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ABSTRACT

Background

Myocardial remodeling following acute myocardial infarction (AMI) is a critical determinant of
long-term cardiac function and progression to heart failure. Conventional biomarkers provide
limited insight into the molecular mechanisms underlying this process. MicroRNAs (miRNAS),
particularly microRNA-21 (miR-21) and microRNA-208a (miR-208a), have emerged as potential
regulators of fibrosis and myocardial injury, respectively, and may serve as novel biomarkers of
post-infarction remodeling.

Objective
To evaluate the clinical utility of circulating miR-21 and miR-208a as biomarkers for predicting
myocardial remodeling in patients following acute myocardial infarction.

Methods

This prospective observational study was conducted at two tertiary centers in Italy and included 60
patients with confirmed AMI and 20 healthy controls. Plasma levels of miR-21 and miR-208a were
measured using quantitative real-time PCR at admission (TQ), 72 hours (T1), and 3 months (T2).
Echocardiographic assessment of left ventricular function and volumes was performed at baseline
and 3-month follow-up. Adverse remodeling was defined as a >20% increase in left ventricular
end-diastolic volume. Statistical analysis included correlation studies, receiver operating
characteristic (ROC) curve analysis, and multivariate logistic regression.
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Results

Both miR-21 and miR-208a levels were significantly elevated in AMI patients compared to controls
(p < 0.001). MiR-21 peaked at 72 hours (5.2 + 1.6-fold increase), while miR-208a showed highest
levels at admission (4.5 = 1.5-fold). Adverse remodeling occurred in 36.7% of patients. MiR-21
levels were significantly higher in patients with remodeling (5.9 £1.4vs 3.7 £ 1.1; p < 0.001) and
showed strong correlations with left ventricular ejection fraction (r =—0.62) and LVEDV (r=0.58).
MiR-208a correlated with troponin levels (r = 0.65, p < 0.001) and remodeling status (p = 0.002).
ROC analysis demonstrated good predictive performance for miR-21 (AUC = 0.87) and miR-208a
(AUC = 0.82), with improved accuracy when combined (AUC = 0.91). Multivariate analysis
identified miR-21 and miR-208a as independent predictors of remodeling.

Conclusions

Circulating miR-21 and miR-208a are promising non-invasive biomarkers for assessing myocardial
remodeling following AMI. MiR-21 is strongly associated with fibrotic remodeling, whereas miR-
208a reflects myocardial injury severity. Their combined use enhances predictive accuracy and
may support early risk stratification and personalized management of patients with post-infarction
conditions.

Keywords: MicroRNA-21; MicroRNA-208a; Myocardial Infarction; Cardiac Remodeling;
Biomarkers; Left Ventricular Dysfunction; Fibrosis

INTRODUCTION

Acute myocardial infarction (AMI) remains one of the leading causes of morbidity and mortality
worldwide despite significant advances in reperfusion strategies and pharmacological therapy [1].
In Europe, and particularly in Italy, the burden of ischemic heart disease continues to pose a
substantial public health challenge, with increasing survival rates paradoxically contributing to a
higher prevalence of post-infarction complications, including adverse myocardial remodeling and
heart failure [2,3]. Myocardial remodeling following infarction is a complex, dynamic process
involving structural, functional, and molecular alterations that ultimately determine clinical
outcomes [4].

Post-infarction myocardial remodeling is characterized by cardiomyocyte loss, inflammatory
activation, extracellular matrix (ECM) reorganization, and progressive ventricular dilation [5].
While initially adaptive, these changes often evolve into maladaptive remodeling, leading to
systolic dysfunction and heart failure [6]. Early identification of patients at risk for adverse
remodeling is therefore critical for implementing targeted therapeutic interventions and improving
prognosis [7]. However, traditional biomarkers such as cardiac troponins and natriuretic peptides,
although valuable for diagnosis and risk stratification, provide limited insight into the molecular
mechanisms driving remodeling [8].

In recent years, attention has shifted toward the role of non-coding RNAs, particularly
microRNAs (miRNAS), as key regulators of cardiovascular pathophysiology [9]. MicroRNAS are
small, endogenous, non-coding RNA molecules (approximately 18-25 nucleotides in length) that
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modulate gene expression at the post-transcriptional level by targeting messenger RNA (MRNA)
[10]. They are involved in numerous biological processes, including cell proliferation, apoptosis,
differentiation, and fibrosis, all of which are central to myocardial remodeling [11]. Importantly,
miRNAs are remarkably stable in circulation, making them attractive candidates as minimally
invasive biomarkers [12].

