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Abstract

Background: Although conventional cardiovascular risk scores are widely used, they do not
fully capture the molecular mechanisms underlying vascular injury in type 2 diabetes mellitus
(T2DM). This study investigated the association between the miR-34a/SIRT1 regulatory axis
and cardiometabolic risk in T2DM by integrating biomarkers of inflammation, oxidative
stress, and endothelial dysfunction. Methods: A cross-sectional study included 128 adults
(96 with T2DM and 32 non-diabetic controls). Cardiometabolic risk was stratified using the
Framingham Risk Score. Circulating miR-34a expression was quantified by RT-qPCR, whereas
SIRT1 and biomarkers of inflammation (IL-6, TNF-α, and hs-CRP), oxidative stress (MDA and
TAC), and endothelial dysfunction (VCAM-1 and ICAM-1) were measured using ELISA or
standardized biochemical assays. Multivariate regression and receiver operating characteristic
(ROC) analyses were performed. Results: Compared with medium-risk patients, individuals
classified as high risk exhibited longer diabetes duration, higher body mass index, blood
pressure, fasting glucose, and HbA1c levels (all p < 0.05), together with increased circulating
miR-34a, inflammatory, oxidative stress, and endothelial dysfunction biomarkers, whereas
SIRT1 and total antioxidant capacity were significantly reduced (all p < 0.001). These molecular
alterations remained independently associated with risk after adjustment for age, sex, body
mass index, smoking status, physical activity, dyslipidemia, HbA1c, and medication use.
The combined biomarker model integrating miR-34a, SIRT1, hs-CRP, MDA, and VCAM-1
demonstrated excellent discriminatory performance for identifying high-risk individuals
(AUC = 0.92; sensitivity = 86.4%; specificity = 85.5%). Conclusions: Cardiometabolic risk
in T2DM is associated with a coordinated molecular signature characterized by miR-34a
upregulation, SIRT1 suppression, systemic inflammation, oxidative stress, and endothelial
dysfunction. These findings suggest that integrated biomarker profiling may complement
conventional risk assessment and support future precision cardiometabolic strategies.

Keywords: type 2 diabetes mellitus (T2DM); cardiovascular risk stratification; microRNA-34a
(miR-34a); sirtuin 1 (SIRT1); Inflammation biomarkers; oxidative stress; endothelial dysfunction

1. Introduction
Type 2 diabetes mellitus (T2DM) is one of the most prevalent chronic metabolic

disorders worldwide and represents a major public health challenge because of its strong
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association with cardiovascular morbidity and mortality. Individuals with T2DM exhibit
a two- to fourfold increased risk of developing cardiovascular disease (CVD), which
remains the leading cause of death in this population. Even individuals with prediabetes
demonstrate an increased risk of vascular complications, emphasizing the importance of
early identification of cardiometabolic alterations associated with disease progression [1–5].

The development of cardiovascular complications in T2DM is multifactorial and in-
volves complex interactions among chronic hyperglycemia, insulin resistance, oxidative
stress, inflammation, endothelial dysfunction, and vascular remodeling. Persistent hyper-
glycemia promotes the formation of advanced glycation end products (AGEs), excessive
production of reactive oxygen species (ROS), and activation of inflammatory pathways,
which collectively contribute to endothelial injury and accelerated atherosclerosis [6–8].
Although conventional clinical markers such as glycated hemoglobin (HbA1c), lipid pro-
file, and blood pressure remain important for risk assessment, they do not fully capture
the molecular mechanisms underlying cardiovascular disease development in diabetic
individuals. Consequently, there is growing interest in identifying circulating biomark-
ers that reflect the biological processes driving vascular injury and cardiovascular risk
progression [1,3,9,10].

MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate gene expres-
sion at the post-transcriptional level and play fundamental roles in cellular homeostasis.
Among these, microRNA-34a (miR-34a) has emerged as a multifunctional regulator in-
volved in apoptosis, cellular senescence, oxidative stress, inflammation, and metabolic
regulation. Dysregulated miR-34a expression has been reported in several pathological
conditions, including cancer, chronic inflammatory diseases, cardiovascular disorders, and
age-related tissue dysfunction [11–13]. In oncology, miR-34a has been extensively charac-
terized as a tumor suppressor involved in cell-cycle regulation and apoptosis, whereas in
inflammatory and cardiovascular diseases it has been associated with endothelial dysfunc-
tion, vascular aging, oxidative stress, and tissue injury [12–14].

In the context of diabetes, elevated miR-34a expression has been associated with in-
sulin resistance, pancreatic β-cell dysfunction, impaired insulin secretion, and vascular
complications [13,15–17]. Experimental studies have demonstrated that miR-34a pro-
motes β-cell apoptosis through modulation of anti-apoptotic pathways and contributes to
metabolic dysregulation by targeting proteins involved in insulin signaling [13,15]. More
importantly, accumulating evidence indicates that miR-34a may directly contribute to
diabetic vascular injury through suppression of sirtuin 1 (SIRT1), a critical regulator of
endothelial homeostasis [10,18,19].

SIRT1 is a nicotinamide adenine dinucleotide (NAD+)-dependent deacetylase that
exerts pleiotropic protective effects on the cardiovascular system. Through regulation of en-
dothelial nitric oxide synthase (eNOS), mitochondrial function, oxidative stress responses,
inflammatory signaling pathways, and cellular senescence, SIRT1 plays a central role in
maintaining vascular integrity and endothelial function [20–23]. Experimental studies have
shown that increased miR-34a expression suppresses SIRT1 activity, resulting in reduced
nitric oxide bioavailability, increased oxidative stress, endothelial dysfunction, and activa-
tion of pro-inflammatory pathways [18,24,25]. These mechanisms have been implicated in
the progression of atherosclerosis and diabetic vascular complications, suggesting that dys-
regulation of the miR-34a/SIRT1 axis may represent an important molecular link between
metabolic disturbances and cardiovascular disease [13,18,19,22].

Recent evidence further supports the concept that integrated molecular biomarker panels
may improve cardiovascular risk prediction beyond traditional clinical variables [26–28]. Biomark-
ers reflecting inflammation, oxidative stress, endothelial dysfunction, and microRNA-
mediated regulation may provide a more comprehensive assessment of the biological
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processes driving cardiovascular risk in individuals with T2DM. However, despite increas-
ing evidence regarding the individual roles of miR-34a and SIRT1, the relationship between
the circulating miR-34a/SIRT1 regulatory axis and the broader network of inflammatory,
oxidative, and endothelial biomarkers remains incompletely characterized in the context of
cardiovascular risk stratification.

