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Abstract

Background: Ischemic stroke (IS) is a leading cause of global mortality and long-term disability. The acute inflammatory response is a critical
element in the early pathophysiology and contributes to neuronal damage. Although matrix metalloproteinase-9 (MMP-9) and interleukin-1
beta (IL-1p) have been implicated in early ischemic brain injury, their combined prognostic value in the acute phase remains unclear.

Objective: This study aimed to evaluate the association between serum MMP-9 and IL-1B concentrations within the first 24 h of ischemic
stroke onset and initial severity of neurological deficits.

Materials and Methods: A case-control study was conducted with 60 patients diagnosed with acute ischemic stroke and 60 age- and
sex-matched healthy controls. Serum levels of MMP-9 and IL-1p were quantified using enzyme-linked immunosorbent assay (ELISA). The
National Institutes of Health Stroke Scale (NIHSS) was used to assess stroke severity at admission.

Results: Serum levels of MMP-9 and IL-1p were significantly elevated in ischemic stroke patients compared to those in the control group
(p < 0.001). Both biomarkers demonstrated a significant positive correlation with the NIHSS scores, indicating an association with greater

neurological impairment. Furthermore, a strong positive correlation was observed between MMP-9 and IL-1 levels (r = 0.929, p = 0.022).

Conclusion: Elevated serum concentrations of MMP-9 and IL-1p within the first 24 h of ischemic stroke are strongly correlated with the

severity of the condition, supporting their potential application as acute inflammatory and prognostic biomarkers.
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Introduction
Stroke remains a major global public health challenge
and is one of the leading causes of death and long-term
disability worldwide. According to the latest Global Bur-
den of Disease (GBD) study for 2021, stroke causes ap-
proximately 7 million deaths per year and more than 160
million disability-adjusted life years (DALYs) lost [1]. Is-
chemic stroke, the most common subtype, results from the
occlusion of a cerebral artery and accounts for a substantial
proportion of this global burden [2]. Acute ischemic stroke
(AIS) represents a major clinical emergency. The resulting
interruption of cerebral blood flow triggers a complex cas-
cade of pathophysiological events characterized by energy
failure, excitotoxicity, oxidative stress, and an intense in-
flammatory response, leading to irreversible neuronal in-
jury and neurological impairment [3,4].

A substantial and early part of the AIS cascade involves
a neuroinflammatory response that begins within minutes
of stroke onset and may persist for several days [5]. This
response is initiated by the release of damage-associated
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molecular patterns (DAMPs) from necrotic brain tissue,
which activates resident microglia and astrocytes. This
activation triggers a strong inflammatory reaction, culmi-
nating in the production of pro-inflammatory cytokines,
chemokines, and other mediators that promote peripheral
immune cell infiltration [6]. One of the most clinically rel-
evant consequences of acute inflammation is the disrup-
tion of the blood-brain barrier (BBB), a selective interface
that separates the central nervous system (CNS) from sys-
temic circulation. This derangement is mediated by meta-
bolic stress, oxidative damage, and inflammatory signaling,
with subsequent vasogenic edema, neuronal injury, and an
increased risk of hemorrhagic transformation [7,8].
Among numerous inflammatory mediators, MMP-9
and IL-1P have emerged as key players in the hyperacute
stage of AIS. MMP-9, a zinc-dependent endopeptidase,
increases markedly after ischemia, with maximal expres-
sion reported approximately 24 h after the insult [3]. It
can directly contribute to BBB disruption by degrading ex-
tracellular matrix components and tight junction proteins,
and it may aggravate neuroinflammation and brain edema.
[9] At the same time, IL-1P, a potent pro-inflammatory
cytokine produced early by activated microglia and oth-



er inflammatory cells, increases rapidly after stroke onset
and contributes to the propagation of the inflammatory
cascade [10]. IL-1B is involved in leukocyte adhesion, en-
hancement of inflammatory signaling and neuronal apop-
tosis [11].

Although the individual roles of these biomarkers have
been widely investigated, their concurrent relationship
with initial stroke severity, particularly within the first 24 h
after symptom onset, remains insufficiently characterized.
Previous studies have reported that elevated MMP-9 or
IL-1P levels are associated with greater stroke severity and
poorer outcomes [11,12].