Among the various miRNAs implicated in cardiovascular diseases, microRNA-21 (miR-21) and
microRNA-208a (miR-208a) have emerged as particularly relevant in the context of myocardial
injury and remodeling [13]. MiR-21 is widely expressed in cardiac fibroblasts and has been shown
to play a pivotal role in fibrosis by promoting fibroblast activation and extracellular matrix
deposition [14]. Experimental studies have demonstrated that miR-21 contributes to the regulation
of key signaling pathways, including the ERK-MAPK pathway, thereby enhancing fibrotic
responses and ventricular remodeling [15]. Elevated levels of miR-21 have been reported in
patients with heart failure and post-infarction remodeling, suggesting its potential utility as a
biomarker of adverse cardiac remodeling [16].

Conversely, miR-208a is a cardiac-specific microRNA encoded within the a-myosin heavy chain
gene and is predominantly expressed in cardiomyocytes [17]. It is released into the circulation
following myocardial injury and has been shown to correlate with cardiomyocyte necrosis [18].
Beyond its diagnostic role, miR-208a has been implicated in the regulation of cardiac hypertrophy
and remodeling through modulation of gene expression involved in contractile protein synthesis
and stress responses [19]. Studies have indicated that circulating miR-208a levels rise rapidly after
myocardial infarction, often preceding traditional biomarkers, highlighting its potential as an early
indicator of myocardial injury [20].

The interplay between miR-21 and miR-208a reflects two complementary aspects of post-
infarction remodeling: fibrosis and cardiomyocyte injury [21]. While miR-21 primarily reflects
fibrotic remodeling and extracellular matrix dynamics, miR-208a provides insight into
cardiomyocyte damage and contractile dysfunction [22]. Together, these miRNAs may offer a more
comprehensive molecular profile of myocardial remodeling compared to conventional biomarkers
alone [23]. This dual perspective is particularly valuable in clinical settings where early detection
of maladaptive remodeling could guide therapeutic decision-making.

In Italy, where cardiovascular research has increasingly focused on precision medicine and
molecular diagnostics, there is growing interest in integrating miRNA profiling into clinical
practice [24]. Several Italian cohort studies have explored the role of circulating miRNAs in
cardiovascular diseases, demonstrating their prognostic value in predicting adverse outcomes
following myocardial infarction [25]. However, despite promising findings, the clinical application
of miRNAs remains limited by variability in measurement techniques, lack of standardized
protocols, and insufficient large-scale validation studies [26].

Furthermore, myocardial remodeling is influenced by a multitude of factors, including age,
comorbidities (such as diabetes and hypertension), infarct size, and reperfusion time [27]. These
variables can affect miRNA expression profiles, necessitating careful interpretation of results
within the clinical context [28]. Advanced molecular techniques, including quantitative real-time
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PCR (gRT-PCR) and next-generation sequencing, have improved the accuracy of miRNA
detection, but challenges related to normalization and reproducibility persist [29].

Recent advances in translational research have also highlighted the potential therapeutic
implications of targeting miRNAs [30]. Modulation of miR-21 expression using antisense
oligonucleotides has shown promise in reducing cardiac fibrosis in preclinical models [31].
Similarly, inhibition of miR-208a has been associated with improved cardiac function and
attenuation of hypertrophic remodeling [32]. These findings suggest that miRNAs are not only
biomarkers but also potential therapeutic targets, opening new avenues for personalized treatment
strategies in post-infarction patients [33].

Despite these advances, there remains a need for well-designed clinical studies to evaluate the
combined diagnostic and prognostic utility of miR-21 and miR-208a in myocardial remodeling
[34]. Understanding their temporal expression patterns and correlation with imaging parameters,
such as left ventricular ejection fraction (LVEF) and ventricular volumes, could provide valuable
insights into their clinical applicability [35]. Moreover, integrating miRNA analysis with
conventional biomarkers and imaging modalities may enhance risk stratification and guide
therapeutic interventions [36].

