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ABSTRACT
Intracerebral hemorrhage remains a particularly devastating form 
of cerebrovascular disease with unchanged mortality rates despite 
several large studies that have targeted primary expansion of 
hematoma growth. A second, worthwhile target for improving clinical 
outcome after intracerebral hemorrhage may be neuroprotection 
through modulation of secondary mechanisms of brain injury. Matrix 
metalloproteinases represent a family of ubiquitous endopeptidase 
enzymes that can become pathologically activated and result in 
blood-brain barrier breakdown. In humans, high levels of matrix 
metalloproteinase have been associated with perihematomal edema, 
symptomatic hemorrhagic transformation, and worse clinical outcome. 
As a result, inhibition of matrix metalloproteinase in the acute phase 
of intracerebral hemorrhage may represent an efficacious strategy for 
improving clinical outcome. Current strategies for inhibiting matrix 
metalloproteinase in intracerebral hemorrhage are as follows: (1) 
direct inhibition, (2) transcriptional control of matrix metalloproteinase 

expression, and (3) post-transcriptional control. Currently, the most 
clinically relevant form of matrix metalloproteinase inhibition lies 
with direct inhibition through broad-spectrum hydroxamate-class 
inhibitors and tetracycline-class antibiotics and the polymechanistic 
role of statins. Further trials are necessary to evaluate for possible roles 
of matrix metalloproteinase inhibition in improving clinical outcome 
after intracerebral hemorrhage.
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INTRODUCTION
Stroke is the fifth leading cause of death in the United States, 
resulting in an estimated 130,000 lives lost annually[1]. Intracerebral 
hemorrhage (ICH) remains a particularly devastating form of 
stroke with unchanged mortality rates ranging from 53-59%[2]. 
Neuroprotection through modulation of secondary mechanisms 
of brain injury--including preservation of blood-brain barrier, up-
regulation of inflammatory mediators, inhibition of apoptosis, and 
attenuation of cortical excitability[3-5]--may be worthy targets to 
improve clinical outcome. 

Matrix Metalloproteinases
Matrix metalloproteinases (MMP) are a family of ubiquitous 
zinc-dependent endopeptidase enzymes. Initially synthesized as 
inactive zymogens with negligible expression in normal conditions, 
MMPs become activated via proteolytic removal of a cysteine-zinc 
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interaction[6]. While these enzymes play important roles in normal 
physiology, they have also been linked with pathologic processes 
such as multiple sclerosis, ischemic stroke and hemorrhagic 
transformation, amyloid angiopathy, intracerebral hemorrhage, 
and metastatic brain tumor[7-9]. MMPs play a critical role in 
cerebrovascular disease by breaking down blood-brain barrier and 
activating inflammation through TNF-α and macrophages[10]. 

MMP Pathophysiology
Several mechanisms for the pathological role of MMPs in 
cerebrovascular disease, validated in animal models and observed in 
humans, have been proposed. First, MMPs directly digest collagen 
type IV, laminin, and fibronectin, which serve as major components 
of the basal lamina surrounding blood vessels[11,12]. Mechanistically, 
this is caused by inflammatory stimuli activation of MMP promoter 
regions, containing protein-1 and nuclear factor kB[13]. Radiological 
studies in humans have also confirmed this relationship as MMP 
levels correlate with blood-brain barrier markers[14]. Second, vascular 
endothelial growth factor (VEGF) has been proposed as an activator 
of MMPs, which creates a direct relationship between elevated MMP 
levels and larger hematoma volume via aberrant angiogenesis[15].
    In humans, high levels of MMP have been associated 
with perihematomal edema[16,17], symptomatic hemorrhagic 
transformation[18,19], and worse clinical outcome[17]. As a result, 
regulation of MMPs in the acute phase may serve as an effective 
neuroprotectant in cerebrovascular disease. Extensive research has 
been done on strategies for MMP regulation in ischemic stroke with 
current phase 2 trials underway. However, less emphasis has been 
placed on the neuroprotective role of MMP regulation in ICH. 
    Endogenous MMPs are regulated at distinct levels, including direct 
antagonism with tissue inhibitors[20], regulation of gene transcription, 
and post-transcriptional modification. The aim of this review is to 
explore the available evidence in both animal and human models for 
MMP regulation at these distinct levels and evaluate these strategies 
as efficacious neuroprotective agents in ICH. 

