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Abstract

Spontaneous intracerebral hemorrhage (ICH) accounts for 10-30% of all strokes and affects more than one million people every
year worldwide, and it is the stroke subtype associated with the highest rates of mortality and residual disability. So far, clinical
trials have mainly targeted primary cerebral injury and have substantially failed to improve clinical outcomes. The understanding
of the pathophysiology of early and delayed injury after ICH is, hence, of paramount importance to identify potential targets of
intervention and develop effective therapeutic strategies. Matrix metalloproteinases (MMPs) represent a ubiquitous superfamily
of structurally related zinc-dependent endopeptidases able to degrade any component of the extracellular matrix. They are
upregulated after ICH, in which different cell types, including leukocytes, activated microglia, neurons, and endothelial cells,
are involved in their synthesis and secretion. The aim of this review is to summarize the available experimental and clinical
evidence about the role of MMPs in brain injury following spontaneous ICH and provide critical insights into the underlying

mechanisms.
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Introduction

Spontaneous intracerebral hemorrhage (ICH) accounts for
10-30% of all strokes and affects more than one million peo-
ple every year worldwide [1, 2]. ICH is associated with the
highest rate of mortality and morbidity. Around 40% of ICH
patients die within 1 month after onset and residual disability
is common among survivors, with only one-third living inde-
pendently at 1 year [3, 4].

Primary injury induced by ICH is due to the mass effect
produced by extravasated blood that can develop from mi-
nutes to hours after the bleeding onset. The rapid accumula-
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tion of blood within cerebral parenchyma results in physical
disruption of brain anatomy, mechanical compression of ad-
jacent tissue, and an increase in intracranial pressure [5].
Secondary damage develops in the late acute and subacute
phases and relates to the local and systemic responses to he-
matoma formation and its toxic effect on adjacent brain tissue.
The secondary damage occurs through a variety of patholog-
ical pathways including iron-mediated oxidative stress, in-
flammatory response, excitotoxicity, cytotoxicity, spreading
depression, and hypermetabolism [6—14], which eventually
result in the blood—brain barrier (BBB) dysfunction, perihe-
matomal edema, and brain cell death [5].

So far, clinical trials have mainly targeted primary injury
focusing on blood pressure control, hemostasis, and surgical
approaches [15-22], in which these approaches have failed to
substantially improve clinical outcome, and the management
of patients with ICH remains supportive. Therefore, under-
standing of the pathophysiology of early and delayed injury
after ICH is, hence, of paramount importance to identify po-
tential targets of intervention and develop effective therapeutic
strategies [23-26]. Increasing evidence shows that inflamma-
tion plays an important role in the progression of ICH [5]. For
that reason, therapeutic targeting of post-ICH inflammation in
acute stroke has gained interest as a potential neuroprotective
strategy. Matrix metalloproteinases (MMPs) are part of the
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neuro-inflammatory process that occurs during ICH and are,
thus, also ideal as biomarkers and therapeutic targets in ICH
treatment.

The role of MMPs as a potential target for the treatment of
ICH has been widely discussed in the last decade. The impact
of MMPs on extracellular matrix destruction and BBB disrup-
tion in patients suffering from ICH has been of interest.
Hence, we primarily aimed to summarize the available pub-
lished experimental and clinical data about the role of MMPs
in brain injury following spontaneous ICH and provide critical
insights into the underlying mechanisms. We identified rele-
vant studies on this topic through a MEDLINE search
(June 2019), using the following terms: “matrix metallopro-
teinase” or “matrix metallopeptidase” and “stroke,” “cerebral
hemorrhage,” “cerebral hematoma,” “intracerebral hemor-
rhage,” “intracerebral hematoma,” “intracranial hemorrhage,”
or “intracranial hematoma.” There were no date limitations or
language restrictions. The reference lists of retrieved articles
were reviewed to search for additional reports of relevant data.
Studies addressing the role of MMPs in spontaneous ICH both
in animal models and human patients were considered. We did
not discuss ICH associated with aneurysms, cerebral vascular
malformation or brain trauma, subdural hematoma, intracrani-
al hemorrhage in premature infants, subarachnoid hemor-
rhage, and hemorrhagic transformation of cerebral ischemia.

EEINT

MMPs: Structure and Functioning

MMPs represent a ubiquitous superfamily of structurally re-
lated zinc-dependent endopeptidases able to degrade any com-
ponent of the extracellular matrix [27]. MMPs are synthesized
by several cell types and either secreted from the cell or an-
chored to its surface [28]. Under physiological conditions, the
expression of MMPs is negligible and it is found in small
amounts in tissues and fluids [29]. Thus far, more than 20
types of MMPs have been identified in human and classified
into six groups according to their substrate. 1) Collagenases,
including MMP-1, MMP-§, MMP-13, and MMP-18, that
cleave to collagens I, II, and III and other ECM and non-
ECM molecules like laminin, fibronectin, and elastin, and
can also activate MMP-2 and MMP-9. 2) Gelatinases, includ-
ing gelatinase A (MMP-2) and gelatinase B (MMP-9), which
mainly digest denatured collagens (gelatins). 3) Stromelysin,
including stromelysin-1 (MMP-3) and stromelysin-2 (MMP-
10). 4) Matrilysins, including MMP-7, which degrade colla-
gen IV and X, elastin, aggrecan, and proteoglycan. 5)
Membrane-type MMPs (MT-MMPs), which can degrade col-
lagen I, II, III, and activate pro-MMP to MMP. 6) Other
MMPs, like MMP-11 (stromelysin-3), which differs from
stromelysin-1 in structure and the specificity of the substrate,
and MMP-12 (metalloelastase), which is expressed by macro-
phages and degrade collagen IV, elastin, fibronectin, and