METHODS

Study Design and Setting

This prospective observational study was conducted in Italy between January 2024 and December
2025 at two tertiary care centers: the Department of Cardiology at Sapienza University Hospital,
Rome, and the Cardiovascular Research Unit at IRCCS Policlinico San Donato, Milan. These
institutions are recognized referral centers for acute coronary syndromes and advanced
cardiovascular imaging, ensuring standardized patient management and data collection. The study
was designed to evaluate the role of circulating microRNA-21 (miR-21) and microRNA-208a
(miR-208a) as biomarkers of myocardial remodeling following acute myocardial infarction (AMI).
Ethical approval was obtained from the institutional review boards of both centers, and the study
adhered to the principles outlined in the Declaration of Helsinki.

Study Population

A total of 80 participants were enrolled and divided into two groups:
AMI group (n = 60): Patients admitted with a confirmed diagnosis of ST-elevation
myocardial infarction (STEMI) or non-ST elevation myocardial infarction (NSTEMI).
Control group (n = 20): Age- and sex-matched healthy individuals with no history of
cardiovascular disease.

Inclusion Criteria (AMI group)
1. Age > 18 years
2. Diagnosis of AMI based on ESC guidelines (clinical symptoms, ECG changes, and
elevated cardiac troponin levels)
3. Undergoing reperfusion therapy (primary PCI or thrombolysis)
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4. Ability to provide informed consent

Exclusion criteria

1. Prior history of heart failure or cardiomyopathy
Chronic inflammatory or autoimmune diseases
Active malignancy
Severe renal impairment (eGFR < 30 mL/min/1.73 m?)
Recent major surgery or trauma
Refusal to participate

IS A

Clinical Assessment and Data Collection
Baseline clinical data were collected upon admission, including:
1. Demographic characteristics (age, sex)
2. Cardiovascular risk factors (hypertension, diabetes mellitus, smoking status, dyslipidemia)
3. Time from symptom onset to reperfusion
4. Infarct location and type (STEMI/NSTEMI)
Laboratory parameters included:
1. Cardiac troponin /T
2. Creatine kinase-MB (CK-MB)
3. Serum creatinine
4. Lipid profile
All patients received standard-of-care therapy according to European Society of Cardiology (ESC)
guidelines, including antiplatelet therapy, statins, beta-blockers, and ACE inhibitors or ARBs
where indicated.

Echocardiographic Evaluation
Transthoracic echocardiography was performed using standardized protocols within 48-72 hours
post-infarction and repeated at 3-month follow-up.
Parameters assessed included:

1. Left ventricular ejection fraction (LVEF) using Simpson’s biplane method

2. Left ventricular end-diastolic volume (LVEDV)

3. Left ventricular end-systolic volume (LVESV)

4. Regional wall motion abnormalities
Adverse myocardial remodeling was defined as:

>20% increase in LVEDV at 3 months compared to baseline

All echocardiographic measurements were performed by experienced cardiologists blinded to
mMiRNA results.

Blood Sample Collection and Processing
Peripheral venous blood samples were collected from AMI patients at three time points:
1. TO: Within 24 hours of admission
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2. T1: 72 hours post-infarction
3. T2: At 3-month follow-up
For controls, a single blood sample was obtained.
Blood was collected into EDTA tubes and processed within 2 hours:
1. Centrifugation at 3,000 rpm for 10 minutes
2. Plasma separation and storage at —80°C until analysis
Strict protocols were followed to avoid hemolysis, which may affect miRNA quantification.

Reverse Transcription and qRT-PCR
1. Reverse transcription was performed using the TagMan MicroRNA Reverse Transcription
Kit (Applied Biosystems)
2. Quantitative real-time PCR (gRT-PCR) was conducted using TagMan MicroRNA Assays
specific for:
miR-21
miR-208a
All reactions were performed in triplicate using a StepOnePlus Real-Time PCR System (Applied
Biosystems).

Normalization
1. miRNA expression levels were normalized using U6 small nuclear RNA (U6 snRNA) as
an internal control
2. Relative expression levels were calculated using the 2~—AACt method

Assessment of Myocardial Remodeling
Patients were categorized into:
1. Remodeling group: Patients meeting criteria for adverse remodeling at 3 months
2. Non-remodeling group: Patients without significant ventricular changes
Correlation analyses were performed between miRNA levels and:
LVEF, LV volumes, Biomarkers of myocardial injury

Statistical Analysis
Statistical analysis was performed using SPSS version 26.0 (IBM Corp., USA).
Data Presentation: continuous variables: mean + standard deviation (SD), categorical variables:
frequencies and percentages.
Comparisons
Student’s t-test or Mann—Whitney U test for continuous variables
Chi-square test for categorical variables

Correlation Analysis
Pearson or Spearman correlation coefficients used to assess relationships between miRNA levels
and echocardiographic parameters
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Diagnostic Performance
Receiver operating characteristic (ROC) curve analysis used to evaluate the predictive
value of miR-21 and miR-208a
Area under the curve (AUC), sensitivity, and specificity were calculated

Multivariate Analysis
Logistic regression used to identify independent predictors of myocardial remodeling
A p-value < 0.05 was considered statistically significant.