STRATEGIES FOR REGULATING MMP ACTIVITY
1. Inhibition of MMP Activity
Broad-spectrum Hydroxamate-Class Inhibitors
The hydroxamate MMP inhibitors are a group of synthetic, broad-
spectrum, collagen-like peptides that directly bind to the MMP 
active site. Although strongly inhibiting MMP-2, hydroxamate 
also has inhibitory effects on MMP-1 and MMP-3[21]. These drugs 
were initially developed as antineoplastics, but have since been 
investigated as potential therapies for conditions ranging from 
autoimmune disorders to secondary brain injury following ischemic 
reperfusion[22-26]. 
    Rosenberg et al demonstrated that administration of BB-1101, six 
hours after ICH induction in a collagenase rat model, significantly 
decreased brain water and sodium content in regions distant from 
the primary lesion[27]. Administration of another hydroxamate-class 
MMP inhibitor, GM6001, was shown to be neuroprotective in mouse 
models of ICH[28,29]. Xue et al showed a significant reduction in 
neurotoxicity as assessed by brain injury area and neuronal cell death 
when GM6001 was administered simultaneously with autologous 
blood[28]. A second study administered GM6001 at 24-hour intervals 
for 3 days following ICH and showed a dose-dependent reduction in 
neutrophil infiltration, reactive oxidative species production, injury 
volume, brain edema, and neuronal cell death[29]. 
    However, another hydroxamate inhibitor, BB-94, was shown 
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to have no effect on edema while increasing hemorrhage and cell 
death when administered twice daily to rats[30]. It has been suggested 
that the observed differences between BB-94 and BB-1101 may 
be due to varying inhibition of tumor necrosis factor-α-converting 
enzyme (TACE)[31]. In addition to causing cell death, TNF-α has 
been implicated in MMP-9 induction, and TACE modulation by 
MMP inhibitors may contribute to upstream regulation of MMP 
activity[31,32].

Tetracycline-Based MMP Inhibitors
Minocycline, a second-generation tetracycline antibiotic, is a broad-
spectrum inhibitor of MMPs. This small, highly lipophilic drug 
readily crosses the blood brain barrier more effectively than other 
medications in the same class, has high oral bioavailability, and 
exhibits a relatively narrow adverse effect profile[33]. It has been 
shown in numerous animal studies to alleviate the negative efforts of 
several neurologic disorders, including spinal cord injury, traumatic 
brain injury, and Parkinson’s disease[33]. In addition to inhibiting 
MMPs, minocycline has also been shown to be a potent inhibitor of 
microglial activation, apoptosis, and free-radical production, which 
may explain why it exhibits beneficial effects across numerous 
neurologic conditions. 
    To date, three major studies have evaluated the use of minocycline 
as an MMP inhibitor in individuals with ischemic stroke and 
demonstrated significantly improved clinical outcomes. Lampl et 
al demonstrated that 200 mg daily administration of minocycline 
to acute stroke patients significantly improved clinical outcomes[34]. 
Similarly, Padma et al showed that 200 mg daily oral minocycline 
administration for 5 days to acute stroke patients significantly 
improved clinical outcome measures: 90-day National Institutes of 
Health Stroke Scale score, modified Rankin scores, and modified 
Barthel Index[35]. Finally, in a multicenter randomized, controlled 
pilot study, Kohler et al showed that intravenous administration of 
minocycline to 47 patients with acute stroke increased the odds of 
handicap-free survival by a factor of 3 [odds ratio (OR) 2.99 (95% 
confidence interval (CI) 1.74-5.16)]; however, there was substantial 
heterogeneity among the available data (I2 89.82)[36].
    In humans receiving intravenous tissue-plasminogen activator 
(tPA) for ischemic stroke, minocycline may also provide protection 
against hemorrhagic transformation by inhibiting MMP-9. Available 
evidence suggests that tPA may amplify MMP-9 and result in 
hemorrhagic transformation[37]. MMP-9 levels were significantly 
reduced in all patients enrolled in the MINOS study, regardless of 
tPA administration. With previous data demonstrating a correlation 
between MMP-9 and hemorrhagic transformation after tPA[8], the 
authors concluded that combining minocycline and tPA may prevent 
the adverse consequences of thrombolytic therapy and lead to 
reductions in hemorrhagic conversion after tPA administration[38]. 
    While use in ischemic stroke is more widely studied, there is 
limited data outside of animal models evaluating the effect of 
minocycline in ICH. Several models of minocycline injection in rats 
have shown various benefits in ICH, including reduced blood brain 
barrier damage[39], edema formation, neurologic deficits, and brain 
atrophy[40]. Power et al demonstrated that minocycline administration 
not only significantly decreased MMP expression but reduced glial 
activation and apoptosis after ICH in a collagenase-induced rat model 
of ICH[10]. 
    Dosing has shown to impact the neuroprotectant effects of 
minocycline in ICH. Xue et al conducted an in vitro study of human 
brain cells followed by an in vivo investigation in rat brains. They 
concluded that the neuroprotectant effects of minocycline are 



