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Blood-Based DNA Methylation Models Improve Short-term Cardiovascular Risk
Stratification in Individuals With Type 2 Diabetes

Study design and cohort Epigenome-wide DNAm profiling of PBMCs,
differential DNAm analysis & dataset generation

305 participants with T2DM from the TOSCA.IT
(no prior CV disease at baseline)

Performed using the Infinium MethylationEPIC v2 BeadChip (~935,000 CpG probes)

Outcome: first MACE during the 5-year follow-up
T2DMACE: 81 individuals who developed MACE Data processed using the ChAMP package — 878,089 probes retained after QC

T2D: 224 individuals who did not experience any CV event Identification of Differentially Methylated Positions (DMPs) in the training data set using an
Dataset split experiment-wide significance threshold of p<9.4x10®

Training set (n = 243) — DMP discovery & model development Generation of five covariate-adjusted analytical frameworks:

Test set (1 = 62) — internal validation Framework 1: Batch-adjusted - 23,839 DMPs
Framework 2: Batch + PBMC composition - 21,529 DMPs

F 3: Batch + clini iochemical covariates - 21,500 DMPs

LASSO-based development & evaluation of

. .. «  Framework 4: Batch + surrogate variables (SVA) - 12,114 DMPs
DNAm-based models for 5-year MACE prediction - Framework 5: Fully adjusted (batch + PBMC + clinical + SVA) - 7,101 DMPs
Model development D
Implementation of binomial LASSO logistic regression with stability selection (250 Metric Model 1 Model 2 Model 3 Model 4 Model 5 Model Clin
iterations) to identify robust CpG predictors (selected in 250% of runs).
Final models were retrained on the full training data set using the mean A value obtained ROC-AUC 0.936 0.937 0.932 0.927 0.915 0.638
across the 250 iterations.
AUPRC 0.933 0.940 0.923 0.897 0.866 0.396
Model structure
Five DNAm-based models (Models 1-5) derived from the five covariate-adjustment Accuracy (%) 93.55 95.16 93.55 95.16 95.16 74.19
frameworks.
Clinical-only model developed using the same modeling strategy as a itivity (%) 88.24 88.24 88.24 88.24 88.24 47.06
comparator.
Specificity (%) 95.56 97.78 95.56 97.78 97.78 84.44
Performance evaluation
Model performance assessed using 10-fold cross-validation in the training data set and PPV (%) 88.24 93.75 88.24 93.75 93.75 53.33
validation in the test data set.
Evaluation metrics included ROC-AUC, AUPRC, accuracy, sensitivity, specificity, PPV, NPV (%) 95.56 95.65 95.56 95.65 95.65 80.85
NPV, and Pt e using NRI and IDI Fi-score 0882 | 0909 | 0882 | 0909 | 0909 0.500

AUPRC, area under the precision-recall curve; ChAMP, Chip Analysis Methylation Pipeline; CV, cardiovascular; DNAm, DNA methylation; IDI, integrated discrimination improvement;
LASSO, least absolute shrinkage and selection operator; MACE, major adverse cardiovascular event; NPV, negative predictive value; NRI, net reclassification index; PBMC, peripheral
blood mononuclear cell; PPV, positive predictive value; QC, quality control; ROC-AUC, receiver operating characteristic-area under the curve; SVA, surrogate variable analysis; T2DM,
type 2 diabetes mellitus; TOSCA.IT, Thiazolidinediones Or Sulphonylureas and Cardiovascular Accidents. Intervention Trial.

ARTICLE HIGHLIGHTS

® Why did we undertake this study?
Cardiovascular disease (CVD) risk remains high in individuals with type 2 diabetes mellitus (T2DM), and current clinical risk scores show limited
ability to accurately identify those who will develop major adverse cardiovascular events (MACE).

® What is the specific question we wanted to answer?
Can blood-based DNA methylation (DNAm) markers improve risk stratification for MACE over 5 years in individuals with T2DM?

® What did we find?
DNAm analysis identified CpG markers associated with incident MACE and enabled the development of five DNAm-based models sharing 12 CpG
loci, showing excellent discriminative performance (receiver operating characteristic area under the curve = 0.915-0.937; area under the precision-
recall curve = 0.866-0.940).

® What are the implications of our findings?
DNAm biomarkers may improve cardiovascular risk stratification and support improved identification of individuals with T2DM at higher short-term
risk of MACE.
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OBJECTIVE

Cardiovascular complications are the leading cause of death in type 2 diabetes
mellitus (T2DM). We investigated whether blood-based DNA methylation (DNAm)
biomarkers could improve risk stratification for major adverse cardiovascular
events (MACE) in individuals with T2DM.

RESEARCH DESIGN AND METHODS

Epigenome-wide DNAm was profiled in peripheral blood mononuclear cells ob-
tained at baseline from 305 T2DM participants of the Thiazolidinediones Or Sul-
phonylureas and Cardiovascular Accidents. Intervention Trial (TOSCA.IT) study,
including 81 who experienced MACE within 5 years (T2DA) and 224 who did
not (T2D). The population was randomly divided into training and internal test
sets for model development and evaluation. Differential DNAm analyses were
performed under five frameworks differing by covariate adjustment. Binomial
least absolute shrinkage and selection operator (LASSO) logistic regression with
stability selection was used to generate DNAm-based models to stratify individu-
als at higher risk of incident MACE over 5 years.

RESULTS

Differential DNAm analysis identified 23,839, 21,529, 21,500, 12,114, and 7,101
differentially methylated CpG sites across the five analytical frameworks. LASSO
logistic regression was used to develop five DNAm-based models. Stability selec-
tion retained 22-26 CpG predictors per model. When evaluated in the internal
test cohort, the five models showed high discriminative performance, with re-
ceiver operating characteristic area under the curve values ranging from 0.915 to
0.937 and area under the precision-recall curve values from 0.866 to 0.940. Sev-
eral CpGs were independently associated with either increased or decreased risk
of MACE, including 12 CpGs identified across all of the models.