RESULTS

Baseline Characteristics of the Study Population

A total of 80 participants were included: 60 patients with acute myocardial infarction (AMI) and
20 healthy controls. The mean age of the AMI group was 61.8 + 10.4 years, compared t0 59.3 +
9.7 years in controls (p = 0.32). Males constituted 68.3% of the AMI group.

Hypertension (56.7%), diabetes mellitus (41.7%), and smoking (48.3%) were significantly more
prevalent in the AMI group compared to controls (p < 0.05).

Table 3.1: Baseline Characteristics

Variable AMI Patients (n=60) Controls (n=20) p-value
Age (years) 61.8+10.4 59.3+9.7 0.32
Male (%) 68.3% 65% 0.78
Hypertension (%) 56.7% 20% 0.01
Diabetes (%) 41.7% 10% 0.02
Smoking (%) 48.3% 15% 0.01

Laboratory and Echocardiographic Findings
AMI patients demonstrated significantly elevated cardiac biomarkers:
Troponin I: 18.6 + 7.4 ng/mL
CK-MB: 72.3 £21.5 U/L
Baseline echocardiography showed:
Mean LVEF: 45.2 + 6.8%
LVEDV: 132.5 £ 18.7 mL
At 3-month follow-up:
LVEF improved slightly to 47.9 + 7.2% (p = 0.04)
LVEDYV increased significantly in a subset of patients

Incidence of Adverse Myocardial Remodeling
Out of 60 AMI patients:
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22 patients (36.7%) developed adverse remodeling
38 patients (63.3%) did not develop remodeling
Patients with remodeling had significantly lower baseline LVEF and larger infarct size.

Table 2: Remodeling vs Non-Remodeling Groups

Parameter Remodeling (n=22) No Remodeling (n=38) p-value
Baseline LVEF (%) 41.3+5.2 476+6.1 0.001
LVEDV increase (%) 24.8 £4.3 8.6+3.2 <0.001
Troponin (ng/mL)  22.1+6.9 16.3+7.1 0.003

Circulating miRNA Expression Levels
miR-21 Expression
1. AMI patients (T0): 3.8 + 1.2-fold increase vs controls
2. Peak at 72h (T1): 5.2 £ 1.6-fold
3. At 3 months (T2): 3.1 + 1.0-fold
Patients with remodeling had significantly higher miR-21 levels:
Remodeling: 5.9+ 1.4
Non-remodeling: 3.7 + 1.1 (p < 0.001)

miR-208a Expression
1. AMI patients (TO): 4.5 + 1.5-fold increase vs controls
2. Peak at admission, declining thereafter
3. At 3 months: 2.2 + 0.9-fold
a. Higher levels observed in remodeling group:
Remodeling: 5.6 + 1.3
5. Non-remodeling: 3.9 = 1.2 (p = 0.002)

e

Comparative Expression Analysis

Both miRNAs were significantly elevated in AMI patients compared to controls (p <
0.001). miR-21 showed stronger association with fibrosis/remodeling, while miR-208a
correlated more with acute injury.
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Figure 1. Circulating miR-21 expression across study time points. Relative plasma miR-21 levels were
significantly higher in AMI patients than in controls, with a peak at 72 hours after infarction, followed by
partial decline at 3-month follow-up.