laminin [28]. The structure of the MMPs generally consists
of a prodomain, a catalytic domain with a zinc-binding site, a
hinge region, and a hemopexin domain, which confers much
of the substrate specificity. MT-MMPs have an additional
transmembrane binding domain [28].

MMPs are synthesized in zymogenic inactive form and
latency is preserved by the cysteine switch motif in the
prodomain, which chelates the active zinc site [30]. The acti-
vation of the latent forms usually occurs extracellularly, but it
has been also demonstrated inside cells [31, 32]. The cleavage
of the cysteine-zinc bridge is the first step for the conversion
of pro-MMPs into MMPs, and it is followed by the autocatal-
ysis of the prodomain. Prodomain cleavage can result from
different mechanisms, namely direct proteolysis mediated by
plasmin, thrombin, and other serine proteases or MMPs, allo-
steric activation with distortion of the catalytic site, and dis-
ruption of the cysteine-zinc interaction by reactive oxygen or
nitrogen-free radicals.

The levels and the functioning of MMPs are further regu-
lated at the transcription level and by inhibition of the proteo-
lytic activity. Different signals by inflammatory cytokines
(mainly tumor necrosis factor-o« [TNF-«], interleukin [IL]-
13 and IL-6), chemokines, nuclear factors, oxygen-free radi-
cals, and mechanical stress can induce MMPs transcription
[29, 33]. The activity of MMPs can be inhibited in the plasma
by «2-macroglobulin, and inside tissues by tissue inhibitors of
metalloproteinases (TIMPs), which comprise a family of four
protease inhibitors [30, 32]. TIMPs are 21-28 kDa proteins
that bind and reversibly block MMPs activity. They are either
anchored to the ECM or secreted in a soluble form. TIMPs
consist of a C-terminal domain and an N-terminal domain that
each contains three conserved disulfide bonds. The N-
terminal domain folds within itself and binds to the active site
of MMPs to inhibit their activity.

MMPs and Secondary Brain Injury
in Experimental Cerebral Hemorrhage

The modulation of MMPs is complex because they have a
pleiotropic and biphasic nature with multiple roles that grossly
depend on the stage of the hematoma development.

Early after ICH, some MMPs are upregulated and different
cell types are involved in their synthesis and secretion includ-
ing either leukocytes (such as neutrophils, lymphocytes, and
macrophages) or resident cells of the central nervous system
(such as activated microglia, astrocytes, oligodendrocytes,
neurons, endothelial cells, and pericytes) [34-39].

Several experimental studies demonstrated increased levels
of MMPs in brain tissue after cerebral hemorrhage (Table 1).
Power et al. [36] showed increased mRNA levels of MMP-2,
MMP-3, MMP-7, MMP-9, and MMP-12 at 24 h in
collagenase-induced ICH in rats. Wells and colleagues [35]
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Table 1

Temporal expression profile of matrix metalloproteinases in experimental intracerebral hemorrhage

Authors, year Study model Species

Main findings

Power et al., 2003 Collagenase-induced ICH  Rat

ICH increased brain mRNA levels of MMP-2, MMP-3, MMP-7, and MMP-9 in

[36] proximity of the hematoma. MMP-12 (macrophage metalloelastase) was the
most highly induced MMP (> 80-fold). MMP-12 was localized in activated
monocytoid cells surrounding the ICH

MMP-9 was activated and upregulated after ICH, and its activity was mostly
colocalized with neurons and endothelial cells of blood vessel matrix. MMP-9

played a deleterious role in acute brain injury within the first 3 days after ICH

Wang and Tsirka,  Collagenase-induced ICH C57BL/6
2005 [37] mouse
Tejima et al., 2007  Autologous and WT and
[39] homologous MMP-9 KO
blood-induced ICH mouse

MMP-9 was elevated in WT hemorrhagic brain tissue but absent from KO
hemorrhagic brain tissue. Edematous water content was elevated when WT
blood was injected into WT brain. Exposure to hemoglobin rapidly upregulated

MMP-9 in primary mouse astrocyte cultures within 1 to 24 h

Xue et al., 2006 [41] Autologous blood-induced Mouse

Brain damage, neuronal death, microglia/macrophage activation, and neutrophil

ICH accumulation occurred by 24 h of injury. These neuropathological features were
reduced in MMP-9 null mice compared with WT controls. Thrombin and
MMP-9 interact to promote the acute neurotoxicity following ICH

Wu et al., 2010 [43] Autologous blood Rat
intracerebral injection

mRNA and/or protein expression of MMP-9 was upregulated between 2 h and
5 days after ICH and reached a maximal level at day 2. Brain water content after