CONCLUSIONS

The DNAm-based models we have generated may improve risk stratification for
short-term cardiovascular events in individuals with T2DM, providing a promising
approach to refine identification of those at increased risk of MACE.

Check for
updates

Michele Longo,f Antonella Desiderio,f
Maria Masulli? Jyotirmoy Das,*?

Rosa Spinelli,® Luca Parrillo,®
Mariacristina Rotondo,”

Federica Zatterale,’

Massimiliano Volpe,®” Gabriele Riccardi,’
Olga Vaccaro,f Claudia Miele,f

Raffaele Napoli,“® Francesco Beguinot,»*
and Gregory A. Raciti®

View Online Article

1Department of Translational Medicine, Federico
Il University of Naples, Naples, Italy

2Department of Clinical Medicine and Surgery,
Federico Il University of Naples, Naples, Italy
3Bioinformatics Unit, Core Facility (KEF), Faculty
of Medical and Health Sciences (BKV), Linképing
University, Linképing, Sweden

“Clinical Genomics Linképing, Scilife Laboratory,
Department of Biomedical and Clinical Sciences,
Linképing University, Link6ping, Sweden
®Institute of Endotypes in Oncology, Metabolism
and Immunology, National Research Council,
Naples, Italy

®Department of Immunotechnology, Faculty of
Engineering (LTH), Lund University, Lund, Sweden
’National Bioinformatics Infrastructure Sweden,
Science for Life Laboratory, Lund University,
Lund, Sweden

8Department of Clinical Pathology, Laboratory
Medicine and Virology, Federico Il University
Hospital, Naples, Italy

Corresponding authors: Francesco Beguinot,

beguino@unina.it, and Raffaele Napoli, napoli@

unina.it

Received 27 March 2026 and accepted 17 June
2026

This article contains supplementary material online
at https://doi.org/10.2337/figshare.32736399.

M.L. and A.D. share equal authorship.

© 2026 by the American Diabetes Association.
Readers may use this work for educational,
noncommercial purposes if properly cited and
unaltered. This publication and its contents
may not be reproduced, distributed, or used
for text or data mining, machine learning, or
other similar technologies without prior written
permission. More information is available at
https://diabetesjournals.org/journals/pages/license.

se1aqe 1p//:d 11y wo i} papeo jumod

920z 1isnbny 0 uo Jdsn |TOdYN IA KANLS A INN Agq jpd "8€20929P /£60688

o
=
o
2
>
=
b
)
=
(@]
o
m



https://doi.org/10.2337/dc26-0738
https://doi.org/10.2337/dc26-0738
mailto:beguino@unina.it
mailto:napoli@unina.it
mailto:napoli@unina.it
https://doi.org/10.2337/figshare.32736399
https://diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/dc26-0738&domain=pdf&date_stamp=2026-07-15

DNAm Enhances CV Risk Stratification in T2D

The global prevalence of type 2 diabetes
mellitus (T2DM) has quadrupled over
the past century, largely due to increas-
ing rates of overweight and obesity, and
now affects >800 million people world-
wide (1). Individuals with T2DM have a
two to four times higher risk of develop-
ing cardiovascular (CV) disease (CVD)
and of experiencing major adverse car-
diovascular events (MACE), including
sudden cardiac death, myocardial in-
farction, stroke, or urgent coronary re-
vascularization, and feature more than
double the risk of CVD-related mortality
compared with those without diabetes
(2,3). This increased risk is multifactorial,
driven by established factors, including
elevated glycated hemoglobin A;. (HbA;.),
LDL-cholesterol (LDL-C), systolic blood
pressure, smoking, physical inactivity,
renal dysfunction, and longer diabetes
duration (3). As a result, the combined
burden of T2DM and CVD imposes a
major public health and economic toll,
making prevention of CVD in T2DM a
major issue.

Nowadays, several treatments and
procedures can reduce CV risk in T2DM
(4). However, risk prediction tools are
essential to identify high-risk individuals
and guide a patient-tailored approach
that is economically viable on a population-
wide basis (5=11). Commonly recom-
mended calculators, including Systematic
Coronary Risk Evaluation 2 (SCORE2)-
Diabetes for Europe and Predicting
Risk of Cardiovascular Disease EVENTs
(PREVENT-CVD) for the United States
(10,11), solely rely on conventional risk
factors and predict outcomes over a 10-
year horizon, a time frame too long to
support an incisive and durable precision
prevention in clinical practice. Novel ap-
proaches are therefore needed to improve
risk stratification.

Epigenetics, particularly DNA methyl-
ation (DNAm), has been implicated in
the pathogenesis of T2DM and its com-
plications (12-15), and specific DNAm
patterns have also been associated with
CVD and heart failure (16—20). DNAm
reflects phenotypic changes induced by
risk factors and lifestyle, is readily mea-
sured in blood (21,22), and can be lev-
eraged for biomarker development and
risk prediction (23,24). DNAm may there-
fore be regarded both as a mechanistic
determinant and as a candidate biomarker
of CVD in T2DM, with potential implica-
tions for personalized risk prediction and

tailored prevention strategies. Supporting
this possibility, Garcia-Calzén et al. (25) de-
veloped a blood-derived methylation risk
score (MRS) based on 87 CpG sites that
slightly improved CV risk prediction in
individuals with recently diagnosed T2DM.
Whether such markers retain predictive
utility in individuals with long-lasting
T2DM, who have higher CV risk, remains
unknown.