However, the potential complementary value of these
biomarkers in reflecting early neurological impairment has
not been fully established yet. The identification of readily
measurable and reliable inflammatory biomarkers during
the hyperacute phase remains an important clinical need,
as such markers may improve early severity assessment and
provide further insights into the pathophysiology of AIS.
Accordingly, the present study aimed to evaluate the asso-
ciation between serum MMP-9 and IL-1 levels and the
initial neurological severity in patients with AIS.

Materials and Methods

Study Design

This case-control study was conducted from October
2025 to January 2026 and enrolled 120 participants. The
patient group comprised 60 individuals with AIS (41 men
and 19 women) diagnosed by a specialist neurologist. Pa-
tients were consecutively recruited from the inpatient neu-
rology departments of Al-Furat Al-Awsat Neuroscience
Center and Al-Najaf Teaching Hospital in Najaf City, Iraq.
The control group comprised 60 age- and sex-matched ap-
parently healthy volunteers (40 males and 20 females) with
no history of cerebrovascular disease, chronic inflamma-
tory disorders, autoimmune disease, malignancy, or other
major systemic illness. This study protocol was approved
by the Scientific Research Committee of the Najaf Health
Directorate, Training and Human Development Center,
Ministry of Health, Najaf, Iraq (Approval No. 35005,
dated September 28, 2025). Institutional permission to
conduct the study was obtained from the Al-Furat Al-Aw-
sat Neuroscience Center and Al-Najaf Teaching Hospital.
All study procedures were performed in accordance with
the ethical principles of the Declaration of Helsinki and
its amendments. Written informed consent was obtained
from all participants or their legally authorized representa-
tives before enrollment and before any study-related pro-
cedures.

The inclusion criteria for patients were as follows: (1)
age between 30 and 80 years; (2) definitive diagnosis of
AIS by a specialist neurologist based on clinical evaluation
and neuroimaging findings; and (3) presentation to the
hospital within 24 h of symptom onset, with intracerebral
hemorrhage excluded by initial non-contrast computed
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tomography (CT) and cerebral ischemia confirmed by
magnetic resonance imaging (MRI) showing an ischemic
lesion.

The exclusion criteria for patients were as follows: (1)
final diagnosis of hemorrhagic stroke or transient ischemic
attack (TTA); (2) known chronic inflammatory disease
or autoimmune disease, such as rheumatoid arthritis or
systemic lupus erythematosus; (3) active malignancy or
major surgery within three months before acute cerebral
ischemia; (4) severe renal failure or severe hepatic failure;
(5) clinical or laboratory evidence of acute infection at ad-
mission; and (6) chronic use of anticoagulants or systemic
anti-inflammatory drugs.

Clinical Assessment and Data Collection

Baseline demographic and clinical data, including age, sex,
nationality, body mass index (BMI), and relevant medical
history, were recorded at the study entry using a standard-
ized data collection form. Body weight was measured in
kilograms using a calibrated scale, and height was meas-
ured in meters. BMI was calculated as weight divided by
height squared (kg/m?) and categorized as normal weight,
overweight, or obese according to standard adult BMI cut-
off values. Information on vascular risk factors, including
hypertension and diabetes mellitus, was obtained from the
medical history and hospital records. Stroke severity at ad-
mission was assessed by a certified neurologist using the
National Institutes of Health Stroke Scale (NIHSS) before

the laboratory biomarker analysis.

Blood Sample Collection and Processing

Venous blood samples (5 mL) were collected from all par-
ticipants in appropriate vacuum tubes during enrollment.
Blood samples were collected within 24 h of stroke onset
for patients with AIS. The collected samples included 2 mL
in a citrate tube containing 3.2% sodium citrate for D-di-
mer determination, 2 mL in an ethylenediaminetetraacetic
acid (EDTA) tube for glycated hemoglobin (HbAlc) de-
termination, and the remaining blood volume in a serum
separator tube (SST). The SST samples were allowed to
clot at room temperature for 30 min and then centrifuged
at 3000 rpm for 5 min to obtain serum. Serum samples
were aliquoted into sterile cryovials and stored at -20°C
until analysis.