ICH presented a similar trend

Grossetete and Collagenase-induced ICH Mouse MMP-3 mRNA increased in ICH; similar MMP-2 and MMP-9 mRNA expression
Rosenberg, 2008 levels were found in ICH and saline-injected mice. Protein levels of pro and
[44] cleaved MMP-3 were increased in ICH, and MMP-9 activity was elevated at

72 h after ICH
Kawakita et al., Thrombin intracerebral Rat MMP-9 activity was detected in basal ganglia and cortex at 12 h, expressed
2006 [45] injection maximally at 24 h, and remained high 72 h after thrombin injection. MMP-9
mRNA cortical expression was clearly evident at 12 and 24 h and diminished
72 h after thrombin injection. Brain water contents in basal ganglia and overly-
ing cortex rapidly increased at 12 h, maximized at 24 h, and slightly decreased at
72 h
Mun-Bryce etal.,  Collagenase-induced ICH Swine MMP-9 levels increased by 24 h in the white matter of ipsilateral SI and SII cortex,

2004 [56]

and in contralateral SI gray matter. A further increase in MMP-9 level occurred

in ipsilateral SI and SII gray matter, and in contralateral SI white matter by 48 h.
By 7 days, significant levels of MMP-9 were detected only in ipsilateral SI white
and gray matter tissues. A rise in MMP-9 was found in CA1 of ipsilateral and
contralateral hemispheres during 1-2 days. The raise in MMP-2 levels was
delayed until 7 days post-ICH in ipsilateral SII gray matter

ICH = intracerebral hemorrhage; KO = knockout; MMP = matrix metalloproteinase; SI = primary somatosensory; SII = secondary somatosensory; WT =

wild type

observed increased mRNA levels of MMP-3 and MMP-12 in
a collagenase-induced mouse model of ICH. In the same
mouse model, an early increase in mRNA activity of MMP-
9 has been further confirmed [37, 40]. Increased gelatinolytic
activity, likely of MMP-2 and MMP-9, has been shown at 6
and 24 h in the autologous blood-induced mouse model of
ICH [41]. Furthermore, increased activity of the same
MMPs was found in collagenase-induced ICH in rats [42].
Exploring the time course of stroke-related inflammatory me-
diators over 5 days after ICH modeled by infusing autologous
blood into the striatum in rats, Wu et al. [43] found that the
mRNA and/or protein expression of MMP-9 was upregulated
between 2 h and 5 days after ICH, and peaked at day 2, in
parallel with brain water content. Despite difficulties in com-
paring data from different species, the expression of MMPs
looks to be bimodal, with an early peak incidence occurring at
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days 1-3, followed by a decrease in the subacute phase and a
further increase by day 7, before trending down to normal
levels in the chronic stage [36, 37, 44-46].

The enhanced activities of MMPs play a key role in the
pathophysiology of secondary brain injury following ICH.
Indeed, by favoring the loss of vascular integrity, increasing
the permeability of vascular walls, enhancing the inflammatory
response through the conversion of several inflammatory medi-
ators into their activated forms and by the mechanism of anoikis,
MMPs are involved in BBB breakdown, edema formation, he-
matoma expansion and neuronal loss that follow the hematoma
development (Fig. 1). The activation of MMPs (mainly MMP-3
and MMP-9) is responsible for the degradation of the
neurovascular matrix through the digestion of the principal com-
ponents of the basal lamina (collagen type IV, laminin, and
fibronectin) surrounding blood vessels [47] and the proteins
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(such as occludins and claudin-5) forming the tight junctions
[31, 48]. The excessive proteolytic activity results in damage
to vascular walls, loss of vascular integrity and increased perme-
ability, which promotes the disruption of BBB and, in turn, the
development of edema and extravasation of leukocytes into the
brain parenchyma [49, 50]. Reactive oxygen species released
during the conversion from oxyhemoglobin to methemoglobin,
nitric oxide produced at the lesion sites, and both proteases and
chemokines released by the brain infiltrating cells contribute to
the activation and/or the induction of MMPs, amplify the reac-
tions and, thereby, exacerbate cerebral injury in a vicious circle
[30, 38, 51]. In addition, MMPs contribute to enhancing the
inflammatory cascade that follows the injury to the brain by
converting inflammatory mediators, like TNF-«, transforming
growth factor-«, tumor necrosis factor receptors, IL-6, L-
selectins, and Fas ligand into their activated forms [38, 51-53].
Consistently with all the aforementioned pathways, increased
levels of MMPs early after stroke have been associated with
BBB damage and perihematomal edema in several animal
models of ICH [39, 45]. The expression of MMP-9 induced
by the vascular endothelial growth factor (VEGF) has been also
associated with hematoma growth through the damage of the
basal lamina and walls of brain vessels [54]; MMP-9 has been
also suggested to increase the amount of cerebral hemorrhage by
inducing abnormal blood vessel proliferation through the acti-
vation of insulin-like and tumor growth factors [55].
Interestingly, the increase in MMP-2 and MMP-9 levels
was found not only in areas adjacent to the ICH but also in
distant territories, in which they correlated with depressed
cortical excitability in contralateral cortex, suggesting the
spread of inflammatory and degenerative processes in remote
regions functionally connected to the site of hematoma [56].
The role of MMPs in causing cell death after ICH can be
also hypothesized because the direct application of MMPs
was able to cause neuronal death in cellular studies. This phe-
nomenon of programmed cell death is known as anoikis and
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occurs in anchorage-dependent cells when degradation of ex-
tracellular matrix interferes with cell-matrix interactions, cell
attachment, and integrin signaling [57, 58].