Therefore, the present study aimed to investigate circulating miR-34a expression and
its regulatory target SIRT1 in individuals with T2DM and to evaluate their association
with cardiovascular risk categories defined by the Framingham Risk Score. In addition,
inflammatory mediators (IL-6, TNF-α, and hs-CRP), oxidative stress markers (malondialde-
hyde and total antioxidant capacity), and endothelial dysfunction biomarkers (VCAM-1
and ICAM-1) were assessed to characterize the integrated molecular profile associated
with cardiovascular risk. We hypothesized that dysregulation of the miR-34a/SIRT1 axis
is associated with increased cardiovascular risk and reflects a coordinated network of
metabolic, inflammatory, oxidative, and vascular alterations in T2DM.

2. Materials and Methods
2.1. Patients’ Samples

A total of 128 adults were enrolled in this cross-sectional study, comprising 96 patients
diagnosed with type 2 diabetes mellitus (T2DM) and 32 metabolically healthy individuals who
served as the control group. Participant recruitment was conducted consecutively between
July 2022 and December 2024 at the Ambulatory of Stomatological Diseases of the Southwest
of Goiás (ADESGO), through a collaborative initiative involving the Federal University of
Jataí (UFJ), the Municipal Health Secretariat of Jataí, Goiás, and accredited private clinical
laboratories. Consecutive enrollment of eligible volunteers was adopted to minimize selection
bias and to ensure that the study population reflected routine clinical practice.

Eligible participants were at least 18 years of age, capable of providing fasting blood
samples, and willing to participate by signing an informed consent form. Individuals
assigned to the T2DM group had a previous clinical diagnosis of type 2 diabetes established
according to the American Diabetes Association (ADA) criteria. Control participants
presented fasting plasma glucose concentrations below 100 mg/dL and had no history of
diabetes or other chronic metabolic disorders.

Participants were excluded if they were pregnant or breastfeeding, had type 1 diabetes
mellitus, active infectious or inflammatory conditions, malignant disease, chronic kidney
disease stage III or higher, or were receiving corticosteroid or immunosuppressive treatment.
Samples showing hemolysis or insufficient plasma volume, as well as participants with
incomplete clinical or laboratory information, were also excluded from the analyses.

The required sample size was estimated before participant recruitment using G*Power
version 3.1. Calculations were based on a two-sided t-test, assuming an effect size (Cohen’s d) of
0.60 for differences in circulating miR-34a expression, a significance level of 5%, and statistical
power of 80%. Under these assumptions, at least 108 participants were required. The inclusion
of 128 individuals exceeded this minimum requirement, providing adequate statistical power
for the planned analyses.

The study protocol complied with the ethical principles established in the Decla-
ration of Helsinki and received approval from the Research Ethics Committee (CAAE:
69791717.0.0000.5083; approval date: 19 September 2017). All volunteers provided written
informed consent before any study-related procedures were performed. Because this investi-
gation followed an observational cross-sectional design, registration as a clinical trial was not
applicable. The study design, conduct, and reporting adhered to the recommendations of the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) Statement.
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2.2. Clinical, Anthropometric and Metabolic Assessments

Clinical information, anthropometric measurements, and routine biochemical data
were obtained from participant evaluations and medical records whenever available. Body
weight, height, and waist circumference were measured at the time of enrollment using
standardized procedures. Venous blood was collected after an overnight fast of 12–14 h.
Before sample collection, participants were advised to abstain from alcohol consumption for
at least 72 h and to avoid strenuous exercise to minimize potential influences on biochemical
and molecular measurements.

Cardiovascular risk among individuals with T2DM was estimated using the Framing-
ham Risk Score proposed by Wilson et al. (1998) [29], which combines demographic and
clinical variables, including age, sex, total cholesterol, HDL cholesterol, systolic blood pres-
sure, antihypertensive therapy, smoking status, and diabetes, to estimate the probability of
developing coronary heart disease over the subsequent 10 years. Based on the calculated
score, participants were classified as low (<10%), intermediate (10–20%), or high (>20%)
cardiovascular risk.

Risk stratification was performed only for participants with T2DM. Individuals in the
control group were included exclusively as a reference population for molecular and bio-
chemical analyses and were therefore not assigned to Framingham risk categories. Conse-
quently, all comparative analyses considered controls independently from the intermediate-
and high-risk diabetic groups.

Habitual physical activity was evaluated using the short version of the Inter-
national Physical Activity Questionnaire (IPAQ), previously validated by Matsudo
et al. (2001) [30]. Weekly energy expenditure was expressed as metabolic equiva-
lent minutes (MET-min/week) by applying standard conversion factors of 3.3 METs
for walking, 4.0 METs for moderate-intensity activities, and 8.0 METs for vigorous-
intensity activities. According to established IPAQ criteria, participants were catego-
rized as having low (<600 MET-min/week), moderate (600–3000 MET-min/week), or high
(>3000 MET-min/week) levels of physical activity.

Additional clinical information, including smoking habits, dyslipidemia, and ongoing
pharmacological treatment, was retrieved from medical records and confirmed through
structured interviews whenever possible. These variables were considered potential con-
founding factors and were incorporated into multivariable statistical models when complete
information was available.

Only a limited number of diabetic participants met the criteria for the low cardio-
vascular risk category. Because this subgroup was too small to support reliable statistical
comparisons, it was not analyzed separately. Consequently, subsequent analyses focused
on the intermediate- and high-risk T2DM groups, thereby improving the robustness and
statistical power of the comparisons.

Information regarding antidiabetic medications was collected from clinical records
and participant interviews. The distribution of pharmacological therapies according to
cardiovascular risk category is summarized in Supplementary Table S1.

2.3. microRNAs and RNA Isolation

Circulating RNA, including microRNAs, was extracted from 500 µL of plasma using
the Norgen® Plasma/Serum Circulating and Exosomal RNA Purification Kit (Norgen
Biotek Corp., Thorold, ON, Canada) following the recommended extraction procedure.
During RNA isolation, an exogenous U6 small nuclear RNA (GenBank accession NM-
001207056) was incorporated as an internal reference to monitor extraction efficiency and
normalize downstream analyses. Purified RNA was recovered in 100 µL of the supplied
elution buffer.
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Total RNA from peripheral blood cells was independently isolated with TRIzol®

reagent (Invitrogen, Carlsbad, CA, USA). Approximately 1 µg of RNA was subsequently
reverse-transcribed into complementary DNA (cDNA) using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA).

