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Abstract
Matrix metalloproteinases (MMPs) are a group of proteases that belong to the metazincin family.
These proteins consist of similar structures featuring a signaling peptide, a propeptide domain, a
catalytic domain where the notable zinc ion binding site is found and a hinge region that binds to the
C-terminal hemoplexin domain. MMPs can be produced by numerous cell types through secretion
or localization to the cell membrane. While certain chemical compounds have been known to
generally inhibit MMPs, naturally occurring proteins known as tissue inhibitors of metalloproteinases
(TIMPs) effectively interact with MMPs to modify their biological roles. MMPs are very important
enzymes that actively participate in remodeling the extracellular matrix by degrading certain
constituents, along with promoting cell proliferation, migration, differentiation, apoptosis and
angiogenesis. In normal adult tissue, they are almost undetectable; however, when perturbed through
injury, disease or pregnancy, they have elevated expression. The goal of this review is to identify
new experimental findings that have provided further insight into the role of MMPs in skeletal
muscle, nerve and dermal tissue, as well as in the liver, heart and kidneys. Increased expression of
MMPs can improve the regeneration potential of wounds; however, an imbalance between MMP
and TIMP expression can prove to be destructive for afflicted tissues.

Matrix metalloproteinases (MMPs) belong to a superfamily of enzymes known as
metazincins, which encompass a number of other endopeptidases including serralysins,
asatacins, adamalysins, leishmanolysins, snapalysins and pappalysins [1,2]. Currently, there
are 23 known human MMPs, with other species having slightly variable structures, all of which
share similar characteristics (e.g., a zinc ion binding site) and are inhibited by tissue inhibitors
of metalloproteinases (TIMPs) [3–5]. Furthermore, these enzymes have similar structures,
including a signaling peptide, a propeptide domain, a catalytic domain where the zinc ion
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binding site resides and a hinge region that binds to the C-terminal hemoplexin domain [4,6].
The enzymes can be classified by small differences in structure, such as insertions of
vitronectin, cysteine array, fibronectin domains, IgG-like domains and distinct types of
transmembrane domains or the deletion of the hemoplexin domain. Based on their structural
elements, MMPs are categorized into several groups: collagenases, gelatinases, matrilysins,
membrane-type (MT) MMPs, metalloelastases, stromelysins and other various types (Table
1). A majority of MMPs are secreted in a latent form known as a pro-MMP and can only become
active when the bond between the free thiol of a conserved cysteine residue on the propeptide
domain and the zinc ion on the catalytic domain is broken or through complete cleavage of the
propeptide domain through the use of other MMPs [7,8]. Other MMPs are activated
intracellularly by furin before they are secreted or incorporated into the cell membrane.

Despite differences in their biomolecular structure, all MMPs are known for their involvement
in a number of biological tasks. Generally, they participate to a moderate extent in embryogenic
development and are almost undetectable in normal adult resting tissues; however, they become
clearly activated when perturbed through injury, disease and during pregnancy [9–13]. While
some MMPs are known primarily for their ability to degrade certain components of the
extracellular matrix (ECM), they are not solely limited to this physiological task [14,15]. When
stimulated, MMPs interact with various cytokines and chemokines to become engaged in
different roles such as cell proliferation, migration, differentiation, apoptosis and
angiogenesis [16–22]. Overall, these processes occur to facilitate tissue or organ regeneration
by actively remodeling it when damaged.

Complementary to MMPs are four inhibitors known as TIMPs (Table 2), which serve the
purpose of inhibiting MMPs, in addition to closely related members of the adamalysin group,
a disintegrin and a metalloproteinase (ADAMs) [23–25]. Like most MMPs, TIMPs are secreted
proteins that regulate degradation of ECM constituents and tissue remodeling through
interaction with MMPs. They can limit the extent of MMP participation in the regenerative
process by restricting cellular functions such as proliferation and migration [26]. The typical
shape of TIMPs is wedge-like, containing both an N- and C-terminal domain with a molecular
weight ranging from 21 to 29 kDa [4,6]. Both terminals consist of six conserved cysteine
residues forming three disulfide bonds; however, only the N terminal is responsible for
inhibiting MMP activity [6,26].

With the range of influence that MMPs have on developmental biology and regenerative
medicine, one of the best methods to examine them is using MMP gene-knockout mice. Over
a dozen MMP and TIMP mutant types have been generated and mouse lines surviving to birth
were inspected for their faint phenotypic modifications. Some of the well-studied MMP or
TIMP null mice were deficient for MMP2, MMP3, MMP9, MMP12 and MT1 MMP (MMP14)
or TIMP1 and TIMP3, which caused underdevelopment or impaired tissue regeneration [27–
33].

Regeneration
One of the key mysteries in biology is limb regeneration. It is commonly known that, for adult
mammals, amputated limbs do not grow back. However, adult amphibians such as newts and
salamanders can regenerate fully functional arms and legs over the course of 70 days, a process
in which MMPs play a vital role [34,35]. Regeneration of amputated digits has been
documented in higher-order mammals in the embryonic and neonatal stages, however, this was
only permissible if the amputation was restricted to the phalangeal bones [36]. In other
instances, fingertip regeneration has been observed in children and, if managed properly, could
restore the finger’s contour, fingerprint and function with minimal scarring; however, full
lengthening of the amputated digit is not always entirely possible [37,38]. The unique ability
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of amphibians to regenerate whole limbs demonstrates a greater capacity for regeneration and
healing when compared with wound healing in mammals.

Despite the dissimilarity in both species’ regenerative ability, the events that follow
immediately after injury are comparable. Both processes of wound healing in mammals and
limb regeneration in newts use MMPs to guide the remodeling of damaged tissue. The first
stage of mammalian wound healing initiated after incidental epithelial damage is inflammation
[39]. During this period, cytokines and growth factors are released by a combination of cells
including platelets, macrophages and neutrophils, as well as epithelial and stromal cells [35,
40]. At the same time, MMPs are synthesized by many similar cell types, including
macrophages, epithelial, stromal and inflammatory cells, in order to promote leukocyte
migration, as well as to degrade collagen of the damaged tissue. In the days following
inflammation, MMPs play a more active part in re-epithelialization of the wound [41]. By
degrading the ECM surrounding the wounded area, they stimulate migration of the cells
encompassing the region to the site of injury. Upon arrival, these cells proliferate and work in
conjunction to direct differentiation and angiogenesis to prevent further fluid loss or bacterial
infection by closing the ruptured tissue barrier [40]. In the final stages of wound healing,
collagen synthesis is observed. For very severe injuries, excessive collagen synthesis occurs
due to the overproduction of TGF-β, which invariably restricts the recovery of muscle function
[42].

