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Abstract

Atrial fibrillation (AF) is a prevalent cardiac arrhythmia associated with significant morbidity and
mortality. Structural remodeling of the left atrium, particularly myocardial fibrosis, plays a key role
in AF pathogenesis. Matrix metalloproteinases (MMPs) are critical regulators of extracellular matrix
remodeling and may contribute to atrial fibrosis through genetic variation. This case—control study
included 179 patients with AF and 56 controls. Eight polymorphisms across five MMP genes (MMP1,
MMP2, MMP3, MMP9, and MMP12) were analyzed using PCR-based methods. Associations
between single nucleotide polymorphisms (SNPs), AF susceptibility, recurrence, haplotypes, and
gene—gene interactions were assessed. The study population was ethnically homogeneous (Polish),
minimizing population stratification bias. No significant differences in allele frequencies were
observed between AF and control groups in univariate analysis. However, multivariable logistic
regression revealed significant associations for MMP1 rs1799750 and MMP2 rs243864 under recessive
inheritance models. Haplotype analysis demonstrated a significant global association with AF (p =
0.027), with specific haplotypes showing markedly increased risk. Multifactor dimensionality
reduction identified significant gene-gene interactions, particularly involving SNPs in MMP1,
MMP2, MMP3, and MMP12. These findings support a polygenic model of AF susceptibility involving
extracellular matrix remodeling pathways and highlight the importance of multi-locus genetic
analyses.

Keywords: atrial fibrillation; matrix metalloproteinases; polymorphism; extracellular matrix; fibrosis;
gene—gene interaction; haplotype

1. Introduction

Atrial fibrillation represents a major global healthcare burden in many countries. Over 30 million
patients worldwide suffer from atrial fibrillation. Forecasts indicate that by 2060 there will be between
14 and 18 million cases of this type of heart rhythm disorder in Europe alone, and in the US alone
there will be between 6 and 12 million patients by 2050. [1]. Improved healthcare systems in
developed countries contribute to higher detection rates of atrial fibrillation. Early detection of
arrhythmia is important because AF is associated with a 5-fold increase in the risk of stroke. And 20%
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of all strokes in the UK occur in patients with AF. [2] The percentage of patients with asymptomatic
AF ranges from 11.5% to as high as 40%. Short episodes of AF lasting several minutes (5-6 minutes)
increase the risk of stroke by approximately 2.5 times [3]. The frequent occurrence of arrhythmia, as
well as thromboembolic complications in untreated AF, prompt an active search for methods of
screening for clinically silent AF. Left atrial (LA) remodeling is a risk factor for atrial fibrillation (AF)
and indirectly with the occurrence of ischemic stroke (IS). Left atrial remodeling represents the link
between morphological changes and electrophysiological abnormalities that contribute to the onset
and maintenance of atrial fibrillation, creating a vicious cycle between atrial cardiomyopathy (AC)
and cardiac arrhythmias. [4]. Atrial myocardial fibrosis leads to a slowing of impulse conduction,
which has a proarrhythmic effect and increases the risk of arrhythmias. Newman et al. confirm this
hypothesis, stating that LA scarring and fibrosis leads to a shortened atrial refractory period, slowed
conduction velocity and, consequently, atrial fibrillation [5]. Therefore, the present study aimed to
investigate the genetic basis of increased myocardial fibrosis. But do the benefits of active screening
for left atrial remodeling and detection of asymptomatic arrhythmia become standard practice, or do
the costs of such an undertaking significantly outweigh the potential benefits? Lowres et al., in a
meta-analysis based on 30 available scientific studies based on pulse palpation or ECG, indicate the
detection of previously undiagnosed AF in approximately 1% of patients, and in the group over 65
years of age in 1.4% [6,7]. Fitzmaurice et al. in a screening study involving 14,802 patients in 50
primary care practices indicate a detection rate of atrial fibrillation in 1.63% of previously
undiagnosed individuals. [8]. A natural response to this social need is to search for genetic differences
that allow the identification of individuals at increased risk of developing atrial fibrillation in the
future. Polymorphisms in MMPs genes contribute to ischemic stroke (IS) being the most serious AF
complication and additionally are associated with disorders being risk factors of IS in patients with
AF such as diabetes or heart failure. Matrix metalloproteinases (MMPs) are zinc-dependent
endopeptidases responsible for the degradation and remodeling of the extracellular matrix (ECM) in
cardiac tissue. Elevated MMP-9 levels occur in specific risk groups, such as obese individuals who
have a profile of early atherosclerosis development. Furthermore, it has been shown that serum
MMP-9 levels were elevated in patients with pronounced carotid atherosclerosis compared to healthy
patients and that only MMP-9 levels were elevated in contrast to other proposed biomarkers such as
MMP-1 and MMP-3 [9]. A study by Nilsson et al. involving 1500 patients and measuring plasma
levels of MMP-1, -3, -7, -10, and -12 showed that MMP-7 and MMP-12 were elevated in patients with
type 2 diabetes, which is associated with atherosclerosis and coronary events [10]. In atrial fibrillation
and related pathologic states, dysregulated MMP activity —particularly increased MMP-2 and MMP-
9 expression with reduced TIMP inhibition—leads to excessive ECM turnover and structural
remodeling. This imbalance promotes atrial fibrosis by triggering fibroblast activation and collagen
deposition, ultimately contributing to electrical and mechanical dysfunction of the atria [11]. Fan et
al. observed, that greater susceptibility to stroke was also detected in polymorphic variants of several
MMP genes. The evaluation of SNPs in four genes (rs1799750 in MMP-1, rs2285053, rs243865,
rs2241145 in MMP-2, rs17576 in MMP-9, rs2276109, rs660599 and rs652438 in MMP-12) and their
interactions allows to detect an association between the rs17576 AG and GG genotypes and an
increased risk of ischaemic stroke (IS), as well as a significant interaction between MMP-9 rs17576
and MMP-12 rs660599, also correlating with a higher risk of IS [12]. Gajewska et al. indicate that
another SNP associated with the occurrence of TDM2 in humans is the MMP-2-1575-G/A (rs243866)
polymorphism and two MMP-9 polymorphisms: -1562 C/T (rs3918242) and +279 A/G (rs17576) [13].
On the other hand Zhao et al. indicate that polymorphism MMP3 (rs522616) was associated with a
significantly decreased risk of brain arteriovenous malformation [14]. Beber et al. do not exclude the
possibility that -1575G>A (rs243866), -1059G>A (rs17859821), and -790G>T (rs243864) polymorphisms
in the MMP-2 genemight be associated with HF prognosis in Caucasian-Brazilians with reduced
LVEEF [15].

