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Metalloproteinase-9 (MMP-9) is one of the most strongly expressed matrix
metalloproteinases (MMPs) in the brain. The MMP-9 activity in the brain is strictly
requlated, and any disruptions in this regulation contribute to a development
of many disorders of the nervous system including multiple sclerosis, brain
strokes, neurodegenerative disorders, brain tumors, schizophrenia, or Guillain-
Barré syndrome. This article discusses a relationship between development of
the nervous system diseases and the functional single nucleotide polymorphism
(SNP) at position -1562C/T within the MMP-9 gene. A pathogenic influence
of MMP-9-1562C/T SNP was observed both in neurological and psychiatric
disorders. The presence of the allele T often increases the activity of the MMP-9
gene promoter and consequently the expression of MMP-9 when compared to
the allele C. This leads to a change in the likelihood of an occurrence of diseases
and modifies the course of certain brain diseases in humans, as discussed below.
The presented data indicates that the MMP-9-1562C/T functional polymorphism
influences the course of many neuropsychiatric disorders in humans suggesting
a significant pathological role of the MMP-9 metalloproteinase in pathologies of
the human central nervous system.

MMP-9, MMP-9-1562C/T polymorphism, rs3918242, brain diseases, brain

1. Introduction

1.1. MMP-9 in brain physiology

Matrix metalloproteinases play an important role in the physiology of the nervous
system, not only by degrading the extracellular matrix (ECM) but also by activation of
biologically active substances in ECM, like for example, growth factors and their receptors.
Metalloproteinase-9 is one of the most strongly expressed MMPs in the central nervous
system (Fanjul-Ferndndez et al., 2010; Rivera et al., 2010).

The role of MMP-9 in neurobiology is intensely studied, however, our knowledge
about it is still incomplete. MMP-9 is expressed in many areas of the brain, including the
hippocampus (Aujla and Huntley, 2014), cerebral cortex (Bednarek et al., 2009), striatum
(Dzwonek et al., 2004), and cerebellar cortex (Vaillant et al., 1999). At a cellular level, MMP-9
is mainly expressed in neurons (Szklarczyk et al., 2002), but also to a lesser extent it is found
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in astrocytes (IKinoshita et al, 2013) and microglia (Del Zoppo
et al., 2007). The MMP-9 protein and its activities are identified
mainly in the cell bodies of neurons, in dendrites, in excitatory
synapses (Wilczynski et al., 2008; Gawlak et al., 2009), or thalamo-
cortical synapses (Murase et al., 2019). MMP-9 plays a crucial
role in the plasticity of dendritic spines (Pijet et al., 2019) and
the formation and maintenance of perineuronal net integrity of
the extracellular matrix (Murase et al, 2017). It also plays a
crucial role in synaptic pruning (Bijata et al, 2017), transport
of glutamate receptors (Michaluk et al, 2009), long-lasting
synaptic enhancement (Vafadari et al., 2016), and myelination,
synaptogenesis, and axon pathfinding (Reinhard et al., 2015). The
last review also highlighted the role of the Rho family and GTPases
as probably crucial players of MMP-9-controlled signaling in the
remodeling of synapses during physiological and aberrant plasticity
(Figiel et al., 2021). The MMP-9 expression is increased in the
hippocampus during learning and memory formation (Vafadari
et al.,, 20165 Beroun et al.,, 2019). However, the role of MMP-9
does not end with its involvement in the neurodevelopmental and
neuroplastic processes. MMP-9 also plays a role in the modulation
of cellular response to neuroinflammatory processes (Konnecke
and Bechmann, 2013; Hannocks et al., 2019). Also, possible is the
role of MMP-9 in arteriovenous growth and invasiveness (Panda
et al., 2020).

MMP-9 expression is strictly regulated during a body’s
development, with high levels at early developmental points,
and a subsequent decrease in adults (Oliveira-Silva et al., 2007;
Aujla and Huntley, 2014). The MMP-9 gene expression in
the adult brain is maintained at a very low level, however,
it rises significantly in certain conditions, e.g., during the
increased plasticity/activity of neurons. It was also found that in
pathological conditions abnormal MMP-9 release contributes to
the development or influences the course of many brain disorders,
including epilepsy, autism spectrum disorders, brain strokes, brain
tumors, neurodegeneration, brain injuries, schizophrenia, and
alcoholism (Reinhard et al., 2015; Vafadari et al., 2016; Pijet et al,
2018; Beroun et al., 2019; Bitanihirwe and Woo, 2020; Go et al.,
2020; Yin et al., 2020; Gore et al., 2021). MMP-9 has been shown
to mediate inflammation in nervous tissue in dementia (Panda
and Soni, 2022). There is a lot of evidence that MMP-9 could
represent a pathophysiological link between Alzheimer’s disease
(AD) (Kaminari et al, 2018). Also, potential (transient) blood-
brain barrier (BBB) dysfunction in neuropsychiatric systemic lupus
erythematosus (NPSLE) may be caused by changes in MMP-9
serum levels (Deijns et al., 2020).

1.2. Functional polymorphism of
MMP-9-1562C/T

The article describes the single nucleotide polymorphism of
the MMP-9-1562C/T gene (rs3918242) and its links to brain
disorders. The MMP-9-1562C/T polymorphism is characterized
by the replacement of cytosine (C) with thymine (T) at the
position 1562 bp in the MMP-9 gene promoter. Of course, the
frequency of mutations varies among different population groups
(Rodriguez-Murillo and Greenberg, 2008). What is particularly
important, is this polymorphism has a functional effect due to its
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influence on MMP-9 expression levels. If the allele T is present,
then the MMP-9 gene promoter activity is 1.5 times higher, when
compared to the allele C. These findings result from analyses in
the MALU macrophage cell line (Zhang et al., 1999). However,
these relationships were not confirmed by studies conducted in
primary cell cultures of amniotic epithelial cells, WISH (HeLa
derivative), or THP-1 (human leukemia monocytic) cell lines,
where no differences were found in the activity between the alleles
T and C (Ferrand et al, 2002). To date, no studies have been
conducted on the influence of this polymorphism on the MMP-
9 promoter activity or the expression level in the brain cells or
different types of cells. Recently, it was also demonstrated that
carriers of the allele T show an increase in the grey matter volume
(GMV), particularly pronounced in the right cerebral hemisphere,
in the inferior parietal lobule (IPL), when compared to people
with the allele C (Gregory et al., 2019). Additionally, this SNP was
associated with changes in the gray matter volume bilaterally in the
posterior part of the insula and the dorsolateral prefrontal cortex
(DLPFQC) in the left cerebral hemisphere (Gregory et al., 2019).
Furthermore, carriers of the allele T had increased GMV, when
compared to people with the allele C. Using functional magnetic
resonance imaging it has been found that individuals with the allele
T showed an increased brain activation associated with a working
memory in the inferior parietal lobule when compared to subjects
with the allele C (Gregory et al., 2019). However, the authors of the
paper suggest that the MMP-9-1562C/T polymorphism association
with schizophrenia risk is not related to the polymorphism-driven
changes in MMP-9 expression, but rather with its genomic linkage
with a nearby schizophrenia predisposing SLC12A5 gene, encoding
KCC2 (a neuronal specific K + -Cl- cotransporter) (Gregory et al,
2019). To support this thesis they indicate that a relationship
between the MMP-9-1562C/T polymorphism and the MMP-9 was
only found in macrophages (Zhang et al., 1999; Rodriguez-Murillo
and Greenberg, 2008). Later studies in primary cell cultures of
amniotic epithelial cells, WISH or THP-1 cells, could not confirm
the changes (Ferrand et al., 2002). Thus, there is no evidence that
this polymorphism affects the activity of the MMP-9 promoter in
the brain (Gregory et al., 2019). There is no other data that would
show the effect of this polymorphism on the organism as a whole,
on the organ system, or on the cells.

One of the hypotheses suggests that when the allele C is present,
a nuclear repressor protein binds to the MMP-9 promoter, and this
results in lower activity, and in turn, this protein is not able to bind
the MMP-9 promoter in the presence of the allele T resulting in an
increased activity of the promoter (Zhang et al., 1999; Nyati et al.,
2010). So far, however, no one has investigated the molecular basis
of the MMP-9-1562C/T polymorphism-dependent transcriptional
regulation of the MMP-9 gene.
MMP-9-1562C/T
polymorphism is localized in the gene promoter. It is known

As we have mentioned earlier, the
that when SNPs occur in transcription regulatory components,
then it may affect the gene expression (Robert and Pelletier,
2018). The NCBI database shows that over one trillion of SNPs
have been found in the human genome so far, of which only a
small part is functionally important, and the MMP-9-1562C/T
polymorphism should definitely be included among them. The
MMP-9-1562C/T polymorphism may result in a change of the
MMP-9 mRNA level, and can influence the possibility of an
occurrence of diseases, as well as the course of the MMP-9
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MMP-9-1562C/T polymorphism
(rs3918242)

. Brain diseases: [F=l e Effects of action genotype
-MS (Multiple Sclerosis) dependent:

-1 (Ischemic Stroke) -increased risk of disease

-AD (Alzheimer’s Disease) -change of the phenotype in the
-PD (Parkinson’s Disease) disease, and thus its course and

-ALS (Amyotrophic Lateral Sclerosis) ~ Prognosis

-VAD (Vascular Dementia) -change of the cellular environment,
-SZ (Schizophrenia) e.g. increased/decreased secretion
-Pituitary adenoma of inhibitors for MMP-9 due to

-GBS (Guillain-Barré Syndrome) altered levels of MMP-9

FIGURE 1

The figure shows brain diseases affected by the -1562C/T
polymorphism in the MMP-9 gene and possible effects of action
related to the occurrence of this polymorphism.

dependent brain disorders in humans (Figure 1). Therefore, it is
not surprising that many publications were analyzing the existence
of a relationship between MMP-9-1562C/T polymorphism and
neurological disorders. Our publication aims at presenting all
these efforts. However, it should be remembered that although
there were publications in which, depending on the C or T allele
in the MMP-9-1562C/T polymorphism, the expression level of
MMP-9 changed (Glebauskiene et al., 2017). Then the protein level
changed (Montaner et al., 2003) and finally the amount of MMP-9
in the serum changed (Fernandes et al., 2012; Valado et al., 2017; Li
et al., 2018) the mechanism of action of this polymorphism from
the molecular and functional side was not-thoroughly investigated.
The fact that there are still publications showing the relationship of
this polymorphism with various diseases shows that there is a lot
of interest in this topic. However, we believe that many studies are
still needed on the impact of this polymorphism on the activity and
expression of the MMP-9 gene to show the molecular mechanism
of its action.

1.3. The functional polymorphism of
MMP-9-1562C/T in diseases not related
to the brain

The discussed polymorphism was analyzed not only in the
context of the central nervous system diseases Certain reports
indicate its association with cardiovascular diseases (Mittal et al.,
2014), prostate cancer (Kiani et al., 2020), gastric cancer (Peng
et al,, 2017), T-cell acute lymphoblastic leukemia (Lin et al., 2017),
autoimmune diseases (Li et al., 2017), and chronic periodontitis
(Mashhadiabbas et al., 2019). For example, the allele T results
in the increase in MMP-9 levels in the serum of cardiovascular
patients, and it is associated with a nearly doubled risk of cardiac
death and significantly lower survival rates (Blankenberg et al.,
2003). The genetic analysis of the MMP-9-1562C/T polymorphism
showed a higher frequency of the allele T in patients with coronary
heart disease, vs. the control group (Wu et al., 2013). It was also
demonstrated that the increased MMP-9 levels in people with the
allele T contributes to the exacerbation of the atherosclerosis and
coronary artery stenoses (Spurthi et al., 2012). The recent meta-
analysis showed that CT and TT genotypes were associated with
the increased risk of coronary heart disease when compared to
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the CC genotype. This association was found in a group of Asians
(among which the largest group were patients from China), but not
in Europeans (Hassanzadeh-Makoui et al., 2020). The -1562C/T
polymorphism is also significantly correlated with the frequency
of myocardial infarction. The risk of myocardial infarction is
higher in people with the CT or TT genotype than in people
with the CC genotype (Juan et al., 2014). The -allele T was more
frequently found in patients with acute myocardial infarction, vs.
the control group. The frequency of the CT, and TT genotypes
was higher in patients with morbidity and mortality caused by
myocardial infarction than in people without such complications.
The serum MMP-9 levels were significantly higher in patients with
acute myocardial infarction, when compared to the control, and
more strongly associated with the TT genotype (Abd El-Aziz and
Mohamed, 2016). The MMP-9 -1562C/T polymorphism is also
associated with the risk of development of hypertension (Yang
et al,, 2015). In the case of neoplasms, e.g., people with CT + TT
genotype, who additionally had diabetes and smoked, were at a
3.52 times higher risk of developing prostate cancer (Iiani et al,
2020). In the case of gastric cancer, the meta-analysis showed that
carriers of the TT genotype were at 1.666 times higher risk of that
cancer when compared to carriers of the CC genotype (Peng et al.,
2017). The most recent publications also report the relationship
between the MMP-9-1562C/T polymorphism and the risk of pre-
eclampsia or breast cancer and its aggressiveness (Gannoun et al.,
2021; Bartnykaité et al., 2022; Huang et al., 2022; Yan et al., 2022).
It shows that the MMP-9-1562C/T polymorphism has a functional
effect not only on brain cells but also on other cell types.