In contrast to wound healing in mammals, limb regeneration follows a different course for
amphibians, yet MMP activity is still present. Almost instantly after a limb amputation of a
newt, MMP activity becomes highly elevated in order to rapidly produce an apical epithelial
cap to cover the stump, minimizing additional tissue damage, contamination or inflammatory
response [35,43]. Following AEC formation, peripheral cells at the amputation site undergo
dedifferentiation, whereby they are converted into a multipotent state [44]. This phenomenon
results in the formation of a blastema from migrated fibroblasts. Several MMPs have been
identified with blastema formation and limb regeneration in newts. One study found sequence
homology between MMPs MMP3/10a and MMP3/10b expressed in newts and humans only
for regenerating limbs and not in normal tissue [43]. Both MMPs aided in tissue remodeling
by digesting gelatin, casein and collagen I and IV. Other studies provided evidence that MMP9
contributed to limb regeneration by digesting gelatin along with collagen I and IV, thereby
removing damaged cartilage elements [45,46]. A study by Vinarsky et al. demonstrated that
MMP9, MMP3/10a, MMP3/10b and nCol (a Notophthalmus collagenase gene) were notably
upregulated immediately following limb amputation, based on proteolytic analysis of
regenerating limb extracts, and remained elevated up to 20 days [45]. Furthermore, the
administration of an MMP inhibitor, GM6001, demonstrated severely dwarfed and
dysfunctional limbs or regeneration impeded at an early stage, resulting in a stump covered by
uncharacteristic acellular scar-like tissue.

Under normal circumstances, once the blastema is generated, it continues to grow distally,
producing an entire limb, remarkably even when it is grafted to different locations on the body
[47]. It should be noted that axolotls or newts are not the only creatures known to form a
blastema after tissue trauma. Blastema formation in response to MMPs has been identified in
several other species including Drosophila, mouse and zebrafish [48–50]. In Drosophila, two
genes, the regeneration (rgn) gene and MMP1 gene, were found to actively take part in leg disc
regeneration, but not development. It is believed that they become activated in the blastema
by wingless signaling and that mutations directed toward rgn or MMP1 will affect the formation
of a blastema [48]. Likewise, Murphy–Roth–Large (MRL) mice, which have a greater capacity
for regeneration, demonstrated regrowth of lost cartilage and complete closure of through-and-
through ear hole punches, with no scar formation in comparison to normal adult mice [51].
Consequently, MRL mice have a greater MMP to TIMP ratio of MMP2 and MMP9 for the
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purpose of breaking down the ECM and basement membrane prior to blastema formation,
while normal B6 mice never display blastema formation [49]. Moreover, zebrafish expressed
MMP2, in addition to MMP14 and TIMP2, during the formation of the blastema, as with MRL
mice [50]. Additionally, GM6001 was found to produce a negative effect on blastema
formation, thus inhibiting caudal fin regeneration [50]. It should be noted that MMP2 may play
a specific role in regeneration of connective tissue, as confirmed through studies of MRL mice
and zebrafish. In the following article sections, updated research on MMPs within various
tissues is reviewed.

Skeletal muscle tissue
Muscle injuries can occur by a number of misfortunes such as lacerations, strains, ischemia or
neurological dysfunctions. After countless years of study, researchers have defined a timeline
for muscle recovery in three stages [52]:

• Muscle degeneration and inflammation

• Regeneration

• Scar tissue formation (fibrosis).

The main limitation of muscle regeneration is the period of fibrosis, occurring between the
second and third week after the muscle injury [52,53]. As previously mentioned, increased
TGF-β1 production will trigger secretion of collagen type I and III by myofibroblasts in order
to generate fibrotic scar tissue [42,54,55]. The administration of several remedies, such as
basic-fibroblast growth factor (bFGF), insulin growth factor type 1 (IGF-1), suramin, decorin,
IFN-γ and angiotensin II receptor blocker were used to successfully improve muscle healing
by either promoting myoblast proliferation or blocking TGF-β1 expression [42,52–59].
Unfortunately, these treatments of stimulating myoblast proliferation/migration or inhibiting
TGF-β1 are ineffective in regenerating muscle with pre-existing fibrotic tissue [18,42,52].

To resolve this dilemma, researchers have begun examining MMPs as a prospect for muscle
regeneration. Recent studies performed both in vitro and in vivo have shown the beneficial
impact of MMP1 administration on muscle healing [18,60,61]. In vitro experiments illustrated
cellular increases in mobility by increased expression of four migration proteins, N-cadherin,
β-catenin, pre-MMP2 and TIMP1 [18]. Differentiation into myotubes was greater for cells
treated with MMP1 compared with nontreated cells, based on quantity and the increased
expression of myogenin, a check-point protein involved in myofiber formation. In vivo
evidence showed that direct injection of C2C12 myoblasts in combination with MMP1
improved cell migration and increased myofiber differentiation from the point of injection in
both gastrocnemius and tibialis anterior muscles of mice with musclular dystrophy (MDX)
[18]. Another study illustrated that the injection of MMP1 alone to a site of injury created in
mice TA muscles improved muscle healing by reducing fibrotic tissue and increasing myofiber
formation [60]. Complementary to these experiments, one investigation provided further
evidence demonstrating the involvement of MMPs in skeletal muscle cell migration. Using
two MMP inhibitors at moderate concentrations, MMP inhibitor II (inhibits MMP1, MMP3,
MMP7 and MMP9; from Calbiochem) and GM6001 (inhibits MMP1, MMP2, MMP3, MMP8
and MMP9) suppressed C2C12 cell migration [62]. In another experiment, MMP3 was targeted
using a siRNA because it plays an important role in activating pro-MMP1, MMP7, MMP8 and
MMP9 [62]. These experimental results also demonstrated reduced cell migration, providing
speculation that, by inhibiting MMP3, MMP1 could not become activated to increase the
expression of certain migratory proteins.