Interactions and interdependency between proteases like
MMPs and thrombin also exist in the development of neuro-
toxicity; remarkably, MMP-3 can convert the MMP-9 zymo-
gen into its active form, and MMP-9 and thrombin co-work to
promote neurotoxicity. Cultured neurons are killed by MMP-3
and death is most marked when all three proteases, MMP-3,
MMP-9, and thrombin, are combined [59]. Brain damage and
neuronal death in vivo were significantly reduced in MMP-3
or MMP-9 null mice compared with wild-type counterparts,
and MMP-3 and MMP-9 double null mice had even less ce-
rebral injury [59]. These findings also suggested that multiple
proteases may need to be targeted simultaneously in order to
mitigate ICH-related brain injury.

Further evidence on the contribute of MMPs to the devel-
opment of secondary injury after ICH came from knockout
mice experiments, which demonstrated reduced brain edema,
microglia/macrophage activation, neutrophil accumulation,
and neuronal death and improved sensorimotor function in
MMP-9 and MMP-12 null mice [35, 39, 41]. However, oppo-
site results have been reported in other experimental models
and deleterious effects as facilitation of cellular death and an
increase in hemorrhage and brain edema have been observed
by inhibiting MMPs or using MMP-knock out mice. Such
inconsistent results may be partially explained by the en-
hanced expression of other MMPs isoforms than the silenced
one because of the effects of long-term inhibition or deficien-
cy of the knockout MMP activity on normal collagen or ma-
trix homeostasis. [44, 60].

Remarkably, MMPs also have pro-reparative functions. Far
from being the simple replacement of damaged neurons,
neuro-repair is a much more complex phenomenon that in-
cludes endogenous mechanisms of angio-vasculogenesis,
gliogenesis, neurogenesis and re-myelination. As ECM is
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widely present in the brain and contributes to the integration of
stimuli from tissue microenvironment and provision of re-
modeling responses, MMPs are key players of neuro-
reparative pathways with actions including neural cell stem
migration, release and activation of pro-angiogenic and neu-
rotrophic factors, and vessel remodeling (Fig. 1) [61]. Acute
insults to the brain can prompt neurogenesis in the
subventricular zone and hippocampal subgranular zone, in
which newly formed blood vessels favor the migration of
neuronal cells to damaged tissue [62]. Although the mecha-
nisms and molecular steps underlying brain injury-induced
angiogenesis and neurogenesis are not completely under-
stood, it is worth to notice that MMPs increase in the
subventricular zone in the subacute phase, and there is evi-
dence suggesting their role in either neurogenic migration or
neurovascular remodeling at the site of injured areas [63]. The
induction of ICH by collagenase injection in rats resulted in
significant increases in the levels of MMP-9, VEGF, and
nerve growth factor, as well as in the numbers of 5-bromo-2-
deoxyuridine- and doublecortin-positive cells in the ipsilateral
brain [64]. The inhibition of MMP-9 through the intracerebro-
ventricular injection of MMP-9 small interfering RNA
(siRNA) on day 7 and 10 after hemorrhage decreased markers
of remodeling through reductions in bioavailable growth fac-
tors and was associated with worse functional outcomes. In
contrast to the deleterious actions in the acute stage of ICH,
MMPs may, hence, play beneficial roles during stroke recov-

ery [63].

MMPs and Cerebral Hemorrhage: Gathering
Evidence from Clinical Studies

Different studies assessed the temporal profile and expression
of MMPs in patients with acute ICH and the correlation with
clinical and radiological outcomes, providing further support
to their involvement in the pathophysiology of hemorrhagic
brain injury (Table 2). Abilleira and colleagues [65] were the
first to investigate the plasma concentration of MMP-9 in
patients with acute ICH within 24 h after symptom onset.
They found increased expression of MMP-9 after acute spon-
taneous ICH in comparison to healthy controls. Furthermore,
a significant association between higher MMP-9 plasma
levels and perihematomal edema volume or the development
of neurological worsening within the acute stage in deep he-
matomas was observed [65].

The temporal profile of MMPs and their natural inhibitors
after ICH (as well as their influence on hematoma, perihema-
tomal edema, and clinical outcomes) have been also explored
[60]. MMP-2, MMP-9, MMP-3, TIMP-1, and TIMP-2 were
serially determined within 12 h from admission (baseline),
followed by 24 h, 48 h, 7 days, and 3 months in 21 patients.
The highest levels of MMP-2 and TIMP-2 were found at
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baseline, MMP-9 and TIMP-1 at 24 h, and MMP-3 at 24 to
48 h. There was no interaction between baseline ICH volume
and MMP-TIMP level. Although MMP-9 expression at base-
line was positively correlated to perihematomal edema, its
inhibitor (TIMP-1) had a negative correlation. MMP-3 was
the strongest predictor of mortality and both MMP-3 and
MMP-9 were associated with the 3-month residual scar vol-
ume [66].