Laboratory Analyses

All biochemical and inflammatory markers were meas-
ured according to standard laboratory procedures, using
commercially available assay kits. All blood parameters
reported in this study were measured as quantitative vari-
ables, and no qualitative or semi-quantitative assays were
performed. Serum MMP-9 and IL-18 levels were quantita-
tively measured using the sandwich ELISA technique with
commercial ELISA kits (BT LAB, Shanghai, China), ac-
cording to the manufacturer’s instructions. Optical density
was measured at 450 nm using an ELISA microplate read-
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er, and biomarker concentrations were calculated from the
standard curves supplied with the kits. Routine biochemi-
cal parameters, including total cholesterol (TC), triglycer-
ides (TG), low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C), random
blood sugar (RBS), and HbA1c levels, were quantitatively
determined using automated clinical chemistry methods
on a Mindray BS-240 Pro automated chemistry analyzer
(Mindray Ltd., Shenzhen, China). Plasma D-dimer levels
were quantitatively measured using an immunoassay-based
concentration assay kit (Randox Laboratories Ltd., United
Kingdom). Serum C-reactive protein (CRP) concentra-
tions were quantitatively determined using a fluorescence
immunoassay method on an i-Chroma device (Boditech
Med Inc., Chuncheon, Republic of Korea).

Statistical Analysis

Statistical calculations were performed using IBM SPSS
Statistics, Version 26.0. Continuous variables were as-
sessed for normality using the Shapiro-Wilk test. Normally
distributed variables are presented as mean + standard
deviation (SD), and categorical variables are presented as
frequencies and percentages. Comparisons between cat-
egorical variables were performed using the chi-square test,
whereas comparisons between normally distributed con-
tinuous variables were performed using the independent
samples t-test. The relationships between biomarker con-
centrations and other continuous variables, including the
NIHSS score, were estimated using Pearson’s correlation
coeflicient (r). The threshold for statistical significance was

set at p < 0.05 for all tests. Receiver operating character-
istic (ROC) curve analysis was performed to evaluate the
diagnostic performance of MMP-9 and IL-1 in differen-
tiating patients with AIS from healthy controls. The area
under the curve (AUC), sensitivity, specificity, and optimal
cut-off values were calculated.

Results

Table 1 summarizes the demographic and clinical charac-
teristics of the 60 patients with AIS and 60 healthy controls
included in the study. There were no significant differences
between the two groups in terms of mean age (57.83 +
10.78 vs. 57.70 + 10.26 years; p = 0.945) or sex distribu-
tion (p = 0.845), confirming successful age and sex match-
ing. In contrast, BMI was significantly higher in patients
with AIS than in healthy controls (30.41 + 3.47 vs. 22.50
+ 1.65 kg/m?, p < 0.0001). In BMI categories, 26 patients
with AIS (43.3%) were overweight and 33 (55.0%) were
obese, whereas 59 healthy controls (98.3%) had a normal
BMI. The NIHSS severity categorization showed that most
patients had moderate stroke severity at admission.

Table 2 presents a comparative analysis of the metabolic
and inflammatory biomarkers between patients with AIS
and healthy controls. The AIS group demonstrated signifi-
cantly elevated levels of nearly all the measured parame-
ters. Specifically, the mean concentrations of RBS (147.6 +
8.117 mg/dL), HbAlc (6.53 + 0.267%), TC (212.7 + 7.58
mg/dL), TG (203.8 £ 12.72 mg/dL), and LDL-C (143.3 ¢
4.751 mg/dL) were significantly higher in patients than in
controls (p < 0.011 for all). Similarly, CRP (14.22 + 1.52

Table I. - Comparative Analysis of Demographic and Clinical Profiles between AIS Patients and Healthy Controls

