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Abstract: Alzheimer’s disease (AD) is an age-related neurodegenerative disorder characterised by
progressive loss of memory. In the AD brain, matrix metalloproteinases (MMPs) are involved in the
disruption of the blood-brain barrier resulting in a neuroinflammatory response. The objective of
our investigation was to assess the association of MMP2 rs243866 and rs2285053 polymorphisms
with susceptibility to AD, to assess the interaction of MMP2 variants with APOE ε4 risk allele, and to
evaluate their influence on the age at disease onset and MoCA score. A total of 215 late-onset AD
patients and 373 control subjects from Slovakia were genotyped for MMP2 rs243866 and rs2285053
polymorphisms. The MMP2 association with AD risk and clinical parameters was evaluated by
logistic and linear regression analyses. No statistically significant differences in either MMP2 rs243866
and rs2285053 allele or genotype frequencies between AD patients and the control group have been
observed (p > 0.05). However, the correlation with clinical findings revealed a higher age at disease
onset in MMP2 rs243866 GG carriers in the dominant model as compared to other MMP2 genotype
carriers (p = 0.024). Our results suggest that MMP2 rs243866 promoter polymorphism may have an
impact on the age at AD onset in the patients.

Keywords: matrix metalloproteinase 2; Alzheimer’s disease; polymorphism; genotyping

1. Introduction

Alzheimer’s disease (AD) is a degenerative brain disorder that leads to memory loss,
behavioral changes, and a decline in brain matter [1]. There are two forms of Alzheimer’s
disease: early-onset Alzheimer’s, which affects people under 65, and late-onset Alzheimer’s
(LOAD), which is the more common form and accounts for over 90% of cases, affecting
those over 65 years of age [2]. The brain of Alzheimer’s patients displays histopathological
features such as senile plaques made of amyloid β peptide (Aβ) and neurofibrillary tangles
(NFTs) composed of abnormally phosphorylated tau proteins [3,4]. The underlying cause
of Alzheimer’s disease is still unknown. However, its progression may be linked to neu-
roinflammation caused, among others, by matrix metalloproteinases (MMPs) [5]. MMPs
belong to the family of zinc-dependent endopeptidases that participate in the remodelling
of the extracellular matrix in various physiological and pathological processes [6]. In the
brain, MMPs are involved in neurogenesis, axonal growth, angiogenesis, tissue repair after
injury, and inflammation [7]. They have been implicated in various brain disorders such
as multiple sclerosis, amyotrophic lateral sclerosis, Parkinson’s disease, and Alzheimer’s
disease [8]. MMPs contribute to the progression of neurodegenerative diseases by regulat-
ing processes such as neuroinflammation, microglial activation, degradation of amyloid
peptides, disruption of the blood-brain barrier (BBB), apoptosis of dopaminergic cells, and
modulation of α-synuclein [5,9].
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Among the MMP family, matrix metalloproteinase 2 (MMP-2), also known as gelati-
nase A, is currently classified as one of the possible candidates to participate in the pathogen-
esis of AD. MMP-2 is a 72 kDa protein encoded by the MMP2 gene located on chromosome
16q21 [7]. It is produced by endothelial cells, fibroblasts, osteoblasts, myoblasts cells, and
other connective tissue cells. MMP-2 is known for its capacity to degrade a wide range of
substrates such as elastin, endothelin, fibroblast growth factor, aggrecans, plasminogen,
TGF-β, and others. Moreover, the enzyme is capable of cleaving type IV collagen—an
important constituent of the lamina densa of the basement membrane. The MMP-2 syn-
thesis can be activated by a range of pathological stimuli, such as tumour invasion and
inflammation [9]. In the brain, MMP-2 plays an important role in neuronal plasticity, neurite
outgrowth, and central nervous system development [10].

Increased expression of MMP-2 has been observed in astrocytes surrounding Aβ
plaques and brain endothelial cells in Alzheimer’s disease patients and a decrease in
MMP-2 plasma levels compared to healthy individuals [11–14]. In a 5xFAD mouse model,
MMP-2 upregulation was shown in areas enriched with Aβ during the early stages of
Alzheimer’s disease and continued through the progression of the disease [15]. Addition-
ally, MMP-2 accumulation has been found near NFTs in the early stages of AD, and it has
been demonstrated that P-tau stimulates MMP-2 expression [16]. MMP-2 was shown to
break down Aβ peptides into nontoxic fragments, suggesting its protective role in AD
pathology [11,17–19]. MMP-2 also has the capacity to degrade recombinant tau in vitro
but is not able to process its hyper-phosphorylated forms present in NFTs [16]. However,
increased MMP-2 expression induced by toxic Aβ1-42 oligomers was associated with the
disruption of BBB, causing neuroinflammation, synaptic loss, and Alzheimer’s disease
progression [18,20–23].

Studies have found a positive correlation between MMP-2 plasma activity and the
Mini-Mental Status Examination (MMSE) score in Alzheimer’s disease patients [12]. Addi-
tionally, AD patients with white matter lesions showed significantly higher plasma levels
of MMP-2 compared to those without white matter lesions [24]. According to previous
studies, MMP-2 has been proposed as one of the CSF biomarkers related to the detection of
AD patients [25,26].