Correlation Analysis
miR-21
Negative correlation with LVEF: r =-0.62, p <0.001
Positive correlation with LVEDV: r = 0.58, p < 0.001
miR-208a
Negative correlation with LVEF: r = —0.49, p = 0.002
Positive correlation with troponin: r = 0.65, p < 0.001

-t

miR- 22 KO miR-22
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Figure 2. These findings indicate that elevated miRNA levels are strongly associated with impaired cardiac
function and ventricular dilation.
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ROC Curve Analysis

Receiver operating characteristic (ROC) curves illustrating the diagnostic performance of
circulating microRNA-21 (miR-21) and microRNA-208a (miR-208a) in predicting adverse left
ventricular remodeling at 3-month follow-up after acute myocardial infarction. MiR-21
demonstrated strong predictive accuracy with an area under the curve (AUC) of 0.87 (95% CI:
0.78-0.95), while miR-208a showed moderate accuracy with an AUC of 0.82 (95% CI: 0.72-0.91).
The combined biomarker model yielded the highest predictive performance (AUC =0.91; 95% CI:
0.84-0.97), indicating improved sensitivity and specificity when both miRNAs are analyzed
together. Optimal cut-off values were determined using the Youden index.

ROC Curve Analysis for Prediction of Adverse Myocardial Remodeling
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Figure 3. Receiver Operating Characteristic (ROC) Curve Analysis of miR-21 and miR-208a for Predicting
Adverse Myocardial Remodeling

Multivariate Analysis
Logistic regression identified independent predictors of remodeling:
miR-21 emerged as the strongest independent predictor.

Variable  Odds Ratio (OR) 95% ClI p-value

miR-21 2.84 1.65-4.89 <0.001
miR-208a 2.11 1.28-3.76  0.003
LVEF 0.88 0.80-0.95 0.002
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DISCUSSION

The present study investigated the clinical utility of circulating microRNA-21 (miR-21) and
microRNA-208a (miR-208a) as biomarkers of myocardial remodeling following acute myocardial
infarction (AMI) in an Italian cohort. The principal findings demonstrate that both miRNAs are
significantly elevated in the acute phase of myocardial infarction and are strongly associated with
subsequent adverse ventricular remodeling. Notably, miR-21 showed a stronger correlation with
structural remodeling parameters, whereas miR-208a was more closely related to myocardial injury
severity. The combined use of both biomarkers yielded superior predictive performance compared
to either marker alone.

Myocardial remodeling remains a major determinant of long-term outcomes following AMI,
often leading to progressive heart failure despite successful reperfusion therapy [1]. In the current
era of primary percutaneous coronary intervention (PCI), early identification of patients at risk for
maladaptive remodeling is of paramount importance. Traditional biomarkers such as cardiac
troponins primarily reflect acute myocardial necrosis but provide limited insight into the
subsequent molecular and structural changes that characterize remodeling [37]. In this context,
circulating miRNAs offer a novel and promising approach for capturing the dynamic biological
processes underlying cardiac repair and dysfunction.

In this study, miR-21 levels were significantly elevated in AMI patients, with peak expression
observed at 72 hours post-infarction. This temporal pattern is consistent with the known role of
miR-21 in mediating fibrotic responses during the subacute phase of myocardial injury [3]. MiR-
21 is predominantly expressed in cardiac fibroblasts and has been shown to promote fibroblast
proliferation and extracellular matrix deposition through activation of the ERK-MAPK signaling
pathway [4]. The observed association between elevated miR-21 levels and increased left
ventricular end-diastolic volume (LVEDV) supports its role as a mediator of adverse structural
remodeling. Furthermore, the strong negative correlation between miR-21 and left ventricular
gjection fraction (LVEF) highlights its potential as a marker of functional impairment.

These findings are in agreement with previous experimental and clinical studies demonstrating
the involvement of miR-21 in cardiac fibrosis and heart failure progression [5,6]. In murine models,
inhibition of miR-21 has been shown to attenuate interstitial fibrosis and improve cardiac function,
suggesting a causal role in remodeling [7]. Clinically, elevated circulating miR-21 levels have been
reported in patients with chronic heart failure and post-infarction ventricular dysfunction,
reinforcing its relevance as both a biomarker and a potential therapeutic target [38].

In contrast, miR-208a exhibited a distinct expression profile, characterized by early elevation at
admission followed by gradual decline over time. This pattern reflects its origin as a
cardiomyocyte-specific microRNA released during myocardial necrosis [39]. The significant
correlation between miR-208a and cardiac troponin levels observed in this study further supports
its role as a marker of acute myocardial injury. Importantly, patients who developed adverse
remodeling had significantly higher miR-208a levels during the acute phase, suggesting that the
extent of initial injury contributes to subsequent remodeling processes.

MiR-208a is encoded within the a-myosin heavy chain gene and plays a critical role in regulating
cardiac hypertrophy and contractile protein expression [40]. Experimental studies have
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demonstrated that overexpression of miR-208a promotes pathological hypertrophy and fibrosis,
whereas its inhibition leads to improved cardiac function and reduced remodeling [41]. The present
findings extend these observations by demonstrating its clinical relevance in predicting remodeling
outcomes in human subjects.