Expression of miR-34a was determined by quantitative real-time PCR (RT-qPCR) using
TaqMan™ Universal PCR Master Mix II (No UNG, Thermo Fisher Scientific). Amplification
reactions were prepared in a final volume of 20 µL and analyzed on an Applied Biosystems
7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The thermal
profile consisted of an initial activation step at 95 ◦C for 10 min, followed by 40 amplification
cycles of denaturation at 95 ◦C for 15 s and annealing/extension at 60 ◦C for 60 s.

Specific detection of hsa-miR-34a-5p was achieved using the corresponding TaqMan™
MicroRNA Assay (Assay ID 000426) (Applied Biosystems, Foster City, CA, USA), whereas
U6 snRNA (Assay ID 001973) served as the endogenous reference for normalization. Each
biological sample was analyzed in triplicate, and non-template controls were included
in every experimental run to verify the absence of reagent contamination or nonspecific
amplification. Relative miRNA expression was calculated using the comparative 2−∆∆Cq

method after normalization against U6 snRNA.
The primer and probe sequences were not reported because the assays employed

are commercially available TaqMan™ products with proprietary oligonucleotide designs.
Instead, the manufacturer assay identification numbers are provided to facilitate method-
ological reproducibility.

To minimize potential analytical bias, all molecular procedures—including RNA isola-
tion, reverse transcription, and RT-qPCR analyses—were performed by investigators who
were unaware of participants’ clinical characteristics and cardiovascular risk classification
through sample processing and data acquisition.

2.4. Protein Biomarkers by Enzyme-Linked Immunosorbent Assay (ELISA)

Venous blood was obtained from participants following an overnight fast of 12–14 h
using EDTA-containing collection tubes (BD Vacutainer®, Becton, Dickinson and Company,
Franklin Lakes, NJ, USA). Plasma was separated within one hour after collection by cen-
trifugation at 1500× g for 15 min at 4 ◦C. Following careful removal of the plasma fraction
to avoid contamination with blood cells, aliquots ranging from 200 to 500 µL were prepared
and immediately stored at −80 ◦C until laboratory analyses. To preserve protein integrity,
each aliquot was thawed only once immediately before analysis. Samples were gently
homogenized after thawing and inspected for visible evidence of hemolysis; specimens
showing hemolysis were excluded from subsequent analyses.

Plasma concentrations of SIRT1, IL-6, TNF-α, high-sensitivity C-reactive protein (hs-
CRP), vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecule-1
(ICAM-1) were determined using commercially available high-sensitivity sandwich ELISAs.
The assays employed were the Human SIRT1 ELISA Kit (Abcam, Cambridge, UK; Cat. No.
ab171573), Human IL-6 Quantikine HS ELISA Kit (R&D Systems, Minneapolis, MN, USA; Cat.
No. HS600B), Human TNF-α Quantikine HS ELISA Kit (R&D Systems; Cat. No. HSTA00E),
Human hs-CRP ELISA Kit (Thermo Fisher Scientific, Waltham, MA, USA; Cat. No. EHCRP),
Human VCAM-1/CD106 Quantikine ELISA Kit (R&D Systems; Cat. No. DVC00), and
Human ICAM-1/CD54 Quantikine ELISA Kit (R&D Systems; Cat. No. DCD540). All assays
were performed in accordance with the manufacturers’ recommended procedures.

The SIRT1 assay used in this study provides a quantitative detection interval of
0.63–40 ng/mL with a reported analytical sensitivity of approximately 0.132 ng/mL. Plasma
SIRT1 concentrations measured in the control group (3.41 ± 0.43 ng/mL) served as the reference
values for comparisons with diabetic participants classified according to cardiovascular risk.
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Calibration curves for each biomarker were generated using seven serial dilutions
of the supplied recombinant standards, and analyte concentrations were interpolated by
four-parameter logistic (4-PL) regression. Absorbance readings were acquired at 450 nm
with wavelength correction at 570 nm using a BioTek Synergy HTX Multi-Mode Microplate
Reader (Agilent Technologies, Santa Clara, CA, USA).

Preliminary optimization experiments were performed to define the most appropriate
sample dilution for each biomarker. Based on these experiments, plasma samples were
analyzed after dilution at ratios of 1:2 for SIRT1, 1:100 for hs-CRP, and 1:50 for VCAM-1
and ICAM-1, whereas IL-6 and TNF-α were quantified using undiluted plasma. Dilutions
were prepared with the corresponding assay buffers supplied with each kit.

Every sample was analyzed in triplicate, and the average of the three measurements
was used for statistical analyses. Analytical precision within each assay was evaluated
through the coefficient of variation (CV), calculated for each set of triplicate measurements.
Replicates with a CV exceeding 10% were repeated. In addition, internal quality-control
samples were included on every microplate to monitor assay performance, maintaining
inter-assay variability below 12% for all biomarkers.

To reduce possible plate-to-plate variation, samples from controls and diabetic participants
representing different cardiovascular risk categories were randomly distributed across assay
plates. Laboratory personnel responsible for ELISA measurements remained blind to the clinical
characteristics and cardiovascular risk classification of all participants throughout the analytical
procedures. Blank wells and internal quality-control samples were incorporated into each
experimental run to verify assay consistency and analytical reliability.

2.5. Oxidative Stress Markers—Malondialdehyde (MDA)

Lipid peroxidation was assessed by quantifying plasma malondialdehyde (MDA),
a widely used indicator of oxidative damage, through the thiobarbituric acid reactive
substances (TBARS) method. Measurements were performed with a commercially available
TBARS Assay Kit (Cayman Chemical, Ann Arbor, MI, USA; Cat. No. 10009055).

For each determination, 100 µL of plasma was combined with sodium dodecyl sulfate
and thiobarbituric acid reagents under acidic conditions to promote the formation of MDA–
TBA adducts. The reaction mixture was heated at 95 ◦C for 60 min and subsequently cooled
on ice for approximately 10 min. After centrifugation at 1600× g for 10 min to remove
precipitated proteins, the clarified supernatant was transferred to a 96-well microplate for
spectrophotometric analysis.

Optical density was recorded at 532 nm using a BioTek Synergy HTX Multi-Mode Mi-
croplate Reader (Agilent Technologies, Santa Clara, CA, USA). Quantification of MDA was
based on a calibration curve prepared from seven serial dilutions of 1,1,3,3-tetramethoxypropane
(TMP), the reference precursor for MDA. Sample concentrations were obtained by linear inter-
polation of the standard curve and expressed as nmol/mL of plasma.

