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DNA methylation profiling

β

β

β

Statistics

Cohort-level epigenome-wide association analyses (EWAS)

β

Epigenome-wide meta-analysis

λ

Differentially methylated regions analysis

ˇ

ˇ

Gene set enrichment analysis
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Look-up analysis of identified CpGs in previous EWASs and
GWASs

Effects of identified CpGs/DMRs on gene expression levels

Association of gene expression with corresponding imaging
measures and mediation analysis

Workflow for identifying DNA methylation signatures associated with bilateral hippocampal volume and asymmetry. This

workflow presents our analytical overview. The integrative multi-omics analyses and follow-up were performed using individual-level ge-

netics, DNA methylation, gene expression, dietary intake and longitudinal brain imaging data measured in the same participants from the

Rhineland Study. Abbreviations: EWAS, epigenome-wide association study; DMR, differentially methylated region; GWAS, genome-wide

association study.
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Tissue specificity

Putative transcription factors and target genes analyses

Methylation quantitative trait loci (meQTLs) analysis and
bidirectional two-sample MR analysis

Association between diet quality scores and identified CpGs/
DMRs
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Association of identified baseline CpGs/DMRs with
longitudinal change in imaging measures

Role of funders

Results
Study sample characteristics

Specific methylation signatures were associated
with bilateral hippocampal volume and
asymmetry
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ˇ

replication

Gene set enrichment analysis for the identified
methylation signatures

β

β

Associations of identified methylation markers
with gene expression and corresponding
phenotypes

Manhattan plots of the epigenome-wide meta-analyses of bilateral hippocampal volume and asymmetry. The sample size for this

analysis was 8156. Manhattan plots show methylation signatures of (A) left hippocampal volume (LHCV), (B) right hippocampal volume

(RHCV), (C) hippocampal asymmetry, (D) left hemisphere grey matter volume (LGMV), (E) right hemisphere grey matter volume (RGMV), and

(F) global grey matter asymmetry. Results were plotted as negative log-transformed p-values (y-axis) across the genome (x-axis). The red

horizontal line represents the epigenome-wide significance at 1.0 × 10−7, derived from the sample size–weighted random-effects meta-

analysis with association tests based on inverse-variance Wald statistics. All the epigenome-wide significant CpGs were annotated. Upset plots

show (G) the identified CpGs and (H) mapped genes overlap among traits. Abbreviations: LHCV and RHCV, left and right hippocampal

volumes; LGMV and RGMV, left and right hemisphere grey matter volumes; HCasy, hippocampal asymmetry; GMasy, global grey matter

asymmetry.
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′

Sex-specific patterns in methylation–gene
expression associations related to hippocampal
asymmetry

The associations between identified methylation signatures, gene expression, and bilateral hippocampal volume. The sample

size for this analysis was 2624. Volcano plots show the associations between (A) LHCV-related CpGs with gene expression (mRNA), (B) LHCV-

related DMRs with mRNA, (C) significant mRNAs from A&B with LHCV; (D) RHCV-related CpGs with mRNA, (E) RHCV-related DMRs with

mRNA, (F) significant mRNAs from D&E with RHCV. Each dot represents a gene. Coloured dots indicate mRNAs significantly associated (above

the horizontal dashed line) with either methylation signatures or hippocampal volume (multivariable linear regression t-statistic), with colour

denoting the corresponding methylation feature (CpG or DMR). Abbreviations: LHCV and RHCV, left and right hippocampal volumes; DMR,

differentially methylated region.
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Functional divergence of left and right
hippocampus key genes and their association with
neuropsychiatric disorders

Sex difference in single CpG association with hippocampal asymmetry. The sample size for this analysis was 4218 (females) and

3938 (males). Manhattan plots show epigenome-wide associations between DNA methylation and hippocampal asymmetry in (A) female

and (B) male. The y-axis represents the −log10-transformed p-values, plotted across the genome (x-axis). The red horizontal line indicates the

epigenome-wide significance threshold (p = 1.0 × 10−7), derived from the sample size–weighted random-effects meta-analysis with asso-

ciation tests based on inverse-variance Wald statistics. Epigenome-wide significant CpGs are annotated. (C) Beta–beta plots depict effect sizes

for the four significant CpGs in both female and male. Z-tests were used to evaluate sex differences in effect estimates. (D) Forest plots show

associations between sex-differentiated CpGs, gene expression levels, and hippocampal asymmetry (HCasy) in female and male. Dots

represent mean effect estimates, and horizontal lines indicate 95% confidence intervals (CIs). (E) Forest plots show sex-stratified associations

between CpG methylation and longitudinal change in hippocampal asymmetry in female and male. Dots represent mean effect estimates, and

horizontal lines indicate 95% confidence intervals (CIs). Abbreviations: HCasy, hippocampal asymmetry; CI, confidence interval.
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Hippocampus-related methylation signatures were
associated with putative transcription factors and
target genes

Functional characterisation of key genes associated with bilateral hippocampal volume and asymmetry. The sample size for this

analysis was 2624. (A) A Venn diagram shows the overlap of identified mRNAs among traits. Bar plots show (B) shared Gene Ontology (GO)

biological processes across traits, (C) GO biological processes specifically implicated in left hippocampal volume (LHCV), and (D) GO biological

processes specifically implicated in right hippocampal volume (RHCV). (E) Forest plot shows effect estimates of brain mRNA expression on

neurological disorders based on Mendelian Randomisation analysis. Dots represent mean effect estimates, and horizontal lines indicate 95%

confidence intervals (CIs). Abbreviations: LHCV, left hippocampal volume; RHCV, right hippocampal volume; MR, Mendelian Randomisation;

GO, Gene Ontology.
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meQTLs analysis and bidirectional two-sample
Mendelian Randomisation associations

The association between diet quality scores and
identified methylation signatures

Association of identified baseline methylation
signatures with longitudinal changes in imaging
measures

Discussion
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Associations between dietary patterns, identified methylation signatures, and longitudinal change in imaging measures.

Volcano plots show the associations between ten dietary patterns and (A) LHCV-related methylation signatures, (B) RHCV-related
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methylation signatures. The sample size for the dietary analysis (A&B) was 5768. Annotated dots indicate dietary patterns significantly

associated with methylation signatures (above the horizontal dashed line), with colour denoting the corresponding methylation feature (CpG

or DMR). Forest plots show the association between identified baseline CpG with (C) left and (D) right hippocampal volume loss, and of the

identified baseline DMR with (E) left and (F) right hippocampal volume loss. The sample size for the longitudinal analysis (C–F) was 2892. The

dot represents the mean annual change rate in imaging measures per standard deviation increase in baseline methylation, while the hor-

izontal line indicates the 95% confidence intervals (CIs). The dashed line in each plot indicates the yearly change rate of each measure when

CpG expression was equal to the population mean, averaged across all CpGs included in the plot. To facilitate plotting, different axis scales

have been used for hippocampal volume changes. Abbreviations: MDS, Mediterranean Diet Score; DASH, Dietary Approaches to Stop Hy-

pertension; MIND, Mediterranean-DASH Intervention for Neurodegenerative Delay; AHEI, Alternate Healthy Eating Index score; PDI, Plant-

based Diet Index; hPDI, Healthful Plant-based Diet Index; uPDI, Unhealthful Plant-based Diet Index; DII, Dietary Inflammatory Index; LHCV

and RHCV, left and right hippocampal volumes; DMR, differentially methylated region; CI, confidence interval.
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