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Background: Accumulating evidence suggests that matrix metalloproteinase (MMP) 12 plays a detrimental role in cerebro- 
cardiovascular diseases, including ischemic stroke (IS). Previous genome-wide association studies (GWAS) correlated the MMP12 
rs660599 variant to IS risk in Europeans. However, this association is yet to be elucidated in the Chinese population. This study aims 
to assess the genetic predisposition of the MMP12 rs660599 G > A variant with regard to IS risk and short-term outcomes in 
individuals from Southern China.
Methods: The Multiplex SNaPshot assay was used to genotype rs660599 in 1035 IS patients and 1061 age-matched healthy controls. 
Multivariate logistic regression analyses evaluated the effect of the rs660599 G > A polymorphism on IS susceptibility and short-term 
outcomes.
Results: No significant association was found between the rs660599 G > A polymorphism and IS risk, even in dominant and recessive 
models. However, a relationship between rs660599 genotypes and diabetic status revealed that carriers of the A allele and the GA/AA 
genotype were more likely to develop IS. The presence of diabetes exacerbated the larger infarct volumes and elevated serum MMP12 
levels seen in IS patients with the rs660599 A allele. The A allele of rs660599 and the GA/AA genotype were both correlated to 
moderate and severe stroke with poor short-term outcomes.
Conclusion: The MMP12 rs660599 polymorphism is associated with a higher incidence of IS in people with diabetes and can serve 
as a biomarker for assessing the severity of IS and its short-term consequences.
Keywords: Ischemic Stroke, Matrix Metalloproteinase 12, polymorphism, risk, short-term outcome

Introduction
Ischemic stroke (IS) affects countless individuals and their families globally and is one of the primary causes of mortality 
and disability.1 The pathogenesis of IS is influenced by both genetic variability and environmental risk factors, including 
age, hypertension, smoking, and diabetes. Numerous genome-wide association studies (GWAS) have shown several loci 
associated with IS.2 However, due to the disease’s heterogeneity, these genes account for only a small fraction of the 
genetic susceptibility to IS. Current GWAS have demonstrated that single nucleotide polymorphisms (SNPs) linked to IS 
are frequently connected to certain subtypes, including large artery atherosclerotic (LAA) stroke, cardioembolic stroke 
(CES), and small-vessel occlusion (SVO),3 suggesting distinct genetic patterns for different stroke subtypes.

Matrix Metalloproteinase (MMP) 12, part of the MMP family, degrades various extracellular matrix (ECM) 
components, including fibrin-1, laminin, vitreorenexin, type IV collagen, fibronectin, chondroitin sulfate, and heparin 
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sulfate proteoglycans. It plays a crucial role in atherosclerosis.4 MMP12 is selectively confined to macrophages near the 
lipid core’s periphery in advanced-stage human plaques, and its expression is significantly increased in ruptured plaques.5 

In models of IS (both in vitro and in vivo), MMP12 levels were significantly elevated, which compromises the blood- 
brain barrier (BBB), causing the cerebral microvascular endothelial cells’ tight junction proteins to break down.6 MMP12 
also has a role in the expansion of the infarction volume and the apoptosis of ischemic brain cells.7 These developments 
have prompted us to hypothesize that the MMP12 gene may have a role in the pathogenesis of IS.

The rs660599 polymorphism at the MMP12 gene was found to be significantly associated with LAA stroke in a recent 
GWAS conducted in a European sample.3 Furthermore, Mahdessian (2017) revealed a link between the A allele of 
rs660599 and decreased plasma MMP12 levels and increased carotid intima-media thickness (cIMT).8 A recent study by 
Fan (2022) found no significant association between the MMP12 rs660599, rs2276109, and rs652438 polymorphisms and 
IS risk in the Chinese Hakka population.9 However, it remains unknown whether this GWAS-reported MMP12 
polymorphism is linked to the risk and poor prognosis associated with IS. This study aimed to investigate the relationship 
between the MMP12 rs660599 polymorphism and the Southern Chinese Han population’s susceptibility, severity, and 
short-term outcome concerning IS.