Characteristic AlS Patients (n = 60) Healthy Controls (n = 60) P-value
Age (years), mean + SD 57.83 + 10.78 57.70 + 10.26 0.945
Age group, n (%) 0.952
< 40 years 3 (5.0%) 3 (5.0%)
40-49 years 11 (18.3%) 11 (18.3%)
50-59 years 16 (26.7%) 15 (25.0%)
> 60 years 30 (50.0%) 31 (561.7%)
Sex, n (%) 0.845
Male 41 (68.3%) 40 (66.7%)
Female 19 (31.7%) 20 (33.3%)
M:F ratio 2.16:1 2.00:1
BMI (kg/m2),
mean + SD 30.41 + 3.47 22.50 + 1.65 <0.0001
BMI category, n (%) <0.0001
Normal weight 1(1.7%) 59 (98.3%)
Overweight 26 (43.3%) 1(1.7%)
Obese 33 (565.0%) 0 (0.0%)
NIHSS severity category, n (%) <0.0001
No stroke
) 0 (0.0%) 60 (100%)
Minor stroke
(1-4) 7 (11.7%) 0 (0.0%)
Moderate stroke
(5-15) 39 (65.0%) 0 (0.0%)
Moderate-to-severe stroke (16-20) 14 (23.3%) 0 (0.0%)
Severe stroke
(21-42) 0 (0.0%) 0 (0.0%)

Note: n = number of cases; SD = standard deviation; BMI = body mass index; NTHSS = National Institutes of Health Stroke Scale. Continuous variables were compared using the

independent-samples t-test, and categorical variables were compared using the chi-square test.



mg/L), D-dimer (0.854 + 0.079 pg/mL), MMP-9 (612.4
+ 115 ng/L), and IL-1P (824.5 + 175.8 pg/mL) levels were
significantly elevated in the AIS group (p = 0.001 for all).
In contrast, HDL-C levels did not differ significantly be-
tween the two groups (52.05 + 1.860 vs. 51.70 + 0.7622
mg/dL; p = 0.863).

Correlation analysis was performed to investigate the
interrelationships between key inflammatory markers and
other measured variables among patients with AIS, and the
results are presented in Table 3. A strong, statistically sig-
nificant positive correlation was identified between MMP-
9 and IL-1P levels (r = 0.929, p < 0.001). Furthermore,
both MMP-9 and IL-1p levels showed significant positive
correlations with CRP levels (r = 0.340, p = 0.008 and r =
0.425, p = 0.001, respectively). NIHSS scores were posi-
tively correlated with MMP-9 (r = 0.877, p < 0.001) and
IL-1B (r = 0.925, p < 0.001). A significant negative cor-
relation was observed between IL-1 and HDL-C levels
(r = -0.296, p = 0.022). No other statistically significant
correlations were observed with the remaining parameters.

Receiver operating characteristic (ROC) curve analysis of
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MMP-9 and IL-1 for the discrimination between patients
with AIS and healthy controls is presented in Table 4. For
MMP-9, the AUC was 0.89 (95% CI: 0.83-0.96), with an
optimal cut-off value of 513.8 ng/L, yielding a sensitivity
of 88.5% and a specificity of 80.9% (p < 0.0001). Similar-
ly, IL-1pB showed good discriminatory performance, with
an AUC of 0.88 (95% CI: 0.82-0.94). At a cut-off value
of 641.6 pg/ml, IL-1p yielded a sensitivity of 88.6% and a
specificity of 70.2% (p < 0.0001). These findings indicate
good discriminatory performance in this study population;
however, further validation in clinically relevant compara-
tor groups is required.

Table 4: Diagnostic Performance of MMP-9 and IL-1f
as Biomarkers for AIS

Discussion

The present study demonstrated that serum levels of both
MMP-9 and IL-1P were significantly elevated in patients
within the first 24 h of AIS and were strongly correlated
with the initial severity of neurological deficit, as measured
by the NIHSS. These findings align with and extend the

Table Il. - Comparative Analysis of Biochemical and Inflammatory Biomarkers in AIS Patients and Healthy Controls

Biomarker AlS Patients Healthy Controls P-value
(n = 60) (n = 60)
Metabolic Factors
Random blood sugar (RBS), mg/dL 147.6 £ 8.117 99.14 + 1.413 0.001
Mean + SD
HbA1c, % 6.53 + 0.267 5.26 + 0.043 0.011
Mean + SD
Lipid Profile
Total cholesterol (TC), mg/dL 212.7 + 7.58 168.9 + 1.448 0.001
Mean + SD
Triglycerides (TG), mg/dL 203.8 +12.72 96.05 + 2.67 0.001
Mean + SD
LDL-C, mg/dL 143.3 £ 4.751 99.43 +2.324 0.001
Mean + SD
HDL-C, mg/dL 52.05 + 1.860 51.70 + 0.7622 0.863
Mean + SD
Inflammatory Parameters
C-reactive protein (CRP), mg/L 14.22 £ 1.52 1.34 £ 0.11 0.001
Mean + SD
D-dimer, yg/mL 0.854 + 0.079 0.249 + 0.012 0.001
Mean + SD
MMP-9, ng/L 612.4 + 115 417.4 +108.4 0.001
Mean + SD
IL-1B, pg/mL 8245+ 175.8 593.6 + 117.7 0.001
Mean + SD

