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Evidence before this study

We searched PubMed and Web of Science for English-

language publications up to November 2025 using the query

(“DNA Methylation” OR “Global Methylation”) AND (“Heart

Failure” OR “HF”). Heart failure syndrome is heavily driven by

environmental exposures with many lifestyle factors playing

a substantially bigger role, compared to individual genetic

background. At the same time, an epigenetic modification of

the DNA strand—DNA methylation is known to reflect

environmental exposures over long periods of time. One of

the ways of aggregating this information from the whole

genome to a single value per individual is global

methylation—average across all the methylated positions. To

date, however, there is very limited knowledge on the

association between global methylation and heart failure.

Added value of this study

We have analysed DNA methylation patterns and clinical

data from 2155 individuals with and without heart failure

from two prospective cohorts, calculating their global DNA

methylation as well as multiple epigenetic clocks. We found

that the degree of demethylation was related to the severity

of the syndrome and epigenetic clocks were predictive for

clinical outcome as reflected by the endpoints worsening of

HF and mortality. The difference in global methylation

between heart failure and heart failure-free corresponded to

around 19 years of age. Patterns of HF-related methylation

changes varied across chromosomes, genome and gene

regions and were most pronounced in shore regions and

upstream of the transcription start sites. Despite a low

discriminatory power, these findings suggested potential

regulatory role of CpG islands for methylation in adjacent

regions.

Implications of all the available evidence

Taken together, this data suggests that global DNA

methylation can server as a cumulative marker of presence

and severity of HF as well as provide deeper insights into its

biology. While further investigations are required to fully

understand the role of DNA methylation in heart failure,

these results provide a strong foundation for further

research.
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Methods
Sample for investigation

≤

Ethics

Definition of heart failure phenotypes and clinical
endpoints

≥

≤

DNA isolation and methylation measurements

◦

Methylation data preprocessing
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β

Relationship between cardiovascular risk factors
and global methylation

Statistical analysis

= β + β + β + ε

β )
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Heart failure and global methylation. A—Global methylation in HF and controls. B—Global demethylation in relationship with age and

disease phenotype. Methylation is defined as a percentage of methylated CpG on a given position in Genome. i.e., 0 = 100% are deme-

thylated, 1 = 100% are methylated. *Global methylation is defined as average across all available CpG for given sample. Linear regression lines

are generated with age as predictor and global methylation as dependent variable. CI—confidence interval; HFpEF–HF with preserved ejection

fraction; HFrEF–HF with reduced ejection fraction; HFmrEF–HF with mildly reduced ejection fraction. HFpEF, HFmrEF and HFrEF curves are

adjusted for NT-proBNP.

Unadjusted aSex and age adjusted

N = 2155 N = 2155

β-estimate

[95% CI]

p-value p for interaction

with HF

β-estimate

[95% CI]

p-value p for interaction

with HF

Age [SD] −0.11 [−0.13; −0.09] <0.0001 0.12 −0.10 [−0.12; −0.09] <0.0001 0.04

Female sex 0.09 [0.07; 0.10] <0.0001 0.11 0.08 [0.06; 0.09] <0.0001 0.04

Active smoking 0.01 [-0.01; 0.03] 0.33 0.15 −0.01 [−0.03; 0.01] 0.24 0.17

Arterial hypertension −0.06 [−0.08; −0.04] <0.0001 0.73 −0.01 [−0.03; 0.01] 0.23 0.73

Diabetes mellitus −0.05 [−0.06; −0.03] <0.0001 0.40 −0.01 [−0.03; 0.01] 0.18 0.16

Dyslipidemia −0.06 [−0.08; −0.05] <0.0001 0.16 −0.01 [−0.03; 0.01] 0.23 0.47

FHx MI or stroke 0.005 [-0.01; 0.02] 0.53 0.73 0.03 [0.01; 0.05] 0.87 0.27

Obesity −0.02 [−0.04; −0.01] 0.007 0.11 −0.01 [−0.03; 0.01] 0.11 0.47

Estimates and p-values as well as p-values of interaction with heart failure status generated with linear regression models. Each row is a separate model. SD—standard

deviation; FHx—family history; MI—myocardial infarction; CI—confidence interval. aAge is adjusted only for sex and sex is only adjusted for age.