Materials and Methods
Study Subjects
A total of 2096 participants—1061 healthy controls and 1035 IS patients—were progressively enrolled from the 
Affiliated Hospital of Guangdong Medical University, between 2015 and 2021. All of the participants were ethnically 
Han Chinese and had no genetic relationship. IS patients were admitted within 72 hours of neurological deficits onset, 
with symptoms lasting more than 24 hours. Magnetic resonance imaging (MRI) and computed tomography (CT) scans 
verified the diagnosis. The ORG 10172 Acute Stroke Treatment (TOAST) categorization method was used to divide the 
patients into SAO and LAA categories. The study did not select participants with a history of cerebral or transient 
ischemic attacks, autoimmune diseases, chronic infections, systemic inflammatory disorders, hematological maladies, 
coronary artery disease, or malignancies. Similar inclusion criteria were used to select healthy controls from the health 
examination center of the same hospital, who had no prior history of IS, chronic inflammation, autoimmune disorders, or 
cancer. The above criteria were utilized to characterize smoking, diabetes, and hypertension.10 The National Institute of 
Health Stroke Scale (NIHSS) score on admission assessed stroke severity, with scores < 6 indicating minor stroke and ≥ 
6 indicating moderate to severe stroke. The modified Rankin Scale (mRS) score at 3 months’ post-onset was used to 
evaluate the functional outcomes, with mRS ≤ 2 denoted favorable outcomes and > 2 showing poor outcomes. Recurrent 
cases refer to those who experienced new neurological disorders or worsened pre-existing symptoms 21 days after the 
first occurrence. At the 3-month mark, a group of 975 patients was monitored either by telephone communication or in- 
person clinical visits. However, 60 patients (5.8% of the total) were not accounted for due to a loss of follow-up. The 
study was conducted in compliance with the Declaration of Helsinki and authorized by the Ethics Committee of the 
Affiliated Hospital of Guangdong Medical University, and all participants signed informed consent forms.

Genotyping
Using the TIANamp Blood DNA Kit (Tiangen Biotech, Beijing, China), genomic DNA was extracted from peripheral 
venous blood samples. The MMP12 gene polymorphism rs660599, reported in a GWAS study,3 was genotyped using the 
iMLDR-TM method with the following primers: forward primer:5’-ACACGACGCTCTTCCGATCTACTAG 
TTACTGCAATATGACCAGAAACAA-3’; reverse primer: 5’-TTCCTTGGCACCCGAGAATTCCAAAGTTAATGGG 
ATATCTTAGGAGGACCAT-3’.

Detection of MMP12 Levels
Before analysis, serum samples were collected and kept at −80°C. ELISA (Tiangen Biotechnology, Beijing, China) was 
used to detect MMP12 levels following the manufacturer’s instructions.
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Measurement of DWI Infarct Volume
Based on diffusion-weighted magnetic resonance imaging (DWI), infarct volumes were calculated using MIPAV soft
ware (Medical Image Processing, Analysis, and Visualization, version 3.0; NIH, Bethesda, MD).11 A semiautomated 
segmentation method based on apparent diffusion coefficient and fluid-attenuated inversion recovery imaging sequences 
was utilized to describe acute diffusion lesions on a slice-by-slice basis to distinguish acute from non-acute diffusion 
variation. Determining the DWI infarct volumes was achieved by multiplying the slice thickness by the total lesion area.

Statistical Analysis
For statistical analysis, GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA, USA) and SPSS version 19.0 
(IBM, NY, USA) were used. The chi-square and t-tests were used to compute and compare the discrepancies between 
categorical and continuous data, respectively. A multivariate logistic regression model was used to examine the relation
ships between the MMP12 rs660599 variant and functional outcome following a stroke; 95% confidence interval (CI) and 
odds ratio (OR) were determined. The Cox proportional hazard regression model was used to determine the correlations 
between the rs660599 variation and the risk of stroke recurrence, as well as the hazard ratio and 95% confidence interval 
(CI). MMP12 levels with various genotypes in the patient and control groups were compared using the Student’s t-test for 
data with normal distribution or the Mann–Whitney U-test for nonparametric data. The associations between the DWI 
infarct volume and the genotypes of the rs660599 variation were investigated using a multiple linear regression model. 
Age, gender, smoking, hypertension, diabetes mellitus, and hyperlipidemia were all adjusted for linear regressions. The 
Bonferroni correction was employed for multiple comparisons and to reduce the occurrence of type 1 errors. A p-value 
less than 0.05 was deemed statistically significant.

