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Abstract: The treatment of multiple sclerosis (MS) has seen important changes in the last
two decades with the introduction of several drugs able to modify the evolution of this disease.
Current MS therapies primarily target the peripheral immune response, although it has been
suggested that their efficacy could be in part the result of the beneficial effect on other non-
specific targets, such as matrix metalloproteinases (MMPs). Numerous experimental studies
have suggested that MMPs may be involved in MS pathogenesis by contributing to blood—brain
barrier disruption, migration of leukocytes into the central nervous system, demyelination
and axonal damage. Therefore, MMPs have been considered important therapeutic targets
in the course of MS. In this respect, different attempts have been made to develop synthetic,
low-molecular-weight inhibitors of MMPs for the potential treatment of diseases in which
MMPs play a major role. However, technical difficulties, side effects and reduced patient
compliance because of parenteral administration have greatly limited the development in
the clinical practice of specific anti-MMP drugs. By contrast, interesting results have been
obtained with compounds that are already used in the clinical practice, such as MS drugs
and natural compounds with anti-inflammatory and antioxidant activity. Here, we discuss
the evidence and potential mechanisms for altered MMP function in MS. Furthermore, we
outline the possible medical implications for the use of compounds that target MMP activity
and we propose that together with anti-MS drugs, other compounds with anti-inflammatory
and antioxidant properties, such as natural w3 fatty acids, polyphenols and tetracyclines,
which inhibit MMP functions, might represent potential therapeutic approaches to mitigate
MMP-related damage during MS.

Keywords: multiple sclerosis, matrix metalloproteinases, therapy, matrix metalloproteinase

inhibitors (MMPI), central nervous system, neuroinflammation

Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous
system (CNS) that represents a leading cause of neurological disability among young
adults. Hallmarks of MS are blood—brain barrier (BBB) disruption, migration of leu-
kocytes into the CNS, demyelination and axonal and oligodendrocyte damage.! Much
experimental evidence indicates that MMPs are actively involved at different levels in
MS pathogenesis.? Therefore, many attempts have been made to downregulate MMP
activity and expression in order to limit tissue damage occurring in MS (Table 1). The
current management of MS patients is challenging and includes pharmacotherapy
with corticosteroids, antibodies (Abs) and immunomodulant and immunosuppressive
drugs® (Box 1). All the therapies currently used can only slow disease progression
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Table | MMP inhibitors in MS clinical development*

Type Class Agent Specificity Experimental Sample Remarks Reference
model analyzed
Synthetic MMP Hydroxamate MMP BBI0I MMP-7, MMP-26  Acute EAE in Spinal 79
inhibitors inhibitors Lewis rats cord, CSF
Ro31-9790 Broad spectrum Acute EAE in CNS tissue 8l
Lewis rats
GMe6001 MMP-2, MMP-9  EAE in SJL/J CSF 82
mice
Anti- Modified Minocycline MMP-9 EAE in C57BL/6  Spinal cord 93
inflammatory tetracyclines mice
drugs
MMP-2 EAE in DA rats  CNS tissue 94
MMP-9 Pilot study in Serum 96
RR-MS patients
MMP-9 Open-label Serum Used in
Antibiotics Doxycycline trial in RR-MS combination 97
patients with IFNJ
Anti-MS drugs Corticosteroids Methylprednisolone ~ MMP-9 MS patients CSF 6l
Immunomodulant IFNB MMP-9 RR-MS patients ~ Serum 6
drugs
MMP-9 RR-MS patients ~ Serum 87
MMP-2, MMP-9  RR-MS patients ~ CSF, 88
serum
Immunosuppressive Mitoxantrone MMP-9 RR-and SP-MS PBMC 7
drugs patients
Fingolimod (FTY720) MMP-9 EAE in DA rats  Spinal cord 8
Antibodies Natalizumab MMP-9 Open-label CSF 9
trial in RR-MS
patients
Compounds from Fatty acids ®3 PUFA MMP-9 Open-label PBMC, 49
natural sources trial in RR-MS serum
patients
Flavonoids Quercetin MMP-9 RR-MS patients PBMC Used in 4]
vitro in
combination
with IFNf
Thiol compounds o-Lipoic acid MMP-9 EAE in SJL mice 101
MMP-9 MS patients Serum 102
Combination MMP-9 Pilot study in Serum Used in 12
of antioxidants RR- and PP-MS combination
(@3, a-lipoic patients with IFNf
acid, resveratrol),
multivitamin

complex, and
vitamin D

Note: *The list of MMP inhibitors is not exhaustive; it refers to drugs and compounds used for the treatment of MS in clinical trials and in human and animal studies and to

those cited in the paper.