Despite progress in reducing fibrotic scar tissue using MMPs, one hindrance of simply
administering therapeutic proteins is their reduced enzymatic stability and natural clearance

Bellayr et al. Page 4

Future Med Chem. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[61,63]. In this regard, multiple inoculations would be necessary, contrary to the patient’s
inclination for comfort. As such, research has been conducted to develop synthetic and
biodegradable scaffolds incorporated with various cytokines and growth factors to promote
tissue and organ remodeling by mimicking the natural healing processes [64]. These efforts to
integrate bio-molecules with biocompatible polymers are designed to facilitate cell migration
and proliferation within the designated environment, to assist in the natural stages of tissue
formation. In several studies, researchers have constructed 3D networks using MMPs
crosslinked with linear oligopeptide substrates and functionalized them to poly(ethylene
glycol) (PEG) macromers [65,66]. The development of these synthetic materials is designed
to assist in tissue regeneration by triggering cells to remodel the ECM by secreting signaling
proteins and promoting differentiation. Subsequently, the same researchers who administered
native MMP1 to fibrotic muscle tissue also tested PEGylated active MMP1 as a method to
overcome the limitation of protein clearance [61]. Attaching PEG to MMP1 rendered the
protein less immunogenic, prevented proteolysis and reduced its clearance. Unfortunately, in
an effort to improve degradation of fibrotic tissue, it failed to reduce collagen content in
lacerated muscles. This caused speculation that the collagen was impeded from reaching the
catalytic site of modified MMP1 when bound to PEG [61].

Other MMPs explored recently for their involvement in muscle regeneration are the gelatinases
MMP2 and MMP9. The regulation of these two proteins has had a profound impact in the
status of MDX mice, an X-linked genetic disease where muscles lack the dystrophin gene,
causing an increased rate of degeneration [67]. In a study using MDX mice, scientists
administered L-arginine to decrease the expression of MMP2 and MMP9, which in turn
destabilized satellite cell adhesion and myoblast fusion [68]. Their principle result was that
both MMPs work conjointly to maintain the integrity of the muscle membrane while L-arginine
reduces inflammation. A similar study determined that elevated MMP9 activity mutually
increases the number of stem cell antigen 1-positive cells (a stem cell marker for muscle-
derived stem cells or muscle satellite cells) to favor cell migration and activation of myogenic
precursors [69]. An increase in MMP2, on the other hand, corresponded to an increase in the
number of neural cell-adhesion molecule (NCAM)-positive cells aiding in regeneration.
However, confounding results indicate that their activity may be linked to persistent
inflammation and membrane fragility in spite of their regenerative myofiber capacity [69].
Another team of investigators decided to look at the variable expression of MMP2 and MMP9
in two different muscle types. In Soleus, slow-twitch muscle, MMP9 was upregulated for 14
days postinjury, compared with 7 days in extensor digitorum longus (EDL), fast-twitch muscle
[70]. MMP2 activity was higher for fast-twitch (EDL) muscle than for the Soleus muscle and
may be responsible for ECM remodeling during the reconstruction phase, by preventing
accumulation of ECM components [70]. The extensive fibrosis resulting in the Soleus muscle
could be contributed to insufficient degradation of ECM components. Furthermore, MMP2
was found to play a crucial role in cell fusion, whereas MMP9 was involved in all stages of
myoblast differentiation (including an active part in cell proliferation). These researchers
concluded that the differences in the activity of both MMPs modifying myoblast migration and
fusion are the root of the difference in the regenerative response of the two muscle types.

Additional studies have confirmed the role of MMP9 in muscle cell differentiation and MMP2
in myoblast elongation/fusion, working in conjunction to remodel the ECM [71,72]. In a study
using canine X-linked muscular dystrophy in Japan (CXMDJ), increases in MMP2, MMP9
and MMP14, and TIMP1 and TIMP2 expression were found in comparison to normal wild-
type canines. Increased MMP9 expression was found to correspond with degradation of the
basal lamina in necrotic tissue of CXMDJ and the promotion of inflammatory cell migration
to the site of interest. Following the process of muscle healing, muscle fibers were regenerated
based on the expression of MMP2 [71]. The researchers hinted that TIMP1 upregulation most
likely followed peak MMP9 levels, while TIMP2 and MMP14 expression might be involved
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with MMP2 as they are known activators of pro-MMP2. Although some of these results are
speculative, they suggested that additional experiments using cardiotoxin injury could clarify
whether TIMP1 and 2 activity is dependent on the stage of muscle healing. Another
investigation evinced a more defined function of MMP14 in muscle tissue by providing a
number of intriguing results. First, MMP14 serves as a checkpoint for the three stages of
morphological differentiation (proliferation, elongation and fusion) and also engages in
degrading fibronectin [72]. Myotube formation decreased when MMP14 activity was blocked
using short hairpin RNA and upon observation in MMP14-deficient mice. Inhibiting MMP14
during the proliferative and elongation stages of skeletal muscle development prevents proper
activation of MMP2, which in turn blocks myotube fusion. Furthermore, while TIMP2 has
been known to work in combination with MMP14 to activate MMP2, an overexpression of
TIMP2 and 1 will have a distinct inhibitory effect on MMP14 and drastically reduce myotube
formation [72]. Ultimately, these findings demonstrate that an absence of MMP14 causes
fibronectin to act as a negative regulator of myogenic differentiation. As fibronectin is degraded
during the elongation phase of skeletal muscle development by MMP14, myotube formation
will continue with the aid of MMP2. Leading into the discussion of MMP involvement with
regenerating nerve tissue, one study found that overexpressing osteoactivin in skeletal muscle
cells increased their expression of MMP3 and MMP9 to repress denervation-mediated fibrosis
[73].

Nervous tissue
Spinal cord injuries (SCIs) occur with a traumatic hit that fractures or dislocates vertebrae.
Most injuries do not sever the spine, but instead crush the axons. The initial damage and location
of the SCI determines the severity of disruption to signaling between the brain and certain parts
of the body [74]. When this happens, the axon terminals of the neuron retract from their normal
synaptic targets, leading to apoptosis [75]. Axon regeneration is difficult following SCI;
however, the prospect of regaining lost nerve function is noticeably better for the PNS [76]. A
barrier to axon regeneration is the formation of glial scars ensuing injury to the CNS as well
as the PNS [77].