Results
Demographic Characteristics
Table 1 lists the demographic details of the 1035 IS patients and 1061 healthy controls that were included in this 
investigation. Age (p = 0.65), serum uric acid (p = 0.72), total cholesterol (p = 0.94), and low-density lipoprotein (LDL) 
(p = 0.42) values did not significantly differ between the patient and control groups. However, there were significant 
differences between the control and IS groups (p < 0.001) in terms of sex (p < 0.001), smoking status (p < 0.001), 
hypertension (p < 0.001), diabetes (p < 0.001), triglycerides (p < 0.001), high-density lipoprotein (HDL) (p < 0.001), and 
homocysteine (p < 0.001).

Relationship Between the MMP12 rs660599 Variant and the IS Risk
Table 2 summarizes the genotype and allele frequencies for the MMP12 rs660599 variation in the IS patients and 
controls. The Hardy-Weinberg equilibrium test showed no deviation in either group (p > 0.05). There was no significant 
correlation found by the χ²-test between the risk of IS and the MMP12 rs660599 variation. Between IS patients and 
controls, there was no significant difference in genotype or allele distributions (p > 0.05). Comparing IS patients and 
controls, there was no significant difference in the dominant (p = 0.066) or recessive (p = 0.79) models. In the examined 
genetic models, stratification based on TOAST categorization revealed no significant correlation (p > 0.05) between the 
rs660599 variant and the risk of LAA or SVO stroke.

Associations Between the MMP12 rs660599 Variant and Demographic Characteristics
The general characteristics of subjects according to MMP12 rs660599 genotypes and alleles are shown in Table 3. Upon 
adjusting for participant age, sex, hypertension, diabetes, and smoking status, it was observed that an increased risk of IS 
was associated with the MMP12 rs660599 GA/AA genotype and A allele in patients with diabetes (p = 0.0072) (Table 3).

MMP12 rs660599 Variant Serum Levels According to Various Genotypes
Serum MMP12 levels were assessed in 96 healthy controls and 98 IS patients. Patients with IS had significantly greater 
serum MMP12 levels than controls (p < 0.001; Figure 1A). Serum MMP12 levels did not significantly vary between 
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patients with the rs660599 GA + AA genotype and those with the GG genotype in any group when stratified by MMP12 
rs660599 genotypes (p > 0.05; Figure 1B). Serum MMP12 levels and the rs660599 variant did not significantly correlate 
in IS patients categorized on smoking status (p > 0.05; Figure 1C). However, diabetic individuals with the rs660599 
A allele had significantly elevated blood MMP12 levels (p = 0.041; Figure 1D).

Correlation of the MMP12 rs660599 Variant with Infarct Volume
Figure 2 shows the diffusion-weighted magnetic resonance imaging of 78 IS patients, examined for the correlations between 
the MMP12 rs660599 variant and infarct volume. The mean infarct volumes of IS patients with the MMP12 rs660599 variant 
genotypes (GA + AA) were higher than those with the GG genotype (p = 0.042; Figure 2A). The rs660599 mutation and 
infarct volume were not significantly associated, according to stratification by smoking status (p > 0.05; Figure 2B). The 

Table 1 Characteristics of IS Cases and Controls

Variables IS patients 
(n = 1035)

Controls 
(n = 1061)

P value P value*

Mean age (years) 65.5±9.89 65.3±8.90 0.63 0.65

Gender (%)

Male 700(67.6) 522(49.2) <0.001 <0.001
Female 335(32.4) 539(50.8)

Smoking (%)

Yes 288(27.8) 131(12.3) <0.001 <0.001
no 747(72.2) 930(87.7)

Hypertension (%)
Yes 785(75.8) 352(33.2) <0.001 <0.001
no 250(24.2) 709(66.8)

Diabetes (%)
Yes 341(32.9) 121(11.4) <0.001 <0.001
no 694(67.1) 940(88.6)

Uric acid (mmol/L) 315.8±88.4 313.1±90.3 0.49 0.72
Total cholesterol (mmol/L) 5.08±1.08 5.09±0.99 0.83 0.94