Here, we developed five blood-derived
DNAm-based models that improve risk
stratification for incident MACE over
5 years in individuals with established
T2DM. We used baseline blood samples
from participants in the Thiazolidinediones
or Sulfonylureas Cardiovascular Accidents
Intervention Trial (TOSCA.IT), a pragmatic
randomized trial comparing pioglitazone
versus sulfonylureas as add-on to metfor-
min (26). For the current study, we se-
lected 81 individuals who experienced a
first MACE over 5 years and 224 randomly
selected individuals free of CV events. At
baseline, all of these individuals were free
of prior CVD.

RESEARCH DESIGN AND METHODS
Study Design, DNAm Profiling, and
Model Development

This study was a secondary analysis of
TOSCA.IT using baseline blood samples
and follow-up data from participants
with T2DM and no previous CVD. The
analysis included 81 participants classi-
fied as case individuals (T2DMAF) if
they experienced a first MACE event,
defined as all-cause death, nonfatal
myocardial infarction, nonfatal stroke, or
urgent coronary revascularization, dur-
ing the 5-year follow-up period, and 224
randomly selected participants who re-
mained event-free as control individuals
(T2D). Epigenome-wide DNAm was as-
sessed in peripheral blood mononuclear
cells using the MethylationEPIC v2 array.
Participants were split into a training set
for differential methylation analysis and
model development (80%; n = 243) and
an internal test set for model evaluation
(20%; n = 62). CpG sites associated with
first occurrence of a MACE event were iden-
tified under five covariate-adjustment frame-
works. Five DNAm-based risk-stratification
models were then developed using binomial
least absolute shrinkage and selection opera-
tor (LASSO) logistic regression with stability
selection and compared with a clinical/
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biochemical model. Detailed methods
are provided in the Supplementary Material.

RESULTS

Baseline Characteristics and Follow-
up Outcomes in Individuals With
T2DM Stratified by Incident MACE
We aimed at identifying epigenetic bio-
markers associated with and potentially
informative for MACE risk stratification
in individuals with T2DM. To this end, we
studied 305 individuals with T2DM previ-
ously enrolled in the TOSCA.IT trial. These
individuals were aged 50-76 years, had at
least 2 years of diabetes duration, and
were on stable treatment with full-dose
metformin (2-3 g-day ™). HbA,. ranged
from 7.0 to 9.0% (53-75 mmol-mol™?)
and BMI was 20.1-43.7 kg-m 2. A MACE
event occurred in 81 of the 305 patients
during the 5-year follow-up (T2DMACE;
mean time to event: 29.3 months, range:
0.3-60.0 months), whereas 224 remained
event-free and were followed up for
at least 60 months (mean follow-up:
76.8 months, range: 60-104 months).
Clinical and demographic characteristics
are reported in Table 1 and Supplementary
Table 1. At study baseline, T2DMAE partici-
pants were slightly younger (P < 0.05), and
diabetes was diagnosed at a younger age
(P < 0.05). Diabetes duration and baseline
HbA, . were comparable in T2DMA and in
T2D participants though. T2DMAE individu-
als were predominantly men (P < 0.01)
and had a slightly but significantly higher
BMI (P < 0.01) than T2D. T2DMA€ individu-
als also showed a higher prevalence of
smoking (P < 0.01), elevated total choles-
terol (P < 0.05) and LDL-C (P < 0.05), lower
HDL-C (P < 0.01), and higher triglyceride
levels (P < 0.01). Diastolic blood pressure
was higher (P < 0.05) in T2DMA, whereas
systolic blood pressure did not differ be-
tween the groups. Also, the incidence of
micro- and macroalbuminuria, estimated
glomerular filtration rate, and the use of
CV medications, such as antihypertensive,
lipid-lowering, and antiplatelet agents,
were comparable between the groups. De-
spite these baseline differences, risk strati-
fication with SCORE2-Diabetes (adapted to
5-year risk) did not discriminate between
T2DMA and T2D. For downstream analy-
ses, the study population was randomly di-
vided into a training set (80%), comprising
243 individuals (n = 179 T2D and n = 64
T2DMA%E), used for Differentially Methyl-
ated Positions (DMP) identification and
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Table 1—Baseline characteristics of TOSCA.IT participants, according to MACE occurrence during follow-up

T2D T2DMACE
(n = 224) (n =81) P value*
Age, mean (SD), years 65.0 (6.9) 63.0 (6.5) <0.05
Male sex, n (%) 120 (53.8) 58 (71.6) <0.01
BMI, mean (SD), kg-m ™2 29.0 (5.0) 30.6 (4.4) <0.01
CV risk factors
Smokers, n (%) 35 (16.6) 24 (29.6) <0.01
Total cholesterol, mean (SD), mmol-L™* 4.67 (0.92) 4.99 (1.06) <0.05
LDL-C, mean (SD), mmol-L™* 2.69 (0.86) 2.96 (0.84) <0.05
HDL-C, mean (SD), mmol-L~™* 1.26 (0.36) 1.14 (0.30) <0.01
Triglycerides, mean (SD), mmol-L™* 1.58 (0.87) 1.96 (1.14) <0.01
Blood pressure
Systolic, mean (SD), mmHg 133.2 (14.6) 136.7 (16.2) NS
Diastolic, mean (SD), mmHg 79.0 (9.0) 82.4 (10.6) <0.05
Microalbuminuria, n (%) 35 (15.6) 19 (23.5) NS
Macroalbuminuria, n (%) 6 (2.7) 2 (2.5) NS
eGFR, mean (SD), mL-min~*-1.73 m? 91.1 (12.5) 93.7 (12.7) NS
5-year-adapted SCORE2-Diabetes, mean (SD), % 7.9 (2.9) 8.4 (2.8) NS
Diabetes characteristics
Age at diagnosis, mean (SD), years 56.6 (9.1) 54.4 (7.3) <0.05
Diabetes duration, mean (SD), years 8.3 (6.2) 8.6 (5.5) NS
HbA;., mean (SD), % 7.66 (0.49) 7.74 (0.54) NS
HbA;., mean (SD), mmol-mol™* 60.2 (5.4) 61.1 (6.0) NS
Use of CV drugs
Antihypertensive drugs 144 (64.3) 55 (67.9) NS
Lipid-lowering drugs 118 (52.7) 40 (49.4) NS
Antiplatelet drugs 72 (32.1) 32 (39.5) NS
Follow-up
Add-on therapy to metformin
+Pioglitazone, n (%) 122 (54.5) 37 (45.7) NS
+Sulfonylurea, n (%) 102 (45.5) 44 (54.3) NS
Duration, mean (SD), months 76.8 (10.9) — —
Time to MACE event, months — 29.3 (18.1) —