Dynamic changes in MMP-9 expression both in blood and
cerebrospinal fluid (CSF) were investigated in ICH patients
who underwent hematoma evacuation [67]. The MMP-9
levels at 1, 4, and 7 days after the intervention were higher
in patients than in age-matched controls and, notably, MMP-
9 was not detected in CSF samples of the control group.
Plasma and CSF levels of MMP-9 were increased at day 1,
peaked at day 4, and remained upregulated at day 7, with
levels corresponding to the CSF samples higher than those
found in plasma [67]. A positive correlation emerged be-
tween MMP-9 levels, stroke severity, and perihematomal
edema volume. Serum levels of MMP-9 within the first week
after ICH onset were also analyzed in another prospective
cohort of 62 patients [68], in which the highest levels were
observed on the third day following ICH onset and were
positively correlated with National Institutes of Health
Stroke Scale score and brain edema. Castellazzi et al. [69]
evaluated the temporal changes of serum MMP-9 and MMP-
2 and their inhibitors TIMP-1 and TIMP-2 levels in acute and
subacute phases of spontancous ICH. Compared to values
obtained at 24 h, mean serum concentrations of MMP-9
was increased at 48 h and peaked at 7 days, and serum active
mean MMP-2 mean levels progressively declined at 2 and
7 days. Perihematomal edema volume was positively corre-
lated with levels of MMP-9 and MMP-2 at 24 h and MMP-9
at 48 h, whereas was inversely associated with MMP-2 at
7 days, suggesting a distinct role of the different isoforms
of MMPs in the inflammatory response associated with peri-
hematomal edema from acute to subacute stages.

The analyses of brain parenchyma obtained from patients
with ICH confirmed the upregulation of MMP-2 [70-72],
MMP-9 [64-68, 73, 74], and MMP-19 in perihematomal
areas [75]. In two prospective studies, serum levels of
MMP-9 at admission in patients with ICH resulted significant-
ly associated with hematoma expansion detected at follow-up
neuroimaging performed at 48 + 6 h from onset [76] and with-
in 42-54 h from the first head CT scan or immediately after
clinical neurological deterioration [77]. Li et al. [78] assessed
the concentrations of serum MMP-3 and MMP-9 within 24 h
of symptom onset in 59 patients with spontaneous ICH. They
found that increased MMP-3 levels were independently asso-
ciated with perihematomal edema volume and identified
predicting thresholds for the poor clinical outcome assessed
by the modified Rankin scale (mRS) at 90 days (MMP-3 >
12.4 ng/mL and MMP-9 >192.4 ng/mL), independent of
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Table 2 Matrix metalloproteinases and clinical outcome in patients with acute intracerebral hemorrhage

Study, year Study population

Main findings

Abilleira et al., 2003
[65]

57 patients

Alvarez-Sabin et al.,
2004 [66]

21 patients

Wu et al., 2008 [67]

anesthesia (CSF)

Petrovska-Cvetkovska
etal., 2014 [68]

62 patients

Castellazzi et al., 2010 28 patients
[69]

Silva Y et al., 2005
[76]
Yang et al., 2016 [77]

183 patients
186 patients

Lietal., 2013 [78] 59 patients

Howe et al., 2018 [79] 79 patients

Howe et al., 2019 [80] 55 patients

60 patients; 30 healthy age-matched controls (blood);
10 age—sex-matched controls undergoing lumbar

Blood concentrations of MMP-9 within 24 h from ICH onset were
raised. In patients with deep ICH, this increase was associated with
perihematoma edema and acute neurological worsening

Highest levels of MMP-2 and TIMP-2 were found at baseline, for
MMP-9 and TIMP-1 at 24 h, and for MMP-3 at 24-48 h. Baseline
MMP-9 correlated positively and TIMP-1 correlated negatively to
perihematoma edema. MMP-3 was related to mortality. MMP-9
and MMP-3 correlated to 3-month residual scar volume

Plasma and CSF levels of MMP-9 were increased at day 1, peaked at
day 4, and remained at a high level until day 7. MMP-9 was not
detected in normal CSF. MMP-9 level was positively correlated
with hematoma volume and NIHSS score, and negatively corre-
lated with GCS score

There was a significant rise in serum MMP-9 levels from day 1 to 7
after ICH, with peak values at day 3. There was a positive, sig-
nificant correlation between serum MMP-9 concentration and
NIHSS score

Serum MMP-9 concentrations increased from 24 to 48 h and reached
the peak at day 7. Serum MMP-2 levels progressively declined at
48 h and 7 days. Perihematoma edema increased at 48 h and day
7: it was positively correlated with MMP-9 and MMP-2 at 24 h
and with MMP-9 at 48 h, and was inversely correlated with
MMP-2 at day 7

Plasma concentrations of MMP-9 were significantly higher in pa-
tients with early hematoma expansion

Increasing plasma MMP-9 level was an independent risk factor for
hematoma expansion

Increased MMP-3 levels on admission were independently associat-
ed with perihematoma edema volume at day 3. Levels of
MMP-3 >12.4 ng/mL and MMP-9 > 192.4 ng/mL independently
predicted poor 3-month outcome

