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Abstract The role of matrix metalloproteinase-12 (MMP-
12) in the pathogenesis of several inflammatory diseases
such as chronic obstructive pulmonary disease, emphyse-
ma, and asthma is well established. Several new studies
and recent reports from our laboratory and others
highlighted the detrimental role of MMP-12 in the patho-
genesis of several neurological diseases. In this review,
we discuss in detail the pathological role of MMP-12
and the possible underlying molecular mechanisms that
contribute to disease pathogenesis in the context of central
nervous system diseases such as stroke, spinal cord injury,
and multiple sclerosis. The available information on the
specific MMP-12 inhibitors used in several preclinical
and clinical studies is also reviewed. Based on the report-
ed studies to date, MMP-12 suppression could emerge as
a promising therapeutic target for several CNS diseases
that were discussed in this review.
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Introduction

Matrix metalloproteinase-12 (MMP-12), which is also called
macrophage metalloelastase or macrophage elastase, was first
identified as an elastolytic MMP secreted by inflammatory
macrophages [1, 2]. Besides its elastolytic activity, MMP-12
is capable of degrading a broad spectrum of other extracellular
matrix components, including type IV collagen, fibronectin,
fibrillin-1, laminin, vitronectin, chondroitin sulfate, and hepa-
rin sulfate proteoglycans [3—5]. Accordingly, MMP-12 de-
grades the basement membrane, which allows macrophages
to penetrate into injured tissue during inflammation [4].
Several other substrates of MMP-12 include N-cadherin, plas-
minogen, tissue factor pathway inhibitor, oc1-antitrypsin, my-
elin basic protein (MBP), and Pro-TNF«x [6—10].

MMP-12 is composed of three distinct domains: an amino-
terminal propeptide domain that is involved in the mainte-
nance of enzyme latency; a catalytic domain that binds zinc
and calcium ion; and a hemopexin-like domain at the carboxy
terminal which determines substrate specificity. Similar to
other MMPs such as MMP-1, -3, -7, -8, -13, and -20, MMP-
12 gene is located on human chromosome 11, at 11q22.3.
MMP-12 also shares many other features typical of MMPs,
including its domain structure and its capacity to degrade ex-
tracellular matrix (ECM) components [11, 12]. MMP-12 is
secreted as a 54 kDa pro-form enzyme that undergoes self-
activation through autolytic processing to produce 45 kDa and
22 kDa active forms [11, 12]. In addition to auto-proteolytic
processing, MMP-12 enzyme has the ability to activate other
MMPs such as pro-MMP-2 and pro-MMP-3, which, in turn,
can activate pro-MMP-1 and pro-MMP-9 [13]. This may be
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why MMP-12 exaggerates the cascade of proteolysis that
leads to the degradation of a wide variety of ECM proteins,
including collagen types I, I1I, IV, and V and gelatin [13].

MMP-12 expression at both mRNA and protein levels is
dependent upon the state of cellular differentiation, which was
evidenced by its absence in monocytes, the cells from which
macrophages are derived [ 14]. Clinical and experimental stud-
ies have shown that MMP-12 is implicated in the pathogenesis
of inflammatory diseases such as chronic obstructive pulmo-
nary disease (COPD), emphysema, asthma, skin diseases, ar-
thritis, tumors, vascular diseases such as atherosclerosis and
aneurysms, and neurological diseases such as spinal cord in-
jury (SCI), multiple sclerosis (MS), Theiler murine encepha-
lomyelitis, intracerebral hemorrhage (ICH), and ischemic
stroke [3, 10, 15-31]. The objective of this review is to discuss
the role of MMP-12 in detail in the context of central nervous
system (CNS) diseases such as SCI, ischemic stroke, ICH, and
multiple sclerosis.