Therefore, this study aimed to evaluate the association between selected MMP gene
polymorphisms (as a marker of increased myocardial fibrosis) and AF risk in a Polish cohort, and to
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explore haplotype structure and gene-gene interactions to better understand the complex genetic
architecture underlying atrial remodeling.

2. Materials and Methods

2.1. Study Population

This case-control study included 179 patients with atrial fibrillation (AF) and 56 control subjects
recruited from the Department of Cardiology, Medical University in Poland, between 2023 and 2025.
AF was based on 12-lead ECG documentation. The control group consisted of individuals with no
history of AF or other supraventricular arrhythmias. Exclusion criteria for both groups included:
congenital heart disease, cardiomyopathy, significant valvular defects, acute myocardial infarction
within the last 6 months, inflammatory or autoimmune diseases, malignancies, and chronic liver or
renal failure.

Demographic and clinical data (age, sex, BMI, hypertension, diabetes, coronary artery disease,
and echocardiographic parameters) were collected using standardized questionnaires and medical
records. All participants provided written informed consent prior to enrollment. Patients were
surveyed to determine whether they had experienced any recurrence of atrial fibrillation three
months and six months after the start of the study. The study protocol was approved by the Local
Bioethics Committee of the Medical University of Lublin (approval no. KE-0254/219/10/2023).

Peripheral venous blood samples (5 mL) were collected in EDTA tubes. Isolation of mononuclear
cells using density gradient centrifugation. Isolation of DNA from mononuclear cells using a column
method, followed by PCR reaction using commercial probes for selected DNA polymorphisms in a
Step One device. Polymorphic sites of metalloproteinase (MMP) promoter regions were identified:
MMP-1: -1607 1G/2G, MMP-2: -1575 G/A (rs243866); -1059 G/A (rs17859821), -790 G/T (rs243864);
MMP-3: -1171 (5A/6A); MMP-9: -1562C/T (rs3918242); rs378768 G/A; rs1056628 A/C; MMP-12: -82
A/G.

2.2. Genotyping

Genotyping was performed using polymerase chain reaction (PCR) followed by restriction
fragment length polymorphism (RFLP) analysis or TagMan SNP Genotyping Assays (Applied
Biosystems, Foster City, CA, USA), depending on the locus. For quality control, approximately 10%
of samples were randomly re-genotyped, yielding 100% concordance.

2.3. Statistical Analysis

Statistical analysis was performed using Statistica (USA) and SNPStats (www.snpstats.net).
Unless otherwise indicated, data are given as mean+SD, median (IQR). Categorical variables are
expressed as frequencies and percentages. Genotype distributions were compared between AF and
control groups or between patients with and without AF after 3, 6 and 12 months after first diagnosis
by Chi-square test analysis and Fisher’s exact tests.

SNP-AF associations under five inheritance models (codominant, dominant, recessive,
overdominant, and log-additive) using multivariable logistic regression with AF status as the
dependent variable and age and sex as covariates were evaluated. Fisher's exact test for Hardy-
Weinberg equilibrium (HWE) for a single nucleotide polymorphism in the study group was
evaluated. HWE is commonly used for quality control of genotyping: it indicates inbreeding,
population stratification, and systematic genotyping errors in unrelated individuals. All
polymorphisms were in Hardy—-Weinberg equilibrium (HWE). To determine the association between
MMP-1, MMP-2, MMP-3, MMP-9 and MMP-12 genotypes and the risk of AF, odds ratios (ORs) with
corresponding 95% confidence intervals (Cls) were calculated. Statistical significance was defined as
any p-value less than 0.05.
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3. Results

A total of 179 patients with atrial fibrillation (AF) and 56 controls were included. The AF cohort
was significantly older than controls (65.6 + 11.5 vs. 49.6 + 19.4 years, p <0.001) and had a higher BMI
(27.9 £3.8 vs. 24.7 + 2.9 kg/m?, p = 0.007). Sex distribution did not differ between groups. Among AF
patients, the median time from diagnosis was 4.0 years (IQR 3.0-6.0), with paroxysmal AF accounting
for 73.2% of cases. Comorbidities were common: chronic kidney disease (35.2%), coronary artery
disease (32.4%), previous stroke (8.9%), transient ischemic attack (29.1%), and heart failure (78.8%).
Echocardiographic assessment showed preserved median LVEF (60%) and enlarged left atrial
dimensions (mean LA volume 118.8 + 27.4 mL; LAVI 60.9 + 14.7 mL/m?). The data is presented
comprehensively in Tables 1 and 2.