2. Brain disorders associated with
the MMP-9-1562C/T polymorphism

2.1. Multiple sclerosis

Multiple sclerosis (MS) is a chronic disease of the CNS resulting
in disability and is characterized by the presence of demyelinating
the plaques in white matter of the brain. At the active stage of
the disease, the blood-brain barrier (BBB) is damaged, resulting in
the leakage of plasma proteins into the brain parenchyma. MMP-9
plays an important role both in the BBB degradation process and in
demyelination. The polymorphism of MMP-9-1562C/T affects the
activity of the MMP-9 promoter, may also affect the fluctuations of
MMP-9 in multiple sclerosis. Therefore, the relationship between
the MMP-9-1562C/T polymorphism and MS was investigated
(Sabbagh et al., 2019).

Before proceeding with the meta-analyzes and research related
to the influence of the single nucleotide polymorphism on brain
disease pathology, it is worth approaching this subject from the
genomic perspective. Genome-wide association study (GWAS)
performed on 3,002 individuals (1,652 cases and 1,350 controls) of
the German population, showed a nominally significant effect with
a p-value of 0.02936, OR referring to the minor allele (T) = 0.82,
CI = 0.69-0.98. This indicated that MS patients have a reduced
frequency of the allele T in MMP-9-1562C/Tpolymorphism.
A greater reduction of T-alleles in female MS patients was shown
after conducting separate calculations for females and males (OR
1.26 vs. 1.16) (Sabbagh et al., 2019). This meta-analysis after the
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application of a dominant genetic model showed additionally no
significant association between SNPs within the MMP-9 gene and
MS susceptibility (OR = 1.12, p = 0.57451) (Sabbagh et al., 2019).

The earliest publication concerning the discussed
relationship showed no correlation between the MMP-9-1562C/T
polymorphism and a risk of MS occurrence in Swedish people.
Genotype frequencies in Swedish MS patients were 143 for
genotype CC and 56 for genotype CT + TT (absolute and relative
frequency numbers are, respectively, 0.72 and 0.30) (Nelissen
et al,, 2000). Further studies in a group of people from Serbia
demonstrated a reduced incidence of the allele T in MS female
patients, vs. healthy women (x2 = 6.12, df = 1, p = 0.01), and
this suggested its protective action, in which the presence of the
allele T reduces the risk of MS development in women. Allele T
frequency in female patients was 10%, and in healthy females was
17% (Zivkovi¢ et al., 2007). These results were supported by studies
by Benesova et al. (2008) conducted on the European population.
They confirmed that the T allele carriers were less frequent in
the female patients with MS-11.3% compared with 19.5% in
healthy females—(Pa = 0.01, Pacorr = 0.05) (Benesovd et al., 2008).
Studies conducted in the Russian population also showed that the
allele C of the MMP-9-1562C/T polymorphism is involved in MS
development. They detected a significant link/association between
MS and the allele C of MMP9-1562C/T polymorphism (%2 = 4.1,
p=0.04) (Makarycheva et al., 2011).

Contrary to previous research, studies on the Polish population
showed that the presence of the allele T was associated with
an increased risk of MS development (p = 0.003; OR, 1.7). The
CT + TT genotype was more often found in MS patients, regardless
of their sex, when compared to healthy people (p = 0.0060). It was
also identified that carriers of the genotype CC of the MMP-9-
1562C/T polymorphism tended to be younger of at the onset of MS
symptoms compared to carriers of the T allele (CT + TT genotype)
(p = 0.0046) (Mirowska-Guzel et al., 2009). Studies conducted by
the La Russa team in patients from Italy also showed that the
allele T was significantly more frequently found in MS patients,
vs. healthy people (P = 5.6 x 107> Padj = 4.0 x 10~%). The
presence of the CT + TT genotype in MS patients and controls
was, respectively, 79 and 26 compared to CC genotype where the
numbers were 164 and 147, respectively (La Russa et al., 2010).
The latest studies also showed that CT and CT + TT genotypes,
and-the allele T increased the risk of MS in patients from Egypt.
CT, CT + TT genotypes, and T allele carriers were found mostly
among MS patients compared to healthy people (p = 0.009). In
terms of the disease phenotype, MS patients with the allele T did
not differ significantly from carriers with the allele C (Ibrahim et al.,
2019). These findings were also confirmed in a group of patients
from Iran. It was demonstrated that the allele T of the MMP-
9-1562C/T polymorphism was associated with an increased risk
of susceptibility to multiple sclerosis, therefore, it may predispose
them to MS development. The T allele frequencies between MS
patients compared to healthy volunteers were, respectively, 71.5
and 40% (p < 0.001) (Sabbagh et al.,, 2019).

The other studies showed that despite a lack of the MMP-
9-1562C/T polymorphism influence on MS development, it has
2009).
Significant differences were observed when the genotype and allele

modified the course of this disease (Fernandes et al,

frequencies of the MMP-9-1562/T polymorphisms were analyzed
in MS patients subgrouped by clinical status (all p < 0.0001)
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(Fernandes et al., 2009). In the meta-analysis conducted to explain
the existence of a relationship between the MMP-9-1562C/T
polymorphism and MS incidences, covering 10 studies on MMP-
9-1562C/T SNP with 1,757 MS patients and 1,702 control subjects,
a strong positive correlation was shown between the discussed
polymorphism and the risk of MS incidence. TT vs. CC model
(OR =3.20,95% CI = 1.87-5.46, p < 0.001), and CT vs. CC model
(OR =1.53,95% CI = 1.02-2.28, p = 0.04) increased the risk of MS
susceptibility (Mohammadhosayni et al., 2020).

Furthermore, it was demonstrated that the MMP-9-1562C/T
polymorphism was associated with varied plasma MMP-9 levels
in MS patients. Patients with the CT + TT genotype had higher
plasma MMP-9 levels (2.13 £ 0.016) vs. patients with the CC
genotype (1.21 & 0.06) (p < 0.0001) (Fernandes et al., 2012). That
relationship was not confirmed by studies of Valado et al. (2017),
but they found that in the control group (healthy subjects), the
presence of the T allele was associated with higher plasma MMP-
9 levels (p = 0.008). The latest study showed that plasma MMP-9
levels were higher in treatment-naive patients with relapsing-
remitting multiple sclerosis (RRMS) when compared to healthy
subjects (Samangooei et al., 2021). Furthermore, plasma MMP-9
levels in the kin of the first degree of MS patients (high risk subjects)
were higher than in the control group, but this result was not
statistically significant (p = 0.208) (Samangooei et al., 2021). Both
in treatment-naive RRMS patients and in the kin of the first degree
of MS patients (high risk subjects), the plasma MMP-9 level was
higher in women (p = 0.011). A decrease in the plasma MMP-9
level with age was also observed, both in treatment-naive RRMS
patients and in subjects from the high risk group (p = 0.001 and
p = 0.025, respectively) (Samangooei et al., 2021). This research
group strongly recommends the use of MMP-9 as a biomarker in
MS pathogenesis (Samangooei et al., 2021).

In the case of the relationship between the MMP-9-1562C/T
polymorphism and the risk of multiple sclerosis, it can be said that
the T allele of the MMP-9-1562C/T polymorphism is associated
with a higher incidence of multiple sclerosis, as well as with a
worse course of the disease. There have been also studies in which
it was described that the T allele, compared to the C allele, has a
protective function and will prevent the development of MS, but
they are entirely old and there are only a few of them. It can be
also concluded that patients carrying the T allele in their genotype
have higher serum levels of MMP-9 compared to patients with the
C allele, which would suggest using of MMP-9 as a marker in the
pathogenesis of MS.

2.2. Brain stroke

Ischemic stroke (IS) is a sudden focal CNS injury of vascular
origin. An increased level of MMP-9 expression was shown in the
serum and brain tissues of IS patients (Nie et al., 2014; Abdelnaseer
et al, 2017). It was also demonstrated that higher serum MMP-9
levels at the acute IS stage were associated with a higher risk of
death and severe disability (Zhong et al., 2017). There are several
mechanisms of how MMP-9 may affect the environment in strokes.
The greatest danger is the effect of MMP-9 on the disruption of
the blood-brain barrier (BBB) by digesting type IV collagen and
occluding and claudin, essential components of tight junctions
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proteins (TJPs) in the BBB (Rosell et al, 2008; Yamada et al,
2013). MMP-9 is also involved in the immune response during
strokes. Factors such as TNF-a and IL-6 activate the expression of
MMP-9, and metalloprotease, in turn, is involved in the subsequent
activation of IL-1f and CXCL-8 (Zhu et al., 2022). In addition,
MMPs are capable of proteolytic degrading of myelin basic proteins
(MBP) (Chandler et al., 1995; Figure 2).

As we mentioned earlier expression of MMP-9 has changed
and higher serum level was connected with a higher risk of
death in IS patients. This suggests that serum MMP-9 levels
may be an important prognostic factor in IS. The MMP-9-
1562CT polymorphism affecting the promoter of the MMP-9
gene may also cause a change in the expression of the MMP-
9 gene and, consequently, a change in the level of MMP-9 in
the plasma. Therefore numerous studies were conducted, focusing
on a relationship between the MMP-9-1562C/T polymorphism
and brain strokes.

Studies conducted in the Polish population did not show a
relationship between the -1562C/T polymorphism in the MMP-9
gene and the risk of ischemic stroke of varying etiologies. They
studied 222 patients with cardioembolic stroke (CE), 100 stroke
patients with small vessel disease (SVD), and 96 stroke patients with
large vessel disease (LVD). The control group was composed of 408
subjects. The CC, CT, and TT genotypes of the MMP-9 gene were
in Hardy-Weinberg equilibrium for patients with different stroke
etiologies and for the total and control groups separately (p > 0.1
for each group) (Szczudlik and Borratynska, 2010). Other studies
in the Polish population demonstrated a higher occurrence of the
T allele and the CT + TT genotype in patients with a stroke (90%
of patients had the ischemic stroke) when compared to healthy
subjects (OR 1.73, 95% CI 1.34-2.23 and 1.89, 95% CI 1.39-2.56,
respectively). The patients with the T allele (CT + TT) were younger
when the stroke occurred (63.5 & 11.7 years), vs. patients with
the CC genotype (71 £ 14.1 years) (p = 0.0002) (Buraczynska
et al,, 2015). A recent study of a 100 Indian patients and a 100
controls showed a similar association of the CT genotype (adjusted
odds ratio [aOR] = 7.09; P < 0.001), TT genotype (aOR = 19.75;
P <0.001), and T allele (aOR = 10.71; P < 0.001) with a significant
risk of ischemic stroke. The risk for the development of ischemic
stroke in the Indian population was 10.71-times higher when the
allele T occurs vs. allele C. This group of researchers also revealed
that methylation in the MMP-9 gene promoter decreased the risk of
stroke (aOR = 0.23; P < 0.001) (Choudhari et al., 2021). Montaner
et al. (2003) conducted a study in the Spanish population and did
not find any differences in the frequency of alleles of the -1562C/T
polymorphism in the MMP-9 gene between healthy subjects and
patients with acute brain stroke (CC/CT/TT: 79.7/20.3/0% vs.
72.3/27.7/0% respectively; p = 0.37). This group of researchers also
showed that the plasma MMP-9 level was significantly higher in
patients with acute brain stroke, who later had large parenchymal
hemorrhages (PH) when compared to patients with acute brain
stroke who did not have such hemorrhage (PH, 191.4 ng/mL; non-
PH, 68.05 ng/mL; p = 0.022). The MMP-9 protein levels were
slightly higher in patients with acute brain stroke who had the CC
genotype when compared to the patients with the CT/TT genotypes
(CC, 127.12 ng/mL; CT/TT, 46.31 ng/mL; p = 0.11) (Montaner
et al., 2003).