MMP-12 after Spinal Cord Injury

The temporal expression profile of various MMPs at the
mRNA level in the injured spinal cord of an experimental
mouse model of SCI revealed a most marked upregulation
for MMP-12, which increased 189-fold from basal levels on
day 5 post-injury [25]. Although the authors did not present
the data, they reported that the elevation of MMP-12 was
evident until 14 days after SCI. In agreement with these re-
ports, determination of mRNA expression of various MMPs
in a rat model of SCI by our group also revealed a marked
upregulation of MMP-12 (1737-fold increase compared to
control values) on day 21 post-SCI [32]. A significant and
gradual increase of MMP-12 mRNA expression was noticed
from the third day post-SCI. The increased MMP-12 in in-
jured spinal cord on day 5 post-SCI was colocalized with
Ibal but not with astrocyte or endothelial cell markers, indi-
cating that the source of MMP-12 after injury was likely the
cells of mononuclear phagocyte lineage, i.e., microglia or
macrophages [25].

Mice with genetic deletion of MMP-12 exhibited signifi-
cantly improved functional recovery after SCI as compared to
the respective wild-type mice [25]. Our preliminary studies
also indicated an improvement in functional recovery of spinal
cord-injured rats treated with plasmids expressing MMP-
12shRNA (data not reported). Moreover, the blood-spinal bar-
rier permeability and microglial and macrophage density after
SCI were decreased in MMP-12 knockout mice. Our recent
study, wherein we demonstrated the attenuation of BBB dis-
ruption after MMP-12 suppression in a rat model of ischemic
stroke, further strengthens the previous finding that MMP-12
contributes to blood-spinal barrier disruption after SCI [31].
Although the blood-spinal barrier disruption is protected and
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functional recovery is improved after SCI in MMP-12 knock-
out mice, the molecular mechanisms that contribute to the
detrimental role of MMP-12 in the pathogenesis after SCI still
remains unknown.

Previous studies indicated that MMP-12 is required for
myelinogenesis in normal ontogeny and the deficient
myelination in MMP-12 null mice was correlated with fewer
mature oligodendrocytes [33]. These authors also reported
that insulin-like growth factor-1 (IGF-1), which is important
for oligodendrocyte maturation, is processed from IGF bind-
ing protein 6 (IGFBP-6), a substrate of MMP-12. These re-
sults revealed a novel function for MMP-12 in developmental
myelination likely through regulating IGF-1 availability.
Interestingly, MMP-12 interaction with MBP, an aforemen-
tioned substrate of MMP-12, highlights a contrasting role in
SCI and stroke. In the recent past, our group reported a sig-
nificant degradation of MBP in the spinal cord tissue of rats on
the 21st day after SCI, the time point that exhibited a maximal
MMP-12 expression [32, 34]. Further, MMP-12 suppression
in a rat model of ischemic stroke prevented the degradation of
MBP [31]. It is possible that the prevention of MBP degrada-
tion after SCI in MMP-12 null mice could have partly con-
tributed to the improved functional recovery of spinal cord-
injured animals. Further, treatment with human umbilical cord
blood-derived mesenchymal stem cells (HUCB-MSCs)
prevented MMP-12 upregulation, MBP degradation, and de-
myelination of axons and improved functional recovery of
spinal cord-injured animals [32, 34, 35].

