP-9 

MMP-8 
Collagenase-2 (neutrophil or PMNL 

collagenase) 
I, II, III, V,VI, VII, X Aggrecan, elastin, FN, gelatin, laminin 

MMP-13 Collagenase-3 I, II, III, IV Aggrecan, gelatin 

MMP-2 Gelatinase-A I, II, III, IV, V, VII, X, XI 
Aggrecan, elastin, FN, gelatin, laminin, PG, 

MMP-9, MMP-13 
MMP-9 Gelatinase-B IV, V, VII, X, XIV Aggrecan, elastin, FN, gelatin 

MMP-3 Stromelysin-1 II, III, IV, IV, X, XI 
Aggrecan, elastin, FN, gelatin, laminin, PG, 

MMP-7, MMP-8, MMP-13 

MMP-10 Stromelysin-2 III, IV, V 
Aggrecan, elastin, FN, gelatin, laminin, 

MMP-1, MMP-8 

MMP-7 Matrilysin-1 IV, X 
Aggrecan, elastin, FN, gelatin, laminin, PG, 

MMP-1, MMP-2, MMP-9 

MMP-14 MT1-PPM  I, II, III 
Aggrecan, elastin, FN, gelatin, laminin, 

MMP-2, MMP-13 
MMP-15 MT2-PPM  I FN, gelatin, laminin, MMP-2 
MMP-16 MT3-PPM  I MMP-2 
MMP-24 MT5-PPM None identifi ed. Fibrin, gelatin 
MMP-11 Stromelysin-3 Does not cleave. Aggrecan, FN, laminin 
 MMP-12 Metalloelastase IV Elastin, FN, gelatin, laminin 
MMP-21 XMMP ? α 1-Antitrypsin  
MMP-18 Xenopus Collagenase-4 I Gelatin 
MMP-26 Matrilysin-2, endometase IV Gelatin, FN 
MMP-17 MT4-PPM  None identifi ed. Fibrin, gelatin 
MMP-25 MT6-PPM, leukolysin IV Gelatin, FN, fi brin, laminin 
MMP-19 RASI-1 IV Aggrecan, FN, gelatin, laminin, COMP 
MMP-20 Enamelysin V Aggrecan, FN, amelogenin, COMP 
MMP-22 CMMP Unknown  Gelatin 
MMP-23 Cysteine array MMP Unknown  Unknown  
MMP-28 Epilysin Unknown  Unknown  

Tabel Modifi ed from Raffetto et al. 2008 [15]. Note: MT=membrane type; PG = proteoglycan; FN = fi bronectin. 
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Collagenase is not typically produced in dermal cells in acute human wounds or in healthy tissue [17]. 
Interstitial collagenase is produced by basal keratinocytes in wounded skin. It has often been assumed that 
the enzyme is produced primarily by ibroblasts, macrophages, and other cells at the leading edge of the 
granulation tissue [20]. 

Basal keratinocytes at the migrating front of re-epithelialization are the predominant sources of 
collagenase during active wound repair. Collagenase expression by migrating keratinocytes is an invariable 
feature of disrupted epidermis, both as a consequence of normal ulceration resulting from secondary 
intention and in ulceration resulting from a variety of disease processes [20]. This enzyme is also produced 
by migrating basal keratinocytes in full thickness burn wounds [17]. Although collagenase is always 
produced by epidermal cells at the wound edge, the amount varies considerably among wound types. In 
chronic ulcers, very high levels of expression are seen in the basal keratinocytes, with frequent production 
in the underlying dermis of these samples. Observations implicate keratinocytes as major participants in 
the degradation of collagen during wound healing and levels of collagenase produced in the epidermis and 
within the whole of the wound bed are much greater in non-healing wounds than in normal wounds [20]. 

Synthesis and structure 

A variety of lines of human skin ibroblasts produce chemically signi icant quantities of collagenase. In 
human skin, collagenase is synthesized and secreted by these cells in culture as a zymogen, a pro-enzyme 
with a molecular mass of approximately 52,000 daltons (Da) [16,21]. The zymogen is incapable of catalytic 
activity or of binding to its eventual substrate, collagen. The process of activation of pro-collagenase to 
the active enzyme is all-important in the biology of collagen degradation. Other MMPs are also secreted 
as a proenzyme or zymogen with no catalytic activity. As previously mentioned, the pro-peptide contains 
a highly conserved cysteine residue that interacts with the Zn2+-binding region of the enzyme, thereby 
effectively blocking catalytic activity. The pro-peptide domain is linked to the catalytic domain, which is 
quite similar among the MMPs. All MMP pro-enzymes have a short signal peptide, as do most proteins 
secreted from cells, and they also contain a pro-peptide. Molecular speci icity of the MMPs resides in the 
hemopexin-like region at the C-terminal ends [22]. 