Triglycerides (mmol/L) 1.62±1.09 1.43±0.97 <0.001 <0.001
LDL-cholesterol (mmol/L) 3.07±1.03 3.02±0.92 0.24 0.42
HDL-cholesterol (mmol/L) 1.35±0.64 1.47±0.42 <0.001 <0.001
HCY (mmol/L) 11.05±6.06 9.93±3.33 <0.001 <0.001

Notes: Continuous data are presented as the mean ± standard deviation, median (range) or n (%). P < 0.05 is indicated 
in bold font. *False discovery rate-adjusted P value for multiple hypotheses testing using the Benjamini-Hochberg 
method. 
Abbreviations: HCY, Homocysteine; HDL, high-density lipoprotein; IS, ischemic stroke; LDL, low-density lipoprotein.

Table 2 Genotype and Allele Frequencies of MMP12 rs660599 Variants Between Controls and Overall IS Patients, and Patients with IS 
Subtype, and Corresponding Adjusted ORs

Genotype 
and Allele

Control 
(n=1061)

IS Cases 
(n=1035)

AOR  
(95% CI)

P 
value

LAA 
(n=656)

AOR  
(95% CI)

P value SVO 
(n=282)

AOR  
(95% CI)

P 
value

rs660599 G>A

GG 719(67.8) 707(68.3) 0.14 441(62.7) 0.20 188(66.7) 0.22

GA 320(30.1) 293(28.3) 192(29.3) 83(29.4)

AA 22(2.1) 35(3.4) 23(3.5) 11(3.9)

Dominant model 
GG/GA vs AA

1039(97.9) 1000(96.6) 1.65(0.96–2.84) 0.066 633(96.5) 1.72(0.95–3.10) 0.071 271(96.1) 1.92(0.92–4.00) 0.078

Recessive model 
GG vs GA/AA

342(32.2) 328(31.7) 1.03(0.85–1.23) 0.79 215(32.8) 0.98(0.79–1.20) 0.82 94 (33.3) 0.95(0.72–1.26) 0.73

G allele 1758(82.8) 1707(82.5) 1.00(reference) 1074(81.9) 1.00(reference) 459(81.4) 1.00 (reference)

A allele 364(17.2) 363(17.5) 0.97(0.83–1.14) 0.74 238(18.1) 0.93(0.78–1.12) 0.46 105(18.6) 0.91(0.71–1.15) 0.42

Abbreviations: LAA: large artery atherosclerotic; SVO: small-vessel occlusion.
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Table 3 A Comparison Between the Baseline Characteristics of the MMP12 rs660599 Genotypes and Alleles in the IS Patient and Control Groups

Characteristics IS patient group Control group PG
a 

value
PA

a 

value
Genotype n (%) Allele n (%) Genotype n (%) Allele n (%)

GG GA AA G A GG GA AA G A

Age

≥65 years 344(70.2) 129(26.3) 17(3.5) 817(83.4) 163(16.6) 339(73.7) 111(24.1) 10(2.2) 789(85.8) 131(14.2) 0.44 0.40

<65 years 363(66.6) 164(30.1) 18(3.3) 890(81.7) 200(18.3) 380(63.2) 209(34.8) 12(2.0) 969(80.6) 233(19.4) 0.30 0.80
Gender

Male 489(69.9) 192(27.4) 19(2.7) 1170(83.6) 230(16.4) 350(67.0) 160(30.7) 12(2.3) 860(82.4) 184(17.6) 0.44 0.75

Female 218(65.1) 101(30.1) 16(4.8) 537(80.1) 133(19.9) 369(68.5) 160(29.7) 10(1.9) 898(83.3) 180(16.7) 0.16 0.32
Smoking

Yes 182(63.2) 96(33.3) 10(3.5) 460(79.9) 116(20.1) 86(65.6) 37(28.3) 8(6.1) 209(79.8) 53(20.2) 0.44 1.0

No 525(70.3) 197(26.4) 25(3.3) 1247(84.6) 227(15.4) 633(68.1) 283(30.4) 14(1.5) 1549(83.3) 311(16.7) 0.40 0.64
Diabetes