Table 1. Baseline sociodemographic characteristics of the studied and control group.

Parameter AF patients (n=179) Controls (n=56) b value
Mean+SD Median (IQR) Mean+tSD Median (IQR)
Age (years) 65.6£11.5 68.0 (59.0-74.0) 49.6+19.4  44.0 (33.0-69.0) <0.001
[23-55) 32 (18%) 37 (66%)
55-66 45 (25% 5 (5%
Age groups {66-73; 50 Ezs%; 6 5110/)0)
[73-90] 52 (29%) 10 (18%)
Male Sex (%) 115 (64.25) 12 (21.4) 0.61
BMI (kg/m?2) 279+3.8  27.8(24.9-30.5)24.7429  23.7 (22.7-26.6) 0.007

Abbreviations: AF- atrial fibrillation; IQR - interquartile range; SD - standard deviation. The p-value was

calculated using the Chi-square test.

Table 2. Baseline characteristics of the studied AF group.

AF patients (n=179)

i Mean+SD Median (IQR)
Time from AF diagnosis (years) 4.6+2.5 4.0 (3.0-6.0)
Biochemical parameters

WBC (109/L) 6.6:2.1 6.2 (5.0-7.3)
HGB (g/dL) 14.1+1.6 14.1 (13.2-15.1)
HCT (%) 42.1+4.4 41.9 (39.4-44.8)
RDW (%) 13.8£1.3 13.6 (13.0-14.2)
PLT (109/L) 220.1+60.8 218.0 (185.0-247.0)
Creatinine (mg/dL) 1.02+0.3 1.0 (0.9-1.1)
eGFR (mL/min/1.73 m2) 74.3+18.1 75.3 (59.9-88.2)
AST (U/L) 31.7+9.3 31.0 (25.0-35.0)
ALT (U/L) 29.2+8.6 28.0 (24.0-32.0)
INR 1.4+0.5 1.2 (1.1-1.5)
APTT (seconds) 36.8+8.8 34.6 (30.7-41.2)
UA (mg/dL) 39.6+14.1 36.6 (30.5-45.6)
HbAI1C (%) 6.04+0.8 5.8 (5.6-6.1)
Fasting glucose (mg/dL) 103.7+19.4 99.0 (92.0-106.0)
TSH (ulU/mL) 2.5+1.3 2.6 (1.5-3.2)
Comorbidities

Paroxysmal AF (%) 131 (73.2)

Persistent AF (%) 53 (29.6)

Smoking history (%) 63 (35.2)

Diagnosed CKD (%) 63 (35.2)

CAD (%) 58 (32.4)
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AMTI history (%) 13 (7.3)

PCI history (%) 30 (16.8)

CABG history (%) 2 (1.1)

PAD (%) 10 (5.6)

Ischemic stroke history (%) 16 (8.9)

TIA history (%) 52 (29.05)

Hemorrhagic stroke history (%) 2(1.1)

HE(%) 141 (78.8)

HFpEF (%) 9 (5.03)

HFmrEF (%) 14 (7.8)

HFpEF (%) 119 (66.5)

NYHA (%)

/a 134 (74.9)

I 2 (1.1)

v 0 (0)

Hypercholesterolemia (%) 84 (46.9)

Hypothyreoidsm (%) 34 (19.0)

Hyperthyroidism (%) 11 (6.2)

Echocardiography parameters

EHRA class:

1, n (%) 2 (1.1)

2a, n (%) 44 (24.6)

2b, n (%) 95 (53.1)

3, n (%) 39 (21.8)

4, n (%) 0 (0)

LVEEF (%) 57.04+8.04 60.0 (55.0-61.0)
LA dimension in LAX (mm) 44 4+8.2 45.0 (43.0-47.0)
LA surface area in Ap4CH (cm2) 25.9+3.8 25.6 (23.6-27.9)
LA volume (mL) 118.8+27.4 114.6 (101.7-131.5)
V max LAA before ablation (cm/s) 61.4+22.7 56.0 (46.0-74.0)
LAVI (mL/m2) 60.9+14.7 59.1 (50.5-67.9)

Abbreviations: IQR - interquartile range; SD - standard deviation ; WBC - white blood cells; HGB — hemoglobin;
HCT - Hematocrit; RDW - red blood cell distribution width; PLT — Platelets; ALT- alanine aminotransferase;
AST - aspartate aminotransferase; UA - Uric Acid; HbAlc - glycosylated hemoglobin; CKD - Chronic kidney
disease; CAD - coronary artery disease; AMI - Acute Myocardial Infarction; PCI - percutaneous coronary
intervention; CABG - coronary artery bypass graft; PAD - Peripheral artery disease; TIA - transient ischemic
attack; HF - heart failure; HFpEF - Heart Failure with Preserved Ejection Fraction; HFTEF - Heart Failure with
reduced Ejection Fraction; HFmrEF - Heart Failure with mildly reduced Ejection Fraction; LA- left atrium; LVEF-
Left ventricular ejection fraction; LAX- long axis view; Ap4CH- apical; 4 chamber view; LAVI - left atrial volume

index.