improved by high concentrations delivered locally into the CNS 
with supplementation from systemic administration[41]. Other studies 
have also suggested a benefit to minocycline use in ICH, but suggest 
administration must occur during a clinically relevant time for any 
beneficial effects to be observed[42-44].

2. Transcriptional Control of MMP Expression	
The role of MMPs across multiple inflammatory pathways allows for 
modulation at different levels and several MMP regulators are known 
to act as transcriptional modulators controlling MMP expression. 
MMP activity is known to be modulated via upstream regulation and 
have been studied in human cell lines and animal models. However, 
to date, no upstream regulator of MMP has been studied in humans. 
    NF-kB acts as a transcription factor involved in cytokine and 
inflammatory cell upregulation and has been shown to increase 
MMP-9 levels in multiple cell types[45-48]. Lee et al found that 
administration of pyrrolidine dithiocarbamate (PDTC), an NF-
kB inhibitor, in a vascular endothelial growth factor (VEGF) 
murine model of ICH suppressed MMP-9 activity downstream and 
attenuated ICH volume[15].
    The glucocorticoid dexamethasone may utilize a similar pathway 
to inhibit downstream MMP-9 activation by also modulating NF-
kB nuclear transcription. In a collagenase-induced ICH model, rats 
were acutely treated with dexamethasone for 3 days and showed a 
significant decrease in NF-kB and MMP-9 levels. Imaging studies 
demonstrated a decrease in brain edema that peaked at day 5[49]. 
Although glucocorticoid therapy may play a promising role in 
neuroprotection as an MMP-9 inhibitor, overwhelming evidence 
linking poorer outcome with hyperglycemia in cerebrovascular 
disease may limit its role[50,51]. 
    Geranylgeranylacetone (GGA) has also been investigated for 
neuroprotective effects that may be at least partially mediated 
through MMP downregulation[52]. Treating rats with a single dose of 
GGA 48 hours prior to collagenase-induced ICH and daily treatment 
at 2 hours post injury significantly decreased brain water content. 
However, this improved brain edema was not seen in those who 
did not receive the combination of the pre- and post-injury doses[52]. 
Using the same combined dosing regimen, GGA treatment resulted 
in decreased neuronal cell death and inflammatory cell migration at 
72 hours post-ICH, as well as increased neurological function after 
ICH induction[52]. Like PDTC and dexamethasone, GGA’s effect on 
MMP-9 may be mediated through inhibition of NF-kB; still, the exact 
mechanism remains uncertain since presently available research did 
not directly measure MMP-9 levels in the brain[53,54]. 
    Extracellular matrix glycoprotein osteopontin (OPN) may offer 
another upstream pathway of MMP-9 regulation. In a collagenase-
induced ICH mouse model, animals pretreated with recombinant 
OPN 20 minutes prior to ICH induction had lower levels of MMP-
9 and improved clinical outcomes[54]. OPN inhibition of MMP-9 
appears to occur through down regulation of inducible nitric oxide 
synthase, another known activator of MMP-9[55]. There is also 
evidence to suggest that OPN may suppress NF-kB, though this has 
not been demonstrated in the context of ICH[56].
    Imatinib, a platelet-derived growth factor receptor alpha (PDGFR-a) 
antagonist used in the treatment of chronic lymphocytic leukemia, 
has been shown to inhibit MMP-9, MMP-10, and MMP-13 activity 
in murine models of ICH. Imatinib in an autologous blood-induced 
murine model showed decreased ipsilateral brain edema and 
improved neurobehavioral functioning, while its administration in 
thrombin-induced murine ICH models resulted in decreased blood-
brain barrier permeability[57].
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    Various mechanisms have been proposed to explain the inhibitory 
effects of statins on MMP. Using human carcinoma cell lines, 
breast carcinoma and leukemia cells, treatment with cerivastatin 
and simvastatin, respectively yielded decreased levels of MMP-9 
with presumed mechanisms being NF-kB and p65 inhibition[58,59]. 
Statins have shown similar results in animal models. Treatment 
with atorvastatin resulted in significant plasma MMP-9 reduction 
and brain water content on days 3 and 7 in a collagenase-induced 
ICH rat model[60]. While statin use and its role in MMP inhibition 
in ICH has not been studied, the inhibitory effects of statins on 
MMP-9 levels has been demonstrated in humans receiving tPA for 
ischemic stroke. Humans taking statin pre-hospitalization were found 
to have significantly lower MMP-9 levels at hour 6, 12, 24, and 72 
after tPA administration. However, this decreased MMP-9 level did 
not result in improved clinical outcome[61]. While atorvastatin has 
previously been shown to correlate with reduced incidence[62] and 
improved neurological outcomes in cerebrovascular disease, these 
results highlight the potential link between statins and serum MMP 
inhibition in neurologic injury[63-66].
    Sinn et al demonstrated that valproic acid (VPA) treatment in rats 
with ICH decreased levels of MMP-9 mRNA. VPA is thought to exert 
its neuroprotective effects by inhibiting histone deacetylase activity 
and suppressing the transcription of inflammatory cytokines such as 
MMP-9. Administration of VPA twice daily following ICH induction 
resulted in decreased levels of MMP-9 mRNA with inhibition of 
hematoma expansion, decreased perihematomal cell death, reduced 
inflammatory cell infiltration, and improved functional recovery[67]. 
    The N-methyl-D-aspartate (NMDA) receptor antagonist, 
memantine, may also function as an upstream modulator of MMP-
9. Using a rat collagenase model, daily administration of memantine 
beginning 30 minutes post-ICH and continuing for 3 days showed a 
decrease in levels of MMP-9. Researchers also observed a reduction 
in hematoma expansion, apoptosis, inflammatory infiltration, 
and an improvement in functional recovery[68]. Though the exact 
mechanism remains unclear, it has been proposed that memantine’s 
effect on MMP-9 is through inhibition of glutamate excitotoxicity 
and suggested that glutamate may be another potential target in the 
upstream regulation of MMP-9[68,69]. 