Yes 187(54.8) 131(38.5) 23(6.7) 505(74.0) 177(26.0) 86(71.1) 33(27.3) 2(1.7) 205(84.7) 37(15.3) 0.029 0.0072
No 510(73.5) 172(24.8) 12(1.7) 1192(85.9) 196(14.1) 633(67.4) 287(30.5) 20(2.1) 1553(82.6) 327(17.4) 0.14 0.06

Hypertension

Yes 537(68.4) 221(28.2) 27(3.4) 1295(82.5) 275(17.5) 235(66.7) 109(31.0) 8(2.3) 579(82.2) 125(17.8) 0.44 1.0

No 170(68.0) 72(28.8) 8(3.2) 412(82.4) 88(17.6) 484(68.2) 211(29.8) 14(2.0) 1179(83.1) 239(16.9) 0.44 0.91

Notes: aadjusted for age, gender, smoking, hypertension, diabetes mellitus and hyperlipidaemia. PG: P value of the difference in genotype between the case and control groups; PA: P value of the difference in alleles between the case and 
control groups. P < 0.05 is indicated in bold font.
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infarct volumes of diabetic individuals with the rs660599 GA + AA genotypes were greater than those with the GG genotypes 
(p = 0.029; Figure 2C).

Association Between MMP12 rs660599 Variant and Stroke Severity
Table 4 displays the baseline characteristics of patients categorized according to their NIHSS scores. Patients with 
NIHSS ≥ 6 showed a greater proportion of diabetes (p = 0.0052) compared to those with NIHSS < 6. Multivariate logistic 
regression analysis, adjusted for diabetes, found a correlation between the rs660599 variant and a higher risk of severe 

Figure 1 Serum MMP12 levels stratified by MMP12 rs660599 Genotypes in IS patients and controls. (A) The MMP12 levels in serum were measured in IS patients (n = 98) 
and the controls (n = 96). (B) Serum MMP12 levels in controls and IS patients stratified by MMP12 rs660599 genotypes. (C) Levels of serum MMP12 in patients with IS 
categorized according to their smoking status and MMP12 genotypes. (D) Levels of serum MMP12 in patients with IS categorized by their diabetes status and MMP12 
genotypes. p < 0.05 denotes significance. ELISA was used for measuring serum MMP12 levels. Data are presented as mean ± SD. “*” indicates p < 0.05, “***” indicates p < 
0.001, and the bold indicates significant differences.

Figure 2 The average sizes of infarcts in individuals with IS (n = 78) categorized by MMP12 rs660599 genotypes (A) Based on MMP12 rs660599 genotypes, the mean infarct 
volumes were determined in IS patients (n = 78). (B) Mean infarct volumes in non-smoking and smoking IS patients based on MMP12 rs660599 genotypes. (C) Mean infarct 
volumes in non-diabetic and diabetic IS patients based on MMP12 rs660599 genotypes. Data are given as mean ± SD. “*” indicates p < 0.05, and the bold indicates significant 
differences.
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stroke (p = 0.0031). In the recessive model, patients with GA + AA genotypes were linked with NIHSS ≥ 6 (p = 0.0031). 
Additionally, patients carrying the rs660599 variant A allele had a higher risk of NIHSS ≥ 6 (p = 0.0024).

MMP12 rs660599 Variant and Short-Term Outcome of IS
The short-term prognosis of IS was evaluated three months after the stroke using the mRS. The baseline characteristics of 
the two patient groups are shown in Table 5. Patients with mRS > 2 had a greater proportion of higher basal NIHSS 

Table 4 Association of MMP12 rs660599 Polymorphism with Stroke 
Severity of IS

Variables NIHSS<6 NIHSS≥6 P valuea AOR (95% CI)

Age ≥ 65 182(46.3) 308(48.0) 0.61

Male 258(65.6) 442(68.8) 0.30

Smoking 112(28.5) 176(27.4) 0.72
Diabetes 109(27.7) 232(36.1) 0.0052
Hypertension 290(73.8) 495(77.1) 0.23

rs660599
GG 285(73.0) 399(62.1) 0.0031
GA 98(24.7) 215(33.5)
AA 10(2.3) 28(4.4)

GG/GA vs AA 383(97.5) 614(95.6) 0.17 0.57(0.28–1.19)

GG vs GA/AA 108(27.0) 243(37.9) 0.0031 1.61(1.22–2.11)
G allele 668(85.0) 1013(78.9) 1.00(reference)

A allele 118(15.0) 271(21.1) 0.0024 1.51(1.19–1.92)

Notess: aadjusted for diabetes mellitus. P < 0.05 is indicated in bold font.