Variations in MMP expression may be associated with common polymorphisms in the
promoter regions of the corresponding genes. MMP2 rs243866 (−1575 G>A) and rs2285053
(−735 C>T) are two single nucleotide polymorphisms in the promoter region; they are linked
to alterations in MMP-2 expression levels. The −1575 G>A polymorphism is located close to
a 5′ half-palindromic potential estrogen receptor binding site and the -1575A allele has been
shown to decrease transcriptional activity significantly [27]. A C to T substitution at position
−735 has been associated with decreased expression of the MMP2 gene as well [28,29].

Genetic impact of MMP2 rs243866 (−1575 G>A) and rs2285053 (−735 C>T) polymor-
phisms on AD risk have not been analysed until now. However, one study presented a sig-
nificant association of the rs2285053-T allele with susceptibility to develop HIV-associated
neurocognitive disorders [30]. The first objective of the current investigation was to assess
the association of MMP2 rs243866 (−1575 G>A) and rs2285053 (−735 C>T) polymorphisms
with disease susceptibility in a group of Slovak patients with late-onset Alzheimer’s disease
by a case-control study. Second, we aimed to establish the interaction of these MMP2
variants with APOE ε4 as the known AD risk allele. Moreover, we aimed to evaluate the
influence of studied MMP2 polymorphisms on the age of onset and on the level of cognitive
impairment expressed as the total score of Montreal cognitive assessment (MoCA).

2. Materials and Methods
2.1. Study Subjects

The study included 215 patients with late-onset AD (67 men and 148 women, mean age:
79.45 ± 5.85 years). The diagnosis was assessed by the participating physicians according
to the National Institute of Neurological and Communicative Disorders and Stroke and
the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) diagnostic
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criteria [1]. All AD study subjects were recruited randomly via several psychiatric and
neurologic clinics throughout the Slovak Republic. The mean age at disease onset was
77.21 ± 6.16 years. The control group comprised 373 unrelated individuals (147 men and
226 women with a mean age of 76.70 ± 7.73 years) without any personal or family history
of AD or other psychiatric disorders. All participants were Caucasians of Slovak descent.
As a tool to assess cognitive function, the Montreal Cognitive Assessment (MoCA) was
selected [31]. The recommended cut-off score of ≥26 out of a maximum of 30 was applied
for normal cognitive performance. APOE ε4 allele, as a known genetic risk determinant
for AD, was examined in both study cohorts and included as a stratification factor in
further analyses. The study groups’ fundamental characteristics are given in Table 1. The
study protocol was approved by the Independent Ethical Committee of the Bratislava
Municipality under the No. 05440/2021/HF. The study was conducted in accordance with
the Declaration of Helsinki and with the International Ethical Guidelines. Informed consent
was obtained from all participants prior to their enrollment in the study.

Table 1. Demographic and clinical characteristics of Alzheimer’s disease patients and controls.

Parameter
Controls
(n = 373)

LOAD Total
(n = 215)

p-Value LOAD Females LOAD Males p-Value
(n = 148) (n = 67)

Age (years) 76.70 ± 7.73 79.45 ± 5.85 <0.0001 79.73 ± 5.71 78.82 ± 6.16 0.31

Age of onset (years) - 77.21 ± 6.16 - 77.32 ± 6.16 76.97 ± 6.21 0.71

Sex (females/males) 226/147 148/67 0.05 - - -

MoCA score 27.61 ± 1.38 15.47 ± 5.95 <0.0001 15.58 ± 5.95 15.27 ± 6.01 0.72

APOE ε4 positivity 69 (18.50%) 91 (42.33%) <0.0001 62 (41.89%) 29 (43.28%) 0.85

Data are shown as the mean and standard deviation or as number (%). Significant p-values are shown in bold.
LOAD: late-onset Alzheimer’s disease; MoCA: Montreal Cognitive Assessment.

2.2. Genotyping

DNA of AD patients and controls was extracted from whole blood samples treated
by EDTA using a modified phenol-chloroform procedure [32]. APOE genotyping was
performed by Sanger sequencing of the fourth exon, as described previously, using the
rs429358 (C>T) and rs7412 (T>C) polymorphisms as markers for ε4 allele, respectively [33].

The MMP2 rs2285053 (C or T allele at position −735) was examined by PCR followed
by restriction fragment length polymorphism analysis (RFLP). Forward and reverse primer
sequences, PCR settings, and HinfI restriction enzyme (Thermo Fisher Scientific, Waltham,
MA, USA) were used as reported by Gannoun et al. [34]. The PCR reaction revealed a
391 bp long product. After cleavage, either a whole 391 bp amplicon (allele C) or two
fragments of 338 bp and 53 bp (allele T) were generated. The MMP2 rs243866 (G or A allele
at position −1575) was determined by the PCR-RFLP method as reported by Kiani et al. [35].
A 201 bp PCR fragment was amplified and afterwards digested with the restriction enzyme
PagI (Thermo Fisher Scientific, Waltham, MA, USA). After cleavage, either an intact 201 bp
PCR fragment bearing G allele or two fragments of 112 bp and 89 bp bearing A variant were
generated.