Numerous studies have found that MMPs in nerve tissue have similar tasks as in skeletal
muscle. Based on their known biological roles, they are upregulated during an inflammatory
response to promote regeneration of damaged nerve cells and allow penetration of the blood–
brain barrier (BBB) in the CNS [75,78]. A number of studies have been performed using several
types of nerve cells including astrocytes, dorsal root ganglia (DRG) neurons,
oligodendrocytes and Schwann cells to assess which traits are modified when they interact
with MMPs [79–82]. Two studies by the same research team shed light on the specific
involvement of MMP2 and MMP9 in wound healing of mice subjected to a moderate spinal
cord contusion [79]. Their results indicated MMP2 was preferentially expressed in astrocytes
bordering the lesion epicenter during wound healing, between 7 and 14 days after SCI.
Furthermore, the presence of MMP2 was notably beneficial in the sparing of white brain matter,
reducing axon plasticity and maintaining locomotor recovery. In MMP2-null mice, larger glial
scar formation was observed with an increase in chondroitin sulfate proteoglycans (CSPGs),
which are known to arrest the regrowth of injured axons across a lesion site [79,83]. The
concluding find of this study was that MMP2-null mice with a SCI overexpress MMP9, which
prompted a second investigation. This follow-up examination concluded that MMP9
expression from astrocytes and leukocytes did not facilitate glial scar formation, but promoted
greater CSPG deposition when compared with MMP9-null and wild type mice [27].
Abnormalities observed in the actin cytoskeletal organization and function reduced astrocyte
migration of MMP9-null mice or wild-type mice when MMP9 activity was blocked with a
pharmacologic inhibitor; however, MMP is not the sole modulator of cell migration. The
researchers suggest that, while MMP9 secreted by astrocytes is able to cleave CSPGs, its
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absence truly reduced the complexity of the glial scar by preventing the migration of
macrophages across the BBB to deposit CSPGs. Neither MMP9 nor MMP2 had any impact
on astrocyte proliferation, adhesion or viability.

Alternative studies have continued to indicate similar findings in terms of MMP2 and MMP9
expression with regard to axon regeneration. Examining the relationship between DRG neurons
and Schwann cells, a recent study determined that MMP2 is initially upregulated, then
subsequently downregulated during myelination. There is a negative correlation between
MMP2 expression and the number of myelinated nodes and inhibiting MMP2 activity accounts
for incomplete and aberrant myelin formation [80]. Another investigation by Chattopadhya et
al. looked at the role of MMP9 on Schwann cell proliferation by analyzing its effect on several
signaling pathways [82]. They concluded that administering recombinant MMP9 to Schwann
cells suppresses their growth and mitogenic activity. More specifically, MMP9 produced a
dose-dependent activation of ERK1/2, which is counteracted when inhibitors of IGF-1, ErbB
and platelet-derived growth factor receptors are present. It was also implicated in different
effects on axonal regeneration when comparing blood–nerve barrier disruption in the CNS and
PNS. In a study by Liu et al., MMP9 expression increased dramatically after an injury to the
sciatic nerve (PNS injury) until day 7, while MMP9 expression was delayed until day 7 and
lasted for 28 days following an injury to the optic nerve (CNS injury) [76]. The increased
expression of MMP9 in the optic nerve was observed along with a decreased expression of
neurofilament. This correlation between MMP9 and neurofilament suggests that MMP9 may
take part in axonal degeneration in the CNS; whereas, in the PNS, MMP9 is responsible for
the clearance of myelin debris and other various components of damaged cells to improve
axonal regeneration and remyelination.

Although MMP2 and MMP9 hold most of the spotlight when it comes to nerve regeneration,
several other MMPs have been suggested to play influential roles. Recent work by Werner et
al. examined the connection between MMP28 and myelination [84]. They found that, in the
early development of embryos of Xenopus and mice, expression was greatest in the nerve
tissues, including peripheral nerves and some components of the CNS such as the spinal cord.
Using ascorbic acid, researchers were able to induce myelination, which in turn reduced
MMP28 activity. Upon deducing that MMP28 took no part in stimulating migration of nerves
into peripheral tissues, the new challenge was determining whether a change in the expression
of MMP28 established an extracellular environment needed for myelination or simply inhibited
the ability of Schwann cells to remyelinate axons. Further studies indicated that when MMP28
was added to in vitro cultures of rat DRG, myelination was attenuated and MAPK, ErbB2 and
ErbB3 phosphorylation were enhanced [81]. When MMP28 was activated in conjunction with
two inhibitory antibodies (pAb180 and pAb183) targeting its activity, there was a 2.6- and 4.8-
fold enhancement in myelination, respectively. In vivo studies verified this point by detecting
increases in MMP28 expression within demyelinated lesions of experimental autoimmune
encephalitis (EAE) and human multiple sclerosis (MS) nervous system tissue [81].

In addition, MT MMPs have been investigated using EAE mice as a model for human MS.
Previous research has discovered that MMP15, 16, 17 and 24 are downregulated in the spinal
cord of mice with myelin basic protein-induced adoptively transferred EAE, while MMP14
and 25 have moderately increased activity [85]. However, five genes, MMP8, MMP10,
MMP12, ADAM12 and TIMP1, showed significant increase in expression compared with the
control. More recently, the same researchers examined the activity of these MT MMPs with
regards to microglia, often referred to as resident CNS macrophages, which are highly mobile
and serve as the main immune defense of the CNS by monitoring damaged neurons, as well
as potential infectious agents [86]. As such, recent studies revealed only a minor difference in
the activity of these MT MMPs. Instead, significant downregulation was only observed for
MMP15, MMP17 and MMP25; MMP14 and MMP16 expression did not vary and MMP24
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was not expressed at all [87]. Unfortunately, it still remains to be determined how or if MT
MMPs affect neuroinflammation as they did not impact the expression of the proinflammatory
cytokines TNF-α, IL-1β and IFN-γ. If MT MMPs cannot be considered mediators during
neuroinflammation, they may have no other purpose than to simply enable infiltrating cells to
navigate across the BBB or support nerve regeneration.

Dermal tissue
Adult skin contains two tissue layers: a keratinized stratified epidermis and an underlying layer
of collagen-rich dermal connective tissue. Skin wound healing, as mentioned previously,
initiates immediately after injury and consists of inflammatory, proliferative and maturation
phases, which are complex processes requiring the collaborative efforts of multiple types of
tissues and cells [35,40]. Various factors, including growth factors, necrotic cell/tissue and
matrix components, trigger macrophages, inflammatory cells, keratinocytes and fibroblasts to
accumulate at the site of injury [88]. These active cells at the wound margin begin to proliferate,
become invasive and generate new ECM.