Active collagenase can be activated from the zymogen by a process of cleaving the signal peptide. 
Mammalian collagenase belongs to a family of extracellular MMPs that are capable of degrading connective 
tissue components. This family of enzymes is composed of collagenases with speci icity for the ibrillar 
collagens, gelatins, and types IV and V. Stromelysin has a wide speci icity, including ibronectin, laminin, 
type IV collagen and cartilage proteoglycan (Table 4-2) [9]. All collagenases require Ca2+ for activity. In 
the absence of Ca2+, collagenase appears to be less thermostable and more susceptible to proteolytic 
degradation. Zn2+ is required for proteolytic activity. Zn2+ is tightly bound within the protein and is not 
removed in dialysis. Zn2+ participates in the movement of electrons required for the hydrolysis of the 
peptide bond. The presence of Zn2+ in these proteases, coupled with the calcium requirement, provides 
the basis for the consistent inding that collagenases as a group are inhibited by chelating agents such as 
EDTA [21]. To this end, one collagen-based wound care dressing has been designed to deactivate excessive 
MMPs (found in chronic wounds) by the introduction of EDTA to the MMPs. 

As previously mentioned, 23 MMPs are present in humans. They are numbered 1 to 3, 7 to 17, 19 to 
21, and 23 to 28 for historical reasons (there are two identical forms for MMP-23, encoded by two genes). 
If MMPs are not subjected to spatial and temporal control, they become destructive, which can lead to 
pathologies such as arthritis, in lammation, and cancer. In 2010, Tallant described the catalytic domains 
of 13 MMPs and it is felt that there are similarities to the other 10 MMPs. Tallant details that the active site 
contains an extended zinc-binding motif, which contains three zinc-binding histidines and a glutamate that 
acts as a general base/acid during catalysis. In addition, a conserved methionine provides a hydrophobic 



A Historical Review of Enzymatic Debridement: Revisited

Published: June 25, 2019 020

base for the zincbinding site. MMPs contain three α-helices and a ive-stranded β-sheet, as well as at least 
two calcium sites and a second zinc site with structural functions. Most MMPs are secreted as inactive 
zymogens with an N-terminal 80-residue pro-domain, which folds into a three-helix globular domain and 
inhibits the catalytic zinc through a cysteine imbedded in a conserved motif. Removal of the pro-domain 
enables access of a catalytic solvent molecule (water) and substrate molecules to the active-site cleft. 

MMPs are mosaic proteins, each constituted by a modular combination of inserts and domains. These 
may include, from N- to C-terminus, a signal peptide for secretion; a 80-residue zymogenic pro-peptide; 
a 165-residue zinc- and calcium-dependent catalytic domain; a 15-to65-residue linker region; and a 
200-residue hemopexin-like domain for collagen binding, pro-MMP activation, and dimerization [23].

TX-ray or NMR structures comprising at least the catalytic domains, isolated or in complexes with 
inhibitors are available. The catalytic domain structures are very similar, in the shape of a sphere with a 
diameter of 40 Å. A shallow active-site cleft lies on the front surface, which causes substrates to bind in an 
‘approximately’ extended conformation relative to their standard orientation. This orientation entails that 
a substrate binds horizontally from left (N-terminal nonprimed side) to right (C-terminal primed side) 
of the catalytic metal ion [24,25]. The polypeptide chain creeps upwards along the molecular surface to 
enter the N-terminal sub-domain (NTS) and a ive-stranded twisted β-sheet that parallels and delimits the 
active-site cleft on its top. Two helices (αA, the “backing helix”, and αB, the “activesite helix”) are located 
in the concave side of the sheet. The residues at the interface between the sheet and the helices are mainly 
hydrophobic and give rise to an extended central hydrophobic core. On the convex side of the sheet, three 
elements protrude from the molecular surface: the loop connecting strands βII and βIII (LβIIβIII), LβIIIβIV, 
and LβIVβV [21]. 

A more detailed depiction of MMP catalytic domain structure (Figure 2).

Focusing on image (B), one can see that the loop (LβIVβV) participates in an octahedral calcium binding 
site made up by three main-chain carbonyl oxygen atoms, two solvent molecules, and a carboxylate oxygen 

Figure 2: Depiction of MMP catalytic domain structure
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from an aspartate residue, Asp173. LβIIIβIV, called the “S-loop” [23] spans 16 residues and meanders 
around two further ion-binding sites: First, a structural zinc ion is tetrahedrally coordinated by three 
histidines and, monodentately, by an aspartate (His147, His162, His175, and Asp149). The second half of 
the S-loop is engaged in a second octahedral calcium-binding site. All residues participating in the three ion 
binding sites are conserved among structurally characterized MMPs [23]. The helix includes two histidine 
ligands of the catalytic zinc ion, separated by a single helical turn, which allows a concerted approach to 
the metal, and the general base/acid glutamate required for catalysis. So, we see that both calcium ions and 
both zinc ions are necessary for a functioning enzyme. One of the zinc ions is structural; whereas, the other 
is catalytic in function. Both calcium ions are structural in their role. 