Studies in the Chinese population showed that the T'T genotype
and presence of the allele T were associated with the increased
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risk of IS symptoms development, vs. the CC genotype. The
ischemic stroke occurrence was 1.5 times higher in carriers of
the allele T (OR = 1.543, 95% CI = 1.144-2.080, p = 0.004)
(Nie et al, 2014). Another study was also conducted in that
population, which showed that patients with the CC genotype
and the CT + CC genotypes were at a significantly higher risk
of ischemic stroke, vs. the TT genotype [ORs (95% CI) was
5.47 (2.64-12.38) and 1.55 (1.08-2.24), respectively]. Genotype
frequencies in Chinese IS patients were 171 for genotype CC, 146
for genotype CT + TT and 39 for genotype TT. Furthermore, it
also showed a positive relationship between the TC + CC genotypes
of the -1562C/T polymorphism accompanied by smoking, and a
risk of IS development OR (95% CI) was 2.03 (1.11-3.74) (Hao
et al,, 2015). Another study in the Chinese population confirmed
that the CC genotype of the MMP-9-1562C/T polymorphism
was associated with a higher risk of the ischemic stroke, when
compared to the TT genotype [OR (95%CI) = 5.47 (2.64-12.38)].
Furthermore, a correlation between the polymorphism and the
risk of the ischemic stroke development was analyzed, taking into
account, among others, patients’ BMI. The TC + CC genotypes were
associated with the increased risk of ischemic stroke in patients
with higher BMI [OR (95%CI) = 1.81 (1.03-3.22)] (Zhao et al,
2015). Detailed studies were also conducted in a relatively large
population of people from southern China, where a significant
relationship between allele frequencies of the MMP9-1562C/T
polymorphism between 1,274 IS patients and 1,258 controls was
observed (p = 0.012 for the genotype and p = 0.0092 for the
allele) (Li et al, 2018). The presence of the allele T of the -
1562C/T polymorphism in the MMP-9 gene was higher compared
to controls (OR = 1.32, 95% CI: 1.11-1.59, p = 0.0092) and was
associated with a higher risk of IS development. Furthermore,
the allele T was associated with a higher risk of large artery
atherosclerosis (LAA) IS (p = 0.017). The serum MMP-9 level was
significantly higher in IS patients with the CT and TT genotypes
of the MMP-9-1562C/T polymorphism than in carriers of the main
CC genotype (p = 0.031). Furthermore, patients with the genotype
variants (CT + TT) of the MMP-9 polymorphism had larger stroke
lesion volumes than carriers of the CC genotype (p = 0.036). The
studies also showed that smokers being carriers of the allele T,
which is associated with elevated MMP-9 levels, were at a higher
risk of IS development (p = 0.022) (Li et al., 2018).

Many meta-analyses were conducted concerning a relationship
between the -1562C/T polymorphism and IS development. The
first meta-analyses showed that this polymorphism is not a risk
factor for IS. Of the studies included in this meta-analysis, five
concerned the ischemic stroke, one the hemorrhagic stroke, and
one concerned with both ischemic and hemorrhagic stroke. No
significant association was detected in the T allele vs. C allele [OR
0.98, 95% CI (0.84, 1.15), p = 0.84], nor in the dominant genetic
model [OR 0.95, 95% CI (0.81, 1.13), p = 0.59], the recessive
genetic model [OR 1.55, 95% CI (0.86, 2.81), p = 0.15] (Fan et al,,
2014). The second meta-analysis also did not show a relationship
between the MMP-9-1562C/T polymorphism and a risk for the
ischemic stroke development. The overall ORs and 95% ClIs of
MMP-9 -1562T were 0.78, 0.59-1.02 (p = 0.460) and 1.65, 0.73-
3.75 (p = 0.340) compared with C in the dominant and recessive
models, respectively (Wen et al., 2014). However, the fact that the
quantity of data available at that time was lower than the quantity
used in later meta-analyses should also be considered. The first
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The figure shows possible mechanisms of the MMP-9-1562C/T polymorphism, which may affect the expression of the MMP-9 gene. Higher levels
of MMP-9 in strokes may contribute to (1) BBB disruption, (2) activation of pro-inflammatory cytokines and chemokines, and (3) destruction of MBP.
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meta-analysis was based on seven studies of 3,149 patients and the
second on three studies and 1,087 patients (Fan et al., 2014; Wen
et al., 2014). Meta-analyses conducted later showed a significant
relationship between the MMP-9-1562C/T polymorphism and a
risk of ischemic stroke. All three late meta-analyses showed that
in the Chinese population, the allele T and the TT + CT genotype
were associated with the increased likelihood of ischemic stroke,
vs. the allele C and the CC genotype (e et al., 2017; Misra et al,
2018; Wang et al., 2018). Furthermore, two of those meta-analyses
showed that this polymorphism had functional importance only in
the Chinese population, but there was no relationship between its
occurrence and the risk of ischemic stroke in the European group
(He et al,, 2017; Wang et al., 2018). The meta-analysis published
by He et al. (2017) included 3 studies performed on 801 cases and
877 controls in the European population, and 11 studies on 2,432
cases and 2,246 controls in the Chinese population. In the Chinese
population T vs. C was OR = 1.60, 95% CI = 1.41-1.82, p < 0.001;
TT + CT vs. CC: OR = 1.48,95% CI = 1.28-1.71, p < 0.001 and in
the European population T vs. C was OR = 1.30, 95% CI = 0.79-
213, p < =0.305 TT + CT vs. CC: OR = 1.30, 95% CI = 0.68-
2.49, p = 0.423 (He et al, 2017). Wang et al. analyzed sixteen
original studies including 3,647 stroke patients and 3,685 unrelated
controls. Overall analysis showed that MMP-9 gene rs3918242
polymorphism significantly increases stroke risk (T vs. C; TT vs.
CGC; CT vs. G TT + CT vs. CC; TT vs. CT + CC; all p < 0.05).
However, stratification by ethnicity showed a significant association
between MMP-9-1562C/T polymorphism and increased stroke risk
only among Asians, but not among Europeans (TT + CT vs.
CC) (Wang et al., 2018). However, one of those meta-analyses
showed a significant relationship between the recessive model of
the MMP-9-1562C/T polymorphism (TT vs. CC + CT) and the
risk of ischemic stroke in the European population (OR 2.06; 95%
CI 1.14-3.73; p-value = 0.02) (Misra et al., 2018). The last meta-
analysis from 2020 showed a relationship between the -1562C/T
polymorphism in the MMP-9 gene and the increased risk of IS
incidence in Asians: the T vs. C comparison gave an OR of 1.419
with a 95% CI of 1.244-1.620; (TT vs. CC) gave an OR of 2.113
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with a 95% CI of 1.339-3.332; and the (TT vs. CT + CC) analysis
indicated an OR of 1.996 with a 95% CI of 1.259-3.164. Also,
a significant association was found in the European population:
(TT vs. CC): 2.708 (95% CI, 1.417-5.173); (TT vs. CT + CC):
2.487 (95% CI, 1.308-4.732). Additionally significant associations
were found between MMP-9-1562C/T polymorphism and risk for
IS, both in men and women, as well as in people below and
above 65 years of age, with or without diabetes, and smoking.
5,630 cases and 5,368 controls from nineteen studies (16 were of
Asians, whereas the other 3 were of whites) were included in this
study (Wu et al., 2020).

Furthermore, the MMP-9-1562C/T polymorphism was also
studied in a context of early neurological deterioration (END) in
brain strokes. Early neurological deterioration is relatively common
in patients with acute ischemic brain stroke and is associated with
an increased mortality rate (Vi et al, 2019a). In the paper by Yi
et al. (2019a), it was demonstrated that the CT/TT genotype of
MMP-9-1562C/T was significantly statistically associated with a
moderate or severe stroke. Among patients with moderate or severe
strokes, the frequency of CT/TT was significantly higher than in
patients who are carriers of wild CC type (31.8% [35/110] vs. 15.2%
[77/505], respectively, p < 0.001). It was also demonstrated that the
END frequency was higher in patients with the CT/TT genotype,
vs. patients with the CC genotype (30.0% [33/110] vs. 14.9%
[75/505], respectively, p < 0.001). This prospective study proposed
a possible role of the MMP-9 gene polymorphism in higher END
risk in patients with atrial fibrillation (Vi et al., 2019a). Generalized
multifactor dimensionality reduction (GMDR) analysis showed a
gene-gene interaction among tumor protein P53 rs1042522 C > G,
mouse double minute 2 homolog MDM-2 rs2279744 T > G, and
MMP-9-1562C/T. Interaction between these three variants was
connected with a higher risk of neurological deterioration and poor
functional outcome after IS (genotypes CC vs. GG; TT vs. GG; CC
vs. TT, respectively, gave an OR of 2.74 with 95% CI 1,31-5,96,
p=0.003) (Yietal, 2019b).

Generally, the T allele and the CT + T'T genotypes appear to be
responsible for the increased risk of strokes. Most studies, as well

06 frontiersin.org


https://doi.org/10.3389/fncel.2023.1110967
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Pabian-Jewuta and Rylski

MMP-9
promoter of
interest
-1562C/T

Chr 20

_C
S
.
S

ql3.12

FIGURE 3

MMP-9 gene

Variant genotype ‘ .

10.3389/fncel.2023.1110967

Brain diseases:

-MS (Multiple Sclerosis)

-IS (Ischemic Stroke)

-AD (Alzheimer’s Disease)

-PD (Parkinson’s Disease)

-ALS (Amyotrophic Lateral Sclerosis)
-VAD (Vascular Dementia)

-SZ (Schizophrenia)

-Pituitary adenoma

-GBS (Guillain-Barré Syndrome)

MMP-9 gene polymorphism. A schematic representation of chromosome 20 with the location of the MMP-9 gene as well as possible genotypes of

the MMP-9 gene polymorphism and their impact on brain related diseases.

as meta-analyses, indicate the association of the presence of the
T allele of the MMP-9-1562C/T polymorphism in patients with a
higher risk of stroke, as well as with early neurological deterioration
and higher mortality compared to allele C carriers.

2.3. Neurodegenerative diseases

MMP-9, a major component of the vascular basement
membrane of arteries, may contribute to the pathogenesis of
neurodegenerative diseases such as Alzheimer’s disease (AD),
Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS)
(He et al, 2013). MMP-9 causes neuronal death mediated by
neurotoxins through the NF-kB induction and AP-1 binding to its
). The MMP-9 proenzyme level
is elevated in the plasma of AD patients (Baig et al., 2008), what
could be related to MMP-9-1562C/T polymorphism. Accordingly,
an expression of the tissue inhibitors of MMPs is elevated in

gene promoter (Kim et al., 201(

the cerebrospinal fluid of PD patients, and the skin, serum, and
cerebrospinal fluid of ALS subjects (He et al., 2013).

Genome-wide association study meta-analysis conducted
mainly on participants of European origin showed a little evidence
that MMP-9 expression quantitative trait loci (eQTLs) and protein
quantitative trait loci (pQTLs) affected the odds of Alzheimer’s
disease (p = 0.45 and p = 0.51) (Anderson et al., 2022).

In 2003, Helbeque et al. demonstrated that the MMP-9-
1562C/T polymorphism is associated with the reduced risk for
dementia development in the course of Alzheimer’s disease in the
French population. Patients without the apolipoprotein E4 allele
(APOE e4), being a factor contributing to AD development, but
with the allele T of the -1562C/T polymorphism in the MMP-9
gene were at a lower risk of dementia development when compared
to carriers of the allele C [OR = 0.6 (95% CIL, 0.3-1.0), p = 0.05]
(Helbecque et al, 2003). Similarly, F (2006) showed
that MMP-9-1562C/T polymorphism, or rather a genotype TT is

lex et al.
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positively correlated with the development of vascular dementia in
the Italian population (OR = 6.8, 95% CI, 1.3-35.1, p = 0.02). The
TT genotype was significantly more common in VAD patients vs.
the control (p = 0.03). However, the frequency of the TT, CT, and
CC genotypes did not differ significantly between the patients with
Alzheimer’s disease and the control subjects (TT vs. CC: OR = 4.8,
95% CI, 0.9-23.8, p = 0.052; TT vs. CT: OR = 4.4, 95% CI, 0.7-
25.7, p = 0.098; CT vs. CC: OR = 1.0, 95% CI, 0.6-1.7, p = 0.819)
(Flex et al., 2006). However, a few years later, the same research
group demonstrated in the Italian population that the frequency
of the TT genotype in AD patients was significantly higher when
= 0.027) (Flex et al,, 2014).
AD patients were twice more frequently the carriers of the TT
genotype of the -1562C/T polymorphism in the MMP-9 gene when
4). Other studies,
using tissues collected from AD patients from England, showed that
there was no relationship with the MMP-9-1562C/T polymorphism
)8). In that case, the frequency of the CC and
CT/TT genotype did not differ significantly between controls and
AD subjects (p = 0.413 and p = 0.367), and was also not associated
with APOE e4 (control p = 1.0, AD p = 0.799) (Baig et al., 2008).
In studies conducted in the Chinese population, a relationship
between the MMP-9-1562C/T gene polymorphism and a risk of PD
or ALS development were analyzed, and it was found that it is a

compared to healthy people (1.4%; p

compared to the control group (Flex et al., 201

(Baig et al., 20(

risk factor for those two diseases. There were significant differences
between sick patients and control individuals in allele frequencies
Cvs. T (for PD: p < 0.001; for ALS: p = 0.002) and in genotype CC
vs. CT + TT frequencies (for PD: p < 0.001; for ALS: p = 0.006)
(He et al., 2013).

