The Role of Matrix Metalloproteinases

in Wound Healing
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The structure, classification, function, and regulation of matrix metallo-
proteinases in normal and abnormal wound healing is discussed. Results
from key studies suggest that neutrophil-derived matrix metalloprotein-
ase 8 (MMP-8) is the predominant collagenase present in normal healing
wounds, and that overexpression and activation of this collagenase may
be involved in the pathogenesis of nhonhealing chronic leg ulcers. Exces-
sive collagenolytic activity in these chronic wounds is possible because
of the reduced levels of tissue inhibitor metalloproteinase 1 (TIMP-1).
However, until recently, there have been no studies evaluating levels of
matrix metalloproteinase or tissue inhibitors of metalloproteinase activity
in chronic diabetic foot wounds. Improving basic knowledge and phar-
maceutical intervention in this area ultimately may help clinicians identify
and proactively intervene in an effort to prevent normal wounds from be-
coming chronic. This may prevent the high prevalence of morbidity asso-
ciated with this significant health problem. (J Am Podiatr Med Assoc

Edward B. Jude, MDt

92(1): 12-18, 2002)

The body’s response to initial tissue injury is both
complex and highly orchestrated (Fig. 1).! This re-
sponse can be divided into initiation (clotting), in-
flammation, proliferation, and maturation.2 The devel-
opment and elaboration of a clot provides hemostasis
and the foundation of what will later form the wound’s
extracellular matrix. This extracellular matrix exists
primarily to facilitate cellular migration, adhesion,
wound contraction, and epithelialization. Transfor-
mation, organization, and maintenance of the extra-
cellular matrix depend on several highly controlled
intracellular and extracellular processes. A chief
agent of transformation and maintenance is the
group of enzymes collectively known as matrix met-
alloproteinases.

Matrix metalloproteinases are enzymes belonging
to the family of metalloendopeptidases that play a
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central role in wound healing.> * When first studied
during World War II, extracellular matrix degrada-
tion was more important to the leather industry than
it was to the biomedical industry. More than a gener-
ation later, developmental and structural biologists
equated matrix metalloproteinase with potentially
important biomedical processes. Amphibian experi-
ments showed that this enzyme digested collagens, a
major component of skin.

Tissue matrix metalloproteinases degrade several
substances in the extracellular matrix, including car-
tilage, tendons, and fibrin, to facilitate the migration
of cells, the deposition of new extracellular matrix,
and the development of new tissue. At least four dis-
tinct subsets of enzymes exist within the matrix met-
alloproteinase family: collagenases, gelatinases,
stromelysins, and membrane-type metalloprotein-
ases. Sixteen matrix metalloproteinases have already
been identified and characterized. Each of these en-
zymes has specificity for a different substrate.> Thus,
they are involved in any process that has to do with
tissue reorganization, inflammation, and remodeling.
In a nonpathologic state, the complex interaction be-
tween matrix metalloproteinases, other receptors,
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Figure 1. Pathway for normal and chronic wounds. Adapted from Nwomeh et al.?

and circulating mediators in the extracellular matrix,
results in remarkably efficient maintenance of the
matrix. Failure of regulation of these matrix metallo-
proteinases has been correlated with numerous dis-
ease processes, including tumor growth,% 7 arthritis,® ¢
atherogenesis,’ 10 11 emphysema,’? and faulty wound
healing.> ¢ This article focuses on the structure, clas-
sification, temporal activity, function, activation, and
inhibition of the four classes of matrix metallopro-
teinases, with specific attention given to normal
wound healing.

Structural and Functional
Characteristics

The characteristics that make matrix metalloprotein-
ases unique among enzymes can be divided into five

major areas: 1) presence of a zinc ion at the catalytic
site; 2) secretion from the cell in an inactive form; 3)
a grossly similar amino acid sequence; 4) specificity
to degrade at least one component of the extracellu-
lar matrix; and 5) inhibition by tissue inhibitors of
metalloproteinases.?

All matrix metalloproteinases are relatively similar
in structure and possess several common domains.
The first key domain is the signal peptide, which tar-
gets the molecule for secretion from the cell that pro-
duced it. This region of the molecule is cleaved be-
fore secretion and is not generally present in the
inactive proenzyme. The second key domain is the
propeptide domain. Cleavage of this domain activates
the enzyme. The third region is the catalytic domain,
which contains a subregion for zinc binding. The final
domain is structurally similar to the molecule hemo-
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pexin and is therefore referred to as the hemopexin
domain. Differences in this domain modulate the in-
dividual substrate specificity of matrix metallopro-
teinases. This domain is present in all of the matrix
metalloproteinases except matrix metalloproteinase
7 (MMP-7).