A key strength of this study lies in the combined analysis of miR-21 and miR-208a, which reflect
complementary aspects of myocardial remodeling. While miR-21 is primarily associated with
fibrotic remodeling and extracellular matrix dynamics, miR-208a provides insight into the extent
of cardiomyocyte injury [42]. The ROC curve analysis demonstrated that the combined use of these
biomarkers achieved an area under the curve (AUC) of 0.91, indicating excellent predictive
accuracy. This highlights the potential of a multi-biomarker approach for improving risk
stratification in post-infarction patients.

The integration of miRNA profiling into clinical practice aligns with the broader movement
toward precision medicine in cardiovascular care [43]. In Italy, where advanced cardiac imaging
and molecular diagnostics are increasingly available, the incorporation of circulating miRNAs into
routine assessment could enhance early detection of high-risk patients and guide personalized
therapeutic strategies [44]. For example, patients with elevated miR-21 levels may benefit from
therapies targeting fibrotic pathways, whereas those with high miR-208a levels may require more
aggressive management of myocardial injury and reperfusion strategies.

Despite these promising findings, several challenges must be addressed before widespread
clinical implementation can be achieved. One of the primary limitations is the lack of
standardization in miRNA measurement techniques, including sample processing, normalization
strategies, and quantification methods [45]. Variability in these factors can lead to inconsistent
results across studies, limiting comparability and reproducibility. In the present study, strict
protocols were followed for sample handling and gRT-PCR analysis; however, further
standardization is required at the international level.

Another important consideration is the influence of clinical and demographic factors on miRNA
expression. Conditions such as diabetes mellitus, hypertension, and renal dysfunction have been
shown to affect circulating miRNA levels independently of myocardial injury [46]. In this study,
these variables were accounted for in multivariate analysis, and both miR-21 and miR-208a
remained independent predictors of remodeling. Nevertheless, larger studies are needed to validate
these findings across diverse patient populations.

The relatively modest sample size represents an additional limitation. Although the study was
adequately powered to detect significant differences in miRNA expression, larger multicenter
studies are necessary to confirm the generalizability of the results. Furthermore, the follow-up
period of three months, while sufficient to detect early remodeling, may not fully capture long-term
outcomes such as heart failure progression and mortality [17].

From a translational perspective, the therapeutic modulation of miRNAs represents an exciting
frontier in cardiovascular medicine. Antisense oligonucleotides targeting miR-21 have shown
promise in preclinical models, reducing fibrosis and improving cardiac function [47]. Similarly,
inhibition of miR-208a has been associated with attenuation of hypertrophy and improved survival
in experimental studies [48]. These findings raise the possibility that miRNAs could serve not only
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as biomarkers but also as therapeutic targets, paving the way for novel treatment strategies in post-
infarction patients.

CONCLUSIONS

This study demonstrates that circulating microRNA-21 (miR-21) and microRNA-208a (miR-208a)
are clinically relevant biomarkers for the assessment of myocardial remodeling following acute
myocardial infarction. Both miRNAs were significantly elevated in the acute phase and showed
strong associations with key structural and functional parameters of cardiac remodeling.

MiR-21 exhibited a robust correlation with indices of ventricular dilation and reduced left
ventricular ejection fraction, highlighting its central role in fibrotic remodeling and extracellular
matrix reorganization. In contrast, miR-208a reflected the extent of myocardial injury and was
closely associated with acute cardiomyocyte damage. These complementary biological roles
underscore the value of integrating both markers to achieve a more comprehensive understanding
of post-infarction cardiac remodeling.

Importantly, the combined analysis of miR-21 and miR-208a demonstrated superior predictive
performance for adverse remodeling compared to either biomarker alone, supporting a multi-
marker approach in clinical risk stratification. This finding is particularly relevant in the modern
management of myocardial infarction, where early identification of high-risk patients may facilitate
timely intervention and improved long-term outcomes.

While these results highlight the promising role of circulating miRNAS as non-invasive biomarkers,
further large-scale and multicenter studies are required to validate their clinical utility and to
establish standardized protocols for their measurement and interpretation. Additionally, the
potential therapeutic targeting of these miRNAs represents an emerging avenue for future research.
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