In conclusmn, in the case of neurodegenerative diseases, it is
difficult to determine which allele or genotype in the MMP-9-
1562C/T polymorphism is associated with a higher probability of
developing the diseases. There is insufficient literature data on this
subject and it requires further research.
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2.4. Schizophrenia

MMP-9 influences the function of the hippocampus and the
prefrontal cortex, and as a consequence it is suspected of being
involved in the development of schizophrenia (SZ), in which
damage to the prefrontal cortex is one of the most common
pathological symptoms ( ). In the clinical studies,
an increased MMP-9 expression was observed in samples of blood
from schizophrenic patients ( ;

). Furthermore, abnormal peripheral expression and disrupted
methylation of the MMP-9 gene were demonstrated in SZ patients
( ). Changes in the expression of the MMP-9 gene
may be dependent on the MMP-9-1562C/T polymorphism.

In the first studies of the Polish population on a relationship
between the -1562C/T polymorphism and schizophrenia, a much
higher occurrence of the CC genotype was found compared to
CT + TT genotypes in the schizophrenic patients than in the
healthy population (p = 0.032 OR = 1.39 95% CI 1.03-1.89).
The study was carried out in a group of 442 schizophrenic
patients and 558 healthy control subjects ( ).
However, two subsequent studies, also conducted on the Polish
population, did not confirm these results. Groszewska et al. in a
study conducted on 147 patients with SZ did not find a statistically
significant relationship between the analyzed polymorphism and
schizophrenia. There were no statistically significant differences
in the transmission of individual alleles of the MMP-9-1562C/T
). Also,
Bienkowski et al. did not find any differences in the frequency

polymorphism (p = 0.241) (

of genotypes and alleles of the MMP-9-1562C/T polymorphism
between SZ patients and the control group in the Polish population
(p = 0.3 and p = 0.1, respectively). Furthermore, no relationship
was found between this functional polymorphism and different
(deficit and non-deficit) SZ groups. No differences were found in
genotype (p = 0.2) and allele frequencies (p = 0.08) between non-
deficit patients and the controls and there were no differences in
genotype (p = 0.6) and allele frequencies (p = 0.4) between the
). In the
Egyptian population, the occurrence of the genotypes of the MMP-

deficit patients and the controls (

9-1562C/T polymorphism did also not differ significantly between
the control and the SZ patients (p = 0.396). The research was
conducted on 44 SZ patients and 50 healthy subjects. However, this
research group discovered that patients who are carriers of the CC
genotype in the -1562C/T polymorphism of the MMP gene scored
higher on the Positive and Negative Syndrome Scale (PANSS) in
SZ than subjects with the CT/TT genotype (p = 0.007), and this
may imply a possible relationship between MMP-9-1562C/T SNP
and exacerbation of the clinical manifestation of schizophrenia
( ). A study in the Chinese population (performed
on 298 patients with schizophrenia and 298 controls) showed that
the T allele of the MMP-9-1562C/T polymorphism of the MMP-9
gene may predispose an occurrence to SZ, and this risk is 1.6 times
higher (C allele vs. T allele: odds ratio = 1.564, 95% CI: 1.005~2.436,
p = 0.046) (
between the discussed polymorphism and schizophrenia in patients

). Furthermore, a relationship

infected with Toxoplasma gondii was demonstrated in the Lebanese
population. It was found that all schizophrenic patients who did not
have antibodies against Toxoplasma gondii had the wild type CC
genotype (p = 0.003), while patients diagnosed with schizophrenia
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and with the positive result for the antibodies against Toxoplasma
gondii, possessed the allele T of MMP-9-1562C/T polymorphism.
The frequencies of muted allele T was significantly higher in
patients with toxoplasmosis compared to those who have not had
the infection (67.5, 74.0%; p < 0.001) ( ).

In the case of schizophrenia, we think that it is also impossible
to determine which allele could be unambiguously responsible
for the development of the disease. Some studies indicate that
the C allele and the CC genotype, compared to the T allele and
the CT + TT genotype, seem to be responsible for a higher
risk of schizophrenia, as well as worsening of the symptoms.
However, there have also been studies indicating the T allele may
be connected with an increased incidence of SZ. In the case of
this disease, more research is needed to examine the relationship
between the MMP-9-1562C/T polymorphism and the risk of
developing schizophrenia.

2.5. Brain tumors

It was demonstrated that in tissues of glioblastoma multiforme,
the MMP-9 gene expression is elevated and increases along with
the tumor grading ( ). This mechanism may
be related to the presence of the MMP-9-1562C/T polymorphism,
which affects the activity of the MMP-9 promoter (

). An analysis of the correlation between the MMP-9-1562C/T
polymorphism and the risk of incidence of all 4 astrocytoma
grades according to the WHO scheme conducted in the Chinese
population, did not find this association. MMP-9 genotypes and
allelotypes did not differ significantly between the astrocytoma
patients and the control group (0.818) ( ).

Studies in patients with invasive pituitary adenomas showed
a significantly higher MMP-9 expression when compared to
non-invasive pituitary adenomas ( ). However,

( ) demonstrated that in pituitary
adenomas, the CC genotype of the -1562C/T polymorphism of the
MMP-9 gene was correlated with lower expression of the MMP-
9 gene, but differences were not statistically significant (p = 0.9).
Genotype CC was also more frequent in a group of patients with
this neoplasm when compared to healthy people (81.4 vs. 64.6%,
p =0.002). The CC genotype was more frequently observed in non-
recurring, inactive pituitary, non-invasive, and invasive adenomas
when compared to the control (81.0% vs. 64.6%, p = 0.041; 81.8%
vs. 64.6%, p = 0.005; 100.0% vs. 64.6%, p < 0.001; 81.8% vs. 64.6%,
p = 0.021; respectively) ( ).

Similarly, in the case of the association of the MMP-9-1562C/T
polymorphism with an increased risk of brain tumors, there are not
enough studies to draw any conclusions.

2.6. Guillain—Barré syndrome

Guillain-Barré syndrome (GBS) is a progressive disease of the
peripheral nervous system with an immunological background
( ). Matrix metalloproteinase 9 is an inflammatory
mediator regulating the composition of the extracellular matrix
through degradation of its components, such as elastins, collagens,

and proteoglycans ( ). In GBS patients
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TABLE 1 The table contains alleles and genotypes of the -1562C/T polymorphism of the MMP-9 gene, diseases that are affected by specific alleles and
genotypes, populations in which the studies were conducted, appropriate references, number of cases and controls, p-value.

The allele/Variant Disease Study References Cases and
population controls
Significant decrease of allele T in female patients with MS |  Multiple sclerosis | Serbian population | Zivkovi¢ etal, 2007 | 187 cases and 282 controls p=0.01
compared to healthy female controls
T allele less frequent in female MS patients Multiple sclerosis | European population | Benesova et al, 2008 | 244 cases, 132 controls p=0.01
Association of allele C with MS Multiple sclerosis | Russian population | Makarycheva etal, | 104 nuclear families, each p=0.04
2011 of them comprising MS
patients and their healthy
parents
Allele T/genotypes CT + TT associated with increased Multiple sclerosis Polish population Mirowska-Guzel 234 cases, 190 controls p =0.003/
risk of MS et al.,, 2009 p < 0.00001
Significant increase of T alleles in MS patients Multiple sclerosis Italian population | La Russa etal, 2010 | 243 cases, 173 controls p=56x10"°
Significant increase of allele T/genotypes CT, CT + TTin | Multiple sclerosis | Egyptian population | Ibrahim et al, 2019 50 cases, 100 controls p =0.009
MS patients
Significant increase of allele T in MS patients Multiple sclerosis | Iranian population | Sabbagh etal., 2019 | 100 cases, and 105 controls p < 0.001
Significant increase of allele T/genotypes CT + TT in IS Ischemic stroke Polish population Buraczynska et al., 320 cases, 400 controls p < 0.0001/
patients 2015 p <0.0001
Significant increase of allele T/in IS patients Ischemic stroke Chinese population Nie et al., 2014 396 cases, 400 controls p=0.004
Association of genotypes CC, CT + CC with increased Ischemic stroke Chinese population Hao et al., 2015 317 cases and 317 controls p <0.001/
risk of IS p=0.01
Association of genotype CC with increased risk of IS Ischemic stroke Chinese population Zhao et al., 2015 335 cases, 335 controls p <0.001
Significant increase of allele T in IS patients Ischemic stroke Chinese population Lietal, 2018 1274 cases, 1,258 controls p =0.0092
Association of allele T/genotypes CT + TT with increased |  Ischemic stroke Chinese population He etal., 2017 3233 cases, 3,123 controls p <0.001/
risk of IS p <0.001
Association of allele T/Genotypes CT + TT with Ischemic stroke Chinese population | Wangetal, 2018 | 3647 cases, 3,685 controls all p <0.05
increased risk of IS
Association of genotype TT with increased risk of IS Ischemic stroke | European population | Misra et al., 2018 923 cases, 1,016 controls p=0.02
Association of genotype TT with increased risk of IS Ischemic stroke Mixed population Wu et al., 2020 630 cases, 5,368 controls p=0.005
Significant association of genotype CT/TT in patients Severe to moderate | Chinese population Yi et al., 2019a Severe IS-112 patients p <0.001
with severe to moderate stroke ischemic stroke Moderate IS-503 patients
Significant association of genotype CT/TT in patients Early neurologic Patients with END-108 p <0.001
with END deterioration Patients without END-507
Association of allel T with a lower risk of developing Dementia in the French population Helbecque et al., 229 cases, 253 controls p=0.05
dementia course of 2003
Alzheimer’s disease
Association of genotype TT with increased risk of VAD Vascular dementia | Italian population Flex et al., 2006 193 cases, 223 controls p=0.02
Significant increase of genotype TT in AD patients Alzheimer’s disease | Italian population Flex et al,, 2014 533 cases, 713 controls p=0.027
Significant increase of allele C and genotype CC in SZ Schizophrenia Polish population Rybakowski et al., 432 cases, 558 controls p=0.032
patients 2009
Association of genotype CC with higher PANSS Clinical Egyptian population Ali et al., 2017 44 cases, 50 controls p=0.034
manifestation of
schizophrenia
Association of allele T with increased risk of SZ Schizophrenia Chinese population Han et al, 2011 298 cases, 298 controls p =0.046
Association of genotype CC with risk of pituitary Pituitary adenoma Lithuanian Glebauskiene et al., 86 cases, 526 controls p=0.021
adenoma population 2017
Significant increase of allele T and genotype CT with a Severe course of Bangladesh Hayat et al., 2020 303 cases, 303 patients p=0.01
severe form of GBS Guillain-Barré population
syndrome

in the progressive phase of the disease, elevated levels of
pro-inflammatory cytokines, such as TNF-a and IL-1b, and
metalloproteinase MMP-9 are found (Hayat et al, 2020). In
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patients with Guillain-Barré syndrome, the expression of MMP-
9 and pro-inflammatory cytokines decreases in the recovery stage
(Hayat et al., 2020). The MMP-9-1562C/T polymorphism affects
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the activity of the MMP-9 promoter (Zhang et al., 1999) and
is presumed to also affect the expression of the MMP-9 gene.
Differences in the expression of the MMP-9 gene may also affect the
change in the overall intracellular environment, and thus also the
activity of pro-inflammatory cytokines. It is indicative that MMP-9
contributes to the GBS pathogenesis.

