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ABSTRACT

Background: Dietary intake of antioxidants such as vitamins C and E protect against oxidative
stress, and may also be associated with altered DNA methylation patterns.

Methods: We meta-analysed epigenome-wide association study (EWAS) results from 11,866
participants across eight population-based cohorts to evaluate the association between self-
reported dietary and supplemental intake of vitamins C and E with DNA methylation. EWAS
were adjusted for age, sex, BMI, caloric intake, blood cell type proportion, smoking status, alcohol
consumption, and technical covariates. Significant results of the meta-analysis were subsequently
evaluated in gene set enrichment analysis (GSEA) and expression quantitative trait methylation
(eQTM) analysis.

Results: In meta-analysis, methylation at 4,656 CpG sites was significantly associated with vitamin
C intake at FDR < 0.05. The most significant CpG sites associated with vitamin C (at FDR < 0.01)
were enriched for pathways associated with systems development and cell signalling in GSEA, and
were associated with downstream expression of genes enriched in the immune response in eQTM
analysis. Furthermore, methylation at 160 CpG sites was significantly associated with vitamin
E intake at FDR < 0.05, but GSEA and eQTM analysis of the top most significant CpG sites
associated with vitamin E did not identify significant enrichment of any biological pathways
investigated.

Conclusions: We identified significant associations of many CpG sites with vitamin C and E intake,
and our results suggest that vitamin C intake may be associated with systems development and
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the immune response.

Introduction

Methylation of DNA cytosine-phosphate-guanine
(CpG) sites reflects a reversible epigenetic modifica-
tion associated with altered regulation of gene
expression. DNA methylation is frequently asso-
ciated with activation or inactivation of genes and
biological pathways, and differential methylation of
specific CpG loci has been associated with multiple
clinical diseases, including cancer [1-3], diabetes
mellitus [4,5], and cardiovascular disease [6].
Oxidative stress, characterized by the production of
reactive oxygen species (ROS) that can damage
DNA, proteins, and lipids, is one mechanism by
which perturbations to DNA methylation patterns
can contribute to clinical disease [7-10]. Oxidative
stress may upregulate the expression of DNA
methyltransferases (DNMTs), which catalyse DNA
methylation. Minimizing oxidative stress may help
to prevent deleterious DNA methylation patterns
and clinical disease.

Dietary intake of antioxidants may provide
some protection against oxidative stress [11-14],
and may also affect DNA methylation patterns.
Vitamin C, or ascorbic acid, is a water-soluble
antioxidant that prevents oxidative stress through
the reduction of ROS, thereby inhibiting peroxida-
tive processes that can damage cells, DNA, and
proteins [15]. Vitamin C is found in the cellular
cytosol and extracellular fluid, and it coactivates

ten-eleven translocation (TET) enzymes that med-
iate  DNA demethylation via conversion of
5-methylcytosine to  5-hydroxymethylcytosine
[16-19]. Vitamin C works synergistically with the
lipid-soluble vitamin E [20], or a-tocopherol,
another antioxidant that interferes with the propa-
gation of lipid radicals, by reducing oxidized vita-
min E and thereby allowing it to continue acting as
an antioxidant [21-23].

We sought to evaluate epigenomic patterns
associated with dietary intake of vitamins C and
E in several large cohorts.

Methods
Study design and population

The overall study design is presented in Figure 1.
Cross-sectional data on DNA methylation and vita-
min intake from participants enrolled in eight popu-
lation-based cohorts were used in this study: the
Framingham Heart Study (FHS) Offspring cohort
(n=2,419) [24], the FHS Third-Generation cohort
(n=1,441) [25], the UK Adult Twin Registry
(TwinsUK; n=493) [26], the Kooperative
Gesundheitsforschung in der Region Augsburg
(KORA) study (n=1,392) [27,28], the Young Finns
study (n =892) [29], Generation 2 of the Australia-
based Raine Study (n=512) [30], the Rotterdam
Study (n =1,120) [31], and the Atherosclerotic Risk
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Figure 1. Summary of the overall study design.

in Communities (ARIC) study (n=2,570 with
African ancestry, n = 1,068 with European ancestry)
[32]. All cohorts included participants with
European ancestry; the ARIC study additionally
included participants with African ancestry.
Institutional review committees of each cohort
approved this study, and all participants provided
written informed consent. Data and analytical codes
that support our findings are available from the
corresponding author upon request. Detailed cohort
descriptions for each of these cohorts are presented
in the Supplemental Materials.