2.3. Statistical Analysis

Categorical variables (sex, APOE ε4 presence) were compared between the study
groups by the χ2 test, whereas differences in continuous variables (age, age of onset, MoCA
score) were assessed by the Welch’s corrected t-test (for normally distributed data) or Mann–
Whitney test (for nonparametric data). The distribution of individual alleles and genotypes
was determined by direct counting. MMP2 genotypes were checked for their departure
from the Hardy–Weinberg equilibrium by the χ2 goodness-of-fit test. Statistical differences
in allele distribution between AD cases and controls were evaluated using the Pearson
chi-squared statistic (GraphPad Software, version 3.10, Inc., San Diego, CA, USA). The
multivariate logistic regression analysis adjusted for age, sex, and APOE ε4 carriage status
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was employed to examine the association between MMP2 variants and AD risk under the
codominant, dominant, recessive, over-dominant, and log-additive inheritance models. For
this purpose, SNPstats web software available at http://bioinfo.iconcologia.net/SNPstats
(accessed on accessed on 14 September 2022) was used [36]. The p-values and odds ratios
(OR) with 95% confidence intervals (CI) were determined as a relative measure of the
effects of alleles and genotypes. Regression analysis and synergy factor (SF) measurement
were also completed to assess the significance and size of interaction between MMP2
rs243866 A, MMP2 rs2285053 T, and the APOE ε4 alleles, as previously described [37]. The
correlation between MMP2 rs243866 and rs2285053 gene promoter polymorphisms and
clinical findings as age at onset and MoCA score was evaluated by the linear regression
analysis. The p-value lower than 0.05 was considered statistically significant.

3. Results
3.1. Characteristics of the Study Groups

Table 1 shows the comparison of characteristics (demographic and clinical) between
AD cases and controls. A total of 215 late-onset AD patients and 373 unrelated controls
were enrolled in the research. The difference between the AD group and controls in relation
to gender was not statistically significant (p = 0.05). Women had a higher prevalence in
both AD patients (68.83%) and controls (60.59%). The mean age at the time of obtaining
the blood sample and performing the MoCA test was significantly higher in the AD group
than in controls (79.45 ± 5.85 vs. 76.70 ± 7.73 years; p < 0.0001). In relation to this, the age
at examination was included as a possible modifying factor in the statistical analysis. As
awaited, the cognitive impairment screening revealed that the MoCA score was lower in
AD patients compared to controls (15.47 ± 5.95 vs. 27.61 ± 1.38; p < 0.0001). The carriers
of the APOE ε4 risk allele were significantly overrepresented in the AD cases compared
to controls (42.33% vs. 18.50%, p < 0.0001). The age at disease onset was obtained in AD
patients (mean age 77.21 ± 6.16 years).

3.2. Association of MMP2 rs243866 and rs2285053 Polymorphisms in the Promoter Region with
AD Risk

Tables 2 and 3 summarise allele and genotype frequencies of MMP2 rs243866 (−1575
G>A) and rs2285053 (−735 C>T) observed in AD cases and the control group. Geno-
type frequencies of both polymorphisms fit the Hardy–Weinberg equilibrium in controls
(χ2 = 0.50, p = 0.48 for MMP2 rs243866; χ2 = 0.91, p = 0.34 for MMP2 rs2285053). However,
there was a significant departure of both MMP2 polymorphisms from HWE in AD patients
(χ2 = 7.04, p = 0.008 for MMP2 rs243866; χ2 = 3.89, p = 0.049 for MMP2 rs2285053). Logistic
regression analysis of the SNP variants at −1575 G>A and at −735 C>T in the MMP2
gene adjusted for age, sex, and APOE ε4 carrier status revealed no statistically significant
differences in allele frequencies (p = 0.53, OR = 1.09 for MMP2 rs243866; p = 0.35, OR = 1.18
for MMP2 rs2285053) and also in genotype frequencies (p > 0.05, OR = 0.86–1.57 for MMP2
rs243866; p > 0.05, OR = 0.28–1.26 for MMP2 rs2285053) between the two studied groups.
However, we found a higher OR for the rs243866 A allele in the co-dominant and recessive
model in the AD patients when compared to the control group (1.52 and 1.57).

The distribution of the MMP2 rs243866-rs2285053 haplotypes in both the AD group
and the control group was also evaluated. Out of the four possible MMP2 haplotypes,
three haplotypes have been observed in both the AD group and the control group. The
most frequent was the G–C haplotype (58.60%; 62.20%), followed by the A–C (26.74%;
25.07%) and the G-T haplotype (14.65%; 12.73%). No statistically significant differences in
the MMP2 haplotype frequencies between AD patients and the controls were observed
(p > 0.05, Table 4). The MMP2 rs243866 and rs2285053 variants were in strong linkage
disequilibrium (D′ = 0.999).

http://bioinfo.iconcologia.net/SNPstats
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Table 2. Association between MMP2 rs243866 (−1575 G/A) SNP and LOAD in the whole population.