MMP-10 within 2 days from ICH was associated with hematoma
expansion and MMP-3 at day 1 was associated with early neuro-
logical deterioration. Perihematoma edema and delayed neuro-
logical deterioration were associated with MMP-8 at day 6-8 and
MMP-1 at day 3-5, respectively. MMP-1, MMP-8, and MMP-10
also correlated with discharge status and 3-month mRS

In male patients, MMP-1, MMP-2, MMP-3, and MMP-9 levels in-
creased from baseline until 10 days post stroke. In female patients,
MMP-8 was the only isoform to significantly change over time and
reached a peak at 3—5 days post-injury. MMP-1, MMP-2, MMP-3,
and MMP-9 were associated with initial and peak perihematoma
edema in females. Serum levels of MMP-3 in males and MMP-10
in females were independent predictors of 90-day functional out-
come

CSF = cerebrospinal fluid; GCS = Glasgow Coma Scale; ICH = intracerebral hemorrhage, MMP = matrix metalloproteinase; mRS = modified Ranking
scale; NIHSS = National Institute Health Stroke Scale; TIMP = tissue inhibitor of matrix metalloproteinase

baseline stroke severity and hematoma volume. Recently, the
levels of seven isoforms of MMPs at five pre-specified time
points (within 24 h, followed by 1-2, 3-5, 6-8, and 10 days
post-injury) were assessed and their association with radiolog-
ical outcomes investigated [79]. In univariate analyses, MMP-
10 within 2 days from stroke was significantly associated with
hematoma expansion and MMP-3 within 24 h from injury was
the only variable associated with early neurological

deterioration. Interestingly, “delayed” endpoints as perihema-
tomal edema and delayed neurological deterioration were only
associated with markers obtained at later time points (MMP-
1 at day 3—5 and MMP-8 at day 6-8). MMP-1, MMP-8, and
MMP-10 also correlated with discharge status and mRS at
90 days [79]. The same research group explored sex-specific
associations of MMPs with secondary injury and outcomes
after ICH [80]. By examining the serum samples from a
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prospective biobank, they observed MMP-1, MMP-2, MMP-
3, and MMP-9 levels gradually increased over time in males
until 10 days post-ICH. In female patients, a different pattern
of upregulation was found: MMP-8 was the only isoform to
significantly change over time, reaching the peak at 3—5 days
post-injury, although only a near significance was found for
MMP-10 level. Broad positive associations of MMP-1,
MMP-2, MMP-3, and MMP-9 with initial and peak perihe-
matomal edema were found in females. Additionally, serum
levels of MMP-3 in males and MMP-10 in females were in-
dependent predictors of functional outcomes at 3 months.

Cerebral Hemorrhage Associated
with Cerebral Amyloid Angiopathy

Spontaneous ICH is mainly associated with arterial hypertension
that leads to bleeding in deep brain tissue. However, the second
cause of ICH among the elderly is cerebral amyloid angiopathy
(CAA), which is characterized by the deposition of fibrillar beta-
amyloid protein in the leptomeninges and mid-sized cerebral
arteries that is typically located in the lobar region. Evidence
emerged from in vitro studies has demonstrated that MMPs con-
taining gelatinase activity from vascular cells are upregulated by
beta-amyloid protein stimulation [70]. This suggests that their
overexpression could contribute to the development of sponta-
neous ICH due to CAA. Although no differences were found in
plasma levels between ICH patients and controls, MMP-2 and
MMP-9 were upregulated in the perihematomal area of brains in
CAA patients with an increase of MMP-2 expression in reactive
astrocytes around beta-amyloid-affected vessels and in infiltrated
histiocytes in vascular lesions, whereas MMP-9 was only found
acutely in inflammatory cells in distant areas from ICH [70].
Zhao et al. evaluated MMP-9 expression in postmortem brain
tissue of human CAA. They found that MMP-9 colocalized with
CAA, primarily in the tunica media of compromised vessels, in a
CAA-severity dependent fashion [81]. Moreover, the topical ap-
plication of recombinant MMP-9 induced ICH in a time- and
dose-dependent manner; transgenic mice with CAA resulted
more susceptible to MMP-9 induced bleeding and developed a
more extensive [CH, which also appeared sooner after the expo-
sure [81]. These findings suggest a significant contribution of
MMPs in the development of ICH in the setting of CAA.

Inhibition of MMPs as a Potential Therapeutic
Target for ICH

The inhibition of MMPs in the acute stage of ICH represents an
attractive target to mitigate the secondary brain injury and, hence,
improve clinical outcomes. Minocycline represents one of the
most investigated agents. It is a semi-synthetic, second-
generation tetracycline that can pass through BBB due to its high
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lipophilicity. Minocycline has anti-inflammatory, neuroprotec-
tive, and antiapoptotic properties, which can be, at least partially,
attributed to the innate MMP inhibitory capacity [82].