Clinical and behavioural risk factors

Clinical and behavioural risk factors included as
covariates in statistical models were collected
according to each cohort’s specific protocols, as
detailed in the Supplemental Materials. Body
mass index (BMI) was calculated as the ratio of
the participant’s measured weight (in kg) to height
(in m) squared. Smoking status was obtained
based on self-reported data, and participants were
categorized as current, former, and never smokers.
Self-reported physical activity data were available
for the FHS Offspring study, FHS Third-
Generation study, YFS, Rotterdam study, and
ARIC study and are described in detail in the
Supplemental Materials.

Vitamin intake

Dietary and supplementary intake of vitamin C,
dietary intake of vitamin E, and overall caloric

intake were calculated based on self-reported
food frequency questionnaire (FFQ) data or
a combination of repeated 24-hour recalls and
a FFQ (KORA FF4). The FHS cohorts used the
126-item Harvard-Willett FFQ [33]; the TwinsUK
cohort used the 131-item European Prospective
Investigation into Cancer and Nutrition (EPIC)-
Norfolk FFQ [34]; the KORA cohort used two 24-
hour recalls and the Bavarian Food Consumption
Survey [35]; the Young Finns Study cohort used
a 131-item FFQ developed by the Finnish National
Institute for Health and Welfare [36]; the Raine
study used a 212-item FFQ developed by the
Commonwealth Scientific and Industrial Research
Organisation [37]; the Rotterdam Study used
a 389-item Dutch FFQ [38]; and the ARIC cohorts
used a 66-item modified Willett FFQ [33,39].
Additional details about the study-specific FFQs
are described in the Supplementary Materials.

Continuous vitamin C intake based on dietary
and supplemental intake was categorized into low,
medium, and high intake based on sex-specific
thresholds for adults recommended by the
Institute of Medicine of the National Academies
(Supplemental Table S1) [40]. Low vitamin
C intake was categorized as intake not meeting
the recommended dietary allowance; medium vita-
min C intake was categorized as intake meeting
the recommended dietary allowance up to 300 mg
in both men and women; and high vitamin
C intake was categorized as any intake above 300
mg in both men and women.

Continuous vitamin E intake based on dietary
and supplemental intake was similarly categorized
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into low, medium, and high intake based on the
recommended dietary allowance for vitamin
E (Supplemental Table S1) [40]. Low vitamin
E intake was categorized as intake not meeting
the recommended dietary allowance, medium vita-
min E intake was categorized as intake meeting the
recommended dietary allowance of 15mg up to
22.5mg; and high vitamin E intake was categor-
ized as any intake above 22.5 mg.

Diet quality was assessed in all cohorts included in
the secondary model by calculating the
Mediterranean diet score [41]. Study-specific FFQs
are detailed in the Supplementary Materials.

DNA methylation

DNA methylation measurements were performed
independently by each cohort. Fasting whole blood
samples were collected from 11,866 participants.
Samples for all cohorts except the Young Finns
Study cohort were assayed using the Infinium
HumanMethylation450 Beadchip (Illumina Inc.,
San Diego, CA), which covers >450,000 CpG
sites. The Young Finns Study cohort samples
were assayed using the MethylationEPIC 850K
Beadchip (Illumina Inc., San Diego, CA), which
covers >850,000 CpG sites. Each cohort normal-
ized methylation beta values; details of the statis-
tical methods for normalization are presented in
the Supplemental Materials.

