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Abstract

Aims The current therapeutic approach to ischaemic (IsHF) and non-ischaemic (NIsHF) heart failure (HF) mainly overlooks
the underlying aetiology owing to a lack knowledge of the differential molecular pathways that contribute to HF with reduced
ejection fraction (HFrEF). Alterations in myocardial DNA methylation levels have been identified as potential biomarkers
for HF irrespective of its aetiology. Due to the limited availability of cardiac tissues in clinics, our goal is to determine if
DNA methylation changes in circulating CD4+ T lymphocytes, which are strongly involved in left ventricle remodelling, can help
in differentiating IsHF and NIsHF causes among patients with HFrEF and if DNA methylation levels associate with key clinical
features.
Methods and results We performed a post hoc network-oriented analysis of the original PRESMET clinical trial dataset
(NCT05475028). Integrating epigenomic data obtained with the high-resolution reduced representation bisulfite sequencing
(RRBS) platform and the left-ventricle interactome (protein–protein interaction map) we identified six differentially methyl-
ated CpG positions (DMPs), which were able to distinguish IsHF (n = 8) versus NIsHF (n = 4) patients with an area under
the curve (AUC) > 0.8. Network-oriented DMPs were significantly hypomethylated in IsHF versus NIsHF and annotated to
six genes, namely, cytoskeleton-associated protein 4 (CKAP4), carnitine palmitoyltransferase 1A (CPT1A), eukaryotic translation
initiation factor 2 subunit beta (EIF2S2), spectrin beta (SPTB), synaptotagmin 6 (SYT6) and RAB11 family interacting protein 1
(RAB11FIP1) (P < 0.05). We found that the CD4+ T cell hypomethylation of EIF2S2 gene significantly correlated with VO2 max
(ρ = 0.73, P = 0.04), hypomethylation of RAB11FIP1 significantly correlated with MECKI score (ρ = �0.85, P = 0.001), whereas
SPTB significantly correlated with VO2 max (ρ = 0.73, P = 0.04), left ventricle mass index (ρ = �0.91, P = 0.005) and left ven-
tricular ejection fraction (ρ = 0.83, P = 0.01) in IsHF patients.
Conclusions We demonstrate that circulating CD4+ T cell-specific methylation levels of network-oriented CKAP4, CPT1A,
EIF2S2, SPTB, SYT6 and RAB11FIP1 genes can distinguish between IsHF and NIsHF. In particular, hypomethylation of EIF2S2,
SPTB and RAB11FIP1 genes is significantly correlated with key clinical features in isHF patients, highlighting its potential to en-
hance personalized prognosis for HFrEF patients.
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Graphical Abstract

A liquid biopsy approach integrating the high-resolution RRBS DNA methylation platform and network-oriented strategy iden-
tified the hypomethylation of CPTA1, CKAP4, SPTB, SYT6, EIF2S2, and RAB11FIP1 genes as useful biomarkers in distinguishing
between ischaemic and non-ischaemic HF aetiologies. Moreover, the epigenetic-sensitive changes strongly correlated with
clinical prognostic indices including MECKI score, VO2 max, LVMI and LVEF. This innovative approach paves the way for tailored
therapeutic strategies and improved risk stratification in support of the established HF work-up.
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Introduction

Heart failure (HF) with reduced ejection fraction (HFrEF) rep-
resents a significant clinical and epidemiological burden,
commonly emerging as a ‘final common pathway’ for various
cardiac diseases, despite their distinct aetiologies.1 Among
these, coronary heart disease (CHD) is a predominant contrib-
utor to HFrEF.2 Currently, the therapeutic approach to ischae-
mic (IsHF) and non-ischaemic (NIsHF) HF largely overlooks the
underlying aetiology, which reflects our incomplete under-
standing of the diverse molecular pathways that contribute
to HFrEF.3,4 This gap in knowledge underscores the need for
more precise molecular phenotyping of HF, which is currently
hindered by limited access to myocardial tissue and the vari-
ability of circulating biomarkers.5 Consequently, there is a
growing interest in a ‘liquid biopsy’ approach that captures
the pathogenic epigenetic signatures, aiming to enhance
the precision of HF medicine and personalized therapeutic
strategies.6 Despite numerous studies identifying distinct
DNA methylation patterns in cardiac tissue and peripheral

blood of HF patients,7–15 the clinical implications of these
findings are yet to be fully explored. Our group has exten-
sively studied circulating CD4+ T cell-specific DNA methylation
changes in patients with atrial fibrillation,16 pulmonary arte-
rial hypertension,17 acute coronary syndrome18 and increas-
ing hyperglycaemia,19 in which we identified novel epigenetic
targets of potential clinical use. Because CD4+ T lymphocytes
play a key role in left-ventricular remodelling during IsHF,20,21

our goal is to determine if high-resolution epigenetic testing
can discern between IsHF and NIsHF, potentially leading to
more targeted and effective treatments.