Minocycline had beneficial effects in experimental models of
ICH. The intraperitoneal injection of minocycline decreased the
expression of MMP-12 and TNF-«, protected BBB, reduced the
extravasation of plasma proteins and development of edema, and
decreased the number of neutrophils in the brain of rats with
collagenase-induced ICH [83]. Power et al. [36] demonstrated
that post-ICH in vivo treatment with minocycline significantly
reduced brain level of MMP-12, glial activation and apoptosis,
and improved neurobehavioral outcomes in rats. Several exper-
imental studies confirmed the role of minocycline administration
in reducing BBB damage [84, 85], inhibition of microglia acti-
vation [86], attenuation of perihematomal edema, neurological
deficits, and brain atrophy [87-89]. In rat collagenase-induced
ICH models, delayed minocycline administration significantly
reduced MMP-12 levels, but it is worth to notice that its efficacy
was lost and no effects on neuronal loss were observed when
treatment was continued for 7 days [90]. Similarly, neither re-
duction in brain lesion nor functional benefits (as assessed with
sensory-motor tests) were observed when minocycline was giv-
en for either 5 or 14 days [91].

The feasibility and safety of minocycline in ICH patients
have been explored in a pilot, double-blinded, placebo-
controlled randomized clinical trial [92]. Twenty patients with
ICH presenting within 12 h of symptom onset with hematoma
volume less than 30 ml were randomly assigned to high-dose
(10 mg/kg) intravenous minocycline or placebo. High-dose
minocycline resulted in the reduction of MMP-9 levels, even
though hematoma volume and functional outcomes between
the two groups were similar. This was the first study exploring
minocycline in human patients, and larger randomized clinical
trials are required before drawing definitive conclusions about
its therapeutic potential in clinical practice [92].

The effects of GM6001, a synthetic, broad-spectrum
MMPs inhibitor, have been explored in different animal stud-
ies. Wang et al. [37] demonstrated that intraperitoneal admin-
istration of GM6001 (100 mg/kg) to a mouse model of
collagenase-induced ICH decreased gelatinase activity, neu-
trophil infiltration, oxidative stress, brain edema, injury vol-
ume, and improved functional outcome. The favorable effects
of GM6001 in reducing brain edema formation [45] and brain
damage [93] have been further confirmed in other rodent stud-
ies. Recently, it has been shown that the intraperitoneal injec-
tion of GM6001 (40 mg/kg) improved the BBB damage and
reduced cerebral edema and inflammatory cellular infiltration
by inhibiting the cleavage of (3-dystroglycan triggered by
MMP-2 and MMP-9 in rats [94].

The early treatment with CM352 that is a short half-life
MMPs inhibitor prevented hematoma expansion, reduced le-
sion size, attenuated neurological deficits and improved func-
tional and neurological recovery at 24 h and 14 days in a rat
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model of collagenase-induced ICH [95]. In rats undergoing
intracerebral injection of type IV collagenase, TIMP-2 was
able to reduce extracellular matrix proteolysis and protect
the proteolytic opening of BBB [96].

A broad spectrum of MMPs inhibitors such as FN-349, BB-
94, BB-1101, and 10% dimethyl sulfoxide (a selective MMP-2
and MMP-9 inhibitor) were effective in reducing BBB perme-
ability and blocking edema formation in rodent models of ICH,
whereas BB-2983, with a profile of inhibitory activity closed to
BB-1101, IW499 (a selective MMP-2 inhibitor), and methyl-
prednisolone had no effect on BBB opening [42, 85, 97].

The potential benefit to inhibit the MMPs activity is also
suggested by several studies revealing attenuation of inflamma-
tory injury, BBB permeability and cerebral edema, and increas-
ing neuroprotective effects or improvement of neurological def-
icit after the administration of compounds that are so far not
considered as directly inhibiting the MMPs, but that can result
in the reduction of MMPs expression or upregulation of TIMPs
[98—129]. In a rat collagenase model of ICH, atorvastatin signif-
icantly relieved brain edema and protect neurons from apoptosis
by decreasing MMP-9 levels [98]. In a similar I[CH model using
CD-1 mice, simvastatin attenuated brain edema and reduced cel-
lular apoptosis through downregulation of nuclear factor (NF)-
kB expression and resulted in reduced expression levels of
MMP-9, caspase-3, and aquaporin-4 (AQP4) [99].
Glibenclamide protected BBB and improved neurological out-
come in a rat model of ICH by inhibiting the Surl-Trpm4 chan-
nel, which reduced the expression of MMPs and, thereby, in-
creased tight-junction protein levels [100]. A decreased in peri-
hematomal levels of MMP-9, BBB permeability and brain ede-
ma, and improved neurological outcomes were also observed
after rosiglitazone infusion therapy in rabbits undergoing mini-
mally invasive surgery for ICH evacuation [101]. Memantine
resulted in a decrease of hematoma expansion, coupled with an
inhibitory effect on the tissue plasminogen activator/urokinase
plasminogen activator and MMP-9 levels in the brain reduced
inflammatory infiltration and apoptosis and promoted functional
recovery after ICH [102]. Treatment with valproic acid (VPA)
reduced cerebral bleeding, perihematomal cell death, caspase
activities, and inflammatory cell infiltration, and improved recov-
ery following ICH in rats. These neuroprotective effects resulted
from the gene expression regulation and transcriptional changes
induced by VPA, including downregulation of the mRNA of
MMP-9 [103]. In collagenase-induced ICH in mice, progester-
one injections reduced VEGF expression and MMP-9 activity,
attenuated cellular and molecular inflammatory responses, and
reduced lesion volume, brain swelling, myelin loss, and im-
proved long-term neurologic function [104]. Estradiol treatment
prevented BBB breakdown and improved neurological deficits
after ICH in hyperglycemic ICH mice by decreasing the expres-
sion of silent information regulator 1 (Sirtl) and inhibiting the
activity of MMP-9 [105]. In a rat ICH model, the transplantation
of mesenchymal stem cells reduced the levels of pro-