Abbreviations: PUFA, polyunsaturated fatty acid; PBMC, peripheral blood mononuclear cells; CSF, cerebrospinal fluid; DA, dark agouti; EAE, experimental allergic
encephalomyelitis; RR-MS, relapsing—remitting multiple sclerosis; PP-MS, primary progressive MS; SP-MS, secondary progressive MS; SJL, Swiss/Jackson Laboratory.

and prevent some disability symptoms, and this is perhaps
one of the reasons why the scientific community is geared
to support conventional treatments with the use of generic
drugs or natural compounds with anti-inflammatory and
antioxidant action, combined with a specific diet.** Several
studies have shown that both anti-MS-specific therapies®®
and some antioxidant and anti-inflammatory compounds have

the ability to downregulate MMPs, suggesting that inhibition
of MMPs may represent an additional mechanism by which
these agents decrease the development of new CNS lesions
in the course of MS.!0-12

In this review, we summarize the general characteristics
of the different MMPs and their regulatory mechanisms. The
pathogenic role of MMPs in the development and progression
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Box |

Treatment in multiple sclerosis

Numerous challenges affect the medical community for the treatment
of multiple sclerosis (MS), since there are no drugs able to cure this
disease. MS treatment typically focuses on slowing the progression
of the disease and minimizing MS-related disability. The choice of
therapy will depend on the phase and clinical activity of the disease.
Generally, therapies aim at regulating the immune system with
different mechanisms: inhibition of T and B lymphocytes, monocyte
and macrophage replication, or inhibition of cell migration by using
immunomodulatory and immunosuppressive agents or antibodies
against the antigens expressed on the cell surface.

Currently, the drugs approved by the US Food and Drug
Administration and the European Medicines Agency consist of
corticosteroids, such as methylprednisolone, immunomodulatory
drugs, such as IFNf-1a or -1b, glatiramer acetate and dimethyl
fumarate, immunosuppressive drugs, such as mitoxantrone and
fingolimod, or monoclonal antibodies, such as natalizumab and
alemtuzumab. Other therapies, not officially approved, consist in the
use of azathioprine and cyclophosphamide, two immunosuppressive
drugs, and methotrexate, an antimetabolite that limits cellular
replication by acting as an antagonist of folic acid. Ocrelizumab, a
second-generation humanized anti-CD20 antibody, was explored in a
large Phase |l trial in patients with relapsing—remitting MS, as well as in
primary progressive MS. In a multicenter, randomized, Phase Il study,
patients with progressive MS treated with ocrelizumab showed less
disability than placebos.'® These results indicate that ocrelizumab is a
promising drug for the treatment of the progressive forms of MS for
which the most used therapies are ineffective.

The complexity and heterogeneity of MS pathogenesis makes for
often-ineffective therapies. Therefore, a combination of drugs that act
by different mechanisms of action may be a therapeutic strategy that
is more effective. Indeed, unlike a single drug, the use of combination
therapy would target the different mechanisms and pathways that
occur concomitantly in MS pathogenesis. Combination therapy has
thus become attractive, since it aims not only to reduce inflammatory
processes but also to preserve neuroprotective functions. In this
respect, in vitro experiments, animal studies, and clinical trials have
achieved favorable results.'*!1%

Currently, many people with MS explore complementary and
alternative medicine treatments. In this respect, a low-fat diet
and supplementation of pharmacological therapy with antioxidant
and anti-inflammatory natural compounds has proved to be highly
promising in the treatment of MS patients.'?

of MS is also highlighted. Finally, we discuss the different
therapeutic approaches to target MMPs selectively and their
potential effects in the treatment of MS.

Biology of MMPs
Structure of MMPs

MMPs are a large family of neutral, Zn**-dependent endo-
peptidases belonging to the metzincins that have as major
targets components of the extracellular matrix (ECM), such
as collagen, elastin, fibronectin and laminin. MMPs from
vertebrates are classified according to their sequence simi-
larity and substrate specificity in collagenases, stromelysins,

gelatinases, matrilysins, membrane-type MMPs (MT-MMPs)
and other MMPs with no group designation.

MMPs have a common basic structure consisting of a
predomain, a propeptide, a catalytic domain with a highly
conserved zinc-binding site, a hinge region, a hemopexin-like
domain and a transmembrane domain.'* The pre-domain is an
N-terminal amine hydrophobic signaling sequence that directs,
after synthesis, MMPs to the endoplasmic reticulum. The pro-
peptide contains a cysteine residue within a conserved inhibi-
tory sequence, which binds zinc in the active site of the catalytic
domain maintaining the enzyme in a latent or an inactive state
(zymogen) until the propeptide is proteolytically cleaved. The
C-terminal hemopexin-like domain is important for the rec-
ognition of the substrate and of their natural tissue inhibitors
(TIMPs). This domain is connected to the catalytic domain by
a hinge region, represented by a proline-rich peptide sequence
that varies in length and influences substrate specificity.