Methods

Study population

We conducted a post hoc analysis of the PRESMET study
(NCT05475028), an observational clinical trial designed to
profile differential methylation in patients with HFrEF as
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compared with those with preserved ejection fraction
(HFpEF).22 For the purposes of the current study, we
re-purposed this dataset to exclusively include HFrEF patients
who underwent coronary angiography at diagnosis to deter-
mine the aetiology.

Liquid-based assays, high-resolution RRBS
platform and bioinformatic pipeline

As previously described,16–19,22 we collected approximately
8 mL of peripheral blood biospecimens for each study par-
ticipant. Peripheral blood mononuclear cells (PBMCs) were
isolated on a Ficoll gradient using Histopaque®-1077 with sub-
sequent purification for CD4+ T cells via EasySep™ Human CD4+

T Cell Isolation Kit (Stem Cell), performed in accordance with

themanufacturer’s instructions. Genomic DNA (gDNA) was ex-
tracted using DNeasy Blood & Tissue Kit (Qiagen) and stored at
�80°C until sequencing analysis. High-resolution RRBS was
performed at the Genomix4Life S.r.l. (Salerno, Italy) using a
protocol that has been previously described.23We briefly sum-
marize the details of the PRESMET study bioinformatic
analysis.22 The raw sequence files generated (fastq files)
underwent quality control analysis using FastQC (0.11.9) be-
fore and after adapter trimming in order to ensure PHRED<30
via TrimGalore (0.4.4). The bisulfite-reduced and sequenced
reads were then aligned to CT- and GA-converted human
hg38 (GRCh38.p12) genome assemblies using Bismark to
quantify relative alignment of methylated and unmethylated
CpGs, respectively. The alignment yielded a mapping effi-
ciency of 48.9% ± 2.7% (9.8 ± 2.5 million) paired-end reads
after quality trimming and alignment. To ensure data analy-

Table 1 Demographic and clinical characteristics of HFrEF patients stratified by ischaemic and non-ischaemic aetiology.

IsHF (n = 8) NIsHF (n = 4) P

Demographics
Age (years) 60.13 ± 11.58 56.50 ± 6.95 0.582
Female sex, n (%) 1 (12.5) 1 (25.0) 0.954
BMI (kg/m2) 29.86 ± 4.61 26.85 ± 4.56 0.310
Medical history, n (%)

HTN 5 (62.5) 2 (50.0) 0.679
T2D 5 (62.5) 1 (25.0) 0.221
AF/flutter 4 (50.0) 3 (75.0) 0.408
CRT-D 1 (12.5) 3 (75.0) 0.030
ICD 6 (75.0) 1 (25.0) 0.908
CABG 3 (37.5) 0 (0.0) 0.157
Previous HF hospitalization 5 (62.5) 1 (25.0) 0.222

NYHA class 2.3 ± 0.7 1.5 ± 0.5 0.160
Cardiac function

LVEF, % 31.50 ± 5.75 35.25 ± 3.77 0.270
LVMI, g/m2 121.65 ± 21.06 114.00 ± 23.57 0.614
LAVI, mL/m2 46.52 ± 19.31 46.52 ± 19.31 0.608
RWT 0.27 ± 0.02 0.26 ± 0.03 0.591
E/e′ ratio 10.03 ± 4.53 9.06 ± 2.01 0.730
E/A ratio 1.51 ± 1.29 1.09 ± 0.43 0.680

Functional parameters
6MWT (m) 308.75 ± 118.40 308.75 ± 118.40 0.162
VO2 max (mL/kg/min) 12.77 ± 3.48 16.17 ± 3.39 0.140
VE/VCO2 (slope) 36.43 ± 12.94 30.85 ± 3.85 0.428

Prognostic score
MECKI score (2 years) 11.7 ± 13.8 3.2 ± 0.8 0.127
SEATTLE score (1 year) 96.47 ± 1.97 98.20 ± 0.30 0.178
SEATTLE score (5 years) 83.83 ± 8.46 91.36 ± 1.60 0.173