Zymogen structure and activation 

Except for MMP-23, MMPs are kept under control through pro-domains and structures of proMMP-1, -2, 
-3, and -9 have been reported [21,27-29]. They show that the catalytic domains are already preformed in the 
zymogen and that pro-domains, which span between 66 and 91 residues among structurally characterized 
MMPs shield the active-site clefts, thus preventing substrate access. A central cysteine, Cys102, binds the 
catalytic zinc ion via its Sɣ atom, which replaces the catalytic solvent molecule (water). Activation of pro-
MMPs occurs through removal of the zymogenic domain by mercurial compounds, chaotropic agents, 
oxidants, disul ide compounds, alkylating agents, and several proteinases such as trypsin, plasmin, and 
other MMPs [30]. All these reagents cause a conformational change in the molecule that pulls out the 
cysteine residue and enables a solvent molecule to enter the zinc co-ordination sphere and, thus, generate 
a functional active site. This, in turn, enables the enzymes to undergo auto-proteolysis to completely 
remove the pro-domain. Upon activation the interaction of Cys–Zn2+ is disrupted, which allows a water 
molecule to bind to the zinc atom [11]. This step is key for the hydrolysis reaction responsible for cleaving 
of the peptide bonds (Figure 3). 

MMP Regulation 

MMPs are regulated via modulation of gene expression, compartmentalization, and inhibition by protein 
inhibitors. Most MMPs are not transcribed in constant amounts in all relevant cells, but are expressed 
after external induction by cytokines and growth factors [21]. MMP activities are regulated by two major 
types of endogenous inhibitors: α2-macroglobulin and tissue inhibitors of matrix metalloproteinases 
(TIMPs). Human α2-macroglobin is a plasma glycoprotein with a molecular weight of 725 kDa consisting 
of four identical subunits of 180 kDa. It inhibits most proteinases by entrapping the proteinase within 
the macroglobulin [21,31]. TIMPs, consisting of 184–194 amino acids, are inhibitors of MMPs. They 
are subdivided into an N-terminal and a C-terminal subdomain. Each domain contains three conserved 
disul ide bonds and the N-terminal domain folds as an independent unit with MMP inhibitory activity 
[11]. Four different forms of TIMPs (TIMP-1, -2, -3, and -4) have been described. They inhibit active MMPs 
with relatively low selectivity, forming tight 1:1 complexes and also participate in pro-MMP activation; 
suppression of tumor-growth, invasion and metastasis; morphology modulation; cell-growth promotion; 
matrix binding; inhibition of angiogenesis; and induction of apoptosis. They further exhibit growth factor-
like, mitogenic, and steroidogenic activities [32]. It has been shown that a collagenase inhibitor is produced 
by the same cells that synthesize collagenase itself. One of the bestcharacterized, produced by human skin 
ibroblasts, is a glycoprotein of ~30,000 Da mass, of which about one-third is glycosaminoglycan [31]. The 

molecule consists of a protein core of approximately 20,000 Da and a glycan section of another 12,000 Da. 
The conformation of the protein portion of the molecule is tightly restrained by 12 disul ide (S-S) bonds 
[11,33]. 

One of these MMPs is a gelatinolytic protease selective for proteins containing collagenous sequences 
of non–triple helical form. All the proteases identi ied so far are coded for by members of a single gene 
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family [34] and play a major role in the degradation of the components of the extracellular matrix. At least 
two of the members of the family (collagenase and stromelysin) are secreted as zymogens, which have 
very similar pathways of activation. All of these proteases are inhibited by the same inhibitor (TIMP). 
The property of enzyme-inhibitor binding allows the establishment of sharp geographic boundaries of 
collagenolytic activity and the protection of areas of connective tissue from the activity of the enzyme. 

Several other proteins have been reported to inhibit selected members of MMPs: β-amyloid precursor 
protein inhibits MMP-2 [35], A C-terminal fragment of procollagen Cproteinase enhancer protein inhibits 
MMP-2 [36], and RECK, a GPI-anchored glycoprotein that suppresses angiogenesis inhibits MMP-2, MMP-9 
and MMP-14 [37]. 