Allele/
Genotype

LOAD
(n = 215)

Controls
(n = 373) Genetic Model

Logistic Regression Analysis
p-Value OR (95% CI)

Allele contrast (A vs. G) 0.53 1.09 (0.83–1.43)

G 315 (73.26%) 559 (74.93%) Codominant (GA vs. GG) 0.61 0.90 (0.61–1.33)

A 115 (26.74%) 187 (25.07%) Codominant (AA vs. GG) 0.20 1.52 (0.79–2.90)

GG 123 (57.21%) 212 (56.84%) Dominant (AA + GA vs. GG) 0.99 1.00 (0.70–1.44)

GA 69 (32.09%) 135 (36.19%) Recessive (AA vs. GA + GG) 0.16 1.57 (0.84–2.96)

AA 23 (10.70%) 26 (6.97%) Over-dominant (GA vs. GG + AA) 0.42 0.86 (0.59–1.25)

Log-additive 0.54 1.09 (0.83–1.44)

p-values, odds ratio (OR), and 95% confidence intervals (CI) for genotype comparisons were adjusted for APOE
ε4 carrier status, age, and sex. LOAD: late-onset Alzheimer’s disease.

Table 3. Association between MMP2 rs2285053 (−735 C/T) SNP and LOAD in the whole population.

Allele/
Genotype

LOAD
(n = 215)

Controls
(n = 373) Genetic Model

Logistic Regression Analysis
p-Value OR (95% CI)

Allele contrast (T vs. C) 0.35 1.18 (0.83–1.66)

C 367 (85.35%) 651 (87.27%) Codominant (CT vs. CC) 0.30 1.24 (0.83–1.87)

T 63 (14.65%) 95 (12.73%) Codominant (TT vs. CC) 0.26 0.29 (0.03–2.90)

CC 153 (71.16%) 282 (75.60%) Dominant (TT + CT vs. CC) 0.40 1.19 (0.79–1.78)

CT 61 (28.37%) 87 (23.32%) Recessive (TT vs. CT + CC) 0.23 0.28 (0.03–2.75)

TT 1 (0.47%) 4 (1.07%) Over-dominant (CT vs. CC + TT) 0.27 1.26 (0.84–1.89)

Log-additive 0.57 1.12 (0.76–1.63)

p-values, odds ratio (OR), and 95% confidence intervals (CI) for genotype comparisons were ad-justed for APOE
ε4 carrier status, age, and sex. LOAD: late-onset Alzheimer’s disease.

Table 4. Association between MMP2 rs243866-rs2285053 haplotypes and LOAD in the whole population.

rs243866-rs2285053
Haplotype

LOAD
(n = 215)

Controls
(n = 373)

Logistic Regression Analysis
p-Value OR (95% CI)

G–C 58.60% 62.20% reference

A–C 26.74% 25.07% 0.46 1.11 (0.84–1.47)

G–T 14.65% 12.73% 0.49 1.15 (0.78–1.70)

A–T 0.00% 0.00% - -
For each haplotype, estimated frequencies are presented. p-values, odds ratio (OR), and 95% confidence intervals
(CI) for haplotype comparisons were adjusted for APOE ε4 carrier status, age, and sex. LOAD: late-onset
Alzheimer’s disease.

Stratification of both study groups according to their APOE ε4 carriage status as a
known risk determinant for AD development was also provided. No statistically significant
differences in the distribution of MMP2 −1575 G>A and MMP2 −735 C>T genotypes
between AD patients and the control subjects in APOE ε4-positive and APOE ε4-negative
groups were shown (Tables S1 and S2).

In order to determine the interaction between the APOE ε4 allele and the MMP2
rs243866 and rs2285053 polymorphisms, we evaluated the combined gene effects of both
MMP2 gene variants and the APOE ε4 alleles on LOAD risk (Tables 5 and 6). There was
a significantly increased frequency of carriers of the APOE ε4 allele but not the MMP2
rs243866 A allele (p < 0.0001), followed by carriers of both MMP2 rs243866 A and APOE ε4
alleles (p < 0.0001) in the AD group as compared to the controls. The observed combined
effect size of the MMP2 rs243866 A and APOE ε4 alleles was lower (OR = 3.68) than the
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predicted joint OR expecting independent effects of both alleles (OR = 4.83), suggesting
an antagonistic interaction between them (SF = 0.76). This difference was not significant
(p = 0.48, Table 5). Similarly, no statistically significant interaction was detected between
MMP2 rs2285053 T and the APOE ε4 alleles on LOAD risk (p = 0.83, SF = 0.91, Table 6).

Table 5. Statistical interaction between MMP2 rs243866 A and APOE ε4 alleles.