Table 5 Association of MMP12 rs660599 Polymorphism with Short-Term Outcome of 
IS

Variables MRS (0–2) 
N=698

MRS (3–6) 
N=277

P valuea AOR (95% CI)

Age≥65 340(48.7) 122(44.0) 0.20

Male 470(67.3) 190(68.6) 0.76

Smoking 191(27.4) 81(29.2) 0.58
Diabetes 218(31.2) 104(37.5) 0.060

Hypertension 525(75.2) 215(77.6) 0.46

Basal NIHSS score, admission 2(1–4) 8(6–14) <0.001
Antihypertension 332(47.6) 128(46.1) 0.72

Antidiabetic drugs 162(23.2) 70(25.3) 0.50

Antiplatelet 692(99.1) 276(99.6) 0.69
Statin 685(98.1) 271(97.8) 0.79

Intravenous thrombolysis 19(2.7) 16(5.8) 0.017
Endovascular treatment 92(13.2) 49(17.7) 0.018
rs660599

GG 493(70.5) 171(61.7) 0.014
GA 186(26.7) 92(33.2)
AA 19(2.8) 14(5.1)

GG/GA vs AA 679(97.3) 263(94.9) 0.078 1.84(0.91–3.71)

GG vs GA/AA 205(29.4) 106(38.3) 0.0077 0.96(0.72–1.28)
G allele 1172(83.8) 434(78.3) 1.00(reference)

A allele 224(16.2) 120(21.7) 0.0038 1.43(1.12–1.84)

Notes: aadjusted for stroke severity (NIHSS score on admission), intravenous thrombolysis and endovascular 
treatment. P < 0.05 is indicated in bold font.
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scores (p < 0.001), intravenous thrombolysis (p = 0.017), and endovascular treatment (p = 0.018). The MMP12 rs660599 
variant was significantly associated with short-term IS outcomes (p = 0.014). The rs660599 variant’s GA/AA genotype 
was statistically significantly (p = 0.0077) linked to a higher risk of a poor outcome compared to the GG genotype when 
confounding factors were adjusted. Patients with IS who carried the rs660599 A allele were more likely to experience 
unfavorable outcomes with greater disability (p = 0.0038).

MMP12 rs660599 Variant and IS Recurrence
For stroke recurrence analysis, 975 IS patients were included, with a median follow-up period of 12 months. Table 6 
summarizes the basic features of individuals grouped according to stroke recurrence. Age was related to IS recurrence. 
Additional stratification based on rs660599 genotypes revealed no association between the rs660599 variation and the 
occurrence of stroke in any genetic models (Table 6).

Discussion
In this case-control study, which was hospital-based, no association between the MMP12 rs660599 variant and IS or its 
subtypes was found. However, stratification analysis revealed that individuals with diabetes or who had a smoking status 
carrying the MMP12 rs660599 A allele may have a higher susceptibility to developing IS. Additionally, it was found that, 
in comparison to individuals with the GG genotype, diabetic IS patients with the rs660599 A allele had elevated blood 
MMP12 levels with larger infarct volumes. Furthermore, a negative functional outcome for IS was significantly 
correlated with the rs660599 A allele, indicating that the rs660599 polymorphism may be a predictive biomarker for 
IS patients. Nevertheless, no association was found between this polymorphism and IS recurrence risk.

MMPs control a wide range of cellular processes, such as the breakdown of extracellular matrix (ECM), cell 
adhesion, proliferation, proteolysis, migration, loss of cell-surface proteins, and the release of cytokines that promote 
inflammation.12 MMP12, a member of the metalloelastase class, is mostly generated by macrophages and breaks down 
type IV collagen, laminin, and elastin, among other ECM components.13 Evidence indicates that following cerebral 
ischemia, MMP12 levels rise in the brain, promoting apoptosis, inflammation, blood-brain barrier breakdown, demye
lination, and white matter damage.14 Additionally, pro-MMP1 and pro-MMP9 are activated by MMP12, and these 
MMPs, together with pro-MMP2 and pro-MMP3, function in the pathogenesis of IS.15 Inhibition of MMP12 may 
promote angiogenesis in the injured brain, aiding in the process of healing.16 Despite these advances, the role of MMP12 
polymorphisms in IS susceptibility and prognosis has not been thoroughly addressed.