Characteristics by Subclass

Collagenase. MMP-1, MMP-8, and MMP-13 are the
only enzymes in mammals with the capacity to
cleave the triple helix of fibrillar collagen. Interstitial
collagenase (MMP-1) appears to have preferential ac-
tivity against type III collagen. Polymorphonuclear
collagenase (MMP-8) has an affinity for type I colla-
gen. MMP-13 appears to have the unique ability to
cleave type I, type II, and type III collagen. MMP-13
has only been isolated in rats, arthritic cartilage ex-
tracellular matrix, chronic wounds, and fetal osseous
tissue.? While all collagenases have the unique ability
to cleave fibrillar collagen, they are also secondarily
active against other materials in the extracellular ma-
trix. MMP-1 and MMP-8 can degrade gelatin and types
VII, VIII, and X collagen.* MMP-8 is stored in granules
within the neutrophils and once activated can be re-
leased in seconds.’> MMP-1, on the other hand, must
be transcribed by the appropriate gene. Thus, there is
a significant gap (nearly 2 day) between transcription
and secretion of this collagenase.

The function of collagenase during normal wound
healing has been relatively ill-defined because of
methodological limitations in many studies. Most
models have used burn wound blister fluid or post-
operative (often postmastectomy) drainage collec-
tant.16 17 Recently, however, Nwomeh et al* used tissue
extracts from normal healing wounds by periodically
collecting them under an occlusive bandage. That
study, conducted on healthy human volunteers, indi-
cated that levels of MMP-8 peaked at day 4 and per-
sisted for about 1 week. MMP-1 levels were essential-
ly not detectable until several days after wounding,
and reached a peak approximately 1 week later than
MMP-8. MMP-8 was more prevalent in the wound at
its peak (nearly two orders of magnitude) as com-
pared with the peak concentration of MMP-1.

In view of the above data, it may be possible to hy-
pothesize regarding a specific mechanism of action.
Within hours after wounding, white cells (mainly
neutrophils) begin to infiltrate the wound during the
inflammatory phase of healing. These neutrophils re-
lease numerous factors and proteins, including MMP-
8. It may be postulated that higher concentrations of
MMP-8 are required in the wound at this point com-
pared with MMP-1 because of the large amount of

wound debridement and damaged type I collagen
present (for which MMP-8 has an affinity). Later, in
the proliferative phase of healing, type III collagen
may be in greater abundance than type I, and the re-
quirements for large-scale remodeling may be less
extensive. This may explain the relatively lower con-
centration of MMP-1 collected and isolated in the
Nwomeh et al* study. MMP-1 is produced and secret-
ed predominantly by cells prevalent in the postacute
stages of wound healing (fibroblasts, endothelial
cells).!® Certainly, lower collagenase activity in the
presence of a stable, maturing matrix may allow for
better keratinocyte migration as the normal wound
moves toward epithelialization.

Gelatinases. While MMP-1, MMP-8, and MMP-13
have varying affinities for collagen types I and III, the
gelatinases (MMP-2 and MMP-9) cleave other colla-
gen types (IV, V, VII, and X), elastin, basement mem-
branes, and denatured collagen.!* The gelatinases
may also act synergistically with the collagenase
family by further degrading types I, II, and III after
they have been cleaved from the triple helix.¥ MMP-2
and MMP-9 are secreted by different cells. MMP-2 is
secreted by fibroblasts, and the molecularly larger
MMP-9 is produced predominantly by leukocytes and
perhaps also by keratinocytes.2°

Acute mastectomy and myoplasty wound fluids
have shown high levels of MMP-2 and MMP-9 when
compared with circulating plasma, with a somewhat
higher concentration of MMP-9 than MMP-2.16 21, 22
This would be consistent with an acute wound re-
plete with inflammatory cells. As mentioned previ-
ously, MMP-9 is excreted from neutrophils while
MMP-2 is generally fibroblast-derived.!* 23 In a wound
excision/gel zymogram study of various extracellular
matrix components, Arumugam et al'® observed that
MMP-2 and MMP-9 levels persisted even after wound
closure, suggesting that these matrix metalloprotein-
ases probably play an important role in matrix (and
possibly scar) remodeling. Furthermore, Salo et al?*
serially evaluated acute experimental wounds in the
oral mucosa, demonstrating that MMP-2 remained
stable during wound healing, while MMP-9 peaked
between days 2 and 4. They hypothesized that MMP-
9 was not only primarily expressed during inflammma-
tion, but perhaps it also played a role later in healing
and was secreted by keratinocytes. Essentially, MMP-
9 could participate in several key areas of wound
healing, namely detaching anchored keratinocytes
from the basement membrane and remodeling of the
extracellular matrix, potentially enabling more effi-
cient cellular migration. In contrast, Makela et al*
evaluated wounded cell cultures and found that ker-
atinocytes continued to grow and migrate when hete-
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rocyclic carbonate-derived compounds inhibited
MMP-9. When MMP-2 was inhibited by tetracycline
analogs, there was a drastic reduction in the rate of
keratinocyte growth. These authors hypothesized that
MMP-2 plays a key role in detachment and promotion
of keratinocyte migration along the extracellular ma-
trix. Clearly, this is a complex area where differences
in wound modeling and culture-specific characteris-
tics may dramatically alter results, thereby creating
potentially conflicting conclusions.