MMP2
rs243866 A APOE ε4

LOAD
(n = 215)

Controls
(n = 373)

Logistic Regression Analysis SF (p-Value)
p-Value OR (95% CI)

− − 68 (31.63%) 171 (45.84%) reference 0.76 (0.48)

+ − 56 (26.05%) 133 (35.65%) 0.83 1.06 (0.69–1.62)

− + 55 (25.58%) 41 (10.99%) <0.0001 4.56 (2.67–7.79)

+ + 36 (16.74%) 28 (7.51%) <0.0001 3.68 (2.04–6.63)

The “−” sign means no copies of the allele, while the “+” sign denotes the presence of at least one copy of the
allele. p-values, odds ratios (OR), and 95% confidence intervals (CI) were adjusted for age and sex. Synergy factor
(SF) was computed as the ratio of the observed OR for both factors combined (3.68) to the predicted OR, assuming
independent effects of each factor (1.06 × 4.56 = 4.83). Significant p-values are shown in bold. LOAD: late-onset
Alzheimer’s disease.

Table 6. Statistical interaction between MMP2 rs2285053 T and APOE ε4 alleles.

MMP2
rs2285053 T APOE ε4

LOAD
(n = 215)

Controls
(n = 373)

Logistic Regression Analysis SF (p-Value)
p-Value OR (95% CI)

− − 88 (40.93%) 230 (61.66%) reference 0.91 (0.83)

+ − 36 (16.74%) 74 (19.84%) 0.43 1.22 (0.75–1.96)

− + 65 (30.23%) 52 (13.94%) <0.0001 3.85 (2.43–6.10)

+ + 26 (12.09%) 17 (4.56%) <0.0001 4.27 (2.18–8.36)

The “−” sign means no copies of the allele, while the “+” sign denotes the presence of at least one copy of the
allele. p-values, odds ratios (OR), and 95% confidence intervals (CI) were adjusted for age and sex. Synergy factor
(SF) was calculated as the ratio of the observed OR for both factors combined (4.27) to the predicted OR, assuming
independent effects of each factor (1.22 × 3.85 = 4.70). Significant p-values are shown in bold. LOAD: late-onset
Alzheimer’s disease.

3.3. MMP2 rs243866 and rs2285053 Genotypes and Main Clinical Features in AD Patients

The association between MMP2 rs243866 (−1575 G>A) and MMP2 rs2285053 (−735
C>T) polymorphisms and clinical variables such as MoCA score and age at disease onset
were also investigated. The linear regression analysis adjusted for sex and APOE ε4
revealed that MMP2 rs243866 GG carriers in the dominant model had higher age at disease
onset when compared to A allele carriers (GG vs. GA + AA: 77.97 ± 6.01 vs. 76.19 ± 6.27,
p = 0.024, Table 7). On the other hand, in MMP2 rs2285053 (−735 C>T) genotypes and age
at disease onset no significant association was found (p > 0.05, Table 8). The analysis of the
correlation of the MoCA score with both MMP2 genotypes did not show any significant
differences (p > 0.05, Tables 7 and 8).
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Table 7. Association of MMP2 rs243866 (−1575 G/A) SNP with the age of disease onset and
MoCA score.

Phenotype Patient Group Genotypes
Best Model p-Value

GG GA AA

AOO
Whole 77.97 ± 6.01 76.13 ± 5.72 76.43 ± 7.90 Dominant 0.024 *

APOE ε4 + 76.57 ± 5.82 74.48 ± 5.07 76.45 ± 4.23 Overdominant 0.12 †

APOE ε4 − 79.11 ± 5.97 77.07 ± 5.91 76.40 ± 10.89 Dominant 0.073 †

MoCA
Whole 16.00 ± 6.17 14.41 ± 5.68 16.35 ± 5.38 Overdominant 0.073 ‡

APOE ε4 + 16.46 ± 5.92 14.59 ± 5.56 14.25 ± 4.43 Dominant 0.18 $

APOE ε4 − 15.68 ± 6.36 14.31 ± 5.82 18.22 ± 5.70 Overdominant 0.14 $

Age at onset (AOO) and Montreal Cognitive Assessment (MoCA) are presented as the mean and standard
deviation. The “−” sign means the absence of the APOE ε4 allele, while the “+” sign denotes the presence of one
or two of the APOE ε4 allele copies. Linear regression analysis was adjusted for * sex and APOE ε4 carrier status;
† sex; ‡ age, sex, disease duration, and ApoE ε4 carrier status; $ age, sex, and disease duration. Significant p-values
are shown in bold.

Table 8. Association of MMP2 rs2285053 (−735 C/T) SNP with the age of disease onset and
MoCA score.