Laboratory values
NT-proBNP (pg/mL) 1300.83 ± 1887.18 1027.02 ± 1410.93 0.804
HbA1C (%) 6.37 ± 1.04 6.10 ± 1.49 0.734
Creatinine (mg/dL) 1.40 ± 0.43 1.09 ± 0.25 0.269
eGFR (MDRD ml/min) 59.27 ± 20.59 67.13 ± 7.73 0.546
Uric acid (mg/dL) 4.68 ± 1.35 4.36 ± 1.30 0.488
N (mg/dL) 60.25 ± 23.27 41.0 ± 5.29 0.202
K (mmol/L) 4.61 ± 0.59 4.76 ± 0.51 0.700
Na (mmol/L) 141.75 ± 6.45 142.33 ± 2.30 0.835
Haemoglobin (g/dL) 14.30 ± 1.89 13.60 ± 2.35 0.619
Total bilirubin (mg/dL) 0.60 ± 0.23 1.07 ± 0.53 0.074

Note: Data are expressed as absolute number (%) or mean ± SD.
Abbreviations: AF, atrial fibrillation; BMI, body mass index; CABG, coronary artery bypass graft surgery; CRT-D, cardiac resynchronization
therapy with defibrillator; eGFR, estimated glomerular filtration rate; HTN, hypertension; ICD, implantable cardioverter defibrillator; IsHF,
ischaemic heart failure; LAVI, left atrial volume index; LVEF, left ventricle ejection fraction; LVMI, left ventricle mass index; MDRD, modi-
fication of diet in renal disease; NIsHF, non-ischaemic heart failure; RWT, relative wall thickness; 6MWT, 6 min walking distance; T2D, type
2 diabetes.
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sis was not biased by coverage or PCR amplification, reads
were removed with counts <5 and/or % methylation
>99.9%; doing so removed ~0.10% of reads per sample. Dif-
ferential DNA methylation was computed using a 1-base
window to exploit the regional CpG methylation analysis
afforded by RRBS using the R package methylKit (1.8.0).
Originally, we designed the differential DNA methylation
analysis of CD4+ T cells using a machine-learning model to
identify significant associations in a discovery cohort which
were validated using an independent cohort.22 To identify

reproducible aetiology-dependent features of differential
DNA methylation, we obtained age- and comorbidity-ad-
justed samples from both discovery and validation cohorts
in HFrEF. Samples were analysed separately to avoid con-
founding batch effects. Then, we merged the two lists of an-
notated DMPs deriving from both discovery and validation
datasets by genomic location. Statistical significance of
DMPs was assumed based on an over-correction adjusted
χ2 test. To adjust P values for multiple testing, a post hoc
sliding linear model method was applied.

Figure 1 Clinical potential of DNA methylation changes in IsHF versus NIsHF. (A) The left-ventricle interactome shows six nodal genes (DMGs) able to
distinguish IsHF from NIsHF patients, which are represented by red circles. Additional interacting genes/proteins are represented by blue circles. The
protein–protein interactions (links) are represented by grey edges among circles. The size of circles is scaled according to the number of degree for
each nodal gene (original source: NetworkAnalyst 3.0). (B) Dot plots show that EIF2S2, SYT6, CPTA1, CKAP4, RAB11FIP and SPTB were significantly
hypomethylated in 8 IsHF versus 4 NIsHF patients. (C) Receiver operating characteristic (ROC) curve analysis shows that methylation levels of the
CPTA1, CKAP4, SPTB, SYT6, EIF2S2 and RAB11FIP1 genes have an area under the curve (AUC) > 80% supporting their diagnostic potential in discrim-
inating IsHF versus NIsHF patients (P < 0.05); (D) Heatmap shows significant correlations between reduced methylation levels of EIF2S2 and VO2 max,
reduced methylation levels of RAB11FIP1 gene and MECKI score, as well as reduced methylation levels of SPTB and VO2 max, LVMI and LVEF. Positive
correlations are showed in red and negative ones in blue. *P < 0.05. CKAP4, cytoskeleton-associated protein 4; CPTA1, carnitine palmitoyltransferase
1A; EIF2S2, eukaryotic translation initiation factor 2 subunit beta; IsHF, ischaemic heart failure; LVEF, left ventricle ejection fraction; LVMI, left ventricle
mass index; NIsHF, non-ischaemic heart failure; RAB11FIP1, RAB11 family interacting protein 1; SPTB, spectrin beta; SYT6, Synaptotagmin 6.

Table 2 Diagnostic performance of network-oriented DMGs.