A study conducted on 263 patients of the European race
showed that -1562C/T SNP in the MMP9 gene was significantly
correlated with the disease exacerbation in GBS patients (p = 0.01)
but no relationship between this polymorphism and higher GBS
incidence was observed (Geleijns et al., 2007). Furthermore, it was
demonstrated that the polymorphic variant of the SNP allele in the
MMP-9-1562C/T gene was more frequent in patients with severe
GBS, when compared to patients with mild GBS (13.6 vs. 5.7%,
OR = 2.6, 95% CI = 1.1-6.0, p = 0.02) (Geleijns et al., 2007).
These results were confirmed by Hayat et al. in studies in the
Bangladesh population (303 patients with GBS and 303 healthy
controls). They demonstrated that the genotype and the frequency
of alleles of the MMP-9-1562C/T polymorphism does not differ
significantly between the GBS patients and the healthy subjects
(p = 0.665 and p = 0.479, respectively). Furthermore, no significant
relationship was found between this polymorphism and the GBS
frequency (p = 0.47 for genotypes and p = 0.48 for alleles). However,
a relationship between the increased frequency of the CT genotype
and the T allele in patients with the severe GBS was found, when
compared to a mild form of this disease (p = 0.01, OR = 2.28,
95% CI = 1.22-4.22; pc = 0.03 and p = 0.012, OR = 2.0, 95%
CI = 1.14-3.38; pc = 0.024, respectively). Furthermore, the TT
genotype dominated in GBS patients with a poor prognosis, when
compared with patients with a good prognosis after 6 months
from the onset of GBS (4.2 vs. 1.4%), but this relationship was not
statistically significant. It was also demonstrated that the serum
MMP-9 levels were significantly elevated in GBS patients when
compared to healthy subjects, and in patients with axonal and
demyelinating GBS, when compared to healthy subjects (p < 0.0001
and p < 0.0001, respectively). These authors suggest the role of
MMP-9-1562C/T polymorphism in the severity of the GBS disease
(Hayat et al, 2020). Concluding, it was demonstrated that the
MMP-9-1562C/T polymorphism may predispose people to the
development of severe GBS forms.

Data on the association of the MMP-9-1562C/T polymorphism
with GBS indicate that this polymorphism is related to the course
of this disease.

3. Conclusion

Metalloproteinase-9 (MMP-9) plays an important function
in the physiology and pathology of the nervous system. The -
1562C/T polymorphism in the MMP-9 gene influences the activity
of its promoter, resulting in the modified expression of that
metalloproteinase in the brain. In consequence, the MMP-9-
1562C/T polymorphism influences the likelihood of development
and the course of many brain diseases associated with abnormal
MMP-9 expression found by many researchers (Table 1). The
differences in frequencies of the genotypes and alleles of the MMP-
9-1562C/T polymorphism observed in the discussed studies, as
well as their relationship (or lack of it), with numerous CNS
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disorders, may result from genetic differences occurring between
populations. As well as the presence of varied environmental
factors to which individual populations are exposed, the number
of research studies are significantly limited. It should also be
noted that single nucleotide polymorphisms occur simultaneously
in other genes in the body, and they may influence a risk of
development of a given disease or modify its course, and the effects
of these polymorphisms may overlap leading to diverse phenotypic
results. Additionally, a stratification of a population, incorrect
classification and statistical methods, as well as an insufficient
number of subjects may be a cause of contradictory or ambiguous
study results and controversies associated with the role of the
MMP-9-1562C/T polymorphism in the risk of development and
the influence on the course of CNS disorders. Definitively, to
explain this role thoroughly, further numerous studies for this
problem are required. Nevertheless, analyses presented in the
publication clearly show a broad pathological role of the MMP-9-
1562C/T polymorphism in the human brain disorders. Considering
presented statistical data here and frequently conflicting results,
it can be said that MMP-9-1562C/T polymorphism has brain
disease risk and course modifying potential, but it is not one
of the major pathological factors involved in brain disease
development. However, the statement that the functional MMP-9-
1562C/T polymorphism influences the course of many important
neuropsychiatric diseases appears to be based on solid foundations,
and at the same time suggesting an important pathological role
of metalloproteinase MMP-9 in pathologies of the central nervous
system.

Author contributions

SP-J: draft
preparation. MR: supervision. Both authors: writing—review
and editing, read, and approved the final manuscript.

conceptualization and  writing—original

Funding

This research was funded by National Science Centre (grant
number: 2017/25/N/NZ3/02266).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fncel.2023.1110967
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Pabian-Jewuta and Rylski

References

Abd El-Aziz, T. A., and Mohamed, R. H. (2016). Matrix metalloproteinase 3 gene
polymorphism and its level predict morbidity after acute myocardial infarction. Am. J.
Clin. Pathol. 145, 134-139. doi: 10.1093/AJCP/AQV008

Abdelnaseer, M. M., Elfauomy, N. M., Esmail, E. H., Kamal, M. M., and Elsawy, E. H.
(2017). Matrix metalloproteinase-9 and recovery of acute ischemic stroke. J. Stroke
Cerebrovasc. Dis. 26, 733-740. doi: 10.1016/j.jstrokecerebrovasdis.2016.09.043

Alj, F. T., Abd El-Azeem, E. M., Hamed, M. A., Ali, M. A. M., Abd Al-Kader, N. M.,
and Hassan, E. A. (2017). Redox dysregulation, immuno-inflammatory alterations
and genetic variants of BDNF and MMP-9 in schizophrenia: Pathophysiological and
phenotypic implications. Schizophr. Res. 188, 98-109. doi: 10.1016/j.schres.2017.01.
016

Anderson, E. L., Williams, D. M., Walker, V. M., and Davies, N. M. (2022).
Little genomic support for cyclophilin A-matrix metalloproteinase-9 pathway as a
therapeutic target for cognitive impairment in APOE4 carriers. Sci. Rep. 12:1057.
doi: 10.1038/541598-022-05225-8

Aujla, P. K, and Huntley, G. W. (2014). Early postnatal expression and localization
of matrix metalloproteinases-2 and -9 during establishment of rat hippocampal
synaptic circuitry. J. Comp. Neurol. 522, 1249-1263. doi: 10.1002/cne.23468.Early

Baig, S., Kehoe, P. G., and Love, S. (2008). MMP-2, -3 and -9 levels and activity are
not related to AB load in the frontal cortex in Alzheimer’s disease. Neuropathol. Appl.
Neurobiol. 34, 205-215. doi: 10.1111/j.1365-2990.2007.00897.x

Bartnykaite, A., Savukaityté, A., Bekampyté, J., Ugenskiené, R., Laukaitiené, D.,
Korobeinikova, E., et al. (2022). The role of matrix metalloproteinase single-nucleotide
polymorphisms in the clinicopathological properties of breast cancer. Biomedicines
10:1891. doi: 10.3390/biomedicines10081891

Bednarek, N., Clément, Y., Leliévre, V., Olivier, P., Loron, G., Garnotel, R., et al.
(2009). Ontogeny of MMPs and TIMPs in the murine neocortex. Pediatr. Res. 65,
296-300. doi: 10.1203/PDR.0b013e3181973aee

Benesové, Y., Vaskt, A., Stoura&, P., Hladikova, M., Berinek, M., Kadariika,
Z., et al. (2008). Matrix metalloproteinase-9 and matrix metalloproteinase-2 gene
polymorphisms in multiple sclerosis. J. Neuroimmunol. 205, 105-109. doi: 10.1016/
jjneuroim.2008.08.007

Beroun, A., Mitra, S., Michaluk, P., Pijet, B., Stefaniuk, M., and Kaczmarek, L.
(2019). MMPs in learning and memory and neuropsychiatric disorders. Cell. Mol. Life
Sci. 76, 3207-3228. doi: 10.1007/s00018-019-03180-8

Bienkowski, P., Samochowiec, J., Pelka-Wysiecka, J., Grzywacz, A., Skibinska, M.,
Jasiewicz, A., et al. (2015). Functional polymorphism of matrix metalloproteinase-
9 (MMP9) gene is not associated with schizophrenia and with its deficit subtype.
Pharmacol. Rep. 67, 442-445. doi: 10.1016/j.pharep.2014.11.007

Bijata, M., Labus, J., Guseva, D., Stawarski, M., Butzlaff, M., Dzwonek, J., et al.
(2017). Synaptic remodeling depends on signaling between serotonin receptors and
the extracellular matrix. Cell Rep. 19, 1767-1782. doi: 10.1016/j.celrep.2017.05.023

Bitanihirwe, B. K. Y., and Woo, T. U. W. (2020). A conceptualized model linking
matrix metalloproteinase-9 to schizophrenia pathogenesis. Schizophr. Res. 218, 28-35.
doi: 10.1016/j.schres.2019.12.015

Blankenberg, S., Rupprecht, H. J., Poirier, O., Bickel, C., Smieja, M., Hafner, G.,
et al. (2003). Plasma concentrations and genetic variation of matrix metalloproteinase
9 and prognosis of patients with cardiovascular disease. Circulation 107, 1579-1585.
doi: 10.1161/01.CIR.0000058700.41738.12

Buraczynska, K., Kurzepa, J., Ksiazek, A., Buraczynska, M., and Rejdak, K.
(2015). Matrix metalloproteinase-9 (MMP-9) gene polymorphism in stroke patients.
Neuromolecular Med. 17, 385-390. doi: 10.1007/s12017-015-8367-5

Chandler, S., Coates, R., Gearing, A., Lury, J., Wells, G., and Bone, E. (1995).
Matrix metalloproteinases degrade myelin basic protein. Neurosci. Lett. 201, 223-226.
doi: 10.1016/0304-3940(95)12173-0

Choudhari, O. K., Rani, A., Kampani, G., Kaur, C., and Sengupta, A. (2021).
Matrix metalloproteinase-9 gene polymorphism and its methylation in stroke patients.
Malays. ]. Med. Sci. 28, 32-41. doi: 10.21315/mjms2021.28.6.4

Deijns, S. J., Broen, J. C. A., Kruyt, N. D., Schubart, C. D., Andreoli, L., Tincani, A.,
etal. (2020). The immunologic etiology of psychiatric manifestations in systemic lupus
erythematosus: A narrative review on the role of the blood brain barrier, antibodies,
cytokines and chemokines. Autoimmun. Rev. 19:102592. doi: 10.1016/j.autrev.2020.
102592

Del Zoppo, G. J., Milner, R.,, Mabuchi, T., Hung, S., Wang, X., Berg, G. L, et al.
(2007). Microglial activation and matrix protease generation during focal cerebral
ischemia. Stroke 38, 646-651. doi: 10.1161/01.STR.0000254477.34231.cb

Devanarayanan, S., Nandeesha, H., Kattimani, S., and Sarkar, S. (2016).
Relationship between matrix metalloproteinase-9 and oxidative stress in drug-free
male schizophrenia: A case control study. Clin. Chem. Lab. Med. 54, 447-452. doi:
10.1515/cclm-2015-0212

Donohoe, M. E., Zhang, X., McGinnis, L., Biggers, J., Li, E., and Shi, Y. (1999).
Targeted disruption of mouse Yin Yang 1 transcription factor results in peri-
implantation lethality. Mol. Cell. Biol. 19, 7237-7244. doi: 10.1128/MCB.19.10.7237

Frontiers in Cellular Neuroscience

11

10.3389/fncel.2023.1110967

Dzwonek, J., Rylski, M., and Kaczmarek, L. (2004). Matrix metalloproteinases and
their endogenous inhibitors in neuronal physiology of the adult brain. FEBS Lett. 567,
129-135. doi: 10.1016/j.febslet.2004.03.070

El Mouhawess, A., Hammoud, A., Zoghbi, M., Zoghbi, M., Hallit, S., Lit, S., et al.
(2020). Relationship between Toxoplasma gondii seropositivity and schizophrenia in
the Lebanese population: Potential implication of genetic polymorphism of MMP-9.
BMC Psychiatry 20:330. doi: 10.1186/s12888-020-02727-5

Fan, Z. Z., Ge, Z. M., Cai, H. B,, Liu, Z. Y., Liu, P, and Wang, H. Y. (2014).
Association between the MMP-9-1562 C>T polymorphism and the risk of stroke: A
meta-analysis. Mol. Biol. Rep. 41, 6787-6794. doi: 10.1007/s11033-014-3564-0