Phenotype Patient Group Genotypes
Best Model p-Value

CC CT TT

AOO
Whole 76.85 ± 6.29 78.10 ± 5.84 78.00 ± 0.00 Dominant 0.18 *

APOE ε4 + 75.81 ± 5.44 76.32 ± 5.76 78.00 ± 0.00 Dominant 0.67 †

APOE ε4 − 77.62 ± 6.79 79.37 ± 5.64 - Dominant 0.18 †

MoCA
Whole 15.49 ± 6.08 15.29 ± 5.62 23.00 ± 0.00 Dominant 0.96 ‡

APOE ε4 + 15.59 ± 5.60 15.24 ± 5.92 23.00 ± 0.00 Dominant 0.95 $

APOE ε4 − 15.42 ± 6.44 15.31 ± 5.56 - Dominant 0.95 $

Age at onset (AOO) and Montreal Cognitive Assessment (MoCA) are presented as the mean and standard
deviation. The “−” sign means absence of the APOE ε4 allele, while the “+” sign denotes the presence of one or
two APOE ε4 allele copies. Linear regression analysis was adjusted for * sex and APOE ε4 carrier status; † sex;
‡ age, sex, disease duration, and ApoE ε4 carrier status; $ age, sex, and disease duration.

4. Discussion

Matrix metalloproteinases (MMPs), known as matrixins, are calcium-dependent zinc-
containing endopeptidases that are involved in the degradation of the extracellular matrix
components and basement membrane compounds [7]. Disruption of blood-brain barriers
by MMPs leading to neuroinflammation makes a major contribution to the progression of
a vast number of neurological diseases, including Alzheimer’s disease [5]. On the other
hand, many MMPs are involved in the degradation of toxic Aβ peptides, revealing a
protective role of MMPs in AD development [11,17–19]. Among MMP family members,
MMP-2, MMP-3, and MMP-9 are the most abundant in the brain [9]. The role of MMP-
2 in the development of AD is of particular interest. There was an increase in MMP-2
expression in astrocytes surrounding amyloid plaques, NFTs, and brain endothelial cells in
AD cases [11–13,16]. On the contrary, the decrease in MMP-2 plasma level in AD subjects
compared to healthy controls was reported [14]. Plasma levels of MMP-2 were significantly
increased in AD patients with white matter lesions compared with the patients without
white matter lesions [24]. A positive correlation between MMP-2 plasma activity and the
MMSE score was also reported [12].

Single nucleotide polymorphism, when found in regulatory regions of the gene, can
alter gene expression or its function; therefore, the goal of the study was to assess the
association of MMP2 rs243866 and rs2285053 polymorphisms with AD susceptibility and
clinical parameters in the Slovak Caucasian population. The MMP2 rs243866 at position
−1575 (G>A) and MMP2 rs2285053 at position −735 (C>T) in the promoter sequence have
been related to the variations in MMP-2 expression levels. The −1575A allele has been
shown to reduce transcription activity [27]. Similarly, the C to T substitution at position
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−735 is associated with a decreased expression of the MMP2 gene [28,29]. According to
literature sources, the possible influence of MMP2 rs2285053 (−735 C>T) and rs243866
(−1575 G>A) polymorphisms on AD development has not been analysed until now.

Our study revealed no significant association of the MMP2 rs2285053 variant at
position −735 (C>T) with AD risk and no effect on the age of AD onset and the degree
of cognitive dysfunction monitored by the MoCA score. Regarding neurodegenerative
disorders, only one study reported that individuals with the MMP2 −735CT genotype and
−735T allele were at higher risk of developing HIV-associated neurocognitive disorders
(HAND) [30]. As reported in other research studies, the−735C allele as a high producer was
associated with MS risk in female patients [38], in patients with ischemic stroke in a Chinese
population [39], and with breast cancer risk [40]. On the other hand, the −735T allele as a
low producer was linked with a higher risk of recurrent spontaneous abortion [41], and
preeclampsia [42], and with a lower risk in lung cancer patients [43].

Concerning the MMP2 rs243866 (−1575 G>A), no association with AD risk was found
in our study. We also performed the analysis of the association of MMP2 rs243866 with age
at disease onset and MoCA score and found a significant association of the MMP2−1575 GG
genotype with higher age at disease onset in crude analysis and adjusted models. As MMP2
−1575G allele is associated with a higher level of protein expression, it can be hypothesized
that the GG genotype might have a protective effect on AD development. Concerning other
research studies, the −1575G allele as a high producer was associated with a higher risk
of colorectal cancer [44] and endometriosis [45]. On the other hand, the −1575A allele as
a low producer has a significantly increased risk of metabolic syndrome [46], myocardial
infarction [47], and prostate cancer patients with DM and smoking habits [35].

The APOE ε4 allele is the most significant genetic risk factor for the development of
late-onset AD [48–50]. Therefore, the association between MMP2 rs243866 (−1575 G>A)
and MMP2 rs2285053 (−735 C>T) and LOAD risk in subjects stratified by APOE ε4 carrier
status were also performed. Analyses of APOE ε4-positive and APOE ε4-negative cohorts
did not reveal statistically significant differences in the distribution of MMP2 variants
between cases of AD and the control subjects.