According to the assay specifications, the analytical detection limit was 0.1 µM, with a
working range extending from 0.1 to 20 µM. All plasma samples were analyzed in triplicate
to improve measurement reliability. Analytical reproducibility was monitored by calculat-
ing the coefficient of variation (CV) for each set of replicates. Measurements showing a CV
greater than 10% were repeated, while overall inter-assay variability remained below 12%
throughout the study.

2.6. Oxidative Stress Markers—Total Antioxidant Capacity (TAC)

The antioxidant status of plasma samples was evaluated by measuring total antioxi-
dant capacity (TAC) using a ferric reducing antioxidant power (FRAP) assay with a com-
mercial Total Antioxidant Capacity Assay Kit (Abcam, Cambridge, UK; Cat. No. ab65329).
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This colorimetric method estimates the overall reducing capacity of biological samples by
quantifying the conversion of ferric (Fe3+) ions into ferrous (Fe2+) ions in an acidic environ-
ment. The newly generated Fe2+ ions subsequently react with 2,4,6-tripyridyl-s-triazine
(TPTZ), producing a blue-colored complex whose intensity is directly proportional to the
antioxidant capacity of the sample.

For each determination, 20 µL of plasma was incubated with 180 µL of freshly pre-
pared FRAP reagent composed of acetate buffer (300 mM, pH 3.6), TPTZ solution (10 mM
prepared in 40 mM HCl), and ferric chloride (FeCl3·6H2O, 20 mM). The reaction mixture
was maintained at 37 ◦C for 30 min under light-protected conditions before absorbance
measurements were obtained.

Optical density was recorded at 593 nm using a BioTek Synergy HTX Multi-Mode Mi-
croplate Reader (Agilent Technologies, Santa Clara, CA, USA). TAC values were calculated
from a calibration curve prepared with Trolox standards ranging from 0 to 2.0 mM and
expressed as millimoles of Trolox equivalents per liter (mmol TE/L).

The assay exhibited an analytical sensitivity of 0.05 mmol/L and a working measure-
ment interval of 0.05–2.0 mmol/L. Each plasma sample was analyzed in triplicate, and
the average value was considered for subsequent statistical analyses. Analytical preci-
sion was monitored by calculating the coefficient of variation for replicate measurements,
maintaining intra-assay variability below 8%. Internal quality-control samples included on
every assay plate confirmed assay reproducibility throughout the study, with inter-assay
coefficients of variation consistently remaining below 10%.

2.7. Statistical Analysis of Biomarkers

Statistical analyses were conducted using GraphPad Prism version 8.0.0 for Windows
(GraphPad Software, San Diego, CA, USA). Prior to inferential testing, the distribution of
continuous variables was evaluated using the Shapiro–Wilk normality test, complemented
by visual examination of histograms and quantile–quantile (Q–Q) plots. Homogeneity of
variances was verified using Levene’s test.

Variables with a Gaussian distribution are presented as mean ± standard deviation
(SD), whereas skewed data are reported as median with the corresponding interquartile
range (IQR). Comparisons between two independent groups were performed using the un-
paired Student’s t-test when parametric assumptions were satisfied or the Mann–Whitney
U test for non-normally distributed variables.

Differences among the three study groups (Control, T2DM–Medium Risk, and T2DM–
High Risk) were examined using one-way analysis of variance (ANOVA) followed by
Tukey’s multiple-comparison test for normally distributed variables. When distributional
assumptions were not fulfilled, the Kruskal–Wallis test with Dunn’s post hoc correction
was applied instead. To minimize false-positive findings resulting from multiple biomarker
comparisons, p-values were additionally adjusted using the Benjamini–Hochberg false
discovery rate (FDR) procedure whenever appropriate.

Relationships among circulating miR-34a expression, SIRT1 concentrations, inflammatory
cytokines, oxidative stress markers, endothelial dysfunction biomarkers, and cardiovascular
risk scores were explored by correlation analysis. Pearson’s correlation coefficient was used for
variables exhibiting normal distributions, whereas Spearman’s rank correlation coefficient was
applied to non-parametric data. Correlation strength was interpreted according to conventional
criteria as weak (r < 0.30), moderate (r = 0.30–0.60), or strong (r > 0.60).

To determine whether the miR-34a/SIRT1 regulatory axis was independently associ-
ated with cardiovascular risk, multivariable linear regression models were constructed after
adjustment for clinically relevant covariates, including age, sex, body mass index, smoking
status, physical activity level (IPAQ classification), dyslipidemia, glycated hemoglobin
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(HbA1c), and pharmacological treatment whenever these data were available. Regression
coefficients (β) and their corresponding 95% confidence intervals (95% CI) were calculated
for each model.

The discriminatory capacity of the evaluated biomarkers for identifying individuals
with high cardiovascular risk was further investigated using binary logistic regression,
considering medium- and high-risk T2DM participants as the outcome categories. Odds
ratios (ORs) and 95% confidence intervals were estimated for each model.

Receiver operating characteristic (ROC) curve analysis was subsequently performed
to examine the diagnostic performance of individual biomarkers as well as the integrated
biomarker panel for distinguishing participants with high cardiovascular risk (Framingham
score >20%) from those classified as intermediate risk (10–20%). Diagnostic accuracy was
summarized by calculating the area under the ROC curve (AUC) with corresponding 95%
confidence intervals. Optimal decision thresholds were established using the Youden index,
and the resulting sensitivity and specificity values were determined for each biomarker
and for the combined predictive model. Comparisons among ROC models were based
primarily on AUC values, with larger AUCs indicating greater discriminatory performance.
Statistical significance was established at a two-sided p-value < 0.05.

3. Results
3.1. Clinical, Anthropometric, and Metabolic Characteristics

Clinical, anthropometric, and metabolic characteristics of study participants are presented
in Table 1. Compared with non-diabetic controls, individuals with T2DM exhibited higher BMI,
fasting glucose, HbA1c levels, systolic and diastolic blood pressure, and a greater prevalence of
dyslipidemia, smoking, physical inactivity, hepatic steatosis, and obesity. Among participants
with T2DM, those classified as high cardiovascular risk were significantly older and had a longer
duration of diabetes than individuals in the medium-risk group. High-risk individuals also
exhibited significantly higher BMI, systolic and diastolic blood pressure, fasting glucose, and
HbA1c levels. In addition, dyslipidemia, current smoking, physical inactivity, hepatic steatosis,
and obesity were more prevalent among high-risk patients. These findings indicate that greater
cardiovascular risk in T2DM is associated with longer disease duration, poorer glycemic control,
increased adiposity, elevated blood pressure, and a higher burden of adverse cardiometabolic
and lifestyle-related risk factors.