Allinvestigated polymorphisms (SNP1-SNP8) were in Hardy—Weinberg equilibrium in both AF
and control groups. No statistically significant differences were observed in allele or genotype
frequencies between patients and controls for any of the studied SNPs in MMP1, MMP2, MMP3,
MMP9, or MMP12. For MMP1 151799750 (SNP1), a trend toward more frequent carriage of the 2G
allele in AF patients was observed (54.6% vs. 45.5%, p = 0.10). Similar non-significant trends toward
a higher prevalence of risk alleles in AF patients were noted for SNPs in MMP2 (rs243866, rs17859821,
rs243864), MMP3 (rs522616), MMP9 (rs378768, rs17576), and MMP12 (rs2276109). Information
contained in Table 4.

Table 3. Analysed MMPs and their examined risk alleles for each metalloproteinase.
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Gen rsID Record of changes Risk allele
SNP1 MMP1 rs1799750 C- (delC) =2G - (absence of C) = 2G
SNP2 MMP2 15243866 G>A A
SNP3 MMP2 rs17859821 G>A Uncertain (often A is protective)
SNP4 MMP2 rs243864 >G G
SNP5 MMP3 15522616 T>C C
SNP6 MMP9 rs378768 G>A A
SNP7  MMP9 rs17576 A>G G
SNP8 MMP12 152276109 T>C T (higher expression)

Abbreviations: MMP metalloproteinase; rdID - Reference SNP cluster ID; SNP - Single Nucleotide
Polymorphism; A, T, C, G - Adenine, Thymine, Cytosine, Guanine.

Table 4. Comparison of the frequency of risk alleles in the atrial fibrillation group and in the control group.

Gene Genotypelallele
(SNP) (refSl\tg’pID) AF group Controls OR (95%CI) P values
rs1799750* n=173 n=55
1G/1G 40(23.1) 18 (32.7) 1.0 (Ref)
MMP1 Genotype 1G/2G 77 (44.5) 24 (43.6) 1.4(0.7-2.7) 0.35
2G/2G 56 (324 ) 13 (23.6) 1.9 (0.9-4.4) 0.15
(SNP1)
n=346 n=110
allele 1G 157 (45.4) 60 (54.5) 1.0 (Ref)
2G 189 (54.6) 50 (45.5) 1.4(0.9-2.2) 0.10
15243866 N=179 N=56
G/G 108 (60.3) 32 (57.1) 1.0 (Ref)
MMP? Genotype G/A 62 (34.6) 20 (35.7) 0.9 (0.5-1.7) 0.87
AlA 9(5.0) 4(7.1) 0.7 (0.2-2.3) 0.51
(SNP2)
N=358 N=112
allele G 278 (77.6) 84 (75.0) 1.0 (Ref)
A 80 (22.3) 28 (25.0) 0.8 (0.5-1.4) 0.61
rs17859821** N=178 N=55
G/G 132 (74.2) 42 (76.4) 1.0 (ref)
MMP? genotype  G/A 45 (25.3) 13 (23.6) 1.1(0.5-2.2) 0.86
(SNP3) AlA 1(0.6) 0(0) 0.96 (0.04-24.1) 1.0
N=356 N=110
allele G 309 (86.8) 97 (88.2) 1.0 (Ref)
A 47(13.2) 13 (11.8) 1.1(0.6-2.2) 0.87
rs243864** N=177 N=56
T/T 108 (61.0) 32 (57.1) 1.0 (Ref)
MMP? genotype  T/G 58 (32.8) 18 (32.1) 0.95 (0.5-1.8) 1.0
G/G 11 (6.2) 6 (10.7) 0.5 (0.2-1.6) 0.37
(SNP4)
N=354 N=112
allele T 274 (77.4) 82 (73.2) 1.0 (Ref)
G 80 (22.6) 30(26.8) 0.8 (0.5-1.3) 0.37
rs522616 N=179 N=56
T/T 130 (72.6) 36 (64.3) 1.0 (Ref)

MMP3 genotype  T/C 41(22.9) 19 (33.9) 0.6 (0.3-1.2) 0.16
(SNP5) C/IC 8(4.5) 1(1.8) 2.2(0.3-18.3) 0.69
N=358 N=112

allele T 301 (84.1) 91 (81.3) 1.0 (Ref)
C 57 (15.9) 21(18.8) 0.8 (0.5-1.4) 0.47
MMP9? rs378768 N=179 N=56
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(SNP6) G/G 170 (95.0) 53 (94.6) 1.0 (Ref)
genotype /4 9(5.0) 3(5.4) 0.9 (0.2-3.6) 1.0
allele N=358 N=112
G 349 (97.5) 109 (97.3) 1.0 (Ref)
A 9(2.5) 3(2.7) 0.9 (0.2-3.5) 1.0
rs17576%** N=178 N=56
AlA 70(39.3) 24 (42.9) 1.0 (Ref)
MMP9 genotype  A/G 80 (44.9) 23 (41.1) 1.2 (0.6-2.3) 0.62
(SNP7) G/G 28 (15.6 ) 9(16.1) 1.1(0.4-2.6) 1.0
allele N=356 N=112
A 220 (61.8) 71(63.4) 1.0 (Ref)
G 136 (38.2) 41 (36.6) 1.1(0.7-1.7) 0.82
1s2276109%**** N=178 N=53
T/T 121 (68.0) 41 (77 .4) 1.0 (Ref)
genotype  T/C 54 (30.3) 12 (22.6) 1.5 (0.7-3.1) 0.30
z(\;%f 81)2 cC 3(17) 0(0) 2.4(0.147.3) 0.57
N=356 N=106
allele T 296 (83.1) 94 (88.7) 1.0 (Ref)
C 60 (16.9) 12 (11.3) 1.6 (0.8-3.1) 0.22

* lack of detection in 7 patients; ** lack of detection in 2 patients; *** lack of detection in 1 patient; **** lack of
detection in 4 patients. Abbreviations: MMP metalloproteinase; rdID - Reference SNP cluster ID; SNP - Single
Nucleotide Polymorphism; A, T, C, G - Adenine, Thymine, Cytosine, Guanine; OR - Odds Ratio.