The mechanism of TIMP inhibition of MMPs has been elucidated based on the crystal structures of the 
TIMP-MMP complexes [38,39]. The overall shape of the TIMP molecule is ‘‘wedge-like’’ and the N-terminal 
four residues Cys1Thr- Cys-Val4 and the residues Glu67-Ser-Val-Cys70 (residues are in TIMP-1) that are 
linked by a disul ide bridge (cystine) from a contiguous ridge that its into the active site of the MMPs. As an 
example, this region occupies about 75 % of the protein–protein interaction in the case of the complex of 

Figure 3: Zymogenic structure of MMPs. (A) Stereographic Richardson-plot of pro-MMP-2. The pro-domain is shown in white and the catalytic moiety in yellow. The magenta 
arrow points to the beginning of the mature protease domain (Tyr110). (B) Close-up view of (A) showing electrostatic interactions (grey dots) between pro-domain segment 
Lys99-Asp106 (stick model with light-grey carbon atoms) and residues of the protease moiety (sticks with yellow carbon atoms). The structure reported has the general 
base/acid glutamate replaced with glutamine. Note the 3 spheres running across the top of fi gure A. These are 2 structural Ca2+ (red) and 1 structural Zn2+ (magenta). 
Below these is the catalytic Zn2+ (magenta) in the active site, shown in more detail in fi gure B. (Tallant et al, 2010)
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the catalytic domain of MMP-3 (stromelysin-1) and TIMP-1. The catalytic zinc atom is bidentately chelated 
by the N-terminal amino group and the carbonyl group of Cys1, which expels the water molecule bound to 
the zinc atom. And as previously described, w/o the water molecule, the hydrolysis reaction responsible 
for peptide bond cleavage is not possible. It is unlikely that TIMP has any regulatory role related to topically 
apply bacterial collagenase [11] (Table 2). 

Function and MoA of MMPs and TIMPs with respect to cellular activity and wound repair. In the above 
table we see that MMPs are involved in a wide variety of biochemical activities that are not entirely 
proteolytic in nature. For instance, MMPs play key roles in cell migration, liberation of matrix bound growth 

Table 2: Biological effects of MMPs.
Biological Effect MMPs involved Substrate 

Keratinocyte migration and reepithelialization MMP-1  Type I collagen 
Osteoclast activation MMP-13  Type I collagen 

Neurite outgrowth  MMP-2  Chondroitinsulphate proteoglycan 
Adipocyte differentiation  MMP-7 Fibronectin 

cell migration  MMP-1,-2, and -3  Fibronectin 
cell migration  MT1-MMP  CD44 

Mammary epithelial cell apoptosis  MMP-3  Basement membrane 
Mammary epithelial alveolar formation  MMP-3  Basement membrane 

Epithelial-mesenchymal conversion (mammary epithelial cells)  MMP-3  E-cadherin 
Mesenchymal cell differentiation with infl ammatory phenotype  MMP-2  Not identifi ed 

Platelet aggregation  MMP-1  Not identifi ed 
Generation of angiostatin-like fragment  MMP-3 ,- 7, -9, and -12 Plasminogen 

Enhanced collagen affi nity  
MMP-2, -3, -7, -9, and -13 (but not 

MMP-1)  
BM-40 (SPARC/Osteonectin) 

Kidney tubulogenesis  MT1-MMP  Type I collagen 
Release of bFGF  MMP-3, and -13  Perlecan 

Increased bioavailability of IGF1 and cell proliferation 3 MMP-1, -2, -3, -7 , and -19, MMP-11 IGFBP-3  and -5 
Activation of VEGF  Variety of MMPs  CTGF 

Generation of endostatin-like fragment Variety of MMPs Type XVIII collagen 

Epithelial cell migration  
MMP-2, MT1-MMP, MMP-19, MT1-

MMP  
Laminin 5ɣ2 chain and Lamin 5β3 

Apoptosis (amnion epithelial cells)  MMP-1, -8 and -13 Type I collagen 
Pro-infl ammatory Pro-infl ammatory MMP-1, -3, and -9  Processing IL-1β from2 the precursor 

Tumor cell resistance MMP-9  ICAM-1 
Anti-infl ammatory  MMP-1, -2, and -9  IL-1β degradation 
Anti-infl ammatory  MMP-1, -2, -3, -13, 14  Monocyte chemoatractant protein-3 

Increased bioavailability of TGF- β  MMP-2,-3,-7  decorin 
Disrupted cell aggregation and increased cell invasion  MMP-3, MMP-7  E-cadherin 

Reduced cell adhesion and spreading 
MT1-MMP, MT2-
MMP, MT3-MMP  

Cell surface tissue transglutaminase 

Fas-receptor mediated apoptosis  MMP-7  Fas ligand 
Pro-infl ammatory  MMP-7  Pro-TNFα 

Osteocleast activation  MMP-7  RANK ligand 
Reduced IL-2 response  MMP-9  IL-2Rα 

PAR1 activation  MMP-1  Protease activated receptor 1 
Generation of vasoconstrictor  MMP-2   Big endothelin 

Conversion of vasodilator to vasoconstrictor MMP-2  Adrenomedullin 
Vasocontriction and cell growth MMP-7  Heparin-binding EGF 