The MMP12 variant’s involvement in IS susceptibility has been the subject of several earlier investigations, with 
conflicting findings. According to Chehaibi (2014), among individuals with type 2 diabetes mellitus, the MMP12 −82A/ 

Table 6 Association Between MMP12 rs660599 Polymorphism and IS 
Recurrence

Variables Patients Recurrence P value AOR (95% CI)

Age ≥ 65 461(47.3) 85(58.2) 0.016

Male 659(67.6) 105(71.9) 0.34

Smoking 271(27.8) 41(28.1) 0.92
Diabetes 323(33.1) 56(38.4) 0.22

Hypertension 737(75.6) 109(74.7) 0.84

rs660599
GG 669(68.6) 98(67.2) 0.85

GA 273(28.0) 44(30.1)
AA 33(3.4) 4(2.7)

GG/GA vs AA 942(96.6) 142(97.3) 0.99 0.80(0.28–2.30)

GG vs GA/AA 306(31.4) 48(32.9) 0.72 1.07(0.74–1.55)
G allele 1611(82.6) 240(82.2) 1.00(reference)

A allele 339(17.4) 52(17.8) 0.86 1.03(0.75–1.42)
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G and MMP12 −1082A/G genotypes and haplotypes were found to be associated with IS risk.17 According to a meta- 
analysis, there may be a link between IS and the MMP12 −1082 A/G polymorphism.18 The MMP12 rs660599 variant has 
been correlated to an increased risk of major artery atherosclerotic stroke, according to prior GWAS.3 The study 
conducted by Fan concluded that the presence of the MMP12 rs660599 variant did not contribute to an increased risk 
of IS in the Han Hakka population. However, the study did find that there was a significant association between the 
interaction of MMP-9 rs17576 and MMP12 rs660599 and an increased risk of IS in the same group.9 In this study, the 
MMP12 rs660599 variant was not associated with the risk of IS or its LAA or SVO subtypes in a Southern Chinese Han 
population. However, after categorizing the data based on age, gender, smoking status, diabetes, and hypertension, it was 
shown that diabetic subgroups of IS patients had a higher risk of IS compared to the control group. This indicates that 
risk factors, such as diabetes, may combine with the genetic tendency of MMP12 to promote the development of IS.

Genetic polymorphisms influence the control of gene expression, which contributes to individual variations in the 
severity and susceptibility to disease. SNPs rs499459, rs613084, and rs1892971 at chr11q22.3 were independently related 
to plasma MMP12 in atherosclerotic plaque tissues, according to GWAS data of the plasma MMP12 concentrations.8 In 
reporter gene experiments, the A allele of the MMP12 −82A/G polymorphism (rs2276109) produces enhanced gene 
expression because of its affinity for the transcription factor activator protein-1 (AP-1).19 The MMP12 1082A/G 
polymorphism is located in the coding region of the hemopexin domain, which is important for regulating the activity 
of MMP12.20 In this study, MMP12 expression was significantly upregulated in IS patients compared to controls. 
However, MMP12 expression was similar between the A and G alleles of rs660599 in both the IS and control groups. 
Interestingly, a significant association was observed between the rs660599 GA + AA genotypes and higher levels of 
MMP12 in serum compared to the GG genotype in diabetic patients. This suggests that diabetic status and genetic 
variation may synergistically increase MMP12 levels, facilitating IS development.