Note: Values are expressed as mean + SD. AIS = acute ischemic stroke; RBS = random blood sugar; TC = total cholesterol; TG = triglycerides; LDL-C = low-density lipoprotein cholesterol;
HDL-C = high-density lipoprotein cholesterol; CRP = C-reactive protein. n = number of cases; SD = standard deviation; NS = not significant at P > 0.05; S = significant at P < 0.05.

Table lll. - Correlation Matrix of MMP-9 and IL-12 with Metabolic and Inflammatory Markers in AIS Patients

Characteristic MMP-9 IL-1B
r p-value r p-value
MMP-9 1
IL-12 0.929 <0.001 1
Glucose 0.234 0.109 0.205 0.116
HbA1c 0.214 0.118 0.221 0.090
Total cholesterol 0.181 0.166 0.215 0.099
Triglycerides 0.207 0.127 0.172 0.237
LDL-C 0.189 0.148 0.197 0.131
HDL-C -0.173 0.186 -0.296 0.022
CRP 0.340 0.008 0.425 0.001
D-dimer 0.215 0.087 0.209 0.094
NIHSS 0.877 <0.001 0.925 <0.001

Note: r = Pearson’s correlation coeflicient; p = p-value; NIHSS = National Institutes of Health Stroke Scale..
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Figure 1: The correlations panel for (A) MMP-9 and IL-1p levels among IS patients (r = 0.929, p < 0.001). (B) NIHSS and MMP-9 levels
among IS patients (r = 0.877, p < 0.001). (C) NIHSS and IL-1f levels among IS patients (r = 0.925, p < 0.001).
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Table IV. - Diagnostic Performance of MMP-9 and IL-1$ as Biomarkers for AIS

Marker AUC (95% CI) Cut-off value Sensitivity Specificity P-value
MMP-9 (ng/L) 0.89 (0.83-0.96) 513.8 88.5% 80.9% <0.0001
IL-1B (pg/mL) 0.88 (0.82-0.94) 641.6 88.6% 70.2% <0.0001

AUC: Area under the curve

existing body of evidence implicating these two molecules
as key mediators in the acute neuroinflammatory cascade
that drives early brain injuries. These results support the
potential utility of these metabolites as accessible biomark-
ers associated with early inflammatory activity and initial
neurological severity in AIS.

The significant elevation of MMP-9 in our patient co-
hort is consistent with the large body of recent literature.
Numerous studies have established that MMP-9 levels
rise rapidly following an ischemic event, typically peaking
within the first 24 hours, which corresponds to the sam-
pling window of our study [13—15]. This temporal pro-
file is critical because MMP-9 is a major enzymatic me-
diator of the blood-brain barrier (BBB) breakdown, acting
through degradation of extracellular matrix components
and tight-junction proteins after AIS.[16] Our finding of
a strong positive correlation between MMP-9 levels and
NIHSS scores is supported by several recent studies. For
instance, Pacinella et al. (2025) and Xiao et al. (2025) re-
ported that elevated MMP-9 concentrations were associ-
ated with greater neurological severity and poorer func-
tional outcomes [17,18]. Furthermore, Liang et al. (2025)
proposed that MMP-9 might be a promising biomarker
capable of predicting the final infarct volume, providing a
mechanistic link between its enzymatic activity, extent of
tissue damage, and the resulting clinical deficits observed
in our study [19].