Assessment of association of traditional cardiovascular risk factors with global methylation.
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Global methylation according to phenotypes of
heart failure and its relation to clinical outcome

Chromosomal and regional variability of
methylation

′

Relation of premature ageing with HF severity and clinical outcome. A—Premature ageing in relation to HF severity. B—Impact of premature ageing derived from

GrimAge on clinical outcome. C—Impact of premature ageing derived from Hannum Clock on clinical outcome. *Premature ageing—residuals from a linear regression of

calendar age predicting epigenetic age. The residuals represent the portion of epigenetic age not explained by calendar age, where positive residuals indicate accelerated

ageing with respect to one’s calendar age. NT-pro-BNP–natriuretic peptide level. Premature ageing was derived from Hannum Clock and GrimAge.20,21 Accelerated

ageing and worsening of HF generated using Cox regression. HR—hazard ratio. CI—confidence interval. Models adjusted for age and sex.
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Relation of the decrease in global methylation with the presence of HF. OR—odds ratio. CI—confidence interval. HFrEF—HF with

reduced ejection fraction. HFmrEF—HF with mildly reduced ejection fraction. HFpEF—HF with preserved ejection fraction. OR, CI and p value

generated using logistic regression with robust estimate covariance. Models adjusted for age and sex.
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A1 B1

A2 B2

Clinical outcome and global methylation in HF. A 1—Cumulative incidence of all-cause death by tertiles of global methylation. B 1—Cumulative incidence of

worsening of HF by tertiles of global methylation. A 2—Risk of all-cause death per one SD decrease of global methylation. B 2—Risk of worsening of HF per one SD

decrease of global methylation. HR, CI and p value generated using Cox regression. HR—hazard ratio. CI—confidence interval. Models adjusted for age and sex.
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Discussion

Interchromosomal difference in heart failure related methylation. A—Variability of DNA methylation in HF across autosomes.

B—Strength of difference of CV scores between autosomes. *p-values generated using asymptotic test for the equality of coefficients of

variation. Direction of the strength of p-value refers to the comparison of columns vs. rows, e.g. chr21 vs. chr19 is negative, meaning chr19 is

less variable.
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Regional demethylation in heart failure. A 1.—Diagram of gene regions. A 2.—Distribution of gene regions on a methylation array. A 3.—Demethylation in gene

regions associated with presence of HF. B 1.—Diagram of genome regions in relation to CpG islands. B 2.—Distribution of genome regions on a methylation array.

B 3.—Demethylation in genome regions associated with presence of HF. Models adjusted for age and sex. TSS—transcription start site. UTR—untranslated region.

IGR—intergenic region. KB—kilobase (1000 bases). OR—odds ratio. CI—confidence interval. Ref—reference. ORs, CIs and p-values were generated with robust logistic

regression. p-values for independence were generated with robust logistic regression by additionally adjusting for reference region. Parts of the figure created in

https://BioRender.com.

Estimate 95% CI p-value

CpG Island

Island x Open sea 0.19 0.11; −0.27 3.88 × 10−6

Island x Shelf 0.21 0.12; −0.29 1.43 × 10−6

Island x Shore 0.17 0.05; −0.26 0.0023

Shelf x Open sea 0.03 −0.05; −0.11 0.521

Shore x Open sea 0.04 −0.05; −0.15 0.331

Shore x Shelf 0.08 −0.01; −0.18 0.08

Interaction performed using individual regression models with the interaction

term as dependent variable, with each row representing a separate model (for

the first row the model equation was HF status ∼ Island methylation * Open

sea methylation). Estimate indicates log Odds ratio of the interaction term.

Interaction of methylation in genome regions.
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