MMP-12 after Ischemic Stroke

Stroke is currently the fifth leading cause of death in the USA,
but globally, it is the 3rd leading cause of death. Moreover,
stroke is the biggest reason for serious long-term disability.
Ischemic strokes are more common than hemorrhagic, account-
ing for 85% of all strokes. The upregulation of MMP-12 after
ischemic brain injury in neonatal mice was first reported by
Svedin et al., in 2009 [36]. Recently, for the first time, our
group demonstrated the role of elevated MMP-12 in the path-
ogenesis of brain injury after ischemic stroke in a rodent model
[10, 31]. MMP-12 is upregulated several folds higher than any
other MMPs tested, and the elevated MMP-12 level after ische-
mic stroke persisted for 14 days, the maximum reperfusion
time tested in our study [10]. MMP-12 expression was in-
creased as early as 1 h after focal cerebral ischemia without
reperfusion [31]. The elevated MMP-12 protein in the ischemic
rat brains when tested on 7 days after reperfusion was localized
to neurons, oligodendrocytes, and microglia, but not to astro-
cytes [10]. These results are in agreement with the data as
reported by Svedin et al., in 2009 [36]. The elevated MMP-
12 after ischemic stroke degraded several tight junction pro-
teins such as claudin-5, occludin, and ZO-1, which tightly
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connect the endothelial cells of cerebral micro vessels and
thereby disrupted the blood brain barrier (BBB) [31]. Besides
its role in the BBB disruption, MMP-12 contributed to ische-
mic brain cell apoptosis and enlargement of the infarct volume
[10]. We also discovered that the elevated MMP-12 after ische-
mic stroke degrades MBP and contributes to demyelination
[10]. Our recent data indicated that MMP-12 could be respon-
sible for the activation of other MMPs such as MMP-9 after
cerebral ischemia and reperfusion [31]. Also, MMP-12 sup-
pression after ischemic stroke that prevented the upregulation
of endogenous tPA protein in the ischemic brain indicated a
possible role for MMP-12 in endogenous tPA upregulation [31].

In contrast to brain MMP-12 levels after focal cerebral
ischemia and reperfusion in experimental stroke models,
plasma MMP-12 levels in stroke patients remained stable
over time when tested on 10.7 = 5 days, 1 month, and
3 months after stroke [37]. However, the elevated baseline
MMP-12 levels were associated with stroke severity and
poor neurological outcome. Based on our recent studies in
a rat model of ischemic stroke, we expect a significant
and gradual increase of serum MMP-12 levels during
the acute phase (from days 1 to 7 after stroke) in stroke
patients. Our future studies will determine the serum
MMP-12 levels in patients during the acute phase after
ischemic stroke and elucidate the effect of chronic sup-
pression of MMP-12 on neurological recovery. The re-
ported data on MMP-12 in the context of ischemic stroke
suggests that MMP-12 suppression could be a promising
therapeutic target to prevent brain injury in ischemic
stroke patients.

MMP-12 after Intracerebral Hemorrhage

ICH accounts for approximately 15-20% of all strokes.
Broad-spectrum MMP inhibitors such as BB-1101 and
BB-94 reduce edema and hemorrhage after bacterial col-
lagenase or tPA-induced ICH [38, 39]. However, which
particular MMPs are pathogenic after ICH were
incompletely understood from these studies. Temporal
expression profile of several MMPs in the rat striatal tis-
sue adjacent to the site of ICH revealed a marked upreg-
ulation of MMP-12 on day 7 post-ICH [30]. Of all the
MMPs tested after ICH, MMP-12 was the most highly
induced MMP. Unlike its consistent elevation in animal
models of spinal cord injury and ischemic stroke, MMP-
12 upregulation after ICH was seen only on day 7 al-
though the expression is tested until 28 days post-ICH.
The expression of elevated MMP-12 after ICH is local-
ized to activated macrophages and microglia but not as-
trocytes [30]. Protein and mRNA expression of MMP-12
on day 7 post-ICH was significantly reduced in rats treat-
ed with minocycline [30]. However, the expression of

none of the other MMPs tested such as MMP-2, -7, and
-9 was affected by minocycline treatment. In addition,
minocycline treatment reduced glial activation and apo-
ptosis, and improved neurobehavioral outcomes after
ICH. These results suggest that minocycline-mediated
neuroprotection after ICH could be via regulation of
MMP-12 expression.

MMP-12 in Multiple Sclerosis

Multiple sclerosis (MS) means “multiple scars.” MS is the
most widespread disabling neurological condition of young
adults around the world. One can develop MS at any age,
but most people are diagnosed between the ages of 20 and
40. The MS Foundation estimates that more than 400,000
people in the USA and about 2.5 million people around the
world have MS. In MS, the body’s immune system mistakenly
attacks myelin, causing inflammation and damage (demyelin-
ation). The resulting scar tissue is called a lesion. Some lesions
are inactive and do not cause any symptoms. Active lesions,
those that are just forming or expanding, can cause a wide
variety of symptoms, depending on their location and size.