DMP DMG Genomic position AUC P value

chr12: 106260926 CKAP4 Intron 0.89 0.03
chr11: 68839227 CPT1A Intron; CpG shore 0.87 0.04
chr20: 34111635 EIF2S2 Intron; CpG island 0.93 0.01
chr14: 64823346 SPTB Promoter 0.87 0.04
chr1: 114154901 SYT6 1–5 kb; CpG shore 0.87 0.04
chr8: 37899416 RAB11FIP1 5′UTRs; Cpg island 0.93 0.01
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Network analysis

We used the list of HFrEF-specific DMPs which were common
to IsHF and NIsHF patients22 as input for NetworkAnalyst 3.0
tool (http:// www.networkanalyst.ca) to build the left
ventricle-specific protein–protein interaction (PPI) network
(or interactome). The interactome is a map of cellular-specific
PPIs, which guides biological function in a specific spatio-
temporal manner. The interactome represents a useful tool
to identify the ‘disease-specific module’, which potentially in-
cludes candidate genes and novel drug targets.24–26 Gene set
enrichment analysis was performed by using the Enrich data-
base (http://amp.pharm.mssm.edu/Enrichr) via Reactome
Pathways 2024.

Statistical analysis

All statistical analyses were performed using Graph Pad
PRISM Version 8.0.2 software (GraphPad Software, CA,
USA). The receiver operating characteristic (ROC) analysis
was performed to identify DMPs and annotated genes that
discriminated IsHF versus NIsHF. Spearman’s analysis was
used to determine correlations between DNA methylation
levels and clinical parameters. Statistical significance was as-
sumed at P < 0.05.

Results

Clinical characteristics of HFrEF patients

Demographic and clinical characteristics of HFrEF patients are
summarized in Table 1. For large-scale DNAmethylation study,
we analysed eight IsHF patients (1F, 7M) with a mean age of
60.13 ± 11.58 years and four NIsHF patients (1F, 3M) with a
mean age of 56.50 ± 6.95 years. Patients had an equal distribu-
tion of body mass index (BMI), comorbidities including hyper-
tension, type 2 diabetes, atrial fibrillation/flutter and previous
hospitalization. The mean New York Heart Association (NYHA)
class was 2.3 ± 0.7 and 1.5 ± 0.5 in IsHF and NIsHF, respectively.
All patients were under optimized therapy at the maximally
tolerated dosage of ARNI, B-blockers, SGLT2i and statins.

DNA methylomics and network prioritization of
candidate genes

We identified 133 HFrEF-specific DMPs located within coding
and non-coding regions, defined as differentially methylated
genes (DMGs), which were shared between IsHF and NIsHF pa-
tients. Then, we built an HFrEF-specific interactome using the
NetworkAnalyst 3.0 tool (http://www.networkanalyst.ca) and
selecting the left ventricle-specific PPI network from the

DifferentialNet database. Construction of a HFrEF-specific in-
teractome identified 62 ‘nodal genes’, which represent those
proteins with the highest number of interactions with proteins
which have already been implicated in ‘Left ventricle (LV) func-
tion’ supporting their biological role in disease pathogenesis.
Each DMG had at least five independent associations with
the LV functionally-related proteins of the human interactome
(Table S1). Functional analysis revealed a significant enrich-
ment in pathways involved in signal transduction, cellular re-
sponses to stimuli, cytokine signalling in immune system,
chromatin-modifying enzymes and adipogenesis (Table S2).

DNA methylation diagnostic performance

We identified network-oriented DMGs able to distinguish IsHF
and NIsHF patients (Table 2 and Figure 1A). Our analysis re-
vealed that methylation levels of six DMGs significantly dis-
criminated IsHF versus NIsHF patients (Mann–Whitney test,
P < 0.05): cytoskeleton-associated protein 4 (CKAP4), carni-
tine palmitoyltransferase 1A (CPT1A), eukaryotic translation
initiation factor 2 subunit beta (EIF2S2), spectrin beta (SPTB),
synaptotagmin 6 (SYT6) and RAB11 family interacting protein
1 (RAB11FIP1) (Figure 1B). To approximate their prediction
of HFrEF aetiology, we used ROC curve analysis to show that
methylation levels of six DMPs (Table 2) which annotated to
CKAP4 (AUC:0.89, P = 0.03), CPT1A (AUC:0.87, P = 0.04), EIF2S2
(AUC:0.93, P = 0.01), SPTB (AUC:0.87, P = 0.04), SYT6
(AUC:0.87, P = 0.04) and RAB11FIP1 (AUC:0.93, P = 0.01) signif-
icantly discriminated IsHF from NIsHF patients with an
AUC > 80% (Figure 1C). We combined functional patient-
specific testing to show that EIF2S2 significantly correlated
with VO2 max (ρ = 0.73, P = 0.04), whereas SPTB significantly
correlated with VO2max (ρ = 0.73, P = 0.04), left ventricle mass
index (LVMI) (ρ = �0.91, P = 0.005) and LVEF (ρ = 0.83,
P = 0.01), and RAB11FIP1 significantly correlated with MECKI
score (ρ = �0.85, P = 0.001) in IsHF patients (Figure 1D).