Although MMPs share some structural characteristics,
MMPs can also be distinguished based on the absence or pres-
ence of domains. For this reason, MMPs have been further
classified into the major subgroups of gelatinases, archetypal
MMPs, matrilysins and furin-activated MMPs (Figure 1).
Gelatinases contain three repeats of fibronectin type Il inserts
in the catalytic domain, which facilitate binding to gelatin and
collagen. The matrilysins, the smallest MMPs, possess a basic
structure lacking the hemopexin-like domain. The archetypal
MMPs are characterized by a propeptide, a catalytic domain,
and a hemopexin domain. The furin-activated MMPs contain
a furin-recognition motif inserted between the propeptide
and the catalytic domain, which are cleaved by convertases,
allowing intracellular activation. The MT-MMPs include
type-1I transmembrane MT-MMPs and glycosylphosphati-
dylinositol MT-MMPs. The glycosylphosphatidylinositol
MT-MMPs contain membrane-anchoring domains, whereas
the type I transmembrane MT-MMPs have a carboxy-terminal
transmembrane domain and a cytoplasmic domain.

Regulation of MMP expression and
activity

MMPs play important roles in both physiological and patho-
logical processes, including turnover and remodeling of the
ECM, embryogenesis, cell migration, angiogenesis, invasion
of metastatic cells, neuroinflammation and other harmful
events. Therefore, MMPs are tightly regulated at various
levels: gene transcription, post-transcription, activation of
zymogens by removal of the prodomain and inhibition by
the specific endogenous inhibitors TIMPs and by nonspecific
proteinase inhibitors, such as o,,-macroglobulin.

Metalloproteinases In Medicine 2017:4

submit your manuscript 3

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Latronico and Liuzzi

Dove

. Legend
MMP-7, MMP-26 MMP-2, MMP-9 Stromelysins:
MMP-3, MMP-10
Collagenases: Zn2+ garfl¥::c
zn2+ Cys zn2+ Cys MMP-1, MMP-8 7zn2+ Cys oma
MMP-13
C )
Other MMPs: ”* Pro-peptide
MMP-12, MMP-19,
MMP-20, MMP-27
Signal peptide
Hemopexin domain
Fibronectin type I
inserts
Secreted Type | MT-MMPs GPl anchored MMPs  Type Il MT-MMPs
MMP-11, MMP-21,  MT1-MMP MT2- MT4-MMP, MT6-MMP MMP-23 Hinge region
MMP-28 MMP, MT3-MMP,
MT5-MMP
Linker
zn2+ Cys Zn2+ zn2+ Cys
Transmembrane
domain
72 Furin cleavage

Figure | Schematic representation of MMP structure based on domain arrangement.
Abbreviations: MT-MMP, membrane-type MMP; GPI, glycosylphosphatidylinositol.

Many MMPs are constitutively expressed in some
cell types, but their levels may be induced in response to
endogenous or exogenous stimuli, such as growth factors,
hormones, steroids, cytokines, chemokines, pathogens and
cell—cell or cell-ECM interactions. Most of the transcrip-
tional regulation mechanisms, mediated by soluble factors,
occur mainly following the binding of the stimulating factors

Lg-like domain

GPI anchor

Cysteine array

to their cell-surface receptors. These extracellular stimuli
induce the activation of transcription factors through phos-
phorylation processes regulated by the activation of a series of
signal-transduction factors. In particular, the transcriptional
regulation of many MMP genes is mediated mainly through
activation of the transcription factors NFxB and AP1, via the
INK-SAPK, ERK1-2 or p38 MAPK pathways.'*
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The activation of latent enzymes is an important critical
point of post-transcriptional regulation. MMPs are synthe-
sized as inactive forms and activated following secretion by
a “cysteine switch” mechanism consisting in the cleavage of
the hydrophobic propeptide domain. This is a process that
may be mediated by proteases, including other MMPs, such
as MT-MMPs, or chemically by organomercurial substances,
urea, some detergents, reactive oxygen species (ROS) and
hormones. In vivo, an important activator of MMPs is rep-
resented by the plasmin/plasminogen-activator system.'®