The presence of MMP-12 was previously found in
neuroinflammatory lesions of an animal model for MS, exper-
imental allergic encephalomyelitis (EAE), in particular in
foamy macrophages in demyelinating lesions [40, 41].
Although Lindberg et al. reported a decrease in MMP-12
mRNA expression in MS lesions, subsequent studies by Vos
et al. reported the highest expression of MMP-12 in foamy
macrophages in actively demyelinating MS lesions [27, 42].
In contrast to its expression in actively demyelinating lesions,
MMP-12 expression in earlier and later MS lesion stages is
limited, suggesting a role for MMP-12 in demyelination.
Apart from ECM processing, MMP-12 can cleave MBP into
entities that could increase epitope spreading, a phenomenon
described in EAE [43].

MMP-12 was the MMP that showed highest upregulation
in the late phase of Theiler murine encephalomyelitis (TME),
a highly relevant viral model for MS [43]. In this model,
MMP-12 protein was localized in intralesional microglia/
macrophages and astrocytes. Further, MMP-12 upregulation
in the late phase of TME showed a moderate positive linear
correlation to demyelination.

Efficacy of MMP-12 Inhibitors in Preclinical
and Clinical Studies

The broad-spectrum MMP inhibitor approach had devas-
tating consequences during clinical trials because some
MMPs expressed in tissues during disease pathogenesis
are beneficial. The major failure of the first generation
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of broad-spectrum MMP inhibitors greatly undermined
the continued evaluation of MMPs as disease targets.
Now, the main focus is to be able to design inhibitors
targeting detrimental MMPs without interfering with
those MMPs that have an important role in preventing
the progression of diseases or resolving tissue damage.

Although the high homology within the MMP family has
impeded the advancement in specific inhibitor development,
specific inhibitors for certain MMPs have been developed
and are being tested in various preclinical and clinical trials.
MMP408, a potent and selective MMP-12 inhibitor, blocked
rthMMP-12-induced lung inflammation in a mouse model [44].
Similarly, AS111793, a selective MMP-12 inhibitor, reduced
the inflammatory process associated with exposure of mice to
cigarette smoke [45]. RXP470.1 is another potent and selective
MMP-12 inhibitor, which is two to four orders of magnitude
less potent against other MMPs [46]. RXP470.1 retarded ath-
erosclerosis development and resulted in a more fibrous plaque
phenotype in mice [47]. A dual MMP-9/MMP-12 inhibitor,
AZ11557272, protected against smoke-mediated increases in
small airway wall thickness in guinea pigs exposed daily to
cigarette smoke for up to 6 months [48]. Moreover, a phase II
clinical trial was recently completed on AstraZeneca’s
AZD1236, a dual MMP-9/MMP-12 inhibitor, for patients with
COPD [49]. Another phase I clinical trial is currently registered
on Forsee Pharmaceutical’s FP-025, a selective MMP-12 in-
hibitor developed for asthma and COPD [49].

None of these MMP-12 inhibitors are yet tested for their
efficacy in neurological diseases such as stroke, SCI, and MS.
Given the implication of MMP-12 in various neurological
diseases, it will therefore be of great interest to see whether
disease progression in relevant animal models can be
prevented with these specific MMP-12 inhibitors. In some of
these neurological diseases, such as ischemic stroke, MMP-9
plays a key role along with MMP-12 in the pathogenesis of the
disease. Therefore, the use of dual MMP-9/MMP-12 inhibi-
tors such as AZD1236 in these disease models could offer a
great therapeutic benefit.

Conclusions

In the current review, we highlighted the detrimental role
of MMP-12 in CNS diseases such as SCI, stroke, and MS.
MMP-12 contribute to the pathogenesis of these CNS dis-
eases with a significant inflammatory component. Our re-
cent studies in a rat model of SCI and ischemic stroke
also suggested that MMP-12 suppression could be a
promising therapeutic target. Specific MMP-12 suppres-
sion either by synthetic inhibitors or gene-silencing
shRNAs could emerge as potential strategy to prevent
the ongoing damage in several neurological diseases in
near future.
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