Furthermore, we also evaluated the statistical interaction between the MMP2 rs243866-
A, MMP2 rs2285053-T alleles, and the APOE ε4 allele on LOAD risk and calculated the
synergy factor value. Although we observed a tendency to antagonistic interaction between
MMP2 rs243866-A, rs2285053-T, and APOE ε4 alleles in AD risk, this effect was not statisti-
cally significant. It is not clear whether there is a relationship between MMP2 rs243866-A
and rs2285053-T and APOE ε4 alleles leading to the biological events in AD subjects. APOE
is the major cholesterol transporter within the brain and appears to have a role in the
induction of AD by multiple mechanisms. It was shown that APOE in APOE ε4 carriers
accelerates blood–brain barrier breakdown and degeneration of brain capillary pericytes
through activation of the cyclophilin A-matrix metalloproteinase-9 pathway, leading to cog-
nitive decline [51]. APOE ε4 isoform has been also associated with impaired binding and
clearance of Aβ across BBB leading to deposition of amyloid plaques in the brain [52,53]. It
was found that Aβ increases IL-1β levels which leads to increased MMP-2 production in the
astrocytes [18]. Another study reported that binding of Aβ to the RAGE receptor increased
MMP-2 expression in brain endothelial cells [13]. It can be hypothesized that the synergic
effect of both MMP2 and APOE ε4 appears to enhance AD-relating neurodegeneration.

We can see a few limitations of the ongoing study. First, the relatively small size of
both groups may reduce the probability of detecting associations between MMP2 variants
in the promoter sequences and the risk of late-onset Alzheimer’s disease. A larger number
of LOAD cases would be desirable for a replication of the study. However, our present-day
results can be considered as useful for sample size planning in future investigations on
this topic. Second, the estimation of age at onset may be influenced by various factors
such as recognition of the first clinical symptoms as experienced by patients themselves.
Interestingly, while the GG genotype of rs243866 seems to be associated with the later
disease onset in our study, there were no significant differences in the MoCA score between
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the three rs243866 genotypes. This could lead to the conclusion that the rate of cognitive
decline might be faster in the GG homozygotes. However, relatively low numbers of AA
homozygotes among AD patients might have biased our results. Moreover, the MoCA
test employed as a single measurement of cognitive functions was not performed in our
AD patients at exactly the same time point after the onset of the disease, which likely had
an impact on the MoCA score. Therefore, we have subsequently corrected the genotype-
phenotype analysis also for disease duration; however, various other factors potentially
influencing the cognitive performance in AD patients could have been involved.

As MMP-2 seems to be involved in AD pathogenesis, their utility as therapeutic target
has been also examined. One possibility relies on promoting MMP activities resulting in
Aβ degradation. A study on the Tg-APP/PS1 mouse AD model reported that hyperoxy-
genation increases the production of MMP-2, MMP-9, and tPA, leading to reduction of Aβ
deposition in the brain and rescued cognitive impairment [54]. Another therapeutic ap-
proach could rely on the inhibition of MMP2 expression. Minocycline and GM6001 belong
to MMPs inhibitors, which reportedly reduce upregulated MMP-2 and MMP-9, and thus
prevent the degradation of blood-brain and blood-CSF barriers and inflammation. More-
over, these inhibitors were able to reduce oxidative stress associated with cerebral amyloid
angiopathy in mouse model of AD [21,55,56]. A dual inhibitor of MMP-2 and MMP-9,
known as SB-3CT, reduced brain lesion volumes and prevented neuronal loss and dendritic
degeneration in an experimental mouse model of traumatic brain injury [57]. Similarly,
SB-3CT was shown to improve long-term neurobehavioral outcomes and hippocampus-
associated spatial learning and memory after traumatic brain injury in rats [58]. Overall, as
MMP-2 plays an important role in neurogenesis, angiogenesis, and neuronal plasticity in
the CNS, its modulation in AD patients requires further investigation.

5. Conclusions

Our study analysed the role of MMP2 rs243866 (−1575 G>A) and rs2285053 (−735
C>T) polymorphisms in genetic susceptibility to AD and their influence on clinical parame-
ters such as age at onset and MoCA score. The results didn’t reveal any genetic association
of MMP2 rs243866 and rs2285053 with the risk of AD; however, the correlation of the MMP2
rs243866 GG genotype with higher age at onset has been observed. Thus, MMP2 rs243866
variant seems to be one of the possible determinants of age of Alzheimer’s disease onset.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/life13040882/s1, Table S1: Association between MMP2 rs243866
(−1575 G/A) SNP and LOAD in cohorts stratified according to the APOE ε4 carrier status; Table S2:
Association between MMP2 rs2285053 (−735 C/T) SNP and LOAD in cohorts stratified according to
the APOE ε4 carrier status.

Author Contributions: Conceptualization, I.S. and V.D.; data curation, A.O., I.S., J.J., Z.P., G.M., M.K.
and I.K.; formal analysis, J.J., Z.P. and V.D.; funding acquisition, I.S.; investigation, A.O., Z.P., M.K.,
I.K., I.M. and V.D.; methodology, A.O., J.J., G.M. and V.D.; supervision, V.D.; writing—original draft,
A.O. and V.D.; writing—review and editing, I.S., J.J., Z.P. and V.D. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was financially supported by the Scientific Grant Agency of Ministry of
Education, Science, Research and Sport of Slovak Republic and Slovak Academy of Sciences (VEGA
grant No. 1/0738/20) and by the Comenius University Grant (UK/245/2022).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the Faculty of Medicine, Comenius University
in Bratislava and University Hospital (Reference number 05440/2021/HF, 30 March 2021).