Due to the inability to clearly determine AF burden (due to the need for ILR implantation), an
attempt was made to quantify the severity of atrial fibrillation by dividing patients into groups with
AF recurrence within the last 3, 6, and 12 months and those without AF recurrence during that time.
Among the risk alleles studied, there was no statistically significant difference in the occurrence of
the listed genes between the two subgroups (Table 5). However, a slightly higher frequency of the
risk allele distribution for MMP2 - rs243866r was observed in patients with AF recurrence after 6 and
12 months (genotypes G/A and A/A), and for MMP2 - 517859821 (genotype G/A and A/A) in patients
with AF recurrence after 3 and 6 months. Genotype T/C of MMP?3 - rs522616 and MMP12 - rs2276109
T/C were more frequent in patients who experienced AF recurrence within 3, 6, and 12 months of
observation. MMP9 - rs17576 A/G was more frequent in patients with AF recurrence after 6 and 12
months (Table 5).

The association between the MMP polymorphisms and atrial fibrillation (AF) was assessed
under five inheritance models (Tables S1-S7). The 2G allele of MMP1 - rs1799750 is associated with
decreased risk of AF (protective effect). In the codominant model, genotype 2G/2G vs 1G/1G shows
a lower, but not significant, risk (OR = 0.30, 95% CI 0.10-0.94, p = 0.078); however, the homozygote
contrast is significant. In the dominant model, carriers of 1 or more copies of 2G (1G/2G + 2G/2G)
have reduced AF risk versus 1G/1G (OR = 0.39, 95% CI 0.17-0.92, p = 0.032). Significant log-additive
model (OR = 0.54, 95% CI 0.30-0.95, p = 0.028), indicating a dose-dependent protective effect per 2G
allele.

Moreover, for MMP2 - 5243864, the recessive model showed a significant association of
homozygous G/G with increased AF risk (6.2% vs 10.7% in controls; OR = 5.30, 95% CI 1.13-24.81, p
= 0.035). In the codominant model, the global test was not significant (p = 0.085), but the G/G versus
T/T comparison yielded OR = 5.88 (95% CI 1.22-28.39).

Table 5. Comparison of the frequency of risk alleles in the MMPs studied in patients with recurrence of atrial
fibrillation and without recurrence within 3, 6, and 12 months.
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* lack of detection in 6 patients; ** lack of detection in 1 patient; *** lack of detection in 2 patients;. Abbreviations:
MMP metalloproteinase; rdID - Reference SNP cluster ID; SNP - Single Nucleotide Polymorphism; A, T, C, G -
Adenine, Thymine, Cytosine, Guanine; OR - Odds Ratio.

Pairwise linkage disequilibrium (LD) statistics (D, D’, r) were calculated for eight SNPs. D’
statistic values indicated several regions of moderate to strong LD: SNP1-SNP5 (D’ = 0.7713) and
SNP1-SNP8 (D’ = 0.6886) showed strong LD. SNP5-SNP8 (D’= 0.7926) also displayed high LD.
Additional moderate associations were observed between SNP2-SNP5 (D’ = 0.6208), SNP2-SNP6 (D’
= 0.8337), SNP4-SNP5 (D’ = 0.6386), and SNP6-SNP7 (D’ = 0.9918). The r statistic supported these
patterns, with the strongest correlations found for SNP1-SNP5 (r = 0.3611) and SNP1-SNP8 (r =
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0.3105), indicating that these loci are inherited together more often than expected by chance.
Mutually, these results suggest the presence of at least one haplotype block containing SNP1, SNP5,
and SNP8, and possibly extending to SNP2 and SNP6, given the moderate D’ and significant
associations. The clustering of significant LD in these regions implies physical proximity or selective
co-inheritance, which may be relevant to downstream association analyses (Figure 1).

Combined Heatmap of D, D’, r, and P-values (Color by D)
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Figure 1. Triangular linkage disequilibrium heatmap.

Haplotype association analysis was conducted to examine the relationship between haplotypes
across SNP1-SNP8 and AF occurrence in 235 patients, adjusting for sex and age. The global haplotype
association was statistically significant (p = 0.027), indicating that variation in this haplotype block
may influence the occurrence of AF (Table S8). The reference haplotype H1: 2G-G-G-T-T-G-G-T,
with a frequency of 16.6%, was used as the baseline for comparison. The haplotype H12 (1G-G-G-T-
T-G-G-T; frequency 2.06%) and H16 (1G-A-G-G-T-G-A-C; frequency 1.4) revealed significant
increased odds of AF occurrence (p<0.0001). Several haplotypes showed notably decreased odds of
AF occurrence: H4 (1G-G-G-T-T-G-A-T; frequency = 8.6%) was associated with a 0.12-fold higher
odds of AF (95% CI: 0.02-0.59, p = 0.0095). H7 (1G-A-G-G-T-G-G-T; frequency = 4.5%) showed
association with AF, with a 0.03-fold increase in odds (95% CI: 0.00-0.29, p = 0.0031). Overall, these
findings suggest that specific multi-locus combinations—particularly H12 and H16—may
significantly influence AF occurrence, warranting further investigation in larger cohorts.