Table 1. Clinical, anthropometric, and metabolic characteristics of study participants according to
cardiovascular risk stratification *.

Variable Controls (n = 32) T2DM—Medium
Risk (n = 47)

T2DM—High Risk
(n = 49) p-Value

Age (years) 48.5 ± 8.1 56.8 ± 8.7 67.4 ± 7.9 <0.001
Duration of diabetes (years) — 7.8 ± 4.2 13.1 ± 6.1 <0.001

BMI (kg/m2) 21.6 ± 3.2 29.4 ± 3.8 31.1 ± 4.2 0.041
Systolic BP (mmHg) 118.4 ± 9.8 132.6 ± 12.7 148.3 ± 15.4 <0.001
Diastolic BP (mmHg) 76.2 ± 7.1 81.5 ± 8.2 87.4 ± 9.1 0.002

Fasting glucose (mg/dL) 90.5 ± 8.4 168.5 ± 42.7 214.8 ± 51.3 <0.001
HbA1c (%) 4.9 ± 0.3 8.1 ± 1.4 9.6 ± 1.8 <0.001

Dyslipidemia, n (%) 6 (18.8) 20 (42.6) 32 (65.3) 0.024
Current smoker, n (%) 3 (9.4) 11 (23.4) 22 (44.9) 0.028

Physical inactivity, n (%) 9 (28.1) 20 (42.6) 30 (61.2) 0.047
Hepatic steatosis, n (%) 5 (15.6) 18 (38.3) 28 (57.1) 0.049

Obesity (BMI ≥ 30 kg/m2), n (%) 2 (6.3) 18 (38.3) 28 (57.1) <0.001

* Data are presented as mean ± standard deviation (SD) or number (%). Continuous variables were compared using
one-way ANOVA followed by Tukey’s post hoc test, whereas categorical variables were compared using the χ2 test or
Fisher’s exact test, as appropriate. Cardiovascular risk categories were defined according to the Framingham Risk Score
as medium risk (10–20% estimated 10-year cardiovascular risk) and high risk (>20% estimated 10-year cardiovascular
risk). Statistical significance was defined as p < 0.05. Abbreviations: BMI, body mass index; BP, blood pressure;
HbA1c, glycated hemoglobin.
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Pharmacological treatment characteristics are summarized in Supplementary Table S1.
Metformin was the most frequently prescribed antidiabetic medication in both cardiovas-
cular risk groups. Insulin therapy was more common among individuals classified as high
cardiovascular risk, whereas the use of sulfonylureas and SGLT2 inhibitors showed similar
distributions between groups.

3.2. miR-34a Expression According to Cardiovascular Risk

In this study, individuals with type 2 diabetes exhibited significantly higher miR-
34a levels compared to non-diabetic controls (p < 0.001), consistent with their association
with inflammatory and metabolic dysregulation in diabetes (Figure 1A). Among diabetic
individuals, those classified as “T2DM High Risk” showed significantly elevated miR-34a
levels compared to the “T2DM Medium Risk group and non-diabetic controls, highlighting
its potential as a biomarker for cardiovascular complications (Figure 1B). This is consistent
with evidence linking higher miR-34a levels to severe cardiovascular conditions, likely
driven by increased endothelial stress and systemic inflammation. Sex-stratified analysis
is presented in Figure 1C. No mechanistic inference was made from this comparison due
to the exploratory nature of the analysis (Figure 1C). Non-diabetic controls exhibited the
lowest miR-34a levels, representing normal physiological conditions.

Figure 1. Differential expression of miR-34a across diabetic subgroups and clinical stratifications.
(A) Relative expression levels of miR-34a in non-diabetic controls (n = 32) compared to individuals
with type 2 diabetes mellitus (T2DM; n = 96). (B) Stratified analysis of miR-34a expression among
controls and T2DM individuals categorized according to cardiovascular risk as medium and high
risk. (C) Sex-based comparison of miR-34a expression between controls and T2DM individuals, stratified
by gender. Statistical comparisons were performed using the Mann–Whitney U test (panel (A)) and
Kruskal–Wallis test followed by Dunn’s multiple-comparison post hoc test (panels (B,C)). Horizontal
brackets indicate pairwise comparisons. Statistical significance is represented as ** p < 0.01, *** p < 0.001.
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3.3. Integrated Molecular Biomarker Profile

An integrated analysis of molecular biomarkers revealed a progressive deterioration
of the cardiometabolic profile across cardiovascular risk categories. Individuals classified
as high cardiovascular risk exhibited significantly higher circulating miR-34a expression,
inflammatory mediators (IL-6, TNF-α, and hs-CRP), oxidative stress marker levels (MDA),
and endothelial dysfunction markers (VCAM-1 and ICAM-1), accompanied by a marked
reduction in SIRT1 concentrations and total antioxidant capacity (TAC) (all p < 0.001)
(Table 2).

Table 2. Integrated molecular biomarkers according to cardiovascular risk stratification in type 2
diabetes mellitus (T2DM) *.

Biomarker Controls (n = 32) T2DM—Medium
Risk (n = 47)

T2DM—High
Risk (n = 49) p-Value

miR-34a (fold change) 1.24 ± 0.18 2.41 ± 0.52 4.78 ± 1.01 <0.001
SIRT1 (ng/mL) 3.41 ± 0.43 2.45 ± 0.42 1.67 ± 0.37 <0.001
IL-6 (pg/mL) 1.82 ± 0.54 3.45 ± 0.78 5.12 ± 1.05 <0.001

TNF-α (pg/mL) 2.95 ± 0.72 4.88 ± 0.94 6.73 ± 1.12 <0.001
hs-CRP (mg/L) 1.21 ± 0.63 3.64 ± 1.08 6.42 ± 1.75 <0.001

MDA (nmol/mL plasma) 2.10 ± 0.42 3.48 ± 0.63 4.92 ± 0.81 <0.001
TAC (mmol TE/L) 1.78 ± 0.28 1.32 ± 0.24 0.94 ± 0.19 <0.001
VCAM-1 (ng/mL) 471.4 ± 66.2 784.2 ± 89.7 1047.3 ± 117.8 <0.001
ICAM-1 (ng/mL) 219.1 ± 31.2 364.5 ± 54.7 466.8 ± 45.8 <0.001

* Data are presented as mean ± SD. Comparisons among groups were performed using one-way ANOVA followed by
Tukey’s post hoc test for normally distributed variables or Kruskal–Wallis test followed by Dunn’s post hoc test for
non-parametric variables. Significant pairwise differences were observed among Control, T2DM–Medium Risk, and
T2DM–High Risk groups after multiple-comparison correction. Statistical significance was defined as p < 0.05.