The composition and re-organization of the ECM during skin wound healing is regulated by
MMPs and the cells producing them. Fibroblasts produce the majority of collagens,
proteoglycans and proteins constituting the ECM at the wound edge, whereas macrophages,
endothelial cells, keratinocytes and some fibroblasts secrete a conglomeration of MMPs [88,
89]. As in other tissues, they directly regulate skin wound healing by modifying macrophage
function, cell migration and proliferation, angiogenesis and matrix remodeling. Different
MMPs usually serve different functions during healing; for example, in cutaneous wound
healing; MMP9 is responsible for degrading the basal lamina of type IV collagen, anchoring
fibril collagen type VII and for releasing keratinocytes from their tethers to the basal lamina
[90]. Studies involving MMP1 suggest its expression is controlled by cell–collagen interactions
and upregulated only when keratinocytes have migrated beyond the free edge of the basal
lamina [88,91]. It has been observed that keratinocytes have enhanced MMP1 production when
they migrate on type I collagen, the most abundant structural component of the dermis [92].
Presumably, MMP1 aids migration of keratinocytes and other cells by degrading both type I
and III collagen at sites of focal adhesion attachment to the dermal substratum [88]. MMP10
has been known to be upregulated by keratinocytes at the edge of the wounds, yet has broader
substrate specificity than MMP1, with its ability to degrade multiple ECM components, such
as proteoglycans, laminin, fibronectin, type IV and IX collagen and even the globular domains
of procollagens I and III [88,93]. MMP13, which is undetected in keratinocytes and found
exclusively in fibroblasts deep within the ulcer bed of chronic skin wounds, is indicated to
function in matrix remodeling [89].

Generally, MMPs are shown to have positive roles in promoting acute skin wound healing.
However, expression of their adversaries, MMP inhibitors, TIMP1, 2 and 3 can negatively
affect the healing outcome [94]. Studies have shown that the expression of MMPs and TIMPs
together carefully regulates wound healing and that the balance between them is critical for
proper skin repair. It is understood that different pathological states can result in aberrant
function of these regulatory mechanisms. For miscellaneous and harmful injuries, such as
ischemia, repeated trauma, bacterial/viral infection or physical/chemical burden, the
inflammatory phase is sometimes impeded, leading to chronicity. One of the key components
of chronic wounds is an elevated level of MMPs [89,95–97]. Compared with acute skin
wounds, the expression of certain MMPs (MMP2, MMP9, MMP10 and MMP12) is largely
increased during situations of impaired healing, while the expression of TIMPs is dramatically
reduced [89,93,95–98]. Again, it is recognized that a common miscommunication of signals
between MMPs and TIMPs is the root of erroneous regeneration for skin, as in other biological
tissues.
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It has been suggested that the ratio of MMP to TIMPs is a critical hindrance in the healing of
damaged skin; it has therefore been speculated that a higher ratio of MMP to TIMP expression
could be associated with scarless repair, as is the case in newts [99,100]. In contrast to the
healing of adult cutaneous wounds, which re-establishes the dermal integrity at the expense of
scar formation, early fetal wounds heal without fibrotic scar tissue. One study reported that the
wound healing of skin in fetal rat transitions from scarless to scar-forming between days 16.5
(E16) and 18.5 (E18) of gestation [100]. This investigation showed that E16 scarless wounds
had a greater expression of MMP1, MMP2 and MMP14 relative to TIMP1 and TIMP2
expression than E19 scarring wounds. This evidence demonstrated improved ECM turnover,
reduced collagen accumulation, increased migration of fetal cells and, most importantly,
increased scarless repair [100]. In the model of skin healing and limb regeneration using
axolotls, MMP9 is shown to be an early, nerve-independent marker of the regenerating
epidermis, observed throughout all the cells of the multilayered epithelium that covered the
wound [101]. MMP9 was also revealed to be necessary for the re-epithelialization and
formation of a blastema during limb regeneration. In another study using athymic nude mice,
which are known for their exceptional ability among mature mammals to undergo skin healing
without scar formation, MMP9 expression was upregulated and proposed as a major
contributor to scar-free healing [102]. Similar studies examining human skin have suggested
that the intrinsic nature of skin is transformed during fetal development by altering the gene
and protein expression of MMPs and TIMPs, which may be accountable for the phenotypic
metamorphosis from scarless to scar formation of injured skin during repair [103].

In addition to TIMPs, the involvement of MMP activity in skin wound healing can be connected
with other proteins including various growth factors. Recent studies revealed the positive effect
of bFGF and IL-6 in promoting skin repair by stimulating MMP expression [104–106]. One
in vitro study found that using bFGF upregulated MMP1, as well as fibronectin, in human skin
fibroblasts, aiding in reduced collagen deposition and suppressed scar formation [104].
Similarly, another study found that bFGF stimulated MMP2 in mouse adipocytes, ameliorating
the survival of fat grafts; however, the beneficial effect was attenuated with the administration
of GM6001 [105]. For normal skin fibroblasts, IL-6 stimulation promoted an increase in the
expression of MMP1 and 3, while there was no change in MMP expression of fibroblasts
isolated from hypertrophic scars [106]. These data indicate that perhaps some pathways or
mechanisms become perturbed during thermal injury, resulting in skin deformity by an
excessive production of collagen and downregulated MMP expression. Other factors have been
shown to affect MMP production in opposite manners. For instance, TGF-β stimulates collagen
and MMP2 expression while inhibiting MMP1 in dermal fibroblasts, suggesting that MMPs
attempt to repair skin damage during an inflammatory response even when it is negatively
impacted [107]. Ultimately, an elevated level of MMPs during skin injury will prove most
beneficial, regardless of autocrine signaling, self administration or stimulation by other factors,
but the challenge is determining the most effective method.

Other tissues
Liver

As a vital organ, the liver provides some of the most essential bodily functions, but its most
unique trait is its ability to regenerate. This has been demonstrated in a number of studies, with
healthy and cirrhotic livers regenerating almost entirely after a partial hepatectomy [108,
109]. Unfortunately, this quality may become debilitated in seriously diseased or damaged
livers in a condition known as irreversible fibrotic scar tissue, where an accumulation of fibrillar
collagens type I and III are secreted by hepatic stellate cells (HSCs) [110–112].