Endogenous inhibitors of MMPs

MMP activity is regulated by two main endogenous inhibi-
tors: o,-macroglobulin and TIMPs. o.,-Macroglobulin is a
plasmatic glycoprotein that is not a specific inhibitor for
MMPs, but in general has a regulatory function toward a
wide spectrum of endoproteinases;'® it regulates MMPs in the
extracellular environment through their binding and subse-
quent removal through endocytosis.'” TIMPs are the major and
more specific inhibitors of MMPs. They act by inactivating the
enzyme through a 1:1 noncovalent bond. TIMPs are dimers
variably glycosylated with a smaller C domain and a highly
conserved N-terminal region that contains a sequence able to
bind the catalytic domain of MMPs and that is responsible for
MMP inhibition. The C-terminal domain of TIMPs stabilizes
their binding to pro-MMPs by interactions with the hemopexin
domain. Four different TIMPs (TIMP-1, -2, -3, and -4) have
been identified and characterized in mammals. TIMP-1, -2,
and -4 are secreted proteins, while TIMP-3 is associated with
membrane-bound proteins in both its glycosylated and ung-
lycosylated form. TIMPs share structural features but exhibit
different biochemical properties and expression patterns.'®
All TIMPs are broad-spectrum inhibitors of MMPs, but
show differences in their specificity. TIMP-1 mainly inhibits
MMP-9, whereas TIMP-2 inhibits MMP-2. Among TIMPs,
TIMP-2 and TIMP-3 are effective inhibitors of MT-MMPs, !¢
while only TIMP-3 is able to inhibit TACE."

The balance between MMP and TIMP is important in
maintaining tissue homeostasis, and indeed an imbalance
between TIMPs and MMPs, due to the dysregulation of TIMP
or MMP expression, might lead to excessive degradation
of matrix or to matrix apposition and thus contribute to the
pathogenesis of different diseases.

Exogenous synthetic MMP

inhibitors
The involvement of MMPs in numerous diseases, such as
tumor-cell invasion, autoimmunity and neuroinflammation,

has led the scientific community to identify these enzymes
as possible therapeutic targets in these pathologies and
to search and synthesize molecules with inhibitory activ-
ity against MMPs. In general, the early MMP inhibitors
(MMPIs) were small molecules mimicking the structure
of the natural peptide substrates, the “peptidomimetic”
MMPIs. Afterward, MMPIs, possessing a zinc-binding
group (ZBG) able to inactivate the enzyme by chelating
the catalytic Zn* ion in the active site, were synthesized.?
The ZBG included hydroxamic acids, carboxylates, thiols
and phosphonic acids. The most potent MMPIs are those
with hydroxamic acid ZBG, with a broad spectrum of
inhibition, a strong MMP-inhibitory activity, thus able to
inhibit MMPs at low concentrations. Despite being potent
inhibitors, they have not been approved by the US Food and
Drug Administration (FDA) for clinical trials, as many of
them, such as batimastat, an MMPI proposed for cancer
treatment, have shown poor oral bioavailability and adverse
musculoskeletal side effects,?! probably due to their poor
specificity and selectivity. Therefore, despite structural
knowledge of the catalytic domain of various MMPs, the
development of highly specific synthetic MMPIs able to
discriminate among the different members of MMP family
remains a challenge. Another challenge in the therapeutic
use of synthetic MMPIs comes from experimental evidence
that MMPs may have protective functions in the course
of a disease, such as in repression of tumor angiogenesis
and inactivation of chemokines involved in the metastatic
process?? or in remyelination in the course of neuroinflam-
matory diseases.”® Therefore, nonspecific MMP blocking
would be harmful for the organism rather than beneficial.
For these reasons, the research has turned its interest toward
the development of inhibitors with selectivity for a single
MMP, such as the ZBG-lacking MMPIs.?® In fact, the
catalytic Zn site represents the most preserved site among
those of MMPs, and thus inhibitors that bind other sites
would result in being more selective toward the MMP target.
This is the case of the selective MMPIs against MMP-13,
which have shown encouraging results in preclinical stud-
ies of osteoarthritis models.?* Another promising class of
ZBG-lacking MMPIs is represented by the “suicide inhibi-
tors”, also known as “mechanism-based inhibitors”. These
MMPIs contain a specific group that coordinate the Zn** in
the active site, resulting in a conformational change and a
covalent attachment that prevent MMP dissociation.?® The
first mechanism-based inhibitor of MMPs was SB3CT, a
selective inhibitor toward MMP-2 and MMP-9, that, in pre-
clinical studies, has shown anticancer properties,? as well
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as the ability to prevent damage during cerebral ischemia®’
and to attenuate damage resulting from traumatic brain
injury.?® An attempt to develop specific inhibitors of MMP-2
and MMP-9 was made by synthesizing cyclic peptides
corresponding to the frequently observed motifs in MMP-
active sites, thus preventing substrate access. Two cyclic
peptides — CRRHWGFEFC and CTTHWGFTLC — were
found to be selective inhibitors of MMP-9 and MMP-2.%
Nevertheless, both peptides are quickly metabolized, and
thus they are poorly suitable for therapeutic purposes.