Fanjul-Fernandez, M., Folgueras, A. R., Cabrera, S., and Lopez-Otin, C. (2010).
Matrix metalloproteinases: Evolution, gene regulation and functional analysis in
mouse models. Biochim. Biophys. Acta 1803, 3-19. doi: 10.1016/j.bbamcr.2009.07.004

Fernandes, K. S., Brum, D. G., Palei, A. C,, Sandrim, V. C., Guerreiro, C. T,
et al. (2012). Functional MMP-9 polymorphisms modulate plasma MMP-9 levels in
multiple sclerosis patients. J. Neuroimmunol. 249, 56-59. doi: 10.1016/j.jneuroim.
2012.04.001

Fernandes, K. S. S., Brum, D. G., Sandrim, V. C., Guerreiro, C. T., Barreira,
A. A, and Tanus-Santos, J. E. (2009). Matrix metalloproteinase-9 genotypes and
haplotypes are associated with multiple sclerosis and with the degree of disability
of the disease. J. Neuroimmunol. 214, 128-131. doi: 10.1016/j.jneuroim.2009.
07.004

Ferrand, P. E., Parry, S., Sammel, M., Macones, G. A., Kuivaniemi, H., Romero,
R, et al. (2002). A polymorphism in the matrix metalloproteinase-9 promoter is
associated with increased risk of preterm premature rupture of membranes in African
Americans. Mol. Hum. Reprod. 8, 494-501. doi: 10.1093/molehr/8.5.494

Figiel, I, Kruk, P. K., Zareba-Koziot, M., Rybak, P., Bijata, M., Wlodarczyk, J., et al.
(2021). MMP-9 signaling pathways that engage rho gtpases in brain plasticity. Cells 10,
1-22. doi: 10.3390/cells 10010166

Flex, A., Gaetani, E., Proia, A. S., Pecorini, G., Straface, G., Biscetti, F., et al. (2006).
Analysis of functional polymorphisms of metalloproteinase genes in persons with
vascular dementia and Alzheimer’s disease. J. Gerontol. A Biol. Sci. Med. Sci. 61,
1065-1069. doi: 10.1093/gerona/61.10.1065

Flex, A., Giovannini, S., Biscetti, F., Liperoti, R., Spalletta, G., Straface, G., et al.
(2014). Effect of proinflammatory gene polymorphisms on the risk of Alzheimer’s
disease. Neurodegener. Dis. 13, 230-236. doi: 10.1159/000353395

Gannoun, M. B. A,, Raguema, N., Zitouni, H., Mehdi, M., Seda, O., Mahjoub, T.,
et al. (2021). Mmp-2 and mmp-9 polymorphisms and preeclampsia risk in Tunisian
arabs: A case-control study. J. Clin. Med. 10:2647. doi: 10.3390/jcm10122647

Gao, J,, Yi, H,, Tang, X., Feng, X., Yu, M., Sha, W,, et al. (2018). DNA methylation
and gene expression of matrix metalloproteinase 9 gene in deficit and non-deficit
schizophrenia. Front. Genet. 9:646. doi: 10.3389/fgene.2018.00646

Gawlak, M., Gorkiewicz, T., Gorlewicz, A., Konopacki, F. A., Kaczmarek, L.,
and Wilczynski, G. M. (2009). High resolution in situ zymography reveals matrix
metalloproteinase activity at glutamatergic synapses. Neuroscience 158, 167-176. doi:
10.1016/j.neuroscience.2008.05.045

Geleijns, K., Emonts, M., Laman, J. D., van Rijs, W., van Doorn, P. A., Hermans,
P. W. M, et al. (2007). Genetic polymorphisms of macrophage-mediators in Guillain-
Barré syndromeA J. Neuroimmunol. 190, 127-130. doi: 10.1016/j.jneuroim.2007.07.
008

Glebauskiene, B., Liutkeviciene, R., Vilkeviciute, A., Kriauciuniene, L., Jakstiene, S.,
Zlatkute, E., et al. (2017). Does MMP-9 gene polymorphism play a role in pituitary
adenoma development? Dis. Markers 2017:5839528. doi: 10.1155/2017/5839528

Go, B. S., Sirohi, S., and Walker, B. M. (2020). The role of matrix metalloproteinase-
9 in negative reinforcement learning and plasticity in alcohol dependence. Addict. Biol.
25:€12715. doi: 10.1111/adb.12715

Gong, J., Zhao, Y., Abdel-Fattah, R., Amos, S., Xiao, A., Lopes, M. B. S,, et al.
(2008). Matrix metalloproteinase-9, a potential biological marker in invasive pituitary
adenomas. Pituitary 11, 37-48. doi: 10.1007/s11102-007-0066-2

Gore, S. V., James, E. J., Huang, L. C.,, Park, J. ], Berghella, A., Thompson, A. C,,
et al. (2021). Role of matrix metalloproteinase-9 in neurodevelopmental deficits and
experience-dependent plasticity in Xenopus laevis. eLife 10:62147. doi: 10.7554/eLife.
62147

Gregory, M. D., Kippenhan, J. S., Callicott, J. H., Rubinstein, D. Y., Mattay,
V. S., Coppola, R., et al. (2019). Sequence variation associated with SLC12A5 Gene
expression is linked to brain structure and function in healthy adults. Cereb. Cortex
29, 4654-4661. doi: 10.1093/cercor/bhy344

Groszewska, A., Kapelski, P., Skibinska, M., and Hauser, J. (2011). Family
based association study of MMP-9 gene-1562CNT polymorphism in schizophrenia.
Psychiatr. Pol. 45, 317-324.

Han, H., He, X, Tang, J., Liu, W., Liu, K., Zhang, J., et al. (2011). The C(-1562)T
polymorphism of matrix metalloproteinase-9 gene is associated with schizophrenia in
China. Psychiatry Res. 190, 163-164. doi: 10.1016/j.psychres.2011.04.026

frontiersin.org


https://doi.org/10.3389/fncel.2023.1110967
https://doi.org/10.1093/AJCP/AQV008
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.09.043
https://doi.org/10.1016/j.schres.2017.01.016
https://doi.org/10.1016/j.schres.2017.01.016
https://doi.org/10.1038/s41598-022-05225-8
https://doi.org/10.1002/cne.23468.Early
https://doi.org/10.1111/j.1365-2990.2007.00897.x
https://doi.org/10.3390/biomedicines10081891
https://doi.org/10.1203/PDR.0b013e3181973aee
https://doi.org/10.1016/j.jneuroim.2008.08.007
https://doi.org/10.1016/j.jneuroim.2008.08.007
https://doi.org/10.1007/s00018-019-03180-8
https://doi.org/10.1016/j.pharep.2014.11.007
https://doi.org/10.1016/j.celrep.2017.05.023
https://doi.org/10.1016/j.schres.2019.12.015
https://doi.org/10.1161/01.CIR.0000058700.41738.12
https://doi.org/10.1007/s12017-015-8367-5
https://doi.org/10.1016/0304-3940(95)12173-0
https://doi.org/10.21315/mjms2021.28.6.4
https://doi.org/10.1016/j.autrev.2020.102592
https://doi.org/10.1016/j.autrev.2020.102592
https://doi.org/10.1161/01.STR.0000254477.34231.cb
https://doi.org/10.1515/cclm-2015-0212
https://doi.org/10.1515/cclm-2015-0212
https://doi.org/10.1128/MCB.19.10.7237
https://doi.org/10.1016/j.febslet.2004.03.070
https://doi.org/10.1186/s12888-020-02727-5
https://doi.org/10.1007/s11033-014-3564-0
https://doi.org/10.1016/j.bbamcr.2009.07.004
https://doi.org/10.1016/j.jneuroim.2012.04.001
https://doi.org/10.1016/j.jneuroim.2012.04.001
https://doi.org/10.1016/j.jneuroim.2009.07.004
https://doi.org/10.1016/j.jneuroim.2009.07.004
https://doi.org/10.1093/molehr/8.5.494
https://doi.org/10.3390/cells10010166
https://doi.org/10.1093/gerona/61.10.1065
https://doi.org/10.1159/000353395
https://doi.org/10.3390/jcm10122647
https://doi.org/10.3389/fgene.2018.00646
https://doi.org/10.1016/j.neuroscience.2008.05.045
https://doi.org/10.1016/j.neuroscience.2008.05.045
https://doi.org/10.1016/j.jneuroim.2007.07.008
https://doi.org/10.1016/j.jneuroim.2007.07.008
https://doi.org/10.1155/2017/5839528
https://doi.org/10.1111/adb.12715
https://doi.org/10.1007/s11102-007-0066-2
https://doi.org/10.7554/eLife.62147
https://doi.org/10.7554/eLife.62147
https://doi.org/10.1093/cercor/bhy344
https://doi.org/10.1016/j.psychres.2011.04.026
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Pabian-Jewuta and Rylski

Hannocks, M. J., Zhang, X., Gerwien, H., Chashchina, A., Burmeister, M.,
Korpos, E., et al. (2019). The gelatinases, MMP-2 and MMP-9, as fine tuners of
neuroinflammatory processes. Matrix Biol. 75-76, 102-113. doi: 10.1016/j.matbio.
2017.11.007

Hao, Y., Tian, S., Sun, M., Zhu, Y., Nie, Z., and Yang, S. (2015). Association between
matrix metalloproteinase gene polymorphisms and development of ischemic stroke.
Int. J. Clin. Exp. Pathol. 8, 11647-11652.

Hassanzadeh-Makoui, R., Razi, B., Aslani, S., Imani, D., and Tabaee, S. S.
(2020). The association between matrix metallo-proteinases-9 (MMP-9) gene family
polymorphisms and risk of coronary artery disease (CAD): A systematic review
and meta-analysis. BMC Cardiovasc. Disord. 20:232. doi: 10.1186/s12872-020-0
1510-4

Hayat, S., Ahmad, O., Mahmud, L., Howlader, M. Z. H., and Islam, Z. (2020).
Association of matrix metalloproteinase-9 polymorphism with severity of Guillain-
Barré syndrome. J. Neurol. Sci. 415:116908. doi: 10.1016/j.jns.2020.116908

He, T., Wang, J., Wang, X. L., Deng, W. S,, and Sun, P. (2017). Association
between the matrix metalloproteinase-9 rs3918242 polymorphism and ischemic stroke
susceptibility: A meta-analysis. J. Stroke Cerebrovasc. Dis. 26, 1136-1143. doi: 10.1016/
j.jstrokecerebrovasdis.2016.12.036

He, X,, Zhang, L., Yao, X,, Hu, ], Yu, L., Jia, H,, et al. (2013). Association studies of
MMP-9 in Parkinson’s disease and amyotrophic lateral sclerosis. PLoS One 8:€73777.
doi: 10.1371/journal.pone.0073777

Helbecque, N., Hermant, X., Cottel, D., and Amouyel, P. (2003). The role of matrix
metalloproteinase-9 in dementia. Neurosci. Lett. 350, 181-183. doi: 10.1016/S0304-
3940(03)00905-4

Huang, C., Xu, S., Luo, Z,, Li, D., Wang, R., and Wang, T. (2022). Epidemiological
evidence between variants in matrix metalloproteinases-2, -7, and -9 and cancer risk.
Front. Oncol. 12:856831. doi: 10.3389/fonc.2022.856831

Ibrahim, I, El Wassefy, M., Metwally, S. S., and Elmenshawi, I. (2019). Matrix
metalloproteases 9 rs3918242 gene polymorphism and serum vit D in MS Egyptian
patients. Mult. Scler. Relat. Disord. 32, 103-106. doi: 10.1016/j.msard.2019.04.029

Juan, Z., Wei-Guo, Z., Heng-Liang, S., and Da-Guo, W. (2014). Association of
matrix metalloproteinase 9 C-1562T polymorphism with genetic susceptibility to
myocardial infarction: A meta-analysis. Curr. Ther. Res. Clin. Exp. 77, 40-45. doi:
10.1016/j.curtheres.2014.05.001

Kaminari, A., Tsilibary, E. C., and Tzinia, A. (2018). A new perspective in utilizing
MMP-9 as a therapeutic target for Alzheimer’s disease and type 2 diabetes mellitus.
J. Alzheimers Dis. 64, 1-16. doi: 10.3233/JAD-180035

Kiani, A., Kamankesh, M., Vaisi-Raygani, A., Moradi, M. R., Tanhapour, M., Rahimi,
Z., et al. (2020). Activities and polymorphisms of MMP-2 and MMP-9, smoking,
diabetes and risk of prostate cancer. Mol. Biol. Rep. 47, 9373-9383. doi: 10.1007/
511033-020-05968-5