Discussion

This study represents the first aetiology-specific analysis aimed
at assessing the diagnostic performance of RRBS-derived cir-
culating DNA methylation changes in IsHF versus NIsHF. We
identified CKAP4, CPT1A, EIF2S2, SPTB, SYT6 and RAB11FIP1
as ‘indirect’ methylation-sensitive loci, which could enhance
network-oriented precision medicine strategies for HFrEF.

Until now, the genes CPT1A, EIF2S2, SPTB and SYT6 have
not been linked to the pathogenesis of HF. However, previous
clinical studies have demonstrated that the RNA-binding pro-
tein CKAP4 plays a role in regulating cardiac function and
pathological remodelling in enlarged atrial myocardium.27

Single-cell RNA sequencing of adult cardiac tissues has
identified the CKAP4 gene as a novel marker for activated
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fibroblasts, showing a positive correlation with established
myofibroblast markers in both mouse and human heart
tissues.28 Interestingly, prior research has shown that the
RAB11FIP1 gene is both hypermethylated and transcription-
ally upregulated in cardiac tissues of patients with IsHF
compared with NIsHF, further validating our approach of
using indirect epigenetic testing to elucidate myocardial
pathophysiology. Building on these insights, the application
of these methylation-sensitive markers in diagnosing the
origin of HF at clinical presentation becomes particularly
compelling.7 Often, symptoms of HF manifest in ischaemic
patients as the initial clinical presentation, even without a
documented ischaemic event in their medical history. This
early symptomatology, which may precede clear clinical in-
dicators of coronary artery disease, could play a role for a
diagnostic intervention.

Moreover, the ability to identify early epigenetic signatures
linked to the inheritance of cardiovascular risk may help to
stratify individuals before cardiac symptoms occur. Such strat-
ification could enable targeted monitoring and preventative
strategies for at-risk populations, potentially delaying or
preventing the onset of HF. By leveraging these epigenetic
markers, clinicians could refine their diagnostic processes,
not only enhancing the accuracy of their initial assessments
but also customizing preventative care tailored to the molec-
ular profile indicative of future cardiovascular events.

Interestingly, the methylation levels of the RAB11FIP1 gene
significantly predict the MECKI score, which allows for an ac-
curate evaluation of HF risk using only six variables. These
variables include assessments of exercise capacity (peak oxy-
gen uptake and ventilation/CO2 production slope), blood
samples (haemoglobin, sodium and renal function) and echo-
cardiography [left ventricular ejection fraction (LVEF)].29 Our
findings suggest that integrating epigenetic fingerprinting
with the functional MECKI score could enhance the predictive
accuracy of HF risk stratification. This hypothesis warrants
further longitudinal studies to determine whether such inte-
gration improves the resolution of earlier predictive models
for HF risk.30

The current study has several limitations. First, it is an ob-
servational, post hoc analysis of the original PRESMET study22

including a total of 46 study participants of which 12 patients
had a diagnosis of HFrEF. Data from HFrEF patients were used
to obtain preliminary evidence of the usefulness of circulat-
ing methylomes in distinguishing ischaemic from
non-ischaemic causes of HF for the first time.22 We recognize
that the small sample size warrants caution in interpretation
of results because of the lowest robustness in supporting the
validity of the statistical analyses, especially for the ROC and
correlation analyses (e.g., VO2 max, LVEF) which are intrigu-
ing but remain exploratory. Clinical studies enrolling larger
cohort of patients are ongoing. Furthermore, the small sam-
ple size lacks the statistical power to test the performance
of epigenetic biomarkers across various sub-populations of

HF patients that may have clinical relevance, such as those
defined by gender, race, socioeconomic status or medica-
tions. We highlight that all HFrEF patients were under opti-
mized therapy at the maximally tolerated dosage of ARNI,
B-blockers, SGLT2i and statins. Thus, we can exclude any con-
founding effect between methylation patterns and medica-
tions in comparing isHF versus NiHF. Another limitation is
that the unavailability of sufficient genomic DNA
biospecimens did not allow us to validate the epigenetic sig-
natures using an alternative platform, such as the
pyrosequencing, to confirm the RRBS results.