In addition to synthetic compounds, antibiotics have
also been frequently used as suitable MMPIs. In addition
to their antibiotic action, chemically modified tetracyclines
(CMTs), such as minocycline and doxycycline, have shown
anti-inflammatory effects, such as downregulation of MMPs,
and proinflammatory factors, together with the ability to cross
the BBB.*® Unlike conventional tetracyclines, semisynthetic
tetracyclines have been shown to possess high therapeutic
potential in the neurological field for their immunomodula-
tory and neuroprotective effects.’*? Experimental evidence
has reported that among CMTs, minocycline is the most
potent MMPI. CMTs inhibit MMPs via different mecha-
nisms: they can directly inhibit enzyme activity or indirectly
affect MMP gene expression.®

Another innovative approach for MMP inhibition is
represented by Abs. In this respect, a monoclonal Ab
(REGA3G12) selective for MMP-9%* and an Ab (DX2400)%
able to inhibit MT1-MMP were developed. The use of
Abs is promising, since they are able to target the specific
MMP selectively, but their rapid proteolysis and removal
from circulation have limited their use. Other new attempts
are aimed at inhibiting the transcription factors involved
in MMP-gene expression or in directly silencing MMP
genes. RNA interference appears to have great potential as a
novel therapeutic strategy, based on the highly specific and
efficient silencing of a target gene. Recently, nanoparticles
(NPs) have been used as a nonviral vector to deliver MMP-9
small interfering RNA (siRNA) in brain microvascular
endothelial cells, proving to be a good method to maintain
the integrity of the BBB.*%7

Exogenous natural MMP inhibitors

Terrestrial and marine organisms represent a rich source
of bioactive compounds with anti-inflammatory, antian-
giogenic, anticancer and antioxidant properties. Among
them, polyphenols, polyunsaturated fatty acids (PUFAs)
and other natural compounds have shown high pharma-
cologic and therapeutic potential. Experimental evidence

has suggested that the anti-inflammatory actions of several
bioactive compounds are associated with their abilities
to inhibit the expression and activity of MMPs. In this
respect, numerous studies have indicated that polypheno-
lic compounds, such as resveratrol, quercetin, catechins,
epigallocatechin, hydroxytyrosol, and others, are able to
inhibit MMPs via different mechanisms, including the
blocking of enzymatic activity and the reduction of gene
expression, 13841

The effect of polyphenols on the regulation of MMPs may
be the indirect result of the cellular redox-restoration state
through ROS scavenging. Indeed, emerging findings suggest
that ROS may play a role in enhancing MMP-9 through the
activation of the MAPK pathway and transcription factors,
such as NFxB and AP1.#? Therefore, by reducing ROS levels,
polyphenols counteract MMP-9 production.

In addition, polyphenols can directly inhibit MMP lev-
els through the activation of enzymes, such as AMPK and
sirtuins (Sirt), and nuclear receptors, such as the peroxi-
some proliferator-activated receptors PPARa, -, and -6/A,
or by the inhibition of the transcription factors NFxB, AP1
and mTOR, all implicated in phenomena that regulate cell
survival, aging, apoptosis and stress resistance. In particular,
the different isotypes of the PPARs downregulate the activity
of NFxB and AP1 and the transcription of various molecules
involved in inflammation and autoimmunity.*

Clinical and experimental studies in animal and in vitro
models have indicated that ®3 PUFAs also have important
bioactive properties with anti-inflammatory and immuno-
modulant abilities.**® ®3 PUFAs have shown beneficial
effects in different pathologies, such as cardiovascular,
neurological and inflammatory diseases.*’* In this respect,
it has been reported that w3 FAs are able to decrease the
production of MMPs. In particular, it has been demonstrated
that ®3 PUFAs inhibited in vitro MMP-9 production in
lipopolysaccharide-activated microglia.! The mechanisms
by which @3 PUFAs downregulate the production of MMPs
may be related to their inhibitory effect on proinflamma-
tory cytokines involved in the induction of MMPs, such
as TNFa, IL-1 and IL-2.*° However, it has been suggested
that @3 PUFAs may directly inhibit MMP gene transcription
through their inhibitory effect on NFxB- and AP1-binding
activity.*® Other compounds, such as saccharoids, flavonoids,
polyphones and FAs extracted from marine organisms, have
the ability to inhibit MMP activity, indicating high pharma-
cological potential in different inflammatory diseases.':*
Recently, it has been demonstrated that aqueous extracts
from marine sponges inhibit the activity and expression
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of MMP-2 and MMP-9 in an in vitro model or rat primary
astrocytes.>