Clinical and biochemical characteristics of the individuals with T2DM from the TOSCA.IT study, who did (TZDMACE, n = 81) or did not (T2D, n =
224) experience a MACE during follow-up. Continuous variables are presented as mean (SD) and were compared using two-sided unpaired
t tests; categorical variables are shown as n (%) and were compared using x? tests. eGFR, estimated glomerular filtration rate. *Statistical sig-
nificance (P < 0.05) vs. T2D. —, not available; NS, not significant.

model development, and an internal test
set (20%), comprising 62 individuals (n = 45
T2D and n = 17 T2D™A), used for model
evaluation, while preserving the proportion
of incident MACE events. Characteristics of
training and test sets are reported in
Supplementary Tables 2 and 3.

Identification of DNAm Biomarkers
Associated With Incident MACE and
Development of Models for Risk
Stratification

To identify blood-based CpG biomarkers
associated with incident MACE in T2DM,
differential DNAm analysis was performed
on bisulfite-converted DNA extracted
from peripheral blood mononuclear cells
of 64 T2DMA and 179 T2D individuals
included in the training set. Five covariate-
adjustment frameworks were implemented

to assess the impact of technical and bio-
logical confounders on the identification of
DMPs associated with incident MACE
in individuals with T2DM. Specifically,
the analytical approaches included
1) batch-correction (framework 1),
2) batch and cell composition adjust-
ment (framework 2), 3) batch and clinical/
biochemical covariate adjustment (frame-
work 3), 4) batch and surrogate variable
analysis adjustment (framework 4), and
5) full adjustment, including batch, cell
composition, clinical/biochemical covariates,
and surrogate variable analysis (framework
5). A permutation-based, experiment-wide
significance threshold of P < 9.4 x 1078
was applied to minimize the family-wise er-
ror rate (27).

DMP analysis revealed 23,839 signifi-
cant probes in framework 1, 21,529 in

framework 2, 21,500 in framework 3,
12,114 in framework 4, and 7,101 in
the fully adjusted framework 5.

On the basis of these results, five
DNAm-based models for risk stratifica-
tion of MACE over 5 years in individuals
with T2DM were developed using bino-
mial LASSO logistic regression (models
1-5) in the training cohort. Stability se-
lection involved 250 iterations of ran-
dom subsampling (80% of the training
set without replacement), generating
250 LASSO models for each analytical
framework. Across the five DNAm-based
models, stability selection retained CpG
predictors appearing in >125 iterations,
with the number of predictors ranging
from 22 to 26 and the mean optimal A
ranging from 0.00986 to 0.01225, de-
pending on the analytical framework
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(Supplementary Table 4). These predic-
tors and the corresponding mean A were
used to define the final LASSO models,
refitted on the full training set. The five
DNAm-based models showed excellent
discrimination for incident MACE over
5 years (Supplementary Table 5), achiev-
ing consistently high training receiver
operating characteristic area under the
curve (ROC-AUC) values across models,
estimated as mean performance over
internal resampling procedures (boot-
strap and 10-fold cross-validation). Con-
sistently, mean predicted probabilities
were markedly higher in individuals
who developed MACE during follow-up
(T2DMAE) than in those who remained
event-free (T2D) (Supplementary Table 6).

When evaluated on the internal 20%
test cohort, the five DNAm-based mod-
els achieved high discriminative perfor-
mance, with ROC-AUC values ranging
from 0.915 to 0.937 and area under the
precision-recall curve (AUPRC) values
from 0.866 to 0.940 (Fig. 1A and B and
Table 2). Calibration and probabilistic ac-
curacy metrics indicated good calibration
and low overall error across the five
DNAm-based models within the internal
test cohort (Supplementary Table 7). A
classification threshold of 0.5 showed
overall accuracy of the five models
ranged from 93.55 to 95.16%, with
sensitivity (recall) of 88.24% across all
models, specificity between 95.56 and
97.78%, positive predictive value (PPV;
precision) between 88.24 and 93.75%,
negative predictive value (NPV) between
95.56 and 95.65%, and F1 scores ranging
from 0.882 to 0.909 (Table 2). Across
all five DNAm-based models, predicted
probabilities were consistently higher in
T2DMA than in T2D individuals (Supp-
lementary Table 6), supporting consis-
tent discriminative performance within
the internal test cohort.