MMP-2 [115] S MMP-2  Stromal cell-derived factor 1α (SDF-1) 
Bioavailability of TGFβ  MMP-9  precursor of TGFβ 

Thymic neovascularization  MMP-9   Collagen IV 
Hypertrophic chondrocytes apoptosis and recruitment of osteoclast  MMP-9  Galactin-3 

Embryo attachment to uterine epithelia  MT1-MMP  MUC1, a transmembrane mucin 
[11,40-51]. 
Table modifi ed from Raghow et al. 2012 [9].
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factors, in lammation, anti-in lammation, platelet aggregation, cellular apoptosis, cellular differentiation, 
etc. In the following pages a few of these aspects will be discussed in more detail. It is hypothesized that 
the catalytic activity of MMP-1 is necessary for keratinocyte migration on type I collagen. To test this 
idea, keratinocyte motility on type I collagen by colony dispersion and colloidal gold migration assays was 
employed. In both assays, primary human keratinocytes migrated ef iciently on collagen. The speci icity of 
MMP-1 in promoting cell movement was demonstrated in 4 distinct experiments [18]. 

Keratinocyte migration was completely blocked by peptide hydroxymates, which are potent inhibitors 
of the catalytic activity of MMPs [52]. 

HaCaTs, a line of human keratinocytes that does not express MMP-1 in response to collagen, did not 
migrate on a type I collagen matrix, but moved ef iciently on denatured type I collagen (gelatin). Epidermal 
growth factor (EGF), which induces MMP-I production by HaCaT cells, resulted in the ability of these cells 
to migrate across type I collagen matrix. 

Keratinocytes did not migrate on mutant type I collagen that lacked the MMP-1 cleavage site, even 
though this substrate induced MMP-1 expression. 

Cell migration on collagen was completely blocked by recombinant TIMP-1 and by af inity-puri ied 
anti–MMP-1 antiserum. 

In addition, the collagen-mediated induction of collagenase-1 and migration of primary keratinocytes 
on collagen were blocked by antibodies against the α2 integrin subunit, but not by antibodies against the 
α1 or α3 integrin subunit. It is proposed that interaction of the α2β1 integrin with dermal collagen mediates 
induction of collagenase-1 in keratinocytes at the onset of healing and that the activity of collagenase-1 is 
needed to initiate cell movement. Furthermore, it is proposed that cleavage of dermal collagen provides 
keratinocytes with a mechanism to maintain their directionality during re-epithelialization [18]. 

As previously described, endogenous collagenase activity is blocked by TIMP. TIMP-1 has already been 
discussed, but a related molecule (TIMP-2) displays a higher af inity for other members of the matrix 
proteinase family, particularly the 92- and 72-kDa gelatinases, MMP-9 and -2, respectively. However, 
researchers have suggested that TIMP-2 preferentially deactivates MMP-2 and TIMP-1 preferentially 
deactivates MMP-9 [12,33,53]. TIMP is nearly ubiquitous in human tissues and appears to form a barrier 
to incidental matrix degradative events [31,54]. Data suggest that collagenase and TIMP are temporally 
and spatially regulated during cutaneous wound repair. 

Interstitial collagenase is a well-described zinc metalloproteinase produced by a variety of cell types 
involved in the healing process, such as ibroblasts, macrophages, endothelial cells, and keratinocytes 
[17,55-58]. Its substrates speci ically include the interstitial collagens, types I, II, and III [20]. Additionally, 
MMP-1 degrades anchoring ibril or type VII collagen, as well as, collagen type X [59-61]. However, it is 
felt that the majority (or a great deal) of collagenase is expressed by migrating basal keratinocytes at their 
leading edge of motility [20]. 

Data from in situ hybridization of tissue samples obtained by surgical débridement of second- and 
third-degree burns showed that speci ic signals for both collagenase and TIMP were restricted to the 
regions of the specimen that displayed histologic features characteristic of active wound healing (e.g., 
leading epidermal tips, surviving epidermal structures within the dermis, vascular proliferation). Little 
or no hybridization was noted in areas of severe necrosis (i.e., third-degree injury) or in histologically 
normal areas distal to the burn injury. Strong focal hybridization signals were detected in various cell types 
within the dermis (granulation tissue) of partial-thickness burn wounds. Expression of degradative matrix 
molecules within the granulation tissues appeared to be temporally and spatially regulated. Cells capable 
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of producing collagenase and TIMP were present in nearly identical locations within the mesenchymal 
tissues of human burn wounds [17]. 