Matrix metalloproteinases: link to

multiple sclerosis

MS is a complex, chronic, autoimmune disease of the CNS
that affects approximately 400,000 young adults world-
wide.* The inflammation is responsible of the formation
of plaques that are predominantly located in the CNS white
matter. People with MS show a partial or complete loss of
the functions controlled by the CNS. The symptoms and
signs of MS can reflect the anatomical sites and the intensity
of their damage. Three main forms of MS, with different
pathological findings, can be recognized. Approximately 85%
of patients manifest a relapsing—remitting form (RR-MS)
characterized by the appearance of neurological symptoms
(relapsing phase), followed by a complete or partial recovery
of lost functions during the remitting phase. About 50% of
patients initially diagnosed with RR-MS develop the sec-
ondary progressive (SP-MS) form characterized by a rapid
progression of clinical and neurological damage. SP-MS is
characterized by less inflammatory lesions compared to the
RR-MS, but the severity of the disease continues to progress,
probably due to the increased axonal loss. Some patients
may experience a primary progressive form (PP-MS) at the
onset of the disease. This form is characterized by a gradual
progression of the disease, resulting in a decline in physical
abilities of the patient.

MS is a complex mutifactorial disease with unknown
etiology, in which both viral and nonviral environmental fac-
tors and genetic traits determine the susceptibility to develop
the disease.>* The link between genetic susceptibility and
environmental factors in the development of MS is probably
represented by human endogenous retroviruses.®’

MS pathogenesis is only partially understood. Experi-
mental studies from animal models suggest that MS is an
autoimmune, inflammatory disease characterized by BBB
disruption, perivascular inflammation, axonal injury and
breakdown of the myelin sheath.! The extravasation of
autoreactive CD4* T cells, directed toward myelin, together
with activated macrophages and microglia, release toxic
inflammatory mediators that are responsible for myelin
degradation.*® In parallel with inflammatory demyelination,
axonal damage occurs in the early phase, and probably rep-
resents a main cause of later permanent disability. Auto-
Abs crossing the BBB or locally produced by B cells and
complement activation also contribute to myelin degradation
and axonal loss.*

Several studies have suggested that MMPs are key media-
tors in the pathogenesis of MS. Mechanisms by which MMP
contribute to MS pathology include disruption of the BBB
and transmigration of inflammatory cells into the CNS, "¢
proteolytic cleavage of membrane-bound proinflamma-
tory cytokines®> and degradation of the myelin sheath and
axonal damage®® (Figure 2). Elevated expression of dif-
ferent MMPs, such as MMP-1, MMP-2, MMP-3, MMP-7,
and MMP-12, has been found in CNS lesions and in blood
monocytes from MS patients.% Other authors have found
increased levels of monocyte-derived MMP-2 and MMP-14
transcripts in samples from MS patients in relation to the
progression of the disease.” Among the MMPs, MMP-9 has
been the most extensively studied, since it displays the most
important alterations in the course of MS. Several reports
have demonstrated the increase of MMP-9 in the brain tissue,
cerebrospinal fluid (CSF) and blood circulation of patients
with RR-MS.”"7* Serum levels of MMP-9/TIMP-1 and
MMP-9 increase in RR-MS patients during acute exacerba-
tions and correlate with the degree of BBB disruption, as
evidenced by the number of enhancing magnetic resonance
imaging (MRI) lesions.*'7*7 By contrast, both serum and
CSF levels of TIMP-1 decrease, suggesting that an imbalance
between MMP and TIMP is a crucial pathogenetic feature in
MS.” As reported by Liuzzi et al,” the increase in MMP-9
in the CSF of MS patients may reflect not only release from
transmigrated leukocytes but also its intrathecal production.
The synthesis of MMP-9 within the CNS may reflect the
release of this enzyme from resident CNS cells, as well as
from activated macrophages present in active lesions, sug-
gesting a role for MMP-9 not only in lymphocyte trafficking
across the BBB but also in demyelination.

Since MMP-9 is able to degrade MBP, the release of
this enzyme in the brain parenchyma in the proximity of the
myelin sheath could directly contribute to its degradation and
to the release into the CNS of encephalitogenic fragments
of MBP or other myelin antigens.”®”” In addition, an indirect
contribution of MMP-9 to demyelination could also come
from its ability to release the membrane-bound form of the
proinflammatory TNFa.”