When clinical and biochemical varia-
bles were added to the DMP sets used
to build the DNAm-based models, none
were retained by LASSO, indicating that
the predictive signal was driven entirely
by DNAm features (data not shown).
Consistently, all DNAm-based models
outperformed a model derived using
only clinical and biochemical predic-
tors generated using the same LASSO
framework (Table 2). The DNAm-based
models also demonstrated improved risk
classification compared with the clinical
model, as well as better calibration and
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Figure 1—ROC-AUC and AUPRC for models
1-5 and the model based solely on clinical
and biochemical variables (Model Clin) in
the internal test cohort. ROC-AUC curves
(A) and AUPRC curves (B) for the five
DNAm-based models (models 1-5) and the
Model Clin, evaluated in the internal test
cohort (n = 62; T2D = 45, T2DMACE = 17).
Both plots assess each model’s ability to
discriminate between individuals who did
and did not experience MACE over the 5-
year follow-up period. Statistical compari-
sons of model performance were done us-
ing appropriate methods for each metric. In
the internal test cohort, pairwise compari-
sons of ROC-AUCs were performed using
the Delong test, and differences in AUPRC
were assessed using empirical P values. Sta-
tistical significance for pairwise compari-
sons of ROC-AUCs and AUPRCs: **P < 0.01
and ***P < 0.001 vs. Model Clin.

lower overall error (Supplementary Tables
6-8). Decision curve analysis further
showed that the DNAm-based models
provided a higher net benefit across a
broad range of threshold probabilities
compared with the clinical model, in-
dicating greater potential clinical util-
ity (Supplementary Fig. 1).

To account for the time-to-event na-
ture of MACE, Cox proportional hazards
models were performed using the DNAm-
based predicted probability as a continuous
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predictor. This variable was strongly associ-
ated with time to MACE across all models,
with hazard ratios of ~5 per 1-SD increase
and high discriminative ability (C-index =
0.839-0.852), whereas the clinical model
showed no significant association and poor
discrimination (hazard ratio 1.43; C-index =
0.615) (Supplementary Table 9). Kaplan-
Meier curves stratified by median pre-
dicted probability showed consistent
risk separation for DNAm-based models,
but not for the clinical model (Supp-

lementary Fig. 2).

Impact of Individual CpG Markers on
MACE Over 5 Years in Individuals
With T2DM

Twelve CpG sites (cg04341454, cg06976977,
cg07075085, cg10581754, cg11094002,
cg12015691, cgl12853145, cg15728120,
cg15985003, cg20452429, cg24508873,
and cg24616828) were consistently iden-
tified across all five predictive models as
stable, model-independent markers for
MACE risk stratification over 5 years in
T2DM (Supplementary Tables 10 and 11).
These loci showed differential DNAm
between T2DMAE and T2D individuals
in the training and test cohorts (Supp-
lementary Figs. 3-7), with changes
ranging from approximately —11.9%
(cg07075085) to +11.5% (cgl0581754).
Univariate Poisson regression analyses
further evaluated the association be-
tween DNAm levels at each CpG and risk
of MACE over 5 years, with relative risks
(RRs) expressed per 1% increase in DNAm
(Fig._2). Several CpGs were associated
with increased MACE risk, including
cg04341454, cg06976977, cg11094002,
cg15728120, cg12853145, and cg24616828,
with RRs ranging from 1.55 to 3.09 in the in-
ternal test cohort. In contrast, cg24508873,
cg07075085, cg15985003, and cg20452429
showed protective associations, with RRs
between 0.40 and 0.93 in the internal test
cohort. Additional CpG sites, although not
shared across all models, also showed signif-
icant associations with MACE over 5 years
(Supplementary Table 12). Collectively,
these findings highlight a broader set
of CpG methylation markers, including
both shared and model-specific loci, show-
ing reproducible associations with short-
term CV risk in individuals with T2DM.

CONCLUSIONS

The introduction into diabetes treat-
ment algorithms of drug therapies able
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Table 2—Performance metrics of models 1-5 and Model Clin in the internal test cohort of T2DMAE and T2D individuals

Metric Model 1 Model 2 Model 3 Model 4 Model 5 Model Clin
ROC-AUCrest, 0.936*** 0.937*** 0.932%** 0.927** 0.915** 0.638
mean (95% Cl) (0.808-1.000) (0.806-1.000) (0.805-1.000) (0.790-1.000) (0.779-1.000) (0.396-0.808)
AUPRCrest, 0.933*** 0.940*** 0.923*** 0.897*** 0.866** 0.396
mean (95% Cl) (0.818-1.000) (0.824-1.000) (0.791-1.000) (0.720-1.000) (0.658-1.000) (0.230-0.661)
Accuracy, % 93.55 95.16 93.55 95.16 95.16 74.19
Sensitivity (recall), % 88.24 88.24 88.24 88.24 88.24 47.06
Specificity, % 95.56 97.78 95.56 97.78 97.78 84.44
PPV (precision), % 88.24 93.75 88.24 93.75 93.75 53.33
NPV, % 95.56 95.65 95.56 95.65 95.65 80.85
F1 score 0.882 0.909 0.882 0.909 0.909 0.500

Performance of the five DNAm-based models and the model built solely on clinical and biochemical variables (Model Clin) was evaluated on
the internal test cohort (n = 62; n = 17 T2DMAE; n = 45 T2D). Reported metrics include the ROC-AUC and the AUPRC, both expressed with
95% Cl, along with accuracy, sensitivity (recall), specificity, PPV (precision), and NPV, presented as percentages, and the F1 score, reported as
a decimal value (range: 0-1). For DNAm-based models 1-5, performance metrics were estimated using a fixed classification threshold of 0.5.
For the Model Clin, metrics were calculated at the optimal threshold of 0.328, determined by maximizing the Youden index. Pairwise compar-
isons of ROC-AUCs were performed using the DelLong test, and differences in AUPRC were assessed using empirical P values. Statistical signifi-
cance for pairwise comparisons of ROC-AUCs and AUPRCs: **P < 0.01 and ***P < 0.001 vs. Model Clin.