Cohort-specific statistical models

Statistical models evaluated global associations of
DNA methylation with vitamin intake by estimat-
ing the locus-by-locus association of self-reported
vitamin intake with medium and high vitamin
intake compared with low intake. All eight cohorts
independently tested the association of dietary
intake of vitamin C with DNA methylation using
linear mixed models. Seven cohorts (the FHS
Offspring study, the FHS Third-Generation
study, the KORA study, the Young Finns study,
the Raine Study, the Rotterdam Study, and the
ARIC study) independently tested the association
of dietary intake of vitamin E with DNA methyla-
tion using linear mixed models.

All statistical models were adjusted for age, sex,
BM], daily caloric intake, blood cell type proportion,

smoking status (current/former/never), alcohol con-
sumption, and assay-specific technical covariates.
Blood cell type proportions (CD4+ T-cells, CD8+
T-cells, NK cells, monocytes, and eosinophils) were
estimated for all participants based on DNA methy-
lation values using the Houseman imputation
method [42]. Cohort-specific technical covariates
are detailed in the Supplemental Materials. To eval-
uate whether any significant associations were inde-
pendent of overall healthy behaviour, a second
model further adjusted for physical activity and diet
quality. Data from all cohorts were included in both
models with the exception of the KORA study
cohort, which was not included in the second
model due to unavailability of diet quality data at
that time.

Epigenome-wide meta-analysis

Inverse variance-weighted fixed-effects meta-
analysis was used to combine cohort-specific
results. Only CpG sites available in>3 cohorts
were included in the meta-analysis: for the asso-
ciation between vitamin C intake and DNA
methylation, 485,505 CpG sites were included in
the meta-analysis, and for the association between
vitamin E intake and DNA methylation, 485,433
CpG sites were included in the meta-analysis. The
false discovery rate (FDR) was calculated for all
models [43], and statistical significance was
assessed at a FDR < 0.05.

Discovery and replication

Due to differences in FFQs used to capture dietary
and supplemental vitamin intake as well as poten-
tial differences in dietary patterns, we divided the
total sample across cohorts into separate discovery
and replication cohorts to investigate heterogene-
ity in the meta-analysis results and to assess the
robustness of the topmost significant signals in our
overall meta-analysis. We evaluated whether asso-
ciations in the primary model were reproducible in
the replication set. The discovery meta-analysis
consisted of the 3,833 FHS Offspring and Third-
Generation participants since both cohorts used
the 126-item Harvard Willet FFQ and the same
methods. The replication meta-analysis included
6,655 participants and consisted of the TwinsUK,



Young Finns, the Rotterdam Study and ARIC
study cohorts. Statistical significance at a FDR <
0.05 was assessed in the replication cohort.

Implications of DNA methylation: gene set
enrichment analysis (GSEA) and expression
quantitative trait methylation (eQTM) analysis

Genes to which CpG sites associated with vitamin
intake were annotated were subsequently used in
gene set enrichment analysis (GSEA) to identify puta-
tive biological process pathways directly affected by
DNA methylation. CpG sites that were associated
with vitamin intake at FDR < 0.01 were included in
gene ontology analysis using the ‘goana’ function in
the R package limma [44]. Similarly, we conducted
a second gene ontology analysis of all genes that were
significantly associated with both vitamin C and
E intake at FDR < 0.05 to identify potentially shared
pathways. Significant pathways in GSEA were identi-
fied at FDR < 0.05.