However, to counterbalance the small sample size, that is
common for hypothesis-generating studies, we designed the
analysis of CD4+ T cell-specific DNA methylation using three
key strategies: (1) the high-resolution RRBS platform which is
the gold-standard for measuring genome-wide DNA methyla-
tion levels at single-cytosine level in peripheral blood, a feature
that allows us to obtain significant evidence of epigenetic signa-
tures also in pilot studies16–19,22; (2) a two-step machine-learn-
ing approach to first identify associations in a discovery cohort
(n = 7 HFrEF), followed by validation using an independent co-
hort (n = 5 HFrEF).22 This design reduces the risk of overfitting
and false positives, as the identified associations are subse-
quently tested. Of note, the two-phase approach allows us to
verify that observed associations are not artefacts due to sam-
ple-specific variability but represent more generalizable find-
ings; (3) advanced network-oriented bioinformatic strategies
based on the interactome which is one of the most useful tool
to indentify novel disease genes with clinical potential.24–26

Additionally, the cross-sectional nature of the study pre-
cludes the ability to establish causal relationships between
changes in methylation levels and clinical outcome. This lim-
itation underscores the need for longitudinal studies on ade-
quate number of patients to more definitively ascertain the
dynamics and implications of epigenetic modifications in
HF. Moreover, further studies should evaluate possible
changes in 5-hydroxymethylcytosine (5hmC) which is an im-
portant epigenetic mark that regulates gene expression31 as
well as the possibility that identified methylation markers
may be also detected in the methylome of circulating
cell-free DNA (ccf-DNA). This because ccf-DNA represents
short DNA fragments wrapped around nucleosomes arising
from the process of cell death and, importantly, may retain
the same epigenetic information as the tissue of origin
mirroring cardiac-specific epigenetic abnormalities in HF
patients.32

Conclusions

In conclusion, this study highlights the promising potential of
RRBS-derived DNA methylation profiling in distinguishing be-
tween ischaemic and non-ischaemic HF aetiologies. Our find-
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ings identify specific methylation-sensitive loci that not only
differentiate between HF types but also correlate strongly
with clinical prognostic indices, as previously showed in major
cardiovascular diseases.16–19,22,33 This emphasizes their po-
tential role in elucidating distinct pathophysiological profiles,
paving the way for tailored therapeutic approaches and im-
proved risk stratification in the future.

Acknowledgements

Open access publishing facilitated by Universita degli Studi di
Napoli Federico II, as part of the Wiley - CRUI-CARE
agreement.

Funding

This work was supported by the Ministry of University and
Research (MUR) by the following research grants:

PRIN2020XMLP45 and PNRR-AGE-IT-PE0000015 (P.I. Prof.
Claudio Napoli).

Conflict of interest statement

The authors declare that they have no conflict of interest.

Supporting information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Table S1. Hubs.
Table S2. Top five significant pathways.

References

1. Napoli C, Benincasa G, Donatelli F,
Ambrosio G. Precision medicine in dis-
tinct heart failure phenotypes: focus on
clinical epigenetics. Am Heart J 2020;
224:113-128. doi:10.1016/j.ahj.2020.
03.007

2. Gronda E, Sacchi S, Benincasa G, Vanoli
E, Napoli C. Unresolved issues in left
ventricular postischemic remodeling
and progression to heart failure. J
Cardiovasc Med (Hagerstown) 2019;20:
640-649. doi:10.2459/
JCM.0000000000000834

3. McDonagh TA, Metra M, Adamo M,
Gardner RS, Baumbach A, Böhm M,
et al. 2023 focused update of the 2021
ESC guidelines for the diagnosis and
treatment of acute and chronic heart
failure. Eur Heart J 2023;44:
3627-3639. doi:10.1093/eurheartj/
ehad195

4. Kittleson MM, Panjrath GS, Amancherla
K, Davis LL, Deswal A, Dixon DL, et al.
2023 ACC expert consensus decision
pathway on management of heart fail-
ure with preserved ejection fraction: a
report of the American College of Cardi-
ology Solution Set Oversight Commit-
tee. J Am Coll Cardiol 2023;81:
1835-1878. doi:10. 1016/j.
jacc.2023.03.393

5. Benincasa G, Napoli C. Unexplored hori-
zons on sex bias and progression of
heart failure with preserved ejection
fraction. Eur Heart J Cardiovasc
Pharmacother 2023;9:502-504.
doi:10.1093/ehjcvp/pvad050

6. Benincasa G, Mansueto G, Napoli C.
Fluid-based assays and precision medi-
cine of cardiovascular diseases: the
‘hope’ for Pandora’s box? J Clin Pathol
2019;72:785-799. doi:10.1136/
jclinpath-2019-206178

7. Liao X, Kennel PJ, Liu B, Nash TR,
Zhuang RZ, Godier-Furnemont AF, et al.
Effect of mechanical unloading on
genome-wide DNA methylation profile
of the failing human heart. JCI Insight
2023;8:e161788. doi:10.1172/jci.
insight.161788

8. Pepin ME, Ha CM, Potter LA, Bakshi S,
Barchue JP, Haj Asaad A, et al. Racial
and socioeconomic disparity associates
with differences in cardiac DNA methyl-
ation among men with end-stage heart
failure. Am J Physiol Heart Circ Physiol
2021;320:2066-2079. doi:10.1152/
ajpheart.00036.2021