Stromelysins. Due to their broad base of sub-
strate specificity, stromelysins (MMP-3, MMP-7,
MMP-10, MMP-11, and MMP-12) play a varied role in
degradation of the extracellular matrix. This class of
matrix metalloproteinases has been associated with
degradation of collagen types IV, V, IX, and X; elastin;
fibronectin; and certain proteoglycans.26 27 MMP-3
and MMP-10 can cleave the globular, but not the heli-
cal, type IV collagen. This form is found in the base-
ment membrane of blood vessels.28 Compared to
other members of its family, MMP-7 shows a high
affinity to elastin and also to entactin, a protein that
bridges basement membrane collagen and laminin.2

While the medical literature is replete with reports
detailing the structural and, to an extent, the func-
tional properties of stromelysins, there is little re-
search on the specific temporal activity of these
enzymes in normal human wound healing. In a longi-
tudinal study of burn wounds, Young and Grinnell”
indicated that MMP-3 reached its peak level some
time after day 4. In an excisional wound model, Aru-
mugam et al'® found that MMP-3 was observed only
on day 6, which coincided directly with the initiation
of wound contraction. Therefore, the authors hypoth-
esized that the secretion and subsequent activity of
MMP-3 may play a role in clot dissolution during this
period of normal wound healing, since stromelysins
have the activity of the bulk of the materials found in
the clot matrix.

Membrane-Type Matrix Metalloproteinases.
While members of this class of matrix metallopro-
teinases (MMP-14, MMP-15, MMP-16, and MMP-17)
have certain unique structural characteristics, what
differentiates them from all other membrane-type
matrix metalloproteinases is that they are not secret-
ed into the extracellular matrix. Rather, they exist on
cell membranes and appear to function by binding to
other matrix metalloproteinases and activating them
or helping to localize their activity on that specific
membrane. For instance, MMP-14 has been associat-
ed with binding and activation of gelatinases MMP-2
and MMP-9.3° Additionally, MMP-15 and MMP-16 also
bind to the gelatinases, but they do not appear to do
so with the affinity of MMP-14.30.31

MMP-18 and MMP-20. MMP-18 and MMP-20 dif-
fer enough structurally and functionally from other
classes of matrix metalloproteinases to preclude
their inclusion in any one class.?? 33 MMP-18 shares
100% homology with MMP-19; therefore, it has been
classified as the same enzyme.?2 MMP-18 has been
shown to have a modicum of activity against a syn-
thetically designed stromelysin substrate.?? It may be
considered to be functionally, if not structurally, re-
lated to the stromelysins. The function of MMP-20,
however, appears to be isolated to the destruction of
enamel proteins during tooth development.3*

Activation and Deactivation

Matrix metalloproteinase activity appears to be con-
trolled at three basic levels. The first is at the gene
level by transcriptional control. The second is at the
molecular level by requiring factors to convert the
proenzyme form to the active form. The third level is
through tissue inhibitors of metalloproteinases. Acti-
vation, which is the regulation of tissue inhibitors of
metalloproteinase, and the role of growth factors in
the promotion and retardation of matrix metallopro-
teinase expression and activity, are briefly discussed
below.

Matrix metalloproteinases are secreted as proen-
zymes. To become active, these structures require
cleavage of the propeptide domain. All matrix metal-
loproteinases are either bound to the cell membrane
or secreted into the plasma. The inactivity of matrix
metalloproteinases is maintained by an interaction of
a cysteine residue in the propeptide domain with the
zinc ion, which is bound to the catalytic domain. Van
Wart et al®® identified a possible “cysteine switch”
model for activation of matrix metalloproteinases.
This switch is turned on when a specific enzyme
cleaves a part of the propeptide domain of the matrix
metalloproteinase. Once the switch is turned on, sev-
eral other processes may occur that finally result in
an activated enzyme. Trypsin, chymotrypsin, plasma
kallikrein, plasmin, and some neutrophil enzymes
have been implicated in this process.363