Concurrently, our results showed a profound increase in
serum IL-1P levels, a pivotal proinflammatory cytokine,
in patients with AIS. This is in agreement with the estab-
lished understanding that IL-1f is one of the earliest and
most critical initiators of the post-stroke inflammatory
cascade and is produced within hours by activated micro-
glia [15,20]. The significant association between IL-1f

levels and NIHSS scores is also consistent with the study
of Catana et al. (2023) and the review by lordache et al.
(2025), which indicate that elevated IL-1f levels are as-
sociated with greater neurological severity and poorer out-
comes after AIS [11,15]. Mechanistically, IL-1B contrib-
utes to the amplification of the inflammatory response by
inducing other cytokines, promoting leukocyte adhesion
and infiltration, and contributing to neuronal apoptosis,
thereby potentially exacerbating the initial ischemic injury
[15].
A novel aspect of our study is the concurrent measurement
and analysis of MMP-9 and IL-1f levels, which revealed a
significant positive correlation (r = 0.929). This strong cor-
relation is consistent with the previously described experi-
mental link between IL-1p signaling and MMP-9 expres-
sion.[21,22] This finding suggests that the early increase in
IL-1B levels may contribute to the subsequent upregulation
of MMP-9, thereby promoting a synergistic inflammatory
mechanism of injury. IL-1B-driven inflammation initiates
this cascade, and the resulting MMP-9 expression perpetu-
ates it by disrupting the BBB, facilitating the infiltration of
additional inflammatory cells and creating a vicious cycle
of neuroinflammation and tissue damage [23,24]. There-
fore, the combined measurement of these two biomarkers
may provide complementary information regarding the in-
flammatory response and initial stroke severity.
Furthermore, our study identified significant correla-
tions with other key biomarkers, shedding light on the in-
terplay between inflammation, vascular injury, and lipid
metabolism. Positive correlations between MMP-9, 1L-1§3,
and CRP levels in AIS have been previously reported. Sur-
jawan et al. (2012) and Cimmino et al. (2013) described
a significant relationship between MMP-9 and CRP, sug-
gesting that CRP-related inflammatory activity may pro-



mote MMP-9 expression and may be associated with AIS
outcomes. Similarly, Sarafaniuk and Klymenko (2022)
reported a positive association between IL-1B and CRD,
supporting the view that pro-inflammatory cytokines and
acute-phase proteins may serve as markers of inflammation
in AIS [25-27].

Finally, the negative association between IL-1B and
HDL in the present study is noteworthy. HDL exerts anti-
inflammatory and immunomodulatory effects [28], and
experimental evidence has shown that HDL can suppress
inflammasome activation and reduce IL-1f secretion [29].
Therefore, the negative association observed in the present
study may reflect increased inflammatory activity accom-
panied by a reduced HDL-associated protective capacity.
This interaction highlights the close interplay between the
inflammatory and metabolic pathways in AIS.

Limitations

This study had several limitations. First, its case-control de-
sign precludes causal inference and limits the interpretation
of biomarkers as prognostic indicators. Second, the sample
size was relatively modest, and the study was conducted at
two hospitals within a single geographic region, which may
limit generalizability. Third, biomarker levels were meas-
ured at a single time point within 24 h of stroke onset,
and no longitudinal follow-up or functional outcome as-
sessment was performed. Finally, the observed differences
in BMI and metabolic parameters between patients and
controls may have confounded the results.

Future Research Directions

Future studies should include larger multicenter cohorts
and clinically relevant comparator groups, such as those
with transient ischemic attack, hemorrhagic stroke, and
stroke mimics. In addition, patients with AIS should be
stratified according to NIHSS severity categories and fol-
lowed longitudinally using functional outcome measures,
such as the modified Rankin Scale, at 30 or 90 days. Se-
rial measurements of MMP-9 and IL-1B would help clar-
ify their temporal profiles, whereas multivariable models
should be adjusted for BMI, diabetes mellitus, dyslipi-
demia, CRP, D-dimer, infection status, and reperfusion
therapy.

Conclusion

In conclusion, this study demonstrated that serum
MMP-9 and IL-1B levels measured within 24 h of AIS
were significantly associated with initial neurological sever-
ity. The close correlation among these markers, as well as
their associations with CRP and HDL-C, highlights the
interplay between inflammation and metabolic dysregula-
tion during the acute phase of AIS. These findings suggest
that the combined assessment of MMP-9 and IL-1p may
provide additional insight into early inflammatory activity
in AIS; however, larger prospective studies with longitudi-
nal follow-up are needed to validate their clinical utility.
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