Multifactor dimensionality reduction (MDR) analysis was performed to identify SNP-SNP
interactions that affect the risk of atrial fibrillation (Table S9). MDR analysis identified statistically
significant gene-gene interactions (epistasis) between SNP1 + SNP8 (CVC 7/10; OR = 3.6, 95% CI 1.1-
12.3) and SNP1 + SNP4 + SNP5 (CVC 3/10; OR =2.5, 95% CI 1.1-5.5). However, moderate test accuracy
values (all below 60%) suggest that these gene combinations explain only part of the variance in
disease risk, and environmental, clinical, or other genes also play a significant role.

4, Discussion
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The risk of atrial fibrillation recurrence is associated with variants of metalloproteinase genes.
Lombardi et al. in a prospective study assessed the relationship between MMP-1 and MMP-3
polymorphisms in patients with persistent atrial fibrillation whose sinus rhythm was restored by
electrical cardioversion (ECV). The authors observed an increased risk of atrial fibrillation recurrence
in carriers of both the 5A and 1G alleles compared to people without these alleles [16,17]. Huxley et
al. report, that elevated activity of MMP-9 was associated with increased risk of AF [18].

This study provides novel evidence supporting the contribution of matrix metalloproteinase
(MMP) gene polymorphisms to atrial fibrillation (AF) susceptibility in a cohort being recruited from
Polish population. We evaluated eight polymorphisms across five metalloproteinase genes (MMP1,
MMP2, MMP3, MMP9, and MMP12) and their potential associations with atrial fibrillation (AF), AF
recurrence, and gene-gene interactions. Although no significant differences in allele frequencies were
observed between AF patients and controls in the initial allelic analysis, deeper genetic modeling
revealed specific variants and multi-locus structures associated with AF susceptibility. The most
robust single-locus associations were observed for MMP1 rs1799750 and MMP2 rs243864, both
demonstrating significance under the recessive inheritance model. The 1G/1G genotype in MMP1
and the G/G genotype in MMP2 were associated with higher odds of AF, suggesting that reduced
promoter functionality or altered transcriptional activity —previously attributed to these variants in
experimental studies—may contribute to atrial remodeling. Although individual SNPs in other
metalloproteinases (MMP3, MMP9, MMP12) did not reach statistical significance, the observed
numerical enrichment of risk alleles in AF patients suggests that subtle or cumulative effects may
exist but remain underpowered in single-variant analyses. Similarly, Buckley et al. reported that
higher MMP2 levels are associated with heart failure with preserved ejection fraction and left atrial
dysfunction, as well as AF (the highest MMP-2 quartile associated with greater risk of incident AF
(1.44 [95% CI, 1.18-1.77]) [19]. Diao et al. report that, compared to the sinus rhythm group, protein
and mRNA expression levels of MMP-2 were evidently increased in the 3 AF groups, concluding that
elevated MMP?2 levels are associated with the onset of atrial fibrillation [20]. Hsiao and colleagues
investigated the association between MMP9 and the occurrence of arrhythmia. The expression of
MMP9 was higher in fibrillating atrial tissue than in sinus rhythm. However, there was no significant
difference in the distribution of rs3918242 genotypes and allele frequencies between the control group
and the AF group [21].

Importantly, haplotype analysis identified significant multi-allelic patterns, indicating that
combinations of MMP polymorphisms may better capture the genetic architecture predisposing to
AF. Haplotypes H4 and H7 were strongly associated with AF, with odds ratios exceeding those of
any single SNP, underscoring the relevance of multi-locus effects. These findings are consistent with
the notion that extracellular matrix (ECM) dynamics are governed not by single enzymatic pathways
but by coordinated interactions among MMP family members.

The analysis of linkage disequilibrium further supports this interpretation, revealing moderate
to strong LD across SNP pairs—most notably involving SNP1, SNP5, SNP8, and several MMP2-
linked variants. This suggests the existence of functional haplotype blocks rather than isolated allelic
events. The presence of clustered LD regions may reflect shared transcriptional regulation, proximity
within regulatory domains, or coordinated evolutionary pressures. The search for risk alleles and
specific haplotypes that increase the risk of cardiovascular disease is a well-known approach in the
literature. Purkait et al. identified four SNPs (rs11568020: A-152G and rs5050: A-20C in the promoter;
rs4762 and rs699 in exon 2) and three haplotypes (H4, H7, and H8) that showed a stronger positive
association with hypertension. In contrast, haplotype H2 showed a protective effect against
hypertension [22].

The multifactor dimensionality reduction (MDR) models provided additional evidence for
genetic interactions influencing AF risk. Models incorporating combinations of SNP1, SNP3, SNP5,
and SNP8 yielded statistically significant associations and improved predictive metrics compared
with single-SNP analyses. Notably, gene—gene interactions were strongest in the 6-month recurrence
subgroup, where the SNP3+SNP5 and SNP1+SNP3+SNP5 models achieved the highest cross-
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validation consistency. These results suggest that epistatic effects may contribute meaningfully to the
risk of arrhythmia recurrence, even when individual SNPs do not independently predict outcomes
[23].