9. Pepin ME, Drakos S, Ha CM, Tristani-
Firouzi M, Selzman CH, Fang JC, et al.
DNA methylation reprograms cardiac
metabolic gene expression in end-stage
human heart failure. Am J Physiol Heart
Circ Physiol 2019;317:674-684. doi:10.
1152/ajpheart.00016.2019

10. Watanabe T, Okada H, Kanamori H, Mi-
yazaki N, Tsujimoto A, Takada C, et al.
In situ nuclear DNA methylation in di-
lated cardiomyopathy: an
endomyocardial biopsy study. ESC Heart
Fail 2020;7:493-502. doi:10.1002/
ehf2.12593

11. Meder B, Haas J, Sedaghat-Hamedani F,
Kayvanpour E, Frese K, Lai A, et al. Epi-

genome-wide association study iden-
tifies cardiac gene patterning and a
novel class of biomarkers for heart fail-
ure. Circulation 2017;136:1528-1544.
doi:10.1161/CIRCULATIONAHA.117.
027355

12. Bain CR, Ziemann M, Kaspi A, Khan AW,
Taylor R, Trahair H, et al. DNA methyla-
tion patterns from peripheral blood sep-
arate coronary artery disease patients
with and without heart failure. ESC
Heart Fail 2020;7:2468-2478.
doi:10.1002/ehf2.12810

13. Ortega A, Tarazón E, Gil-Cayuela C,
Martínez-Dolz L, Lago F, González-
Juanatey JR, et al. ASB1 differential
methylation in ischaemic cardiomyopa-
thy: relationship with left ventricular
performance in end-stage heart failure
patients. ESC Heart Fail 2018;5:
732-737. doi:10.1002/ehf2.12289

14. Kerrigan L, Edgar K, Russell-Hallinan A,
Cappa O, Glezeva N, Galan-Arriola C,
et al. Integrin beta-like 1 is regulated
by DNA methylation and increased in
heart failure patients. ESC Heart Fail
2025;12:150-165. doi:10.1002/
ehf2.15050

15. Zhang F, Deng S, Zhang J, Xu W, Xian D,
Wang Y, et al. Causality between heart
failure and epigenetic age: a bidirec-
tional Mendelian randomization study.
ESC Heart Fail 2023;10:2903-2913.
doi:10.1002/ehf2.14446

16. Infante T, Pepin ME, Ruocco A, Trama U,
Mauro C, Napoli C. CDK5R1, GSE1,
HSPG2 and WDFY3 as indirect

A pilot study on DNA methylation changes for non-invasive molecular diagnostics in heart failure 7

ESC Heart Failure (2025)
DOI: 10.1002/ehf2.15402

 20555822, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15402 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [10/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362


epigenetic-sensitive genes in atrial fibril-
lation. Eur J Clin Invest 2024;54:e14135.
doi:10.1111/eci.14135

17. Benincasa G, Maron BA, Affinito O,
D’Alto M, Franzese M, Argiento P, et al.
Association between circulating CD4+ T
cell methylation signatures of network-
oriented SOCS3 gene and hemodynam-
ics in patients suffering pulmonary arte-
rial hypertension. J Cardiovasc Transl
Res 2023;16:17-30. doi:10.1007/
s12265-022-10294-1

18. Infante T, Franzese M, Ruocco A,
Schiano C, Affinito O, Pane K, et al.
ABCA1, TCF7, NFATC1, PRKCZ, and
PDGFA DNA methylation as potential
epigenetic-sensitive targets in acute cor-
onary syndrome via network analysis.
Epigenetics 2022;17:547-563. doi:10.
1080/15592294.2021.1939481

19. Benincasa G, Franzese M, Schiano C,
Marfella R, Miceli M, Infante T, et al.
DNA methylation profiling of CD04+/
CD08+ T cells reveals pathogenic mech-
anisms in increasing hyperglycemia:
PIRAMIDE pilot study. Ann Med Surg
(Lond) 2020;60:218-226. doi:10.1016/j.
amsu.2020.10.016

20. Kumar V, Prabhu SD, Bansal SS. CD4+

T-lymphocytes exhibit biphasic kinetics
post-myocardial infarction. Front
Cardiovasc Med 2022;9:992653. doi:10.
3389/fcvm.2022.992653

21. Bansal SS, Ismahil MA, Goel M, Patel B,
Hamid T, Rokosh G, et al. Activated T
lymphocytes are essential drivers of
pathological remodeling in ischemic
heart failure. Circ Heart Fail 2017;10:
e003688. doi:10.1161/
CIRCHEARTFAILURE.116.003688