Kim, S. Y., Woo, M. S, Park, J. S, and Kim, H. S. (2010). Regulation of
matrix metalloproteinase-9 gene expression in MPP+- or 6-OHDA-treated human
neuroblastoma SK-N-BE(2)C cells. Neurochem. Int. 56, 437-442. doi: 10.1016/j.neuint.
2009.11.019

Kinoshita, M., Nasu-Tada, K., Fujishita, K., Sato, K., and Koizumi, S. (2013).
Secretion of matrix metalloproteinase-9 from astrocytes by inhibition of tonic P2Y14-
receptor-mediated signal(s). Cell. Mol. Neurobiol. 33, 47-58. doi: 10.1007/s10571-012-
9869-4

Komatsu, K., Nakanishi, Y., Nemoto, N., Hori, T., Sawada, T., and Kobayashi, M.
(2004). Expression and quantitative analysis of matrix metalloproteinase-2 and -9 in
human gliomas. Brain Tumor Pathol. 21, 105-112. doi: 10.1007/BF02482184

Konnecke, H., and Bechmann, I. (2013). The role of microglia and matrix
metalloproteinases involvement in neuroinflammation and gliomas. Clin. Dev.
Immunol. 2013:914104. doi: 10.1155/2013/914104

La Russa, A., Cittadella, R., De Marco, E. V., Valentino, P., Andreoli, V., Trecroci,
F., et al. (2010). Single nucleotide polymorphism in the MMP-9 gene is associated
with susceptibility to develop multiple sclerosis in an Italian case-control study.
J. Neuroimmunol. 225, 175-179. doi: 10.1016/j.jneuroim.2010.04.016

Li, J., Lin, S. Y., Lv, Y. B,, Tang, H. M., and Peng, F. (2017). Association study of
MMP-9 -1562C/T gene polymorphism with susceptibility to multiple autoimmune
diseases: A meta-analysis. Arch. Med. Res. 48, 105-112. doi: 10.1016/j.arcmed.2017.
01.001

Li, Y., Chen, L., Yao, S., Chen, J., Hu, W., Wang, M., et al. (2018). Association
of polymorphisms of the matrix metalloproteinase 9 gene with ischaemic stroke in
a southern chinese population. Cell. Physiol. Biochem. 49, 2188-2199. doi: 10.1159/
000493823

Lin, C. M., Zeng, Y. L., Xiao, M., Mei, X. Q,, Shen, L. Y., Guo, M. X,, et al. (2017). The
relationship between MMP-2-1306C>T and MMP-9-1562C>T polymorphisms and
the risk and prognosis of T-cell acute lymphoblastic leukemia in a Chinese population:
A case-control study. Cell. Physiol. Biochem. 42, 1458-1468. doi: 10.1159/000479210

Lu, Z., Cao, Y., Wang, Y., Zhang, Q., Zhang, X., Wang, S., et al. (2007).
Polymorphisms in the matrix metalloproteinase-1, 3, and 9 promoters and
susceptibility to adult astrocytoma in northern China. J. Neurooncol. 85, 65-73. doi:
10.1007/s11060-007-9392-5

Frontiers in Cellular Neuroscience

12

10.3389/fncel.2023.1110967

Makarycheva, O. Y., Tsareva, E. Y., Sudomoina, M. A., Kulakova, O. G,, Titov, B. V.,
Bykova, O. V., et al. (2011). Family analysis of linkage and association of HLA-DRBI,
CTLA4, TGFBI1, IL4, CCR5, RANTES, MMP9 and TIMP1 gene polymorphisms with
multiple sclerosis. Acta Naturae 3, 85-92. doi: 10.32607/20758251-2011-3-1-85-92

Mashhadiabbas, F., Neamatzadeh, H., Foroughi, E., Dastgheib, S. A., Farahnak, S.,
Nasiri, R., et al. (2019). Association of MMP - 2 - 753C>t and M MP - 9 -1562C>t
polymorphisms with chronic/aggressive periodontitis risk: A systematic review and
meta-analysis. Iran. J. Public Health 48, 1227-1238. doi: 10.18502/ijph.v48i7.2944

Michaluk, P., Mikasova, L., Groc, L., Frischknecht, R., Choquet, D., and Kaczmarek,
L. (2009). Matrix metalloproteinase-9 controls NMDA receptor surface diffusion
through integrin 1 signaling. J. Neurosci. 29, 6007-6012. doi: 10.1523/JNEUROSCI.
5346-08.2009

Mirowska-Guzel, D., Gromadzka, G., Czlonkowski, A., and Czlonkowska, A. (2009).
Association of MMP1, MMP3, MMP9, and MMP12 polymorphisms with risk and
clinical course of multiple sclerosis in a Polish population. J. Neuroimmunol. 214,
113-117. doi: 10.1016/j.jneuroim.2009.06.014

Misra, S., Talwar, P., Kumar, A., Kumar, P., Sagar, R., Vibha, D., et al. (2018).
Association between matrix metalloproteinase family gene polymorphisms and risk
of ischemic stroke: A systematic review and meta-analysis of 29 studies. Gene 672,
180-194. doi: 10.1016/j.gene.2018.06.027

Mittal, B., Mishra, A., Srivastava, A., Kumar, S., and Garg, N. (2014). Matrix
metalloproteinases in coronary artery disease. Adv. Clin. Chem. 64, 1-72. doi: 10.1016/
B978-0-12-800263-6.00001-X

Mohammadhosayni, M., Khosrojerdi, A., Lorian, K., Aslani, S., Imani, D., Razi, B.,
et al. (2020). Matrix metalloproteinases (MMPs) family gene polymorphisms and the
risk of multiple sclerosis: Systematic review and meta-analysis. BMC Neurol. 20:218.
doi: 10.1186/512883-020-01804-2

Montaner, J., Fernandez-Cadenas, 1., Molina, C. A., Monasterio, J., Arenillas, J. F.,
Ribd, M., et al. (2003). Safety profile of tissue plasminogen activator treatment among
stroke patients carrying a common polymorphism (C-1562T) in the promoter region
of the matrix metalloproteinase-9 gene. Stroke 34, 2851-2855. doi: 10.1161/01.STR.
0000098648.54429.1C

Murase, S., Lantz, C. L., and Quinlan, E. M. (2017). Light reintroduction after dark
exposure reactivates plasticity in adults via perisynaptic activation of MMP-9. eLife
6:¢27345. doi: 10.7554/eLife.27345

Murase, S., Winkowski, D., Liu, J., Kanold, P. O., and Quinlan, E. M. (2019).
Homeostatic regulation of perisynaptic matrix metalloproteinase 9 (MMP9) activity
in the amblyopic visual cortex. eLife 8:e52503. doi: 10.7554/eLife.52503

Nelissen, I., Vandenbroeck, K., Fiten, P., Hillert, J., Olsson, T., Giovanna Marrosu,
M, et al. (2000). Polymorphism analysis suggests that the gelatinase B gene is not a
susceptibility factor for multiple sclerosis. J. Neuroimmunol. 105, 58-63. doi: 10.1016/
S0165-5728(00)00189-2

Nie, S. W., Wang, X,, and Tang, Z. (2014). Correlations between MMP-2/MMP-9
promoter polymorphisms and ischemic stroke. Int. J. Clin. Exp. Med. 7, 400-404.

Nyati, K. K., Prasad, K. N, Verma, A., and Paliwal, V. K. (2010). Correlation of
matrix metalloproteinases-2 and -9 with proinflammatory cytokines in Guillain-Barré
syndrome. J. Neurosci. Res. 88, 3540-3546. doi: 10.1002/jnr.22514

Oliveira-Silva, P., Jurgilas, P. B., Trindade, P., Campello-Costa, P., Perales, J., Savino,
W., et al. (2007). Matrix metalloproteinase-9 is involved in the development and
plasticity of retinotectal projections in rats. Neuroimmunomodulation 14, 144-149.
doi: 10.1159/000110638

Panda, S. P., Panigrahy, U. P., Prasanth, D. S. N. B. K,, Gorla, U. S., Guntupalli,
C., Panda, D. P,, et al. (2020). A trimethoxy flavonoid isolated from stem extract of
Tabebuia chrysantha suppresses angiogenesis in angiosarcoma. J. Pharm. Pharmacol.
72, 990-999. doi: 10.1111/jphp.13272

Panda, S. P, and Soni, U. (2022). A review of dementia, focusing on the distinct
roles of viral protein corona and MMP9 in dementia: Potential pharmacotherapeutic
priorities. Ageing Res. Rev. 75:101560. doi: 10.1016/j.arr.2022.101560

Peng, Z., Jia, J., Gong, W., Gao, X., Ma, P,, Jin, Z., et al. (2017). The association
of matrix metalloproteinase-9 promoter polymorphisms with gastric cancer risk: A
meta-analysis. Oncotarget 8, 99024-99032. doi: 10.18632/oncotarget.20931

Pijet, B., Stefaniuk, M., and Kaczmarek, L. (2019). MMP-9 contributes to dendritic
spine remodeling following traumatic brain injury. Neural Plast. 2019:3259295. doi:
10.1155/2019/3259295

Pijet, B., Stefaniuk, M., Kostrzewska-Ksiezyk, A., Tsilibary, P. E., Tzinia, A., and
Kaczmarek, L. (2018). Elevation of MMP-9 levels promotes epileptogenesis after
traumatic brain injury. Mol. Neurobiol. 55, 9294-9306. doi: 10.1007/s12035-018-1061-
5

Reinhard, S. M., Razak, K., and Ethell, I. M. (2015). A delicate balance: Role of MMP-
9 in brain development and pathophysiology of neurodevelopmental disorders. Front.
Cell. Neurosci. 9:280. doi: 10.3389/fncel.2015.00280

Rivera, S., Khrestchatisky, M., Kaczmarek, L., Rosenberg, G. A., and Jaworski, D. M.
(2010). Metzincin proteases and their inhibitors: Foes or friends in nervous system
physiology? J. Neurosci. 30, 15337-15357. doi: 10.1523/JNEUROSCI.3467-10.2010

Robert, F., and Pelletier, J. (2018). Exploring the impact of single-nucleotide
polymorphisms on translation. Front. Genet. 9:507. doi: 10.3389/fgene.2018.00507

frontiersin.org


https://doi.org/10.3389/fncel.2023.1110967
https://doi.org/10.1016/j.matbio.2017.11.007
https://doi.org/10.1016/j.matbio.2017.11.007
https://doi.org/10.1186/s12872-020-01510-4
https://doi.org/10.1186/s12872-020-01510-4
https://doi.org/10.1016/j.jns.2020.116908
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.12.036
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.12.036
https://doi.org/10.1371/journal.pone.0073777
https://doi.org/10.1016/S0304-3940(03)00905-4
https://doi.org/10.1016/S0304-3940(03)00905-4
https://doi.org/10.3389/fonc.2022.856831
https://doi.org/10.1016/j.msard.2019.04.029
https://doi.org/10.1016/j.curtheres.2014.05.001
https://doi.org/10.1016/j.curtheres.2014.05.001
https://doi.org/10.3233/JAD-180035
https://doi.org/10.1007/s11033-020-05968-5
https://doi.org/10.1007/s11033-020-05968-5
https://doi.org/10.1016/j.neuint.2009.11.019
https://doi.org/10.1016/j.neuint.2009.11.019
https://doi.org/10.1007/s10571-012-9869-4
https://doi.org/10.1007/s10571-012-9869-4
https://doi.org/10.1007/BF02482184
https://doi.org/10.1155/2013/914104
https://doi.org/10.1016/j.jneuroim.2010.04.016
https://doi.org/10.1016/j.arcmed.2017.01.001
https://doi.org/10.1016/j.arcmed.2017.01.001
https://doi.org/10.1159/000493823
https://doi.org/10.1159/000493823
https://doi.org/10.1159/000479210
https://doi.org/10.1007/s11060-007-9392-5
https://doi.org/10.1007/s11060-007-9392-5
https://doi.org/10.32607/20758251-2011-3-1-85-92
https://doi.org/10.18502/ijph.v48i7.2944
https://doi.org/10.1523/JNEUROSCI.5346-08.2009
https://doi.org/10.1523/JNEUROSCI.5346-08.2009
https://doi.org/10.1016/j.jneuroim.2009.06.014
https://doi.org/10.1016/j.gene.2018.06.027
https://doi.org/10.1016/B978-0-12-800263-6.00001-X
https://doi.org/10.1016/B978-0-12-800263-6.00001-X
https://doi.org/10.1186/s12883-020-01804-2
https://doi.org/10.1161/01.STR.0000098648.54429.1C
https://doi.org/10.1161/01.STR.0000098648.54429.1C
https://doi.org/10.7554/eLife.27345
https://doi.org/10.7554/eLife.52503
https://doi.org/10.1016/S0165-5728(00)00189-2
https://doi.org/10.1016/S0165-5728(00)00189-2
https://doi.org/10.1002/jnr.22514
https://doi.org/10.1159/000110638
https://doi.org/10.1111/jphp.13272
https://doi.org/10.1016/j.arr.2022.101560
https://doi.org/10.18632/oncotarget.20931
https://doi.org/10.1155/2019/3259295
https://doi.org/10.1155/2019/3259295
https://doi.org/10.1007/s12035-018-1061-5
https://doi.org/10.1007/s12035-018-1061-5
https://doi.org/10.3389/fncel.2015.00280
https://doi.org/10.1523/JNEUROSCI.3467-10.2010
https://doi.org/10.3389/fgene.2018.00507
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