to reduce the probability of future CV
events in high-risk individuals has pro-
foundly changed the current clinical
scenario (4). In addition, sophisticated
diagnostic techniques capable of de-
tecting early, asymptomatic pathological
conditions (e.g., atherosclerotic plaques
at high risk of rupture) with high prob-
ability to progress to MACE are now
available (28). Furthermore, percuta-
neous coronary intervention can be
used in asymptomatic individuals diag-
nosed with significant, high-risk vascular

atherosclerosis to prevent or minimize
the risk of MACE (29,30). However, the
indiscriminate use of all available tools
to reduce MACE risk in the entire popu-
lation with diabetes cannot be easily af-
forded by any health care system for
financial and organizational reasons
(31). Moreover, applying the full range
of preventive measures to individuals at
low risk of MACE would be unnecessar-
ily burdensome and distressing (31).
Therefore, accurate identification of
individuals at higher risk of CV events

in long-lasting T2DM is of pivotal im-
portance to correctly approach MACE
prevention, but, unfortunately, remains
a major unmet clinical need.

Currently used CV risk calculators rely
on conventional risk factors, are often
adapted to diabetes, and typically as-
sess long-term (10-year) risk. They also
cannot account for therapy effects, in-
cluding the initiation or intensification
of treatment or medications that modify
disease trajectories, which can impair
their discriminative performance (5-11,32).

CpGID Training RR (95% Cl)  p-value Test RR (95% Cl)  p-value
cg06976977  1.97 (1.68-2.29) 8.78x10%®  3.09 (2.00-4.78) 3.85x107 * -
cg04341454 215 (1.90-2.43) 3.07x10%  1.55(1.21-1.99) 6.09x10 & o
cg11094002 1.97 (1.71-2.26) 2.10x1021 1.61 (1.28-2.02) 4.01x10° o .
cg15728120  1.78 (1.64-1.93) 1.25x1042 166 (1.39-1.97) 1.22x10% +|

. ? —u—
cg12853145  1.72 (1.58-1.88) 1.26x10%  1.56 (1.34-1.81) 9.13x10¢ '

. ? ——
Q24616828  1.68 (1.54-1.83) 8.25x10%1 162 (1.32-1.98) 3.13x10°% ®
cg12015691 1.22 (1.18-1.27) 1.11x102  1.05 (0.99-1.12) 8.38x102 . L

Z 5 .
cg10581754  1.16 (1.12-1.20) 6.13x10"  1.15 (1.10-1.20) 8.15x10? &
©g24508873  0.84 (0.81-0.87) 4.10x10%2  0.93 (0.88-0.98) 1.07x102 .,
cg07075085  0.83 (0.81-0.86) 9.08x10%  0.83 (0.75-0.92) 3.94x104 -

. -e- Training
cg15985003 0.75(0.72-0.79) 2.34x10%  0.77 (0.70-0.84) 1.89x10% .
-&- Test
cg20452429  0.20 (0.14-0.28) 1.81x10%"  0.40 (0.29-0.56) 1.03x107 * P
0 1 2 3 4 5
RR

Figure 2—Estimated RRs for the 12 common CpG sites included in models 1-5 in the training and internal test cohort. RRs for MACE over 5 years per 1%
increase in CpG methylation for the 12 common CpG sites included in models 1-5 were estimated by Poisson regression for the training (n = 243) and in-
ternal test (n = 62) cohorts. Error bars represent 95% Cls. The accompanying table reports RR estimates, 95% Cls, and two-sided Wald test P values. Sta-

tistical significance was defined as P < 0.05.
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Therefore, existing scores cannot target
precision prevention, particularly in individ-
uals with established T2DM who feature
high CV risk and receive complex treat-
ments and who could benefit from accu-
rate short-term risk stratification to guide
timely and individualized interventions (4).

Consistent with these limitations, a
head-to-head comparison of 22 risk
prediction scores, including diabetes-
specific models, in 168,871 U.K. primary
care individuals with T2DM recently
showed poor discrimination for 10-year
CVD events (33). In line with these find-
ings, in 11,224 individuals with T2DM
from the Hoorn Diabetes Care System
cohort, SCORE2-Diabetes, as well as Athero-
sclerotic Cardiovascular Disease (ASCVD),
Action in Diabetes and Vascular Disease:
Preterax and Diamicron Modified Release
Controlled Evaluation (ADVANCE), and
ADVANCE Observational (AD-ON) models,
demonstrated limited discriminative
ability for incident CVD (34). Similarly,
in a prospective cohort of 752 individu-
als with newly diagnosed T2DM from
the All New Diabetics in Scania (ANDIS)
and All New Diabetics in Uppsala (ANDiU)
cohorts, established CV risk scores, in-
cluding SCORE2-Diabetes, UK Prospec-
tive Diabetes Study (UKPDS), and ASCVD,
showed limited discriminative ability for in-
cident macrovascular events (25). Consis-
tently, in our TOSCA cohort with individuals
with long-lasting T2DM, those who devel-
oped MACE over 5 years, despite a more
adverse baseline profile, could not be distin-
guished from individuals who remained
event-free by the SCORE2-Diabetes cal-
culator (adapted for 5-year risk). This
problem highlights the need for novel ap-
proaches capable of individualized and
precise short-term risk stratification of
CV events.

Here, using the TOSCA.IT cohort, we
identified blood-based DNAm signatures
associated with incident MACE and de-
veloped five DNAm-based models for
risk stratification of MACE over 5 years
using binomial LASSO logistic regression.
DMPs were selected under five covari-
ate adjustment strategies with stability
selection and iterative resampling, yield-
ing 22—-26 CpGs per model, with 12 CpGs
retained across all models.