During the continuum of wound repair, the collagenase- and TIMP-expressing cells were initially limited 
in spatial orientation to the perivascular and perifollicular regions and around the edges of burn wounds. 
As time progressed, cells expressing both collagenase and TIMP became widely dispersed throughout the 
viable dermis. Eventually, the number of cells expressing collagenase and TIMP diminished in the later 
reparative and remodeling phases in more super icial burns. In contrast, many of the deepest partial-
thickness burns were still actively healing. Such deeper burns continued to show abundant labeled cells 
within the deep dermis 15 to 34 days after injury. Distinct spatial and temporal expressions were found 
within human burn wounds for interstitial collagenase and TIMP [17]. 

Transcription of mRNAs for collagenase and TIMP is a common and widespread event in the healing of 
burn wounds [17]. Synthesis and expression of collagenase and TIMP is tightly regulated during wound 
repair. Strong signals were detected within granulation tissue and at the edge of the epidermis, but were 
not seen in the more distal uninjured epidermis and dermis. The earliest time point after injury (2 days) 
was characterized by weak labeling for mRNAs, representing collagenase and TIMP. Because thermal 
injury is characterized by a 12- to 24-hour period of continued tissue destruction, the absence of mRNAs 
soon after wounding may re lect this period of continued tissue damage, as well as the time required for 
initiation of increased transcription. Peak intensities and number of cells expressing collagenase and TIMP 
were noted during the active phase of granulation tissue formation, in lammation, and re-epithelialization. 
More mature wounds showed a decline in the number of cells transcribing mRNAs for either of these 
proteins [17]. 

The presence of collagenase and TIMP in epithelial structures in situ was anticipated, because 
keratinocytes in culture synthesize both interstitial collagenase and TIMP [62]. Keratinocyte production 
of collagenase and TIMP appear to be inhibited by laminin and stimulated by collagen types I and IV. 
In situ data showing stimulated expression of these proteins in regions characterized by increased 
cell motility and activity of the basement membrane with no detectable expression in the adjacent 
hypertrophic epidermis are consistent with in vitro studies. The presence of hybridization signals in the 
vessel walls of capillaries demonstrated that endothelial cells could temporarily produce these proteins 
during angiogenesis associated with wound repair [17]. Cultured endothelial cells are copious producers 
of matrix MMPs and TIMP [57]. MMP may facilitate vessel growth, which may in turn be inhibited by TIMP. 

With reference to chronic wounds such as venous stasis ulcers, diabetic ulcers, and decubiti, it seems likely 
that these persistent wounds may be characterized by the disruption of the carefully orchestrated process 
of matrix degradation and remodeling. It appears likely that remodeling events are tightly regulated by a 
multifactorial equilibrium between the synthesis of extracellular matrix proteins and their degradative 
enzymes and inhibitors. 

The best-characterized and historically oldest subgroup of MMPs are the interstitial collagenases, which 
possess the unique ability to cleave the triple helix of native types I, II, and III collagen. MMPs display a high 
degree of structural similarity, with about 40% amino acid homology among all members of the family 
[14]. Another similarity of the collagenases is that they cleave collagen in the same manner. 

Three interstitial collagenases have been extensively studied, types -1, -2 and -3 (MMP-1, -8 and -13, 
respectively). All cleave native type I collagen at a single locus (Gly775–Ile776 in the α1 chains; Gly775–Leu776 in 
α2 chain), which is located approximately three fourths of the distance from the N-terminus of the collagen 
molecule [17,63]. At physiologic temperature (37°C), the ¾ and ¼ length fragments, a 225-kDa fragment 
(TCA) and a 75-kDa fragment (TCB), respectively, denature spontaneously into randomly coiled gelatin 
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peptides and can be further attacked by a variety of enzymes, including the gelatinases [14]. It should be 
noted that these bonds are completely different from those cleaved by the collagenase for the bacterium 
Clostridium histolyticum [20]. 

The single cleavage of the collagen triple helix catalyzed by the three interstitial collagenases is the 
rate-limiting step of collagen degradation [14]. 

Collagenase-1 (MMP-1) is produced in humans by a variety of epithelial mesenchymal cell types, 
including keratinocytes, ibroblasts, macrophages, chondrocytes, and smooth muscle cells [60,64].

Collagenase-2 (MMP-8) is a product only of the polymorphonuclear leukocyte and is stored within 
neutrophil granules, in contrast to all other MMPs, which are rapidly secreted without signi icant 
intracellular stores [65].

Collagenase-3 (MMP-13) is an enzyme found in breast cancer, but appears to be the predominant 
interstitial collagenase in certain rodent species, such as the rat or mouse [63]. More recently it has been 
found that human smooth muscle cells produce MMP-13 [9]. 

Furthermore, the inhibition of collagenase can be judicially controlled by regulation of the timing, 
location, and amount of TIMP produced and by releasing collagenase with tight extracellular spaces that 
are not easily accessible to TIMP. Collagenase activity increases about 10-fold for every 10°C increase in 
temperature. This is a remarkable response, since most enzymes increase their activity by a factor of 2 for 
every 10°C increase [14]. 