3. Post-transcriptional Control of MMP Expression
Small interfering RNA (siRNA) has been used for post-
transcriptional control of MMP expression in vivo. The use of MMP 
siRNA in animal models has had the paradoxical effect of worsening 
clinical outcome. Rats injected with MMP-9 siRNA on days 7 and 10 
following collagenase-induced ICH showed decreased neurogenesis 
and functional recovery[70]. These results appear to corroborate the 
findings of Tang et al, who showed that MMP-9 knockout mice 
had increased hemorrhage, brain edema, early neurobehavioral 
deficits, and mortality in collagenase-induced ICH[71]. However, this 
paradoxical effect of MMP-9 inhibition in a subacute time frame may 
actually highlight a dual purpose for MMP expression: a pathological 
acute phase that contributes to inflammation and cell death and a 
subacute neuroprotective phase highlighted by angiogenesis[72]. Thus 
delayed inhibition may interfere with recovery after ICH

CONCLUSION
MMP regulation in ICH has the potential to be neuroprotective 
and improve clinical outcome. A summary of potential MMP 
regulators utilized in ICH is outlined in Table 1. Of the regulators 
described, direct inhibition of MMPs with minocycline and the poly-



mechanistic regulation via statins have the most relevant clinical 
potential. Currently the Minocycline in Acute Cerebral Hemorrhage 
(MACH) Trial is evaluating the safety of minocyline use in ICH. In 
addition, the role and safety of MMP inhibition in ischemic stroke 
will be evaluated in The West Australian Intravenous Minocycline 
and TPA Stroke Study (WAIMATSS). The results of these studies 
may further substantiate the potential behind MMP regulation as an 
effective approach to treat ICH and cerebrovascular diseases. 
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direct inhibition
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upstream regulation

upstream regulation

upstream regulation
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upstream regulation

upstream regulation
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