In the internal test cohort, all mod-
els showed excellent discriminative per-
formance (ROC-AUC = 0.915-0.937;
AUPRC = 0.866-0.940; sensitivity =
88.24%, specificity = 95.56-97.78%, PPV =

88.24-93.75%, and NPV = 95.56-95.65%).
High F1 scores (0.882-0.909) confirmed
balanced classification of events and none-
vents. These results support the consis-
tency of the identified DNAmM signatures
within the study cohort and show that the
discriminative contribution of CpG markers
was not affected by the covariate adjust-
ment strategies applied in this analysis.
Notably, model 1 achieved comparable
performance despite not accounting for
other covariates, suggesting that within
this study cohort, comparable discrimina-
tion could be achieved even when com-
plete clinical information is unavailable.

Model predictions were consistently
supported by significantly higher mean
predicted probability values in patients
who developed MACE compared with
those who remained event-free, in both
the training and the internal test cohorts,
underlining the reliability of DNAm-based
models as a tool for short-term CV risk
stratification in individuals with T2DM.

Exploratory analyses showed that de-
spite the limited number of fatal events
(n = 10), individuals who died had
higher probability values than those
with a nonfatal MACE across all models,
suggesting that DNAm signatures may
also reflect disease severity. However,
larger studies with an adequate number
of fatal events and dedicated mortality-
specific modeling will be required to
confirm this observation.

The DNAm-based probability was also
associated with time to MACE, with indi-
viduals at higher probability experiencing
events earlier during follow-up. However,
it is important to note that the DNAm-
based models were originally derived
within a case-control classification frame-
work. Therefore, the separation observed
in survival analyses likely reflects their
ability to discriminate between individu-
als who develop MACE and those who
do not, rather than being specifically de-
veloped to capture temporal risk dynam-
ics. These findings are consistent with
the discriminative performance observed
in the main analyses and support the
use of DNAm-based probability as a tool
for risk stratification within this study
setting, while future studies based on
longitudinal modeling approaches may
further refine its ability to predict the
timing of events.

Additionally, in the TOSCA.IT cohort,
a LASSO model based solely on clinical
and biochemical variables (Model Clin)
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showed limited discrimination (ROC-AUC =
0.638; AUPRC = 0.396) and lower perfor-
mance. Reclassification metrics (net reclas-
sification improvement total = 0.5229—
0.5451; integrated discrimination index =
0.7405-0.7588) were consistent with
improved risk classification by the DNAm-
based models. Importantly, when clini-
cal and biochemical covariates were
included alongside CpG markers in the
DNAm-based models, none were re-
tained, resulting in an identical DNAm-
only model. This likely reflects both the
feature selection properties of LASSO,
which prioritizes the most informative
predictors while excluding variables pro-
viding overlapping information, and the
integrative nature of DNAm profiles,
which likely capture the cumulative bi-
ological effects of multiple exposures,
including metabolic, inflammatory, and
lifestyle-related processes not fully re-
flected by single baseline clinical meas-
urements. In this context, epigenetic
features may contribute to capturing
CV risk information beyond conven-
tional determinants.

Recently, Garcia-Calzén et al. (25) de-
veloped an MRS for predicting incident
macrovascular events in 752 individuals
with newly diagnosed T2DM, of whom
102 experienced events during follow-
up. From 461 outcome-associated CpG
sites, they derived an 87 CpG-based MRS
with good discrimination (AUC = 0.81).
Such an AUC improved to 0.84 when
conventional clinical risk factors were
added. While the MRS effectively ex-
cluded future nonevents (NPV = 95.9%),
its PPV remained very low (31.8%), limit-
ing its utility for identifying high-risk
individuals for targeted preventive in-
tervention. Although complementary
to the findings of Garcia-Calzén et al.
(25), our analysis provides strong evi-
dence for the discriminative utility of
DNAm markers in assessing CV risk in
T2DM. Our DNAm-based models were
developed for risk stratification of MACE
over 5 years, an extremely relevant clini-
cal horizon for guiding timely interven-
tion, and achieved very high overall
discriminative performance. At a com-
parable NPV (>95%), we report a con-
sistently higher PPV (88.24-93.75%),
substantially improving the ability to
identify individuals at imminent risk of
MACE. Notably, no CpG overlap was ob-
served between the two studies across
all DNAm-based models, likely reflecting
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differences in both analytical strategies
and study design. CpG selection in our
study relied on an experiment-wide
significance threshold, followed by LASSO
with stability selection, whereas Garcia-
Calzén et al. (25) applied weighted Cox
regression with a predefined effect-
size threshold. Cohorts and end points
also differed, as our study included in-
dividuals with long-standing T2DM and
focused on MACE, whereas that by
Garcia-Calzon et al. involved newly di-
agnosed T2DM and broader macrovascu-
lar outcomes. Nonetheless, both studies
collectively support the potential of
blood-based epigenetic biomarkers to
improve CV risk stratification in T2D,
highlighting the importance of tailoring
predictive models to specific clinical
settings.

Beyond the overall performance of
the five DNAm-based models, another
key finding of our study was the iden-
tification of 12 CpG sites consistently
emerging across all modeling strate-
gies as stable predictors of MACE over
5 years.

Their convergence across models
supports the consistency of these CpG
markers across different analytical ap-
proaches, suggesting that these CpG
markers may capture disease-related
epigenetic variation. Notably, these loci
demonstrated strong predictive value,
with consistent RR estimates repro-
duced in both training and internal test
sets, encompassing both risk-enhancing
and protective effects.