Pabian-Jewuta and Rylski

Rodriguez-Murillo, L., and Greenberg, D. A. (2008). Genetic association analysis: A
primer on how it works, its strengths and its weaknesses. Int. J. Androl. 31, 546-556.
doi: 10.1111/j.1365-2605.2008.00896.x

Rosell, A., Cuadrado, E., Ortega-Aznar, A., Herndndez-Guillamon, M., Lo, E. H,,
and Montaner, J. (2008). MMP-9-positive neutrophil infiltration is associated to
blood-brain barrier breakdown and basal lamina type IV collagen degradation during
hemorrhagic transformation after human ischemic stroke. Stroke 39, 1121-1126. doi:
10.1161/STROKEAHA.107.500868

Rybakowski, J. K., Skibinska, M., Kapelski, P., Kaczmarek, L., and Hauser, J.
(2009). Functional polymorphism of the matrix metalloproteinase-9 (MMP-9) gene
in schizophrenia. Schizophr. Res. 109, 90-93. doi: 10.1016/j.schres.2009.02.005

Sabbagh, S., Nadeali, Z., Dehghani, L., Shay-Gannejad, V., Rezvani, M., Saboori, M.,
et al. (2019). Association study between functional polymorphisms of MMP9 gene
promoter and multiple sclerosis susceptibility in an Iranian population. Iran. J. Public
Health 48, 1697-1703. doi: 10.18502/ijph.v48i9.3030

Samangooei, M., Farjam, M., Niknam, Z., Etemadifar, M., Meshkibaf, M. H.,
and Noroozi, S. (2021). Evaluation of matrix metalloproteinase-9 plasma levels in
untreated new Relapsing-remitting multiple sclerosis patients and their first-degree
family. Metab. Brain Dis. 36, 1929-1934. doi: 10.1007/s11011-021-00758-9

Spurthi, K. M., Galimudji, R. K., Srilatha, G., Sahu, S. K., Nallari, P., and Hanumanth,
S. R. (2012). Influence of gelatinase B polymorphic variants and its serum levels in
atherosclerosis. Genet. Test. Mol. Biomark. 16, 850-854. doi: 10.1089/gtmb.2011.0299

Szczudlik, P., and Borratynska, A. (2010). Association between the -1562 C/T
MMP-9 polymorphism and cerebrovascular disease in a Polish population. Neurol.
Neurochir. Pol. 44, 350-357. doi: 10.1016/S0028-3843(14)60294-2

Szklarczyk, A., Lapinska, J., Rylski, M., McKay, R. D. G., and Kaczmarek, L. (2002).
Matrix metalloproteinase-9 undergoes expression and activation during dendritic
remodeling in adult hippocampus. J. Neurosci. 22, 920-930. doi: 10.1523/jneurosci.
22-03-00920.2002

Vafadari, B., Salamian, A., and Kaczmarek, L. (2016). MMP-9 in translation: From
molecule to brain physiology, pathology, and therapy. J. Neurochem. 139, 91-114.
doi: 10.1111/jnc.13415

Vaillant, C., Didier-Bazés, M., Hutter, A., Belin, M. F., and Thomasset, N. (1999).
Spatiotemporal expression patterns of metalloproteinases and their inhibitors in
the postnatal developing rat cerebellum. J. Neurosci. 19, 4994-5004. doi: 10.1523/
jneurosci.19-12-04994.1999

Valado, A., Leitdo, M. J., Martinho, A., Pascoal, R., Cerqueira, J., Correia, I, et al.
(2017). Multiple sclerosis: Association of gelatinase B/matrix metalloproteinase-9 with
risk and clinical course the disease. Mult. Scler. Relat. Disord. 11, 71-76. doi: 10.1016/
j.msard.2016.12.003

Wang, B., Wang, Y., and Zhao, L. (2018). MMP-9 gene rs3918242 polymorphism
increases risk of stroke: A meta-analysis. J. Cell. Biochem. 119, 9801-9808. doi: 10.
1002/jcb.27299

Wen, D., Du, X,, Nie, S. P.,, Dong, J. Z, and Ma, C. S. (2014). Association
between matrix metalloproteinase family gene polymorphisms and ischemic stroke:
A meta-analysis. Mol. Neurobiol. 50, 979-985. doi: 10.1007/s12035-014-8687-8

Wilczynski, G. M., Konopacki, F. A., Wilczek, E., Lasiecka, Z., Gorlewicz,
A., Michaluk, P., et al. (2008). Important role of matrix metalloproteinase

Frontiers in Cellular Neuroscience

13

10.3389/fncel.2023.1110967

9 in epileptogenesis. J. Cell Biol. 180, 1021-1035. doi: 10.1083/jcb.20070

8213

Wu, G, Cai, H,, Li, G., Meng, S., Huang, J., Xu, H,, et al. (2020). Influence of the
matrix metalloproteinase 9 geners3918242 polymorphism on development of ischemic
stroke: A meta-analysis. World Neurosurg. 133, e31-e61. doi: 10.1016/j.wneu.2019.08.
026

Wu, H., Bai, X,, Chen, D., Cao, H.,, and Qin, L. (2013). Association of genetic
polymorphisms in matrix metalloproteinase-9 and coronary artery disease in the
Chinese Han population: A case-control study. Genet. Test. Mol. Biomark. 17,707-712.
doi: 10.1089/gtmb.2013.0109

Yamada, H., Yoneda, M., Inaguma, S., Watanabe, D., Banno, S., Yoshikawa, K.,
et al. (2013). Infliximab counteracts tumor necrosis factor-a-enhanced induction of
matrix metalloproteinases that degrade claudin and occludin in non-pigmented ciliary
epithelium. Biochem. Pharmacol. 85, 1770-1782. doi: 10.1016/j.bcp.2013.04.006

Yan, C,, Sun, C,, Lu, D., Zhao, T., Ding, X., Zamir, L, et al. (2022). Estimation of
associations between MMP9 gene polymorphisms and breast cancer: Evidence from a
meta-analysis. Int. J. Biol. Mark. 37, 13-20. doi: 10.1177/17246008221076145

Yang, W., Lu, J., Yang, L, and Zhang, J. (2015). Association of matrix
metalloproteinase-9 gene -1562C/T polymorphism with essential hypertension: A
systematic review and meta-analysis article. Iran. J. Public Health 44, 1445-1452.

Yi, X,, Sui, G., Zhou, Q., Wang, C,, Lin, J., Chai, Z., et al. (2019a). Variants
in matrix metalloproteinase-9 gene are associated with hemorrhagic transformation
in acute ischemic stroke patients with atherothrombosis, small artery disease, and
cardioembolic stroke. Brain Behav. 9:e01294. doi: 10.1002/brb3.1294

Yi, X., Zhou, Q., Sui, G, Fan, D., Zhang, Y., Shao, M., et al. (2019b). Matrix
metalloproteinase-9 gene polymorphisms are associated with ischemic stroke severity
and early neurologic deterioration in patients with atrial fibrillation. Brain Behav.
9:¢01291. doi: 10.1002/brb3.1291

Yin, L. T, Xie, X. Y., Xue, L. Y., Yang, X. R, Jia, J., Zhang, Y., et al. (2020).
Matrix metalloproteinase-9 overexpression regulates hippocampal synaptic plasticity
and decreases alcohol consumption and preference in mice. Neurochem. Res. 45,
1902-1912. doi: 10.1007/s11064-020-03053-8

Zhang, B., Ye, S., Herrmann, S. M., Eriksson, P., de Maat, M., Evans, A., et al. (1999).
Functional polymorphism in the regulatory region of gelatinase B gene in relation to
severity of coronary atherosclerosis. Circulation 99, 1788-1794. doi: 10.1161/01.cir.99.
14.1788

Zhao, J. H, Xu, Y. M,, Xing, H. X,, Su, L. L, Tao, S. B, Tian, X. ], et al.
(2015). Associations between matrix metalloproteinase gene polymorphisms and the
development of cerebral infarction. Genet. Mol. Res. 81, 19418-19424.

Zhong, C., Yang, J., Xu, T., Xu, T., Peng, Y., Wang, A,, et al. (2017). Serum matrix
metalloproteinase-9 levels and prognosis of acute ischemic stroke. Neurology 89,
805-812. doi: 10.1212/WNL.0000000000004257

Zhu, H,, Hu, S., Li, Y., Sun, Y., Xiong, X., Hu, X,, et al. (2022). Interleukins and
ischemic stroke. Front. Immunol. 13:828447. doi: 10.3389/fimmu.2022.828447

Zivkovi¢, M., Djuri¢, T., Dinéi¢, E., Rai¢evi¢, R., Alavanti¢, D., and Stankovi¢, A.
(2007). Matrix metalloproteinase-9 -1562 C/T gene polymorphism in Serbian patients
with multiple sclerosis. J. Neuroimmunol. 189, 147-150. doi: 10.1016/j.jneuroim.2007.
06.022

frontiersin.org


https://doi.org/10.3389/fncel.2023.1110967
https://doi.org/10.1111/j.1365-2605.2008.00896.x
https://doi.org/10.1161/STROKEAHA.107.500868
https://doi.org/10.1161/STROKEAHA.107.500868
https://doi.org/10.1016/j.schres.2009.02.005
https://doi.org/10.18502/ijph.v48i9.3030
https://doi.org/10.1007/s11011-021-00758-9
https://doi.org/10.1089/gtmb.2011.0299
https://doi.org/10.1016/S0028-3843(14)60294-2
https://doi.org/10.1523/jneurosci.22-03-00920.2002
https://doi.org/10.1523/jneurosci.22-03-00920.2002
https://doi.org/10.1111/jnc.13415
https://doi.org/10.1523/jneurosci.19-12-04994.1999
https://doi.org/10.1523/jneurosci.19-12-04994.1999
https://doi.org/10.1016/j.msard.2016.12.003
https://doi.org/10.1016/j.msard.2016.12.003
https://doi.org/10.1002/jcb.27299
https://doi.org/10.1002/jcb.27299
https://doi.org/10.1007/s12035-014-8687-8
https://doi.org/10.1083/jcb.200708213
https://doi.org/10.1083/jcb.200708213
https://doi.org/10.1016/j.wneu.2019.08.026
https://doi.org/10.1016/j.wneu.2019.08.026
https://doi.org/10.1089/gtmb.2013.0109
https://doi.org/10.1016/j.bcp.2013.04.006
https://doi.org/10.1177/17246008221076145
https://doi.org/10.1002/brb3.1294
https://doi.org/10.1002/brb3.1291
https://doi.org/10.1007/s11064-020-03053-8
https://doi.org/10.1161/01.cir.99.14.1788
https://doi.org/10.1161/01.cir.99.14.1788
https://doi.org/10.1212/WNL.0000000000004257
https://doi.org/10.3389/fimmu.2022.828447
https://doi.org/10.1016/j.jneuroim.2007.06.022
https://doi.org/10.1016/j.jneuroim.2007.06.022
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/

	Does the functional polymorphism-1562C/T of MMP-9 gene influence brain disorders?
	1. Introduction
	1.1. MMP-9 in brain physiology
	1.2. Functional polymorphism of MMP-9-1562C/T
	1.3. The functional polymorphism of MMP-9-1562C/T in diseases not related to the brain

	2. Brain disorders associated with the MMP-9-1562C/T polymorphism
	2.1. Multiple sclerosis
	2.2. Brain stroke
	2.3. Neurodegenerative diseases
	2.4. Schizophrenia
	2.5. Brain tumors
	2.6. Guillain–Barré syndrome

	3. Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