22. Benincasa G, Pepin ME, Russo V, Caccia-
tore F, D’Alto M, Argiento P, et al. High-
resolution DNA methylation changes re-
veal biomarkers of heart failure with
preserved ejection fraction versus re-
duced ejection fraction. Basic Res Cardiol
2025;120:347-361. doi:10.1007/
s00395-024-01093-7

23. Pepin ME, Infante T, Benincasa G,
Schiano C, Miceli M, Ceccarelli S, et al.
Differential DNA methylation encodes
proliferation and senescence programs
in human adipose-derived mesenchymal
stem cells. Front Genet 2020;11:346.
doi:10.3389/fgene.2020.00346

24. Silverman EK, Schmidt HHHW,
Anastasiadou E, Altucci L, Angelini M,
Badimon L, et al. Molecular networks
in network medicine: development and
applications. Wiley Interdiscip Rev Syst
Biol Med 2020;12:e1489. doi:10.1002/
wsbm.1489

25. Benincasa G, Marfella R, Della Mura N,
Schiano C, Napoli C. Strengths and op-
portunities of network medicine in car-
diovascular diseases. Circ J 2020;84:
144-152. doi:10.1253/circj.CJ-19-0879

26. Sarno F, Benincasa G, List M, Barabasi
AL, Baumbach J, Ciardiello F, et al. Clin-
ical epigenetics settings for cancer and
cardiovascular diseases: real-life appli-
cations of network medicine at the
bedside. Clin Epigenetics 2021;13:66.
doi:10.1186/s13148-021-01047-z

27. Zhu H, Zhang Y, Zhang C, Xie Z. RNA-
binding profiles of CKAP4 as an
RNA-binding protein in myocardial tis-
sues. Front Cardiovasc Med 2021;
8:773573. doi:10.3389/fcvm.2021.
773573

28. Gladka MM, Molenaar B, de Ruiter H,
van der Elst S, Tsui H, Versteeg D, et al.
Single-cell sequencing of the healthy
and diseased heart reveals
cytoskeleton-associated protein 4 as a
new modulator of fibroblasts activation.
Circulation 2018;138:166-180. doi:10.
1161/CIRCULATIONAHA.117.030742

29. Salvioni E, Bonomi A, Re F, Mapelli M,
Mattavelli I, Vitale G, et al. The MECKI
score initiative: development and state
of the art. Eur J Prev Cardiol 2020;27:
5-11. doi:10.1177/2047487320959010

30. Benincasa G, Napoli C, DeMeo DL.
Transgenerational epigenetic inheri-
tance of cardiovascular diseases: a net-
work medicine perspective. Matern
Child Health J 2024;28:617-630.
doi:10.1007/s10995-023-03886-z

31. He B, Zhang C, Zhang X, Fan Y, Zeng H,
Liu J, et al. Tissue-specific
5-hydroxymethylcytosine landscape of
the human genome. Nat Commun
2021;12:4249. doi:10.1038/s41467-
021-24425-w

32. Kratzer A, Giral H, Cuadrat R, Blume A,
Mauno T, Moobed M, et al. Methylome
of circulating cell free DNA as a novel
biomarker tool: from acute coronary
syndrome to broader risk stratification
of cardiovascular disease. Eur Heart J
2024;45:ehae666.1362. doi:10.1093/
eurheartj/ehae666.1362

33. Schiano C, Infante T, Benincasa G,
Burrello J, Ruocco A, Mauro C, et al.
DNA hypermethylation of MED1 and
MED23 as early diagnostic biomarkers
for unsolved issues in atrial fibrillation.
Int J Cardiol 2025;429:133179. doi:
10.1016/j.ijcard.2025.133179

8 G. Benincasa et al.

ESC Heart Failure (2025)
DOI: 10.1002/ehf2.15402

 20555822, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15402 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [10/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362
https://doi.org/10.1093/eurheartj/ehae666.1362

	A pilot study on DNA methylation changes for non‐invasive molecular diagnostics in heart failure
	Abstract
	A liquid biopsy approach integrating the high‐resolution RRBS DNA methylation platform and network‐oriented strategy identified the hypomethylation of CPTA1, CKAP4, SPTB, SYT6, EIF2S2, and RAB11FIP1 genes as useful biomarkers in distinguishing between...
	Introduction
	Methods
	Study population
	Liquid‐based assays, high‐resolution RRBS platform and bioinformatic pipeline
	Network analysis
	Statistical analysis

	Results
	Clinical characteristics of HFrEF patients
	DNA methylomics and network prioritization of candidate genes
	DNA methylation diagnostic performance

	Discussion
	Conclusions
	Acknowledgements
	Funding
	Supporting Information
	References