Despite the significant findings in some genetic models, the overall predictive accuracy of MDR
models remained modest, indicating that genetic predisposition related to metalloproteinases
captures only part of the variability in AF risk and recurrence. This is consistent with the
multifactorial pathophysiology of AF, where structural remodeling, electrophysiological alterations,
comorbidities, inflammation, and environmental influences interact to determine arrhythmogenic
susceptibility. In the present study, AF patients demonstrated a high prevalence of comorbid
conditions known to promote atrial remodeling, particularly heart failure, chronic kidney disease,
and metabolic abnormalities. These clinical factors may overshadow isolated genetic effects or
interact with them in ways not detectable by current modeling.

No genotype or allele differences reached significance between patients with and without AF
recurrence at 3, 6, or 12 months. However, recurrence groups consistently demonstrated numerically
higher frequencies of several risk alleles, which—although not statistically conclusive—align with
the MDR findings suggesting the presence of interaction-driven rather than single-variant recurrence
risk.

Taken together, the results indicate that while individual MMP polymorphisms show limited
association with AF, specific variants in MMP1 and MMP2, as well as multi-locus genetic
configurations, may contribute to susceptibility. The study also highlights the importance of moving
beyond traditional single-SNP analyses to incorporate haplotype structure and epistatic interactions,
which may uncover mechanistic pathways that are not apparent when loci are examined in isolation.

Functional consequences of these polymorphisms were not assessed and require further
investigation. Future studies with larger sample sizes and functional correlates are warranted to
clarify the biological relevance of the identified haplotypes and interaction models, and to determine
whether these findings can be integrated into clinical risk stratification or precision-medicine
approaches to AF.

5. Limitations

Several limitations should be acknowledged. Differences between study groups, including age
and comorbidities, were adjusted for in multivariable models but may still influence the results. First,
the study sample size, though sufficient for detecting moderate effects, limits the power for rare allele
analysis. Larger multicenter studies are needed to confirm these findings. Furthermore, only selected
MMP polymorphisms were analyzed; additional variants or regulatory SNPs (e.g., in promoter or
enhancer regions) may also influence gene expression. Additional, plasma MMP and TIMP levels
were not measured, precluding direct correlation between genotype and enzyme activity. Moreover,
the cross-sectional design prevents causal inference. Longitudinal studies are required to assess
whether these polymorphisms predict incident or recurrent AF.

Despite these limitations, the study provides valuable insights into the genetic determinants of
ECM remodeling in AF and represents one of the first comprehensive analyses of MMP
polymorphisms in a Central European cohort. Despite differences between the study group and the
control group, the study provides new insight into the genetic differences between people with atrial
fibrillation and those without this diagnosis. Other conditions, such as heart failure and hypertension,
which do not occur in the control group, have an impact on the occurrence of atrial fibrillation.
However, they do not affect the genetic differences between the groups.

6. Conclusions

In this study, we comprehensively evaluated the role of metalloproteinase gene polymorphisms
in atrial fibrillation. While the overall allele frequencies of the investigated variants did not differ
significantly between AF patients and controls, specific genotypes in MMP1 (rs1799750) and MMP2
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(rs243864) demonstrated significant associations with AF in recessive genetic models. These findings
suggest that select MMP polymorphisms may contribute to AF susceptibility through their influence
on extracellular matrix remodeling.

Haplotype analysis further revealed that multi-locus combinations across MMP genes exert a
stronger association with AF than individual SNPs, identifying high-risk haplotypes with markedly
elevated odds ratios. In addition, multifactor dimensionality reduction analysis indicated significant
gene—gene interactions affecting AF risk and recurrence, particularly involving SNPs in MMP]I,
MMP2, MMP3, and MMP12.

Although no single SNP predicted short- or long-term recurrence, the consistent numerical
enrichment of risk alleles and the presence of significant interaction models suggest that AF
recurrence may be influenced by polygenic effects rather than isolated genetic variants.

Overall, these results indicate that the genetic architecture underlying MMP-related
extracellular matrix regulation may play a contributory role in AF development. Multi-locus
analyses, including haplotypes and epistatic models, appear more informative than individual
polymorphisms alone and may offer additional insight into AF susceptibility pathways. Further
studies in larger and independent cohorts are needed to validate these associations and clarify their
potential clinical relevance.

Supplementary Materials: The following supporting information can be downloaded at the website of this
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Author Contributions: Conceptualization: S.S., BR., W.A., G.A, K.O., W.A. Methodology: S.S,, W.A,, G.A, KL
Validation: R.B.,, S.S., G.A, W.A,, KJ.,, W.A,, KI. Formal analysis: K.I, S.S., RB., CM., SM., K.J. Writing—
original draft preparation: S.S., K.I., G.A. Writing—review and editing: S.S., K.I, W.A, G.A., B.R. Supervision:
G.A., W.A. Resources: S.S., B.R.,, KO, CM,, SM,, KJ. Project administration: S.S., G.A., K., B.R. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Medical University of Lublin, grant number DS 377.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration of Helsinki
and approved by the Local Bioethics Committee of the Medical University of Lublin (approval no. KE-
0254/219/10/2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data are available from the corresponding author upon reasonable request.