Liver regeneration research has prominently documented the important, yet perplexing roles
of MMPs in the process of liver regeneration. To date, increased expression of MMP2, MMP3,
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MMP9, MMP10, MMP13 and MMP14 was observed after liver injury in both human tissue
and animal model studies, with the peak expression coinciding with inflammatory cytokine
upregulation [110,111,113–116]. As with most of the tissues during regeneration, MMP2 and
MMP9 have outstanding connections. Several studies have indicated that both MMP2 and
MMP9 exist at very low levels in normal liver, with increasingly higher expression in more
severe disease states, such as rejected human liver transplant tissue or chemically induced liver
fibrosis using carbon tetrachloride in animal studies [114–116]. With similar results found for
partial hepatectomies, one study identified a delayed hepatic regenerative response for MMP9-
deficient mice [117]. Furthermore, MMP9-deficient mice, in comparison with wild-type mice,
showed less expression of VEGF, HGF and TNF-α, constituents associated with liver
regeneration. They also demonstrated reduced apoptosis, which correlated with a slower rate
of hepatocyte proliferation. Another study found that the MMP inhibitor Marimastat® could
prevent liver regeneration in hepatectomized mouse livers by downregulating MMP2 and
MMP9 [118]. In spite of the reduced MMP expression, increased levels of IL-6 were observed,
promoting MMP expression, as comparable with hypertrophic skin scars. Some studies have
pointed out the crucial role of the membrane protein MMP14 [113]. It has been observed that
when MMP2 or MMP9 are secreted in a proenzyme form by HSCs or hepatic myofibroblasts,
they become activated through association with MMP14 [113,116,119]. An MMP activation
cascade was proposed where MMP14 from HSCs activates a pro-enzyme form of MMP13,
which in turns activates pro-MMP9. The activated MMP9 provides a positive-feedback loop
whereby it continues to upregulate and activate MMP13 [113]. Both of these MMPs, MMP9
and MMP13, are key components that help degrade collagens in the ECM matrix of liver
fibrogenesis, and their activation in the cascade of events can be inhibited by TIMP1 or 2,
respectively.

Despite the ability of MMPs to repair damaged livers, their efforts are unfortunately
undermined by TIMPs. Research has demonstrated an elevated level of TIMP activity is
paralleled to increases in MMP activity for severely diseased livers [116,120]. While a variety
of studies have hinted that only certain TIMPs inhibit specific MMPs in certain tissues,
ultimately, they all are culprits in promoting a profibrotic environment by protecting newly
synthesized collagens from degradation. Based on this outlook, investigations were performed
to aid liver regeneration by inhibiting TIMP activity with gene therapy. Using siRNA to target
TIMP2 in rat fibrotic livers helped to increase ECM degradation by reducing activated HSCs,
which enhanced hepatocyte proliferation [121]. A corresponding study, producing similar
results, administered different proteolytic inactive MMP9 mutants to mice with hepatic
fibrosis, which bound to and inhibited the function of TIMP1 [120]. A different study further
supported these results by illustrating that TIMP1 serves as a negative regulator of HGF
signaling by reducing hepatocyte proliferation in partially hepatectomized mice [122]. In both
cases, where TIMP1 and TIMP2 were inhibited, liver regeneration improved; however, this is
not always true as they can regulate cytokines other than MMPs to influence ECM remodeling.
One investigation showed that TIMP3 played a significant part in liver regeneration by
inhibiting TNF-α-converting enzyme to reduce elevated levels of inflammation and TNF-
mediated cell death [123]. Not all liver gene therapy solely inhibited TIMPs; one animal study
observed the affects of transfecting rats suffering from hepatic fibrosis with a recombinant
adenovirus containing human pro-MMP1 cDNA [110]. The results demonstrated that MMP1
decreased the number of activated HSCs, thereby reducing collagen I and II content and
promoting hepatocyte proliferation.

Heart
Heart disease is the leading cause of death in the USA. With a number of clinical and animal
studies aiming to improve impaired cardiac function, the use of MMPs has also been considered
in this area of research. A popular animal model used to examine heart disease is induced
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myocardial infarction (MI) [124,125]. During a MI, blood supply to a portion of the heart is
interrupted, causing collagen deposition and, when excessive, the surrounding myocardium
becomes stiffer, which adversely affects the myocardial viscoelasticity, promoting ventricular
diastolic and systolic dysfunction and potential heart failure (HF) [126].

Various studies have shown the diverse number of tasks MMPs are involved in during valve
and wall remodeling. In one study, while MMP9 expression was increased in late scarring from
MI, MMP2 was the predominant gelatinase that increased in decompensated left ventricular
(LV) myocardium by cardiomyocytes for continued LV remodeling [127]. An increase in
MMP7 activity was observed in scar myocardium, suggesting involvement in proteoglycan
degradation through secretion by local fibroblasts. MMP7 was also suggested to have a possible
role in postinfarction angiogenesis, as demonstrated by plasminogen activation by increased
secretion of urokinase-type plasminogen activator, which is known to degrade basement
proteins and activate growth factors involved in angiogenesis [127,128]. Furthermore,
deviations in TIMP1 (increased expression) and TIMP4 (decreased expression) activity in mice
suffering from HF may represent distinct variations in regional MMP activity regulation or
matrix affinity. Alternatively, a study by Lu et al. noticed elevated levels of TIMP1 mRNA
for MI and inflamed pericardium [129]. They also identified activity of MMP1 in combination
with adhesion molecule, ICAM1 and chemoattractant cytokine, MCP1, which facilitated
homing, chemotaxis and migration of local cells to reform the encompassing vascular network
by reducing scar formation. Scar formation was also attenuated by MMP3, as found in a study
by Mukherjee et al., which demonstrated that MMP3-deficient mice had greater scar volumes
because fewer lymphocytes and macrophages were seen at the scar border [130]. Another study
discovered the role of MMP8 in degrading cardiac scaffolds made from bovine collagen type
I in mice and replacing them with a vascularized ECM instead of scar tissue, without
stimulating a foreign body reaction on injured myocardium [131].