Among the 12 CpGs, 7 mapped to
genes. Notably, cg07075085, annotated
to ADAMTS9-AS1, a long noncoding RNA
implicated in vascular remodeling and
cardiac hypertrophy (35), showed the
largest methylation differences between
the T2D and T2D™F groups (Ap =
~—11.9%). ADAMTS9-AS1 can bind miR-
206, upregulating B-actin and promoting
pathological remodeling, particularly in hy-
pertrophic cardiomyopathy (35). Although
direct evidence linking cg07075085 DNAmM
to CV outcomes in humans is lacking, our
finding of a protective effect of increased
DNAm (testing RR = 0.83) may reflect an
epigenetic mechanism limiting ADAMTS9-
AS1 expression and attenuating prohyper-
trophic and proatherogenic signaling.
Another locus, cg06976977, is located
near COX18, which encodes a mitochon-
drial protein essential for cytochrome
¢ oxidase assembly. Mitochondrial

dysfunction is a recognized contributor
to cardiometabolic disease, and COX18
mutations have been linked to mito-
chondrial disorders with cardiac involve-
ment (36). Consistent with this biology,
cg06976977 was hypermethylated in
T2DMA individuals (AP = ~+0.95%)
and conferred increased risk across mod-
els (testing RR = 3.09). While evidence di-
rectly connecting COX18 DNAm to human
CV outcomes remains to be established,
our findings suggest that epigenetic
variation at this locus may influence
CV risk in T2D by altering mitochon-
drial function and energy metabolism.

Beyond the gene-annotated loci, the
other five CpGs were located in intergenic
or poorly annotated regions. Although
lacking immediate gene assignment,
these sites are biologically relevant.
CpGs in open sea/low-density regions
are among the most variable in the ge-
nome and often coincide with distal
regulatory elements such as enhancers,
capturing environmental and genetic in-
fluences with disease relevance (37,38).
Indeed, disease-associated differential
methylation occurs predominantly out-
side CpG islands, particularly in shores
and other distal regions, underscoring
the functional potential of these sites
(37). Clinically, predictive utility does
not require full mechanistic resolution
(39). Thus, the strong and reproducible
associations observed for these loci in-
dicate that they provide reliable bio-
markers of CV risk in T2DM and may
reveal previously unrecognized epige-
netic pathways deserving mechanistic
investigation.

The strengths of this study include the
use of a well-characterized cohort from
the TOSCA.IT trial, with a 5-year follow-
up and adjudicated CV outcomes, and
the design choice of splitting participants
into training and test sets, enabling both
model construction and internal valida-
tion. Methodologically, we applied robust
epigenome-wide analyses with adjust-
ment for multiple covariates and strin-
gent significance thresholds.

Furthermore, LASSO logistic regression
with stability selection provided an unbi-
ased approach to identify the most in-
formative CpG sites while minimizing
overfitting, enabling us to derive parsi-
monious and reproducible models whose
discriminative performance was less
likely to be inflated by sample-specific
noise.

Longo and Associates

Several limitations should also be
acknowledged. First, the study was
conducted in a single clinical cohort of
European ancestry, which might limit
generalizability to other, diverse popu-
lations. In addition, the sample size,
although adequate for epigenome-wide
analyses (25,40), is relatively limited,
particularly with regard to the number
of CV events. This may affect the stabil-
ity of model estimates and limit the
generalizability of the findings. How-
ever, the use of stringent thresholds
and robust modeling mitigated the risk
of false-positives. Furthermore, the mod-
els were validated only through internal
training/test splits, and external vali-
dation in independent cohorts will be
necessary to confirm their broader ap-
plicability. Additionally, while periph-
eral blood DNAm provides accessible
biomarkers, it might partially capture
tissue-specific epigenetic changes rele-
vant to CV pathology. However, emerging
evidence suggests a degree of cross-
tissue concordance of epigenetic sig-
nals. Meder et al. (17) demonstrated
that a number of CpG sites exhibit con-
cordant DNAm changes between myo-
cardial tissue and peripheral blood, while
Garcia-Calzén et al. (25) showed that
several blood-derived CpG sites are also
differentially methylated in vascular tis-
sues, including atherosclerotic plaques,
and are associated with gene expression
changes in diseased tissues.

Another limitation is that all T2DM par-
ticipants were treated with metformin, and
none received newer cardioprotective
agents such as sodium—glucose cotrans-
porter 2 inhibitors or glucagon-like pep-
tide 1 receptor agonists as add-on therapy.
Therefore, the potential impact of these
therapies on DNAm profiles and on
DNAm-based risk stratification could
not be assessed in the current study
and should be evaluated in appropri-
ately designed cohorts. Also, the obser-
vational design does not allow causal
inferences between CpG methylation
changes and incident MACE. In addition,
given the case-control-like sampling of
the study subset, the proportion of
events does not reflect true population
incidence. Therefore, although calibra-
tion metrics indicated good agreement
between predicted and observed out-
comes in the internal test set, this reflects
internal calibration only and does not en-
able accurate estimation of absolute risk
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in external clinical populations. Accord-
ingly, the predicted probabilities gener-
ated by the present models should be
interpreted as tools for risk stratification
within the study setting, rather than as
calibrated estimates of absolute popula-
tion-level risk. Estimation of absolute risk
will require validation and recalibration in
prospective population-based cohorts.

In conclusion, we reported the de-
velopment and internal validation of
blood-based DNAmM models for risk
stratification of MACE over 5 years in
individuals with long-lasting T2DM. Across
five modeling strategies, all based on
epigenome-wide DNAm profiling, the
discriminative performance was con-
sistently high, outperforming conventional
clinical and biochemical risk factors. The
DNAm-based models we propose in the
current study may improve CV risk stratifi-
cation and provide a promising approach
to refine identification of individuals at
higher short-term risk of MACE.
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