Keratinocytes are capable of secreting TIMP-1 [54]. Most collagenase-producing cells also make TIMP-
1, but it has been found that TIMP-1 mRNA does not co-localize with collagenase mRNA in migrating 
keratinocytes in chronic wounds. TIMP-1 is produced by stromal or perivascular cells, usually away from 
sites of collagenase activity. This distinct localization of enzyme and inhibitor suggests that keratinocyte-
derived collagenase acts without impedance from TIMP-1. By means of cell surface receptors, the cell 
recognizes a particular matrix molecule and is instructed to produce the appropriate MMP. The protease 
is released in a protected pericellular compartment, where it degrades its substrate. TIMPs are present 
in the tissue environment to neutralize “spent” proteinases, thereby preventing excessive and unwanted 
degradation away from the sites of MMP production. In the process of re-epithelialization, keratinocytes 
interact with the dermal matrix generally and type I collagen in particular. These new cell-matrix contacts 
may provide an early and critical signal to initiate the epithelial response to wounding [20]. 

An interesting aspect of the epithelial expression of interstitial collagenase in wounded skin is that 
the enzyme is not produced in non-ulcerated samples in vitro. Basal keratinocytes normally rest on a 
basement membrane composed of various forms of laminin, entactin, proteoglycans, and type IV collagen 
[20]. In response to wounding, keratinocytes migrate from the edge of the wound under a provisional 
matrix of ibrin and ibronectin [20,66] and over the dermis, which includes structural macromolecules 
such as type I collagen. Loss of contact with the basement membrane and establishment of new cell: matrix 
interaction with components of the dermal and provisional matrices may be a critical determinant that 
affects keratinocyte phenotype and which in turn induces collagenase production. Collagenase production 
is induced in vitro in isolated human basal keratinocytes grown on a surface coated with type I collagen. 
Migrating keratinocytes also present a distinct pattern of matrix-binding receptors; they may also be 
involved in the regulation of collagenase production [20]. 

These receptors, integrins (mentioned previously), are heterodimeric surface molecules composed of 
distinct α and β protein chains that cells use to attach to matrix proteins and to each other. Integrins are also 
used by cells to move or migrate over the extracellular matrix. Keratinocytes at the wound edge; however, 
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selectively produce additional integrins, such as α5β1 and αvβ3, which are characteristic of migrating cells. 
These receptors are present on the same keratinocytes that produce interstitial collagenase [20,67-70]. 
Although the α5β1 integrin recognizes ibronectin, which is present in high concentrations in both the 
provisional and dermal matrices, but is absent from the epidermal basement membrane, it is doubtful that 
this receptor mediates induction of collagenase production in vitro by keratinocytes cultured on collagen. 
Most likely other integrins, such as α5β1, which interacts strongly with native type I collagen, participate in 
the induction of collagenase gene expression [20,68-70]. 

Cells most likely do not release proteases indiscriminately, especially an enzyme like interstitial 
collagenase, which has such de ined substrate speci icity, but rely on precise cell:matrix interactions to 
inform the cell that it is in contact with a particular matrix protein. Collagenase expression is modulated by 
numerous pro-in lammatory mediators, such as interleukin-1 (IL-1) and epidermal growth factor (EGF) 
[20]. 

Since many cytokines are present in the wound environment and because the epidermis is a source 
of so many soluble mediators [71], expression of collagenase in migrating basal keratinocytes may be 
in luenced by the presence of many of these factors. The overexpression of cytokines in chronic ulcers 
may lead to excessive production of protease. The invariant and prominent production of interstitial 
collagenase-1 by basal keratinocytes in both acute and chronic wounds indicates that this MMP serves a 
critical and required role in reepithelialization [20]. 

Type I collagen is the most abundant structural component of the dermal matrix. It is likely that 
migrating keratinocytes interact with this protein. Since the α2β1 integrin receptor for type I collagen 
binds native collagen much tighter than it does gelatin interstitial collagenase may aid in dissociating 
keratinocytes from collagen-rich matrix and thereby promote ef icient migration over the dermal and 
provisional matrices. Thus, in a cutaneous wound-healing response, collagenase may serve a bene icial 
function, unlike its potentially destructive role in arthritis and vascular disease [20]. 

Stromelysin-2 (MMP-10) may facilitate keratinocyte migration by removing damaged matrix basement 
membrane. It is also tempting to speculate that stromelysin-2 may be involved in the activation of co-
secreted procollagenase [72]. Since it is produced by proliferating cells, stromelysin-1 (MMP-3) is probably 
not involved in reepithelialization per se, but rather is needed for restructuring the early basement 
membrane [20]. 