After gaining perspective into how MMP stimulation impacts remodeling of a damaged heart,
MMP inhibitors were investigated for therapeutic effect. Numerous studies found that using
MMP inhibitors to target specific MMPs affected heart remodeling in a positive manner, which
contradicted evidence that MMPs are purely beneficial [124,125,132–135]. Various studies
have used general MMP inhibitors to examine the outcome on heart function. A study by Moe
et al. used PGE-7113313, an MMP1-sparing-MMP inhibitor, in canines subjected to
simultaneous atrioventricular pacing; the findings illustrated differences in atrial myocyte
cross-sectional areas as well as collagen-deposition areas, leading investigators to believe that
it prevented detrimental atrial structure remodeling and evolving HF from atrial fibrillation
[132]. In comparison, PD166793, a MMP inhibitor of MMP2, MMP3 and MMP13, was
administered to mice subjected to MI by ligation of left anterior descending artery and was
found to improve LV function, particularly in mice lacking osteopontin [124]. These results
exhibited reduced MMP2 and MMP9 activity and decreased LV end-diastolic and end-systolic
diameters, in addition to the percent fractional shortening. Other studies, such as by the Okada
et al. group, used angiotensin-converting enzyme inhibitors to attenuate MMP2 and MMP9,
thus preventing the development of monocrotaline-induced hypertrophy in the right ventricles
of rats [133]. Some studies have targeted inflammation in heart disorders, which ultimately
minimized MMP expression. One specific study injected recombinant IL-10 in mice subjected
to MI [134]. They believed that IL-10 treatment subdued infiltrating inflammatory cells and
cytokines to infarcted myocardium, allowing for improved LV function by diminishing fibrosis
through reduced HuR (a cytokine mRNA-stabilizing protein) and MMP9 expression. By
contrast, antibiotics were tested against MMP activity. Mice given clarithromycin in
combination with transplanted heart allografts displayed lower rejection, which was attributed
to lessened MMP expression and inflammatory infiltration [135]. Contrary to clarithromycin
administration, evidence from using doxycycline did not suggest a positive outcome. Instead,
investigators found that the tetracycline antibiotic impaired angiogenesis and compensatory
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LV hypertrophy with reductions in MMP2 and MMP9 activity [125]. Given their observations
of early healing after MI, they cautioned against aggressive and nonselective inhibition of
MMPs.

These experiments using synthetic MMP inhibitors produced similar results to studies
investigating how TIMPs affect remodeling of the heart structure after injury. Research using
TIMP1-deficient mice has demonstrated its importance in remodeling the structure of the heart
in mice [32,136]. In a study by Roten et al., TIMP1-knockout mice were found to have an
increased end-diastolic (ED) volume and LV ED wall stress than wild-type mice [136].
Comparatively, MI induced in TIMP1-deficient mice, by surgical ligation of the coronary
artery, revealed exacerbation of LV remodeling afterward [32]. Furthermore, increases in LV
ED volume were observed, as well as increases in the LV ED pressure, weight and cross-
sectional area, which were indicative of a hypertrophic response. Both studies concluded that
the nonexistent TIMP1 expression was the cause of decreased fibrillar collagen content.
Another study found that developing TIMP3-deficient mice produced comparable results for
remodeling the heart structure [33]. The loss of TIMP3 in developing mice triggered
spontaneous LV dilation, cardiomyocyte hypertrophy and contractile dysfunction at 21
months. Furthermore, its absence caused elevated MMP9 expression, a leading culprit of
significant reduction in fiber connectivity of the collagen network, and activated TNF-α, a
hallmark of human myocardial remodeling. While both MMPs and their inhibitors have
demonstrated positive outcomes, there is ultimately a balance between MMPs and TIMPs that
is crucial to restoring proper function of damaged heart tissue.

Kidney
Matrix metalloproteases have been indicated to have a regulatory role in the collagen–integrin
interactions that drive the proteolytic processes that are vital to remodeling the renal basement
membrane in developing and diseased-state kidneys [137]. With multiple kidney disorders
affecting individuals, such as diabetic nephropathy, focal segmental glomeralosclerosis and
tubulointerstitial fibrosis, the unknown implications of MMPs in these diseases are currently
under investigation [138–140]. As with other biological tissues, research aiming to correct
renal problems found some promising results through altered MMP expression. In a study using
mycophenolate mofetil (MMF) in combination with benazapril on nephrotectomized rats,
reduced proteinuria, improved renal function and ameliorated tubulointerstitial fibrosis were
observed [140]. The beneficial effects of administering MMF/benazapril were attributed to the
effects of downregulating TIMP1 while upregulating MMP9 in renal tissue. These findings
implied that some sort of imbalance between matrix generation and degradation was corrected
for MMP9/TIMP1 expression to promote regeneration of injured kidneys. A previous study
found similar results in children with pyelonephritis where urinary TIMP1 was greater than
MMP9 and associated with renal scarring [141].

Unfortunately, various investigations have found mixed results pointing at MMPs as the
perturbers of healthy renal function. Conflicting evidence found that rosiglitazone protects
against renal injury from proteinuria in rats by decreasing the MMP9 expression [142].
Similarly, other studies found adverse effects of MMP2 in renal function. A study by Munkert
et al. showed that an increase in the activity of MMP2 corresponded with an increase in
MMP14, causing proliferation, an inflammatory response and an enhanced deposition of ECM
in the kidneys [139]. These responses were consistent with features of glomerular inflammatory
disease processes, developing sclerosis and eventual loss of renal function. An equivalent study
produced a similar finding, where MMP2 upregulation was attributed to vascular dysfunction
and remodeling during renal hypertension, but could be prevented by antioxidant approaches
[143].
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Future perspective
As science progresses, an innumerable amount of literature is generated, detailing the precise
roles MMPs play in maintaining the structural integrity of the human anatomy. Modifications
to the MMP or TIMP expression level can positively or negatively alter the stability of the
tissue state. One of the key points in MMP research is determining which MMPs or TIMPs
have an integral role in a specific disease scenario. For instance, in terms of regenerating
damaged skeletal muscle, researchers may want to look at methods of stimulating MMP
expression to degrade fibrotic tissue and then promote cell migration, proliferation and
differentiation [18,60,62,69]. On the other hand, increased MMP expression has been known
to have detrimental effects not only in injured tissue, but in diseased tissue. Some studies have
indicated that increased expression of MMPs is the cause of enhanced tumor proliferation and
metastasis or excessive ECM remodeling in diseased tissues [138,144–146]. Over the next
decade, scientists will need to dedicate their time to appropriately identifying whether to
promote or inhibit the activity of selected MMPs or TIMPs based on how their interaction with
other ECM molecules (i.e., collagen, fibronectin and laminin) or cellular proteins (i.e., actin,
neurofilament and myogenin) influences tissue remodeling. These parameters would need to
be further assessed given the specific health complication and status of the tissue type (Figure
1). The outcome of this process could be to beneficially restore proper function to the damaged
tissue.