inflammatory cytokines, MMP-9, inducible nitric oxide syn-
thase, and the density of microglia/macrophages and neutrophil
infiltration at the site of brain injury. It also increased the levels of
zonula occludens-1 and claudin-5 and was, therefore, associated
with attenuation of BBB leakage [106]. Dexamethasone, given
immediately and 3 days after ICH in rats was successful to de-
crease brain edema by lowering the MMP-9 and intercellular
adhesion molecule-1 levels, partially through the IkB/nuclear
factor (NF)-kB signaling pathway [107]. In adult male 12952/
sv mice subjected to autologous blood-induced ICH, recombi-
nant human erythropoietin decreased MMP-2 expression and
increased TIMP-2 expression, resulting in preserved expression
of occludin and collagen IV, and reduced BBB breakdown-
associated inflammation [108]. Hypothermia has been also dem-
onstrated to reduce BBB leakage, edema development, cell apo-
ptosis, and neurological deficits by inhibiting the expression of
protease-activated receptor-1, MMP-9 and AQP4 [109-111].

Signally, the reduction of MMPs activity obtained through
treatment in most experiments occurred within the frame of a
more general suppression of the inflammatory response, with-
out a clear demonstration of the mediating effect of MMPs
inhibition. The low specificity of many inhibitors does not
allow to definitively attribute the response to the intervention
to the differential MMP activity and a close cause-effect rela-
tionship cannot be clearly proven. It is also worth to mention
that, although some therapeutic approaches resulted effective
in experimental settings, they do not necessarily translate into
clinical benefit when used to treat patients with ICH. For ex-
ample, the administration of dexamethasone for 3 days after
ICH showed beneficial effects in animal models, whereas it
increased rates of complications in human trials [130].

The risk of off-target effects should also be considered. Given
the role of MMPs in neuro-repair, their inhibition may potentially
attenuate the neuro-regeneration and, hence, result in impairment
of recovery and functional outcome. Moreover, as MMPs have a
ubiquitous role in the human body, the side effects related to the
suppression of physiological processes need to be elucidated. To
date, a substantial gap still exists in the knowledge of tolerability
and safety issues of MMPs inhibition.

Clinical Implications and Future Perspectives

In summary, there is enough evidence from both experimental
and clinical studies that MMPs are upregulated after acute
ICH. They are released into the area of brain injury by a
variety of cells, including activated microglia, leukocytes, as-
trocytes, neurons, and endothelial cells.

The expression of MMPs increases early after ICH: the
brain and peripheral levels of MMPs peak within the first days
and remain high across the first week after hematoma devel-
opment. Only a few studies, however, have provided a com-
prehensive longitudinal assessment of the temporal expression
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profile of the different members of the MMP family and their
correlations with brain changes and functional outcomes.
Notably, the levels of some MMP isoforms increase whereas
others decrease over time and their role and effects change
from hyper-acute to subacute and chronic ICH phases.

Overexpression of specific isoforms of MMPs plays a role
in the development of secondary brain damage. By promoting
the loss of vascular integrity, the permeability of vascular
walls, inflammatory response, cellular death, MMPs contrib-
ute to the disruption of BBB, edema propagation, hematoma
growth, and neuronal loss. It is absolutely remarkable that
MMPs are also involved in neuro-repair: by taking part in
neural cell stem migration, release and activation of pro-
angiogenic and neurotrophic factors, vessel remodeling, my-
elin formation, and axonal growth [52], they are key mediators
of neural network remodeling and recovery after ICH.

Overall, there is substantially converging evidence from ex-
perimental studies to suggest that early and short-term inhibition
of MMPs after ICH can be an effective strategy to reduce cere-
bral damage and improve the outcome, whereas long-term treat-
ment may be associated with more harm than benefit. It is, how-
ever, worth to notice that, so far, we do not have a clear under-
standing of the time-specific role that the different MMPs as-
sume within the pathophysiology of secondary brain injury and
recovery after ICH. In addition, most of the studies exploring
pharmacological strategies to modulate MMPs can only provide
indirect evidence of the benefit to target MMP activity.

The prospects for effective therapeutic targeting of MMPs
require the establishment of conditions to specifically modu-
late a given MMP isoform, or a subset of MMPs, in a given
spatio-temporal context [ 131]. Further research is warranted to
better understand the interactions between MMPs and their
molecular and cellular environments, determine the optimal
timing of MMPs inhibition for achieving a favorable thera-
peutic outcome, and implement the discovery of innovative
selective agents to spare harmful effects before therapeutic
strategies targeting MMPs can be successfully incorporated
into routine practice [132, 133].
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