A progressive and statistically significant molecular deterioration was observed across
cardiovascular risk categories (Controls → T2DM Medium Risk → T2DM High Risk; all
p < 0.001) (Table 2). Circulating miR-34a expression increased markedly according to cardiovas-
cular risk status, rising from 1.24 ± 0.18-fold in controls to 2.41 ± 0.52-fold in the medium-risk
group and reaching 4.78 ± 1.01-fold in high-risk individuals (Table 2). Conversely, SIRT1 con-
centrations demonstrated a progressive decline, decreasing from 3.41 ± 0.43 ng/mL in controls
to 2.45 ± 0.42 ng/mL in medium-risk patients and 1.67 ± 0.37 ng/mL in high-risk patients
(Table 2). This inverse relationship supports the existence of a dysregulated miR-34a/SIRT1
regulatory axis associated with cardiovascular risk progression.

Inflammatory biomarkers exhibited a similar graded response (Table 2). IL-6 levels in-
creased from 1.82 ± 0.54 pg/mL in controls to 3.45 ± 0.78 pg/mL and 5.12 ± 1.05 pg/mL in the
medium- and high-risk groups, respectively. Likewise, TNF-α concentrations increased progres-
sively from 2.95 ± 0.72 pg/mL in controls to 4.88 ± 0.94 pg/mL and 6.73 ± 1.12 pg/mL in the
medium- and high-risk groups. The most pronounced inflammatory change was observed for
hs-CRP, which increased more than fivefold between controls (1.21 ± 0.63 mg/L) and high-risk
T2DM individuals (6.42 ± 1.75 mg/L) (Table 2), indicating substantial systemic inflammatory
burden and reinforcing the association between inflammation and cardiovascular risk severity.

Analysis of oxidative stress biomarkers revealed significant redox imbalance accom-
panying cardiovascular risk progression (Table 2). Plasma MDA concentrations increased
from 2.10 ± 0.42 nmol/mL in controls to 3.48 ± 0.63 nmol/mL in medium-risk individuals
and 4.92 ± 0.81 nmol/mL in the high-risk group. In contrast, total antioxidant capacity
exhibited an inverse trend, decreasing from 1.78 ± 0.28 mmol Trolox equivalents/L in
controls to 1.32 ± 0.24 mmol/L and 0.94 ± 0.19 mmol/L in medium- and high-risk patients,
respectively (Table 2). These findings indicate progressive oxidative stress and impaired
antioxidant defense mechanisms in individuals with elevated cardiovascular risk.

Markers of endothelial dysfunction also increased significantly across cardiovascular
risk categories (Table 2). VCAM-1 concentrations increased from 471.4 ± 66.2 ng/mL in
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controls to 784.2 ± 89.7 ng/mL in medium-risk individuals and 1047.3 ± 117.8 ng/mL
in high-risk patients. Similarly, ICAM-1 levels rose from 219.1 ± 31.2 ng/mL in controls
to 364.5 ± 54.7 ng/mL and 466.8 ± 45.8 ng/mL in the medium- and high-risk groups,
respectively (Table 2). These findings indicate progressive endothelial activation and
vascular injury associated with increasing cardiovascular risk.

Importantly, the increase in inflammatory, oxidative stress, and endothelial dysfunc-
tion markers paralleled the pattern observed for miR-34a expression and SIRT1 suppression
(Table 2), suggesting convergence of multiple pathophysiological pathways involved in
cardiovascular disease development in T2DM. Collectively, these results demonstrate that
individuals classified as high cardiovascular risk exhibit a coordinated molecular pro-
file characterized by miR-34a upregulation, SIRT1 suppression, systemic inflammation,
oxidative stress, and endothelial dysfunction. The convergence of these pathways sup-
ports the hypothesis that the miR-34a/SIRT1 axis may represent an important molecular
pathway associated with cardiovascular risk in T2DM, linking metabolic dysregulation to
cardiovascular vulnerability.

Importantly, the observed molecular alterations were not limited to comparisons be-
tween diabetic and non-diabetic individuals. Significant differences were detected between
medium- and high-risk T2DM groups, demonstrating the ability of the evaluated biomark-
ers to discriminate distinct cardiovascular risk profiles within the diabetic population
itself. These findings suggest that integrated molecular profiling may provide additional
prognostic information beyond conventional clinical risk assessment tools.

To determine whether the observed molecular alterations were independently associ-
ated with cardiovascular risk, a multivariate regression analysis was performed adjusting
for age, sex, body mass index, smoking status, physical activity level, dyslipidemia, HbA1c
levels, and medication use when available. Increased miR-34a expression, hs-CRP, MDA,
and VCAM-1 levels remained independently associated with higher cardiovascular risk,
whereas SIRT1 concentrations remained inversely associated with cardiovascular risk after
adjustment (Table 3). These findings indicate that dysregulation of the miR-34a/SIRT1
axis contributes to cardiovascular risk independently of major demographic and clinical
confounding factors.

Table 3. Multivariate regression analysis of factors independently associated with cardiovascular risk
in individuals with type 2 diabetes mellitus.

Variable Adjusted β Coefficient 95% CI p-Value

miR-34a expression 0.41 0.24–0.58 <0.001
SIRT1 −0.36 −0.52 to −0.18 <0.001

hs-CRP 0.33 0.17–0.49 <0.001
MDA 0.29 0.11–0.46 0.002

VCAM-1 0.31 0.15–0.48 <0.001
Age 0.27 0.10–0.44 0.003

HbA1c 0.22 0.05–0.39 0.011

3.4. Predictive Performance of Biomarkers for Cardiovascular Risk Stratification

ROC curve analysis demonstrated that all evaluated biomarkers exhibited discrim-
inatory capacity for identifying high cardiovascular risk among individuals with T2DM
(Figure 2; Table 4). The combined model integrating miR-34a, SIRT1, hs-CRP, MDA, and
VCAM-1 achieved the highest predictive performance (AUC = 0.92), exceeding all indi-
vidual biomarkers. Detailed performance metrics, including AUCs, confidence intervals,
cut-off values, sensitivity, specificity, and Youden indices, are presented in Table 4.
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Figure 2. Receiver operating characteristic (ROC) curve analysis for prediction of high cardiovascular
risk in individuals with type 2 diabetes mellitus (T2DM). ROC curves were generated to evaluate
the discriminatory performance of individual biomarkers and an integrated biomarker model for
distinguishing high cardiovascular risk (Framingham score ≥20%) from medium cardiovascular
risk (Framingham score 10–20%) among individuals with T2DM. The combined model integrating
miR-34a, SIRT1, hs-CRP, MDA, and VCAM-1 demonstrated the highest discriminative performance.
Abbreviations: AUC, area under the curve; hs-CRP, high-sensitivity C-reactive protein; MDA, malon-
dialdehyde; ROC, receiver operating characteristic; SIRT1, sirtuin 1; T2DM, type 2 diabetes mellitus;
VCAM-1, vascular cell adhesion molecule-1.