Informed Consent Statement: Informed written consent was obtained from all participants of
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

https://www.mdpi.com/article/10.3390/life13040882/s1
https://www.mdpi.com/article/10.3390/life13040882/s1


Life 2023, 13, 882 10 of 12

Acknowledgments: The authors thank all individuals for participating in this study. We gratefully
acknowledge B. Misovic Faragova, Z. Nurnberger, and B. Tothova for their technical assistance and
Bc. Jana Kajanova for blood sampling and data collection.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. McKhann, G.; Drachman, D.; Folstein, M.; Katzman, R.; Price, D.; Stadlan, E.M. Clinical diagnosis of Alzheimer’s disease:

Report of the NINCDS-ADRDA Work Group under the auspices of Department of Health and Human Services Task Force on
Alzheimer’s Disease. Neurology 1984, 34, 939–944. [CrossRef]

2. Niu, H.; Álvarez-Álvarez, I.; Guillén-Grima, F.; Aguinaga-Ontoso, I. Prevalence and incidence of Alzheimer’s disease in Europe:
A meta-analysis. Neurologia 2017, 32, 523–532. [CrossRef] [PubMed]

3. Goedert, M.; Spillantini, M.G.; Cairns, N.J.; Crowther, R.A. Tau proteins of Alzheimer paired helical filaments: Abnormal
phosphorylation of all six brain isoforms. Neuron 1992, 8, 159–168. [CrossRef] [PubMed]

4. Sergeant, N.; Bretteville, A.; Hamdane, M.; Caillet-Boudin, M.L.; Grognet, P.; Bombois, S.; Blum, D.; Delacourte, A.; Pasquier, F.;
Vanmechelen, E.; et al. Biochemistry of Tau in Alzheimer’s disease and related neurological disorders. Expert. Rev. Proteom. 2008,
5, 207–224. [CrossRef]

5. Behl, T.; Kaur, G.; Sehgal, A.; Bhardwaj, S.; Singh, S.; Buhas, C.; Judea-Pusta, C.; Uivarosan, D.; Munteanu, M.A.; Bungau, S.
Multifaceted Role of Matrix Metalloproteinases in Neurodegenerative Diseases: Pathophysiological and Therapeutic Perspectives.
Int. J. Mol. Sci. 2021, 22, 1413. [CrossRef] [PubMed]

6. Singh, D.; Srivastava, S.K.; Chaudhuri, T.K.; Upadhyay, G. Multifaceted role of matrix metalloproteinases (MMPs). Front. Mol.
Biosci. 2015, 2, 19. [CrossRef]

7. Apte, S.S.; Parks, W.C. Metalloproteinases: A parade of functions in matrix biology and an outlook for the future. Matrix Biol.
2015, 44–46, 1–6. [CrossRef]

8. Rivera, S.; García-González, L.; Khrestchatisky, M.; Baranger, K. Metalloproteinases and their tissue inhibitors in Alzheimer’s
disease and other neurodegenerative disorders. Cell. Mol. Life Sci. 2019, 76, 3167–3191. [CrossRef]

9. Rempe, R.G.; Hartz, A.M.S.; Bauer, B. Matrix metalloproteinases in the brain and blood-brain barrier: Versatile breakers and
makers. J. Cereb. Blood Flow Metab. 2016, 36, 1481–1507. [CrossRef]

10. Verslegers, M.; Lemmens, K.; Van Hove, I.; Moons, L. Matrix metalloproteinase-2 and -9 as promising benefactors in development,
plasticity and repair of the nervous system. Prog. Neurobiol. 2013, 105, 60–78. [CrossRef]

11. Yin, K.J.; Cirrito, J.R.; Yan, P.; Hu, X.; Xiao, Q.; Pan, X.; Bateman, R.; Song, H.; Hsu, F.F.; Turk, J.; et al. Matrix metalloproteinases
expressed by astrocytes mediate extracellular amyloid-beta peptide catabolism. J. Neurosci. 2006, 26, 10939–10948. [CrossRef]

12. Lim, N.K.; Villemagne, V.L.; Soon, C.P.; Laughton, K.M.; Rowe, C.C.; McLean, C.A.; Masters, C.L.; Evin, G.; Li, Q.X. Investigation
of matrix metalloproteinases, MMP-2 and MMP-9, in plasma reveals a decrease of MMP-2 in Alzheimer’s disease. J. Alzheimer’s
Dis. 2011, 26, 779–786. [CrossRef]

13. Du, H.; Li, P.; Wang, J.; Qing, X.; Li, W. The interaction of amyloid β and the receptor for advanced glycation endproducts induces
matrix metalloproteinase-2 expression in brain endothelial cells. Cell. Mol. Neurobiol. 2012, 32, 141–147. [CrossRef] [PubMed]
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