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

References

1. Calkins, H. Hindricks, G.; Cappato, R,; Kim, Y.H,; Saad, E.B,; Aguinaga, L. et al
HRS/EHRA/ECAS/APHRS/SOLAECE expert consensus statement on catheter and surgical ablation of
atrial fibrillation. Europace 2017, 20, e1-e160.

2. Chugh, S.S.; Havmoeller, R.; Narayanan, K.; Singh, D.; Rienstra, M.; Benjamin, E.J.; Gillum, R.F.; Kim, Y.-
H.; McAnulty, J.H.; Zheng, Z.-].; Forouzanfar, M.H.; Naghavi, M.; Mensah, G.A ; Ezzati, M.; Murray, C.J.L.
Worldwide epidemiology of atrial fibrillation: A global burden of disease 2010 study. Circulation 2013, 129,
837-847.

3.  Ponikowski, P.; Hoffman, P.; Witkowski, A.; Lipiec, P. Kardiologia, Podrecznik PTK; Via Medica: Gdansk,
Poland, 2019; pp. 246-258.

4. Zapolski, T.; Wysokinski, A. Atrial cardiomyopathy as a consequence of atrial fibrillation. Acta Cardiol.
2002, 57, 84-86.

5. Newman, ].D.; O’'Meara, E.; Bohm, M. Implications of atrial fibrillation for guideline-directed therapy in
patients with heart failure. ]. Am. Coll. Cardiol. 2024, 83, 932-950.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1222.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 May 2026 d0i:10.20944/preprints202605.1222.v1

14 of 14

6.  Grond, M,; Jauss, M.; Hamann, G.; et al. Improved detection of silent atrial fibrillation using 72-hour Holter
ECG in patients with ischemic stroke. Stroke 2013, 44, 3357-3360.

7. Lowres, N.; Neubeck, L.; Redfern, ].; Freedman, B. Screening to identify unknown atrial fibrillation. Thromb.
Haemost. 2013, 110, 213-222.

8.  Fitzmaurice, D.A.; Hobbs, F.D.R.; Jowett, S.; Mant, J.; Murray, E.T.; Holder, R.; Raftery, ]J.P.; Bryan, S,;
Davies, M,; Lip, G.Y.H.; Allan, T.F. Screening versus routine practice in detection of atrial fibrillation. BM]
2007, 335, 383.

9. Rangasamy, L.; Geronimo, B.D.; Ortin, L; et al. Molecular imaging probes based on matrix. Molecules 2019,
24, 2982.

10. Goncalves, I; Bengtsson, E.; Colhoun, H.M; et al. Elevated plasma levels of MMP-12 are associated with
atherosclerotic burden. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 1723-1731.

11.  Wysocka, A.; Szczygielski, J.; Kopaniska, M.; et al. Matrix metalloproteinases in cardioembolic stroke. Int. |.
Mol. Sci. 2023, 24, 3628.

12. Fan, D.; Zheng, C.; Wu, W.; Chen, Y.; Chen, D.; Hu, X,; Shen, C.; Chen, M,; Li, R.; Chen, Y. MMP9 SNP and
SNP-SNP interactions increase stroke risk. Brain Behav. 2022, 12, €2473.

13. Gajewska, B.; Sliwiriska-Mosson, M. Association of MMP-2 and MMP-9 polymorphisms with diabetes. Int.
J. Mol. Sci. 2022, 23, 10571.

14. Zhao, Y.; Li, P.; Fan, W.; et al. MMP-3 polymorphism and brain arteriovenous malformation. J. Clin.
Neurosci. 2010, 17, 1568-1572.

15. Beber, A.R.C.; Polina, E.R.; Biolo, A.; Santos, B.L.; Gomes, D.C.; La Porta, V.L.; et al. MMP-2 polymorphisms
in chronic heart failure. PLoS ONE 2016, 11, e0161666.

16. Knol, M.].; van der Tweel, I.; Grobbee, D.E.; Numans, M.E.; Geerlings, M.I. Estimating interaction in logistic
regression. Int. |. Epidemiol. 2007, 36, 1111-1118.

17. Lombardi, F.; Belletti, S.; Battezzati, P.M.; Pacciolla, R.; Biondi, M.L. MMP polymorphism and AF
recurrence. J. Cardiovasc. Med. 2011, 12, 37-42.

18. Huxley, R.R,; Lopez, F.L.; MacLehose, R.F.; Eckfeldt, ].H.; Couper, D.; Leiendecker-Foster, C.; et al. MMP-
9 and AF risk. PLoS ONE 2013, 8, €59052.

19. Buckley, L.F.; Agha, AM,; Dorbala, P.; et al. MMP-2 and AF risk. Circ. Heart Fail. 2023, 16, e010849.

20. Diao, S.L.; Xu, H.P.; Zhang, B.; et al. MMP-2 expression and AF. Med. Sci. Monit. 2016, 22, 1497-1507.

21. Hsiao, F.C; Yeh, Y.H.; Chen, W.].; et al. MMP9 polymorphism and AF. Int. |. Mol. Sci. 2016, 17, 521.

22. Purkait, P.; Halder, K.; Thakur, S.; et al. SNPs and hypertension risk. Clin. Hypertens. 2017, 23, 12.

23. Knol, MJ,; van der Tweel, L; Grobbee, D.E.; Numans, M.E.; Geerlings, M.I. Estimating interaction on
additive scale. Int. |. Epidemiol. 2007, 36, 1111-1118.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or

products referred to in the content.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1222.v1
http://creativecommons.org/licenses/by/4.0/