Table 4. Predictive performance of individual biomarkers and the combined model for identification
of high cardiovascular risk in T2DM *.

Biomarker/Model AUC (95% CI) Cut-Off Value Sensitivity (%) Specificity (%) Youden Index

miR-34a (fold change) 0.82 (0.74–0.90) 2.05 76.5 74.1 0.51
SIRT1 (ng/mL) 0.79 (0.70–0.87) 2.10 70.6 72.4 0.43
hs-CRP (mg/L) 0.87 (0.80–0.93) 3.25 81.6 80.0 0.62

MDA (nmol/mL plasma) 0.85 (0.77–0.92) 3.60 78.6 76.6 0.55
VCAM-1 (ng/mL) 0.84 (0.76–0.91) 820 77.6 76.9 0.55

Combined model * 0.92 (0.86–0.96) — 86.4 85.5 0.72

* Combined model includes miR-34a, SIRT1, hs-CRP, MDA, and VCAM-1. AUC, area under the curve;
CI, confidence interval; hs-CRP, high-sensitivity C-reactive protein; MDA, malondialdehyde; VCAM-1, vascular
cell adhesion molecule-1.

Notably, the combined model integrating miR-34a, SIRT1, hs-CRP, MDA, and VCAM-1
demonstrated excellent discriminative performance, achieving the highest AUC value (0.92,
95% CI: 0.86–0.96), with a sensitivity of 86.4% and specificity of 85.5% (Figure 2, Table 4).
The combined model also exhibited the highest Youden index (0.72), indicating superior
overall diagnostic accuracy compared with any individual biomarker.

Importantly, the ROC curves shown in Figure 2 demonstrate that the combined model
consistently outperformed all individual biomarkers across the entire range of sensitivity
and specificity values, highlighting the added value of integrating markers associated with
miR-34a/SIRT1 signaling, inflammation, oxidative stress, and endothelial dysfunction.

These findings demonstrate that integrated molecular profiling substantially improves
cardiovascular risk stratification in T2DM and supports the clinical utility of combining
biomarkers reflecting miR-34a/SIRT1 signaling, inflammation, oxidative stress, and en-
dothelial dysfunction for identifying individuals at elevated cardiovascular risk (Figure 2,
Table 4).
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3.5. Proposed Molecular Framework Associated with Cardiovascular Risk in T2DM

To integrate the molecular and biochemical findings obtained in the present study,
an integrated mechanistic model was developed and is presented in Figure 3. The model
illustrates the proposed biological interactions linking hyperglycemia and metabolic stress
to cardiovascular risk progression in individuals with T2DM. As shown in Figure 3, chronic
metabolic disturbances are associated with increased circulating miR-34a expression and
concomitant suppression of SIRT1, suggesting dysregulation of the miR-34a/SIRT1 regula-
tory axis. This molecular imbalance is accompanied by progressive increases in inflamma-
tory mediators (IL-6, TNF-α, and hs-CRP), oxidative stress markers (elevated MDA and
reduced TAC), and endothelial dysfunction markers (VCAM-1 and ICAM-1). Collectively,
these alterations contribute to endothelial activation, vascular injury, and atherosclerotic
progression, ultimately leading to increased cardiovascular risk. The model is consistent
with the biomarker profiles observed in high-risk T2DM individuals and highlights the
miR-34a/SIRT1 axis as a potential mechanistic link connecting metabolic dysregulation,
systemic inflammation, oxidative stress, and endothelial dysfunction.

Figure 3. Proposed molecular framework associated with cardiovascular risk in type 2 diabetes
mellitus (T2DM), illustrating the observed associations among inflammation, oxidative stress, en-
dothelial dysfunction, and cardiovascular risk. Red arrows indicate positive associations or activation
(promotion/increased expression or activity), whereas blue arrows indicate negative associations or
inhibition (suppression/decreased expression or activity). Specifically, increased miR-34a promotes
inflammation and oxidative stress while suppressing SIRT1 expression. Reduced SIRT1 contributes to
increased inflammation, oxidative stress, and endothelial dysfunction, ultimately favoring atheroscle-
rosis and increased cardiovascular risk.

4. Discussion
Type 2 diabetes mellitus (T2DM) is a multifactorial metabolic disorder associated

with a substantially increased risk of cardiovascular disease, which remains the leading
cause of morbidity and mortality among affected individuals [1–3]. The pathogenesis
of diabetic cardiovascular complications involves complex interactions among chronic
hyperglycemia, insulin resistance, inflammation, oxidative stress, endothelial dysfunction,
and vascular remodeling [6–9]. Consequently, there is growing interest in identifying
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molecular biomarkers capable of complementing conventional clinical risk assessment
tools and providing insights into the biological mechanisms underlying cardiovascular risk
progression [1,10].

In the present study, we identified a coordinated molecular signature associated
with increasing cardiovascular risk in individuals with T2DM. Participants classified as
high cardiovascular risk according to the Framingham Risk Score were older, had a longer
duration of diabetes, higher body mass index, elevated systolic and diastolic blood pressure,
poorer glycemic control, and a greater prevalence of dyslipidemia, smoking, physical
inactivity, hepatic steatosis, and obesity. These findings are consistent with the established
clinical determinants of cardiovascular disease in diabetes and support the validity of the
cardiovascular risk stratification adopted in the present study [3,10].

Beyond these conventional risk factors, we observed a progressive increase in cir-
culating miR-34a expression accompanied by a marked reduction in circulating SIRT1
concentrations across cardiovascular risk categories. Importantly, these molecular alter-
ations remained independently associated with cardiovascular risk after adjustment for
age, sex, BMI, smoking status, physical activity, dyslipidemia, HbA1c, and medication use
when available. These findings suggest that dysregulation of the miR-34a/SIRT1 regulatory
axis may provide biological information beyond traditional clinical variables.