Pharmacological blocking of MMPs

in multiple sclerosis

The involvement of MMPs in the inflammatory demyelin-
ation and neurodegenerative processes occurring in MS has
increasingly convinced the scientific community that these
enzymes represent a good therapeutic target. In the nineties,
the synthetic MMPIs, which have been extensively tested for
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Figure 2 Schematic representation of the involvement of MMPs in MS pathology.
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Notes: MMPs, and in particular MMP-9, are involved in the mechanisms of BBB disruption through degradation of T] proteins. This allows extravasation of autoreactive
CD4* T cells into the CNS. Within the brain parenchyma, activated T lymphocytes release inflammatory cytokines and MMPs. Moreover, T cells activate microglia cells/
macrophages and astrocytes to the release of proinflammatory cytokines and MMPs, which contribute to myelin degradation and axonal loss.

Abbreviations: MS, multiple sclerosis; BBB, blood-brain barrier.

cancer therapy, became attractive for their therapeutic use in
neurological diseases. Studies on animals with experimental
allergic encephalomyelitis (EAE) treated with hydroxamate
MMPIs such as BB101,7°%° R031-9790% or GM6001,% have
shown a decrease the incidence and severity of EAE. Despite
these encouraging preclinical results, the research was not
pushed to use these broad-spectrum inhibitors in clinical trials
for MS treatment, due to the beneficial role that some MMPs
may have in promoting recovery of the CNS after injury.®
For many years, the interest of the scientific community
was not only focused on searching for agents able to block
MMPs but also on evaluating the capacity of conventional MS
drugs to regulate MMP activity and expression. In this respect,
numerous studies have shown that the beneficial effect of MS
drugs may be in part due to their inhibitory effect on MMPs.
The early studies date back to about 20 years ago, when
Rosenberg et al®! showed that the steroid methylprednisolone,

used to treat acute episodes of MS, reduced CSF MMP-9 lev-
els and the number of enhancing MRI lesions in MS patients
during acute exacerbations. The mechanism of inhibition of
MMP-9 by steroids may be related to their known ability to
block the activation of AP1, which is involved in MMP-9
gene transcription.®

In the same year, in in vitro studies on culture cells, Lep-
pertat al® and Stiive et al*® showed that the therapeutic efficacy
of IFNP could be due to its capacity to reduce lymphocyte
trafficking through the BBB as a result of its inhibitory action
on MMP-9. Afterward, numerous other studies have evidenced
the IFNP ability to modulate MMPs. In particular, several
authors found a significant correlation between the CSF or
serum MMP-9 levels and a decrease in active lesions during
the treatment of MS patients with IFN[3.58788 As demonstrated
by an in vitro study on glial cells, the clinical efficacy of IFN[3
may be due not only to its action on immune cells but also its
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ability to interfere with the capacity of activated resident CNS
cells to produce MMPs.¥ Other studies with the immunosup-
pressive drug mitoxantrone demonstrated that the inhibitory
effects of this drug on the migratory ability of peripheral blood
mononuclear cells are mediated by reduced levels of MMP-9.”

Also, the recent FDA-approved immunosuppressive agent
fingolimod (FTY720), used for the treatment of non-IFNf3-
responder RR-MS patients, has shown potential in the ability
to regulate MMP-9. FTY720 is a sphingosine-1-phosphate
analogue able to reduce the frequency of clinical relapses
and MRI-defined disease activity in MS patients.”® These
effects have mainly been attributed to the ability of FTY720
to restrict immune-cell entry into the CNS via sequestration
of T and B lymphocytes in secondary lymph nodes.’" Only
one study has investigated the effect of this drug on MMP
production. In this study, to investigate the possible pathways
by which FTY720 exerts its efficacy, Foster et al® analyzed a
broad spectrum of inflammatory and immune-response genes
in the CNS of EAE animals under FTY720 treatment. The
authors demonstrated the ability of FTY720 to downregulate
the MMP9 gene and upregulate TIMP-1 gene, resulting in a
proteolytic balance that preserved the BBB integrity. Given
these findings and given the excellent ability of this lipophilic
compound to pass through the BBB, as well as its massive
brain accumulation,” it is conceivable that FTY720 may
affect brain cells directly by modulating inflammatory factors,
such as MMPs. In another study, Khademi et al® analyzed the
intrathecal and systemic expression of a panel of inflammatory
mediators in natalizumab-treated RR-MS patients and found
that MMP-9 levels were reduced in CSF from these patients.

Another approach to block the deleterious MMPs in MS
is the use of CMTs, which are able to cross the BBB and
possess anti-inflammatory activity. Preclinical studies in
animal models of MS have shown that minocycline is able
to inhibit the enzymatic activity and expression of different
MMPs and to attenuate T-cell migration across a fibronectin
barrier through MMP-9 inhibition.”*** Given these encour-
aging results in animal models of MS, clinical trials with
minocycline on RR-MS patients have been carried out. In
the first pilot study, carried out by Metz et al,”® decreased
gadolinium-enhancing activity in RR-MS patients treated
with minocycline was shown. Subsequently, Zabad et al®®
observed that serum MMP-9 levels were reduced in RR-MS
patients receiving minocycline. These findings have led to the
hypothesis that the effect of minocycline on the reduction in
active CNS lesions might be due to an attenuation of BBB
degradation as a consequence of their inhibitory effect on
MMPs. Recent studies using minocycline in combination

with common MS drugs have strongly encouraged their
possible future application in MS treatment.**’*® Such a
complementary therapy, thanks to the synergistic effects of
the MS drugs, may be able to counteract multiple mechanisms
implicated in the neuroinflammation and neurodegeneration
occurring in the course of MS.