Challenges to this work include determination of adequate dosing and sustained delivery. As
shown in numerous investigations, an imbalance between MMP and TIMP expression is the
likely reason for problems resulting in persistent injury to damaged or diseased tissue.
Administering a proper dose of MMP or TIMP must either restore the balance of the MMP/
TIMP ratio (diseased tissue) or only alter it slightly to maximize regeneration (injured tissue).
Several tactics of prolonged delivery have been suggested, such as continuous intravenous
injection, gene therapy or degradable polymers. While attaching functionalized MMP to PEG
for the purpose of reducing its systemic clearance was successful, it failed to degrade pre-
existing fibrotic scar tissue. Future studies will engineer similar biomaterials to maintain the
reduced protein-clearance quality, but also guarantee a satisfactory therapeutic effect of the
MMP or TIMP when delivered to the site of injury. Similarly, such approaches must prove
beneficial when used in combination with chemical drugs or antibiotics to preserve the tissue
integrity or improve it. These methods, under rigorous scrutiny, can generate a favorable
regenerative response without any adverse consequences.

Using such techniques, investigators must focus on transitioning from scar healing to scarless
healing. As previously mentioned, the most likely factor in this barrier to complete regeneration
is the MMP/TIMP ratio. Often, the limitation of perfect regeneration is the over-compensation
of a particular MMP or TIMP, highly expressed during a response to injury or disease.
Understanding how to manage the relationship between MMPs and TIMPs may be the way
forward for producing antiscarring therapies. Ultimately, our goal as scientists is to mimic the
natural and scarless healing mechanisms of embryonic and fetal tissues with untimely afflicted
adult tissue.

Executive summary

• Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases
(TIMPs) play active roles in tissue remodeling by regulating cell proliferation,
migration, differentiation, apoptosis and angiogenesis.

• Using growth factors, proteins or nontoxic chemical drugs can prove beneficial in
tissue remodeling by upregulating MMP expression.
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• Similarly, using components such as siRNA, drugs or antibiotics may prevent the
damaging effects of MMP-induced injury.

• MMPs are useful in degrading fibrotic scar tissue; however, they are limited by
their ability to be retained in vivo.

• Understanding the explicit relationship between MMPs and TIMPs during tissue
regeneration may be the key to unlocking the mystery behind scarless healing.

Glossary

Matrix
metalloproteinases

Group of protein-degrading proteinases that aid in tissue
remodeling

Angiogenesis Physiological process involving the growth of new blood vessels
during development, wound healing and the repair of diseased
tissue

TGF-β Plays crucial roles in tissue regeneration, cell differentiation,
embryonic development, fibrosis formation and regulation of the
immune system

Blastema A mass of undifferentiated cells capable of regenerating organs or
limbs in newts

Fibrosis Development of excess fibrous connective tissue in an organ or
tissue resulting in scar tissue and loss of function

Muscular dystrophy X-linked genetic disease where muscles lack the dystrophin gene,
causing an increased rate of muscle degeneration

Dorsal root ganglia Nodule on a dorsal root that contains cell bodies of neurons in
afferent spinal nerves, sometimes referred to as spinal ganglion

Experimental
autoimmune
encephalitis

Animal model of autoimmune diseases such as multiple sclerosis

Focal segmental
glomerulosclerosis

Cause of nephrotic syndrome in children and adolescents, which
can lead to kidney failure. It can be characterized by edema,
hypoalbuminemia, hyperlipidemia and hypertension

Tubulointerstitial
fibrosis

Disease that can lead to end-stage renal failure. It is characterized
by infiltration of inflammatory cells, proliferation of
mesenchymal cells and excessive accumulation of extracellular
matrix components in the renal interstitium

Pyelonephritis Ascending urinary tract infection that has reached the pyelum
(pelvis) of the kidney
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Figure 1. Biological roles of MMPs with various tissue states
MMP: Matrix metalloproteinase.
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Table 1

Different types of matrix metalloproteinases, their location within tissues and source of activation from a pro-
form.

Enzyme MMP Location Activation

Collagenases MMP1 Secreted MMP3

MMP8 Secreted MMP3

MMP13 Secreted MMP14/TIMP2/MMP3

MMP18* Secreted Unknown

Gelatinases MMP2 Secreted MMP14/TIMP2

MMP9 Secreted MMP3/MMP13

Matrilysin MMP7 Secreted MMP3

MMP26 Secreted Unknown

Membrane-type MMPs MMP14 Membrane Furin

MMP15 Membrane Furin

MMP16 Membrane Furin

MMP17 Membrane Furin

MMP24 Membrane Furin

MMP25 Membrane Furin

Metalloelastase MMP12 Secreted Unknown

Stromelysin MMP3 Secreted MMP14/TIMP2

MMP10 Secreted Unknown

MMP11 Secreted Furin

Others MMP19 Secreted Unknown

MMP20 Secreted Unknown

MMP21 Secreted Unknown

MMP23 Secreted Furin

MMP27 Secreted Unknown

MMP28 Secreted Furin

*
MMP18 is only found in Xenopus.

MMP: Matrix metalloproteinase; TIMP: Tissue inhibitor of matrix metalloproteinase.
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Table 2

Biological matrix metalloproteinase inhibitors.

Inhibitor Expression Tissue distribution Location Specificity/function

TIMP1 Inducible Wide distribution Secreted Inhibits most MMPs well,
except MMP14, 15, 16,
19 and 24; ADAM10

TIMP2 Constituted Wide distribution Secreted/cell membrane Inhibits most MMPs;
ADAM12; activates
MMP2, 3 and 13

TIMP3 Inducible Wide distribution Extracellular matrix Inhibits all MMPs;
ADAM10, 12 and 17;
ADAMST2, 4 and 5

TIMP4 Highly regulated
and restricted

Heart, brain, ovary,
kidney,
testes, fat, pancreas and
colon

Secreted/cell membrane Inhibits all MMPs

ADAM: A disintegrin and a metalloproteinase; MMP: Matrix metalloproteinase; TIMP: Tissue inhibitor of matrix metalloproteinase.
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