MicroRNA-34a is a multifunctional regulatory molecule implicated in numerous
pathological processes, including cancer, chronic inflammatory disorders, cardiovascular
diseases, and metabolic dysfunction [11,13]. Although initially characterized as a tumor
suppressor involved in cell-cycle regulation and apoptosis, accumulating evidence demon-
strates that persistent miR-34a overexpression may contribute to tissue injury, inflammation,
oxidative stress, vascular aging, and endothelial dysfunction [12,13]. In diabetes, elevated
miR-34a expression has been associated with β-cell dysfunction, insulin resistance, diabetic
complications, and cardiovascular disease progression [12,16,17]. Therefore, the increased
miR-34a levels observed in our high-risk T2DM cohort are consistent with its recognized
role as a mediator of metabolic and vascular dysfunction.

A central mechanism linking miR-34a to cardiovascular injury involves suppression of
SIRT1, a NAD+-dependent deacetylase that exerts protective effects on endothelial cells,
vascular smooth muscle cells, and cardiomyocytes [19–25]. Experimental studies have
demonstrated that miR-34a directly targets SIRT1, resulting in reduced endothelial nitric
oxide synthase (eNOS) activity, impaired nitric oxide bioavailability, increased oxidative
stress, and activation of inflammatory signaling pathways [18–20]. Consistent with these
observations, we found a robust inverse pattern characterized by elevated miR-34a expres-
sion and reduced circulating SIRT1 levels in individuals with higher cardiovascular risk.
Recent clinical evidence has also identified reduced SIRT1 concentrations as a predictor
of adverse cardiovascular outcomes in diabetic patients, further supporting the biological
relevance of this pathway [27,28].

The inflammatory profile observed in the present study further supports the involve-
ment of the miR-34a/SIRT1 axis in diabetic vascular injury. Concentrations of IL-6, TNF-α,
and hs-CRP increased progressively from controls to medium-risk and high-risk T2DM
individuals. These biomarkers are recognized mediators of endothelial dysfunction, in-
sulin resistance, and atherosclerotic progression. Experimental evidence suggests that
reduced SIRT1 activity enhances NF-κB signaling, thereby promoting the transcription of
pro-inflammatory cytokines and amplifying vascular inflammation [19,24,31]. The parallel
increase in miR-34a expression and inflammatory mediators observed in our cohort is
therefore biologically plausible and consistent with previous mechanistic studies.

Oxidative stress represents another critical component of diabetic cardiovascular dis-
ease. Individuals with high cardiovascular risk exhibited significantly elevated MDA
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concentrations and reduced total antioxidant capacity, indicating substantial redox imbal-
ance. These findings are consistent with current evidence demonstrating that excessive
reactive oxygen species production contributes to endothelial injury, mitochondrial dysfunc-
tion, vascular stiffness, myocardial remodeling, and atherosclerotic plaque development
in diabetes [7,8]. SIRT1 plays a major role in cellular antioxidant defense through regula-
tion of FOXO transcription factors, mitochondrial function, and oxidative stress response
pathways [21,22,31]. Consequently, reduced SIRT1 expression may contribute directly to
the oxidative stress profile observed in high-risk participants.

Similarly, endothelial dysfunction markers VCAM-1 and ICAM-1 increased pro-
gressively according to cardiovascular risk status. These adhesion molecules are in-
volved in leukocyte recruitment, vascular inflammation, and early atherosclerotic lesion
formation [32]. The observed elevation of VCAM-1 and ICAM-1, together with increased
inflammatory and oxidative stress biomarkers, supports the concept that endothelial ac-
tivation represents a downstream manifestation of the broader molecular disturbances
associated with miR-34a/SIRT1 dysregulation.

One of the most relevant findings of this study was the performance of the integrated
biomarker model. While individual biomarkers demonstrated good discriminatory ca-
pacity, the combined model incorporating miR-34a, SIRT1, hs-CRP, MDA, and VCAM-1
achieved an AUC of 0.92, with sensitivity and specificity exceeding 85%. These results sug-
gest that cardiovascular risk in T2DM cannot be adequately explained by isolated molecular
pathways but rather emerges from a complex network involving inflammation, oxidative
stress, endothelial dysfunction, and microRNA-mediated regulation. Recent studies have
increasingly emphasized the value of multimarker strategies, innovative miRNA-based
biomarkers, and machine-learning-based cardiovascular prediction models capable of in-
tegrating distinct biological pathways to improve risk assessment and support precision
medicine approaches in diabetes [9,14,26,28,33]. Our findings support this concept and
suggest that integrated molecular profiling may enhance precision cardiovascular medicine
in T2DM.

An important consideration is that cardiovascular risk stratification was based on the
Framingham Risk Score, which already incorporates diabetes as a major determinant of
risk [29]. Nevertheless, substantial heterogeneity in biomarker profiles was observed among
individuals with T2DM despite sharing the same diagnosis. This observation suggests that
molecular biomarkers related to the miR-34a/SIRT1 axis may capture pathophysiological
alterations not fully reflected by conventional clinical scores and may therefore provide
complementary information for cardiovascular risk assessment.

Some limitations should be acknowledged. First, the cross-sectional design precludes
causal inference and does not allow determination of temporal relationships between
miR-34a/SIRT1 dysregulation and cardiovascular risk progression. Second, functional
studies were not performed to directly validate the mechanistic pathways suggested by
the biomarker analyses. Third, the absence of longitudinal follow-up prevents evalua-
tion of the predictive value of these biomarkers for future cardiovascular events. Finally,
although multivariate analyses accounted for major demographic, lifestyle, and clinical
confounders, detailed treatment-specific information was not uniformly available for all
participants. Pharmacological treatment data available for a subset of the cohort are pre-
sented in Supplementary Table S1; however, the effects of individual antidiabetic therapies
on biomarker expression and cardiovascular risk could not be systematically assessed.
Future prospective studies with comprehensive medication records are warranted to clarify
the potential influence of pharmacological interventions on the miR-34a/SIRT1 axis and
related cardiovascular biomarkers.
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In conclusion, cardiovascular risk in T2DM is associated with a coordinated molecular
signature characterized by increased miR-34a expression, reduced SIRT1 concentrations,
systemic inflammation, oxidative stress, and endothelial dysfunction. The integration
of these biomarkers demonstrated excellent discriminatory performance for identifying
individuals at elevated cardiovascular risk and supports the potential utility of multimarker
approaches in precision cardiometabolic medicine. Future longitudinal and mechanistic
studies are warranted to validate these findings and explore the therapeutic potential of
targeting the miR-34a/SIRT1 regulatory network.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijtm6030029/s1, Table S1: Pharmacological treatment characteristics
of individuals with type 2 diabetes mellitus (T2DM) according to cardiovascular risk stratification.
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