Thus far, much attention has been given to the immune
response and inflammatory processes implicated in the patho-
genesis of MS, whereas the role played by oxidative stress has
been little considered. The CNS is particularly vulnerable to
oxidative stress, due to its high oxygen consumption, weakly
antioxidant systems, and the high content of biomacromol-
ecules susceptible to oxidation. Several studies have shown
that ROS play a pivotal role in both the early and the chronic
stage of MS. The excessive generation of ROS may be directly
or indirectly implicated in the pathogenesis of MS.” Many
studies have highlighted that ROS can activate the pathways
involved in the inflammatory response, leading consequently
to an increased production of neurotoxic factors, such as
MMPs.!% Therefore, complementary therapies based on the
use of antioxidants together with pharmacological therapy
could be useful in improving disease outcome and the well-
ness of MS patients.

In vitro and in vivo studies on animal model of MS have
indicated that antioxidants that are able to cross the BBB and
reach the active inflammatory sites in the brain parenchyma
have high curative potential. These antioxidants would act
not only on systemic immune cells but also on brain-resident
cells involved in inflammation and neurodegeneration. In an in
vivo study, Marracci et al'*! showed that o-lipoic acid (LA), an
antioxidant able to cross the BBB, supplied in the diet, inhib-
ited EAE, interfering with the passage of encephalitogenic T
cells into the spinal cord. Based on these findings, the authors
concluded that the immunomodulatory effects of LA involved
several mechanisms of action related to MMP-9 inhibition.
In a clinical trial in MS patients, Yadav et al'? also found that
LA was able to counteract increased serum levels of MMP-9.
In another study, the supplementation of ®3 PUFA in patients
with RR-MS significantly decreased MMP-9 levels in serum
and supernatants from peripheral blood mononuclear cells.*

Recently, Riccio et al'? investigated the influence of
nutritional intervention on inflammatory status and wellness
in RR-MS patients under IFNP treatment and in untreated
PP-MS patients. In particular, in this pilot study they inves-
tigated the effects of a calorie-restricted, semivegetarian
diet, supplemented with vitamin D, fish oil, LA, w3 PUFA,
resveratrol and a multivitamin complex. After 6 months
of this complementary treatment, although no significant
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changes in neurological signs were observed, an improve-
ment in physical health and a decrease in MMP-9 serum
levels were detected in both groups of MS patients. These
results indicate that nutrition is important in MS patients,
since it may contribute to reducing inflammatory status by
modulating at the molecular level numerous inflammatory
pathways involved in the activation of MMP-9 transcription.

Conclusion

Experimental studies have assessed that the overproduction
of MMPs and failure to control their activity and expression
are involved at different levels in the pathogenesis of MS.
Therefore, MMP blocking at both peripheral and central
levels may represent a valuable therapeutic strategy.

Here, we focused attention on the effects that specific anti-
MS drugs and natural compounds exert on MMPs, showing
that their efficacy in MS pathology is also due to their abil-
ity to inhibit MMPs. In this scenario, therapeutic strategies
aimed at blocking MMPs at both systemic and central levels
would help to stop the development and the degenerative
processes occurring in MS. As such, it is unlikely that cur-
rent therapies, aimed mainly at blocking inflammatory cells
at the systemic level, can prevent the deleterious action of
MMPs within the CNS.

To overcame this gap, future research should focus on
the development of drugs easily able to cross the BBB and
exert their action on MMPs produced from CNS-resident
cells. A first approach in this direction should be the use of
combination therapies that by the association of drugs and
compounds with different mechanisms of action, may exploit
their synergistic action on different inflammatory pathways
involved in the activation of MMPs, responsible for the
progression of the disease.

A second valuable therapeutic approach may be the use of
noninvasive delivery systems, based on the use of NPs, that
allow drugs to cross the BBB and reach their targets in adequate
amounts. In this respect, the use of NPs as a nonviral vector
to deliver MMP-9 siRNA in brain microvascular endothelial
cells should represent a useful tool for more specific targeting
of MMPs. Future studies examining the impact of such novel
therapeutic strategies on MS should be strongly encouraged.
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