One of the most readily observable methods of reg-
ulation and inactivation of matrix metalloproteinases
is through tissue inhibitors of metalloproteinases. Tis-
sue inhibitors bind to matrix metalloproteinases and
form stable complexes that are less biologically ac-
tive against the extracellular matrix.*> 4 Ostensibly,
this is accomplished by obscuring the catalytic re-
gion of the enzyme.? They also exert their effect on
inactive matrix metalloproteinases by slowing the
process of activation.*

Matrix metalloproteinases are induced by several
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growth factors, including epidermal growth factor,
platelet-derived growth factor, interleukin 1, and
tumor necrosis factor alpha.** This is accomplished
predominantly through gene induction. While these
growth factors stimulate matrix metalloproteinase
production, transforming growth factor beta has
been shown to inhibit production of certain matrix
metalloproteinases through transcription inhibi-
tion.*> 4 Somewhat similar inhibitory characteristics
have been identified through the use of retinoids and
glucocorticoids.*

Matrix Metalloproteinases in
Chronic Wounds

Chronic wounds contain high collagenase activity.* 4
In a comparative study of acute and chronic human
wounds, Nwomeh et al* found distinct differences in
collagenase patterns between these groups. Patterns
of the collagenases in healing wounds indicated that
MMP-8 appeared in significantly greater amounts
than MMP-1. Chronic nonhealing ulcers were charac-
terized by significantly higher levels of both MMP-1
and MMP-8, and by lower levels of tissue inhibitor of
metalloproteinase 1 (TIMP-1), when compared with
healing wounds. Levels of MMP-1 and MMP-8 varied
greatly in chronic ulcers, although MMP-8 was al-
ways the predominant collagenase present in these
wounds. In this study, collagenases were present al-
most exclusively in their inactive forms in healing
wounds, whereas nonhealing ulcers possessed signif-
icant levels of the active forms of these enzymes.
However, in a separate study of healing and nonheal-
ing chronic leg ulcers, Harris et al*® did not find sta-
tistically significant differences in collagenase activi-
ty between wounds that healed and those that did
not. Reviewing the results from both of these studies,
it can be postulated with some confidence that neu-
trophil-derived MMP-8 is the predominant collage-
nase present in normal healing wounds and that
overexpression and activation of this collagenase
may be involved in the pathogenesis of nonhealing
chronic ulcers. In addition, excessive collagenolytic
activity in chronic ulcers is made possible partly be-
cause of the reduced levels of the inhibitor TIMP-1.
Until recently, there have been no studies evaluat-
ing levels of matrix metalloproteinase activity in
chronic diabetic foot wounds. In a study of biopsy
specimens taken from diabetic foot ulcers, venous
leg ulcers, healthy skin, and skin from patients with
diabetes, Jude et al* found intense expression of
MMP-8 and TIMP-2 in all chronic wounds, and MMP-9
was found to be particularly strong in venous
wounds. MMP-1 and MMP-8 were expressed in nor-

mal skin and diabetic skin epidermal cells with no
tissue inhibitor metalloproteinase staining noted in
noninjured skin. The investigators concluded that ma-
trix metalloproteinase and tissue inhibitor metallopro-
teinase expression appears elevated in chronic
wounds. Furthermore, they may play a role in deter-
mining the chronicity of these wounds. Lobman et
al® reported similar findings indicating that diabetic
foot ulcers show increased expression of gelatinase
(MMP-2) as compared to traumatic wounds.

While several advanced wound-healing modalities,
such as exogenous growth factors and bioengineered
tissue, show great promise in the treatment of chron-
ic wounds, the very nature of the chronic wound en-
vironment may be hostile to optimal activity of these
treatments. Trengove et al®! identified a significantly
higher degradation of epidermal growth factor in
chronic wounds and found that fluid from chronic
wounds had 30-times greater matrix metalloprotein-
ase activity when compared with acute wound fluid.
Inhibiting excessive protease expression®? in these
wounds may allow a prospective wound-healing
treatment, whether it is a single growth factor or an
entire bioengineered matrix, to reach its full thera-
peutic potential.

Conclusion

The structure, classification, function, and regulation
of matrix metalloproteinases have been briefly dis-
cussed. Their role in normal and abnormal wound
healing is not well characterized. However, any vari-
ance from the tightly orchestrated sequence of
events that takes place during normal extracellular
matrix maintenance may lead to a host of undesir-
able outcomes. Improving basic knowledge of this
area will no doubt yield insight that will help the clin-
ician to better identify the mechanisms involved in
wound healing and thereby to intervene proactively
to prevent the normal wound from becoming chron-
ic. Ultimately, this will prevent the needlessly high
prevalence of morbidity associated with this signifi-
cant public health problem.
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