In the dermis, collagenase-1 and stromelysin-1 probably affect tissue repair at various stages, including 
remodeling during the formation and removal of granulation tissue and during resolution of scar tissue. 
Furthermore, these 2 MMPs may be needed for related processes such as angiogenesis and the extravasation 
and migration of in lammatory cells [20]. 

More recently is has been determined that MMP-3 is involved w/ anti-in lammatory processes, as well [11]. 

Parks, 1995, [20] found that more endogenous collagenase is produced in non-healing or poorly healing 
wounds than in wounds that will heal or are healing properly. The reason for this excess production of 
collagenase is probably a result of the massive and persistent in lammation associated with chronic ulcers. 
As is known, the expression of collagenase by any cell is greatly in luenced by cytokines released from 
in lammatory cells. Excess proteolysis by this enzyme may cause tissue damage that actually impairs 
healing. 

There are two possible mechanisms that may control the cessation of epidermal proteinase production [20]. 

One is the reformation of the basement membrane. In intact skin, basal keratinocytes rest on a basement 
membrane and do not make collagenase. In studies of acute wounds, collagenase is not produced in 
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recently healed samples with a reformed basement membrane. Also, keratinocytes grown on basement 
membrane proteins do not make collagenase, whereas keratinocyte cells on type I collagen do. These 
observations strongly suggest that cell contact with a basement membrane protein down-regulates 
collagenase production. 

The other mechanism that may be involved in the turning-off of collagenase production is cell-to-cell 
contact. It is known that migrating epithelial cells dissolve or disorganize the cell-to-cell contact and that 
these rapidly reform once re-epithelialization is complete. It has been found that collagenase production 
decreases markedly in keratinocytes at high con luence, even if the cells are plated on collagen. 

As discussed, members of the MMP family are inhibited by TIMPs. In normal wounds, there is a temporal 
change in the concentration of TIMP-1 that is greatest at 2-3 days after wounding and remained elevated 
above normal serum level at 10 days. In contrast, the wound luid from the non-healing wounds contains 
less TIMP than was accumulated in the irst 24 hours by wounds that eventually healed. Angiogenesis is 
assumed to proceed by proteolysis of matrix that immediately surrounds vascular endothelial cells. Some 
angiogenic factors stimulate production of endothelial cell metalloproteinases. Excess antiproteinase, 
whether synthetic or natural could prevent angiogenesis. The addition of either TIMP-1 or TIMP-2 inhibits 
angiogenesis [73,74]. 

In this chapter, it has been shown that the human body contains a variety of proteins that function 
as degradative enzymes to support the natural debridement and remodeling of devitalized tissue, two 
key aspects of the wound-healing process. Examples of these proteins include serine proteases and 
metalloproteases. Removal of necrotic tissue is essential to reduce the bacterial burden in a wound, which 
in turn decreases the amount of in lammatory mediators. As exudate is an aspect of in lammation, exudate 
levels may also be reduced. In response to wounding, keratinocytes migrate inward from the edge of a 
wound under a provisional matrix of ibrin and ibronectin over the dermis, which includes structural 
macromolecules such as type I collagen, micro ibrils, and elastin, which are distinct from those found in 
the basement membrane. Removal of this provisional (i.e., wound) matrix is essential for the development 
of a clean wound bed upon which granulation can occur. In addition, healing of a completely debrided 
wound bed results in decreased scar formation [75,76]. 

Wound healing is a complex biological process that should proceed in a timely and orderly fashion 
under normal environmental conditions. However, the process can be impaired by a variety of both 
systemic and local factors. Systemic factors are related to impaired oxygenation, poor nutrition, 
concomitant medical conditions such as diabetes and cardiovascular disease, aging, and such medications 
as immunosuppressants, chemotherapeutics, and corticosteriods. Local factors associated with impaired 
healing include mechanical stressors, bacterial infection, cytotoxic agents, wound desiccation, and necrotic 
tissue. Necrotic tissue is anchored to the wound surface by strands of undenatured collagen [75,77], though 
it is safe to assume that partially denatured strands play a role, as well. Until these ibers are severed, 
débridement cannot take place and granulation tissue formation is slowed, thus slowing the rate of wound 
closure. Over the years, various topically applied proteolytic enzymes have been employed (papain, icin, 
streptokinase, streptodornase, trypsin–chymotrypsin, etc.) for the débridement of wounds. They have 
had only limited success because they are less ef icient at removing native collagen when compared 
to clostridial collagenase [78,79]. At physiologic pH values, papain and icin do not digest collagen at a 
signi icant rate, and denaturing agents such as urea must be incorporated in formulations containing these 
enzymes in order for them to attack collagen. However, in 1958, Miller et al. [80], showed that papain-
urea lacks the ability to degrade native collagen and stated that only clostridial collagenase was able to 
adequately digest collagen. These and other aspects of topical enzyme debriders are detailed in chapter 1, 
entitled “Types of Enzymes.”
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