Multiple pro-inflammatory and apoptotic pathways are activated by cerebral ischemia, which increases lymphocytes, 
infiltrates macrophages, and triggers microglia in the infarct region.21 MMP12 is involved in both increased infarct 
volume and ischemic brain cell death. MMP12 knockdown significantly lowered the amount of the post-ischemic infarct 
and enhanced motor and cognitive recovery, according to Arruri (2022).22 Silencing MMP12 has been shown to reduce 
tight junction protein degradation, BBB disruption, apoptosis, demyelination, MMP9 activation, TNF-α upregulation, and 
infarct volume development.4 In this investigation, it was revealed that patients with the major G alleles had smaller 
infarct sizes than those with the variation MMP12 rs660599 GA + AA genotype. Diabetic patients with the rs660599 GA 
+ AA genotypes also had greater infarct volume than those with the GG genotype; however, no significance was 
observed in non-diabetic patients. This was also supported by the evidence that high glucose-induced oxidative stress and 
inflammation via MMP12 activation indicate that the MMP12 rs660599 variants and diabetes status may upregulate 
MMP12, contributing to infarct size development.23 These results indicate that environmental factors, particularly 
diabetes, and genetic factors (rs660599 A allele of MMP12) may synergistically influence infarct size expansion.

In vivo evidence also supports that MMP12 suppression significantly improves motor function and cognitive abilities 
in mouse stroke models.14,22,24 The mechanisms involved might include inflammation, apoptosis, attenuated BBB 
damage, demyelination, and decreased white matter damage. Thus, it was speculated that the prognosis for IS may be 
correlated with MMP12 polymorphisms. According to present research, the MMP12 rs660599 A allele was significantly 
linked to poor functional results in IS, and the rs660599 polymorphism may be able to predict an individual’s prognosis. 
This is the first study that has examined the impact of MMP12 polymorphisms on the severity of IS and its short-term 
outcomes in a Chinese population. These results show that patients carrying the rs660599 A allele have larger infarct 
volumes, supporting this conclusion. Elevated MMP12 levels were associated with stroke severity and poor neurological 
outcomes.4 The rs660599 A allele was linked to higher levels of MMP12 in the serum in this study. This means that the 
rs660599-MMP12 gene expression link is functionally linked to IS prognosis.

In this study, it was demonstrated that diabetic patients carrying the MMP12 rs660599 variants were linked to 
elevated MMP12 levels, increased IS risk, and poor outcomes of IS, consistent with Chehaibi’s (2014) report that in 
diabetic individuals, MMP12-82A/G may be a risk factor for IS in Tunisian population.17 This evidence suggests that 
diabetic status, in conjunction with genetic factors, may influence stroke onset and prognosis. Plasma levels of MMP12 
are elevated in type 2 diabetes mellitus patients and show association with increased release of inflammatory cytokine, 
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more severe atherosclerosis, and a higher incidence of coronary events.25,26 Upregulated MMP12 facilitates oxidative 
stress and inflammation via MAPK signaling, contributing to IS pathogenesis.23 According to a recent study, in vivo 
knockdown of MMP12 improves insulin sensitivity, systemic inflammation, and atherosclerotic characteristics in mice, 
hence reducing cardiometabolic disease.27 Based on this information, it is plausible to suggest that the presence of 
diabetes and the MMP12 polymorphism may contribute to the increased expression of MMP12. This, in turn, might lead 
to heightened inflammatory response, oxidative stress, and the advancement of atherosclerosis. These factors are closely 
linked to the incidence and prognosis of stroke.

There are several limitations to this study. Firstly, as this is a single-center research, larger sample numbers and multi- 
center, and multi-ethnic investigations are needed to confirm the results. Furthermore, because this is a hospital-based 
study, there may be an inherent selection bias. Second, this study focused mainly on the GWAS-reported variant 
rs660599 of MMP12. Other MMP12 genetic polymorphisms may also be important in the pathogenesis of IS. The 
potential interactions between MMP12 polymorphisms and other risky SNPs or other risk factors not investigated in this 
study were not excluded. Finally, the mechanism of rs660599 on the short-term prognosis after stroke and its synergy 
with diabetes in affecting stroke pathogenesis remains unclear and needs further clarification.

The present study demonstrated that the MMP12 rs660599 A allele confers an increased risk of IS and elevated 
MMP12 levels in diabetic patients. Moreover, in a Southern Chinese Han population, the MMP12 rs660599 A allele was 
associated with greater infarct volumes, moderate to severe stroke, and worse short-term outcomes of IS. Future studies 
exploring the exact biological mechanisms by which these genetic variants contribute to IS pathogenesis and its recovery 
need to be elucidated, which is essential for personalized treatment and prevention.
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