CpG sites that were significantly associated with
vitamin C or E intake at a FDR < 0.01 were used in
expression quantitative trait methylation (eQTM)
analysis within the FHS cohort to identify down-
stream effects of DNA methylation on gene expres-
sion. e€QTM analysis in the FHS has used DNA
methylation data and RNA sequencing data to quan-
tify the association between DNA methylation and
gene expression independent of age, sex, white blood
cell count, blood cell fraction, platelet count, genetic
principal components (PCs), and DNA methylation
PCs [45]. We identified significant cis associations
between CpG sites and gene transcripts (i.e., associa-
tions where the CpG site was within 1Mb of the
transcription start site) at a p-value of 1.0x 1077
[46]. For all significant cis-eQTM CpG-transcript
pairs associated with vitamin C or vitamin E intake,
we conducted a second GSEA of the gene transcripts
to identify pathways that may be affected by vitamin
intake-associated DNA methylation.

Exploratory analyses: FHS discovery cohorts

Due to differences in methodology across
cohorts, we conducted a series of exploratory
and hypothesis-generating analyses in the
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discovery FHS Offspring and FHS Third-
Generation cohorts. All statistical models
described in this section were adjusted for all
covariates in the primary model: age, sex, BMI,
daily caloric intake, blood cell type proportion,
smoking status, alcohol consumption, and assay-
specific covariates.

Residualized analysis accounting for energy intake
We investigated the association between vitamin
and total energy intake in a residual model to
evaluate whether our main statistical models
were fully accounting for total energy intake
through statistical adjustment. Using this
approach, we ran an initial regression model to
calculate the residuals for the association
between log-transformed continuous vitamin
intake and total energy, and these residuals
were used in a subsequent statistical model to
quantify the association between vitamin intake
and DNA methylation.

Stratified analyses

To explore potential differences in DNA methy-
lation by demographic, dietary, or behavioural
factors, we performed several stratified analyses
in the discovery cohort that combined both the
FHS Offspring and FHS Third-Generation
cohorts. We stratified the associations between
DNA methylation and dietary intake of vitamins
C and E by 1) male versus female sex; 2) age
<65 years versus age =65 years; and 3) smoking
status (current, former, and never smokers).
Specifically, we ran regression models quantify-
ing the adjusted association between DNA
methylation and vitamin intake within each stra-
tum of interest and identified CpG sites that
were significantly associated with vitamin intake
for each stratum at a FDR < 0.05.

Results
Participant characteristics

Characteristics of participants from the study
cohort are presented in Table 1.
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Vitamin C and DNA methylation

In the meta-analysis combining EWAS results of
all 8 cohorts, DNA methylation at 4,656 CpG sites
was significantly associated with vitamin C intake
after adjusting for age, sex, BMI, caloric intake,
blood cell type proportions, smoking status, alco-
hol consumption, and technical covariates in the
primary model (Figure 2a, Supplemental Table
S2). These CpG sites were annotated to 2,586
unique genes. Vitamin C intake was associated
with hypomethylation at 3,662 (79%) of these

Table 1. Participant characteristics by study cohort.

CpG sites, and with hypermethylation at the
remaining 994 (21%) CpG sites. After further
adjustment for diet quality and physical activity,
vitamin C intake was associated with hypomethy-
lation at 1,405 CpG sites that were annotated to
986 unique genes, and with hypermethylation at
389 CpG sites annotated to 267 unique genes
(Supplemental Table S3).

In discovery analyses, methylation at 3,643 CpG
sites was significantly associated with vitamin
C intake in the FHS cohorts after adjustment for
all covariates in the primary model, of which 1,521

FHS FHS Third KORA  Young Finns Raine Rotterdam ARIC Study, ARIC Study,
Offspring  Generation (n  TwinsUK  (n= Study (n= Study (n  Study (n= African ancestry European ancestry
(n=2,419) =1,441) (n=493) 1,351) 892)* =512) 1,120) (n=2,570) (n=1,068)
Age 66+9 45+8 50+9 583+ 38+5 17.0£0.2 64+8 53+6 56+£5
11.3
Sex (n, % 1320 (55%) 758 (53%) 493 717 497 (56%) 277 626 (56%) 1715 (64%) 626 (59%)
female) (100%)  (53.1%) (54%)
BMI (kg/ 282+53 27.7+57 266+ 276+ 257+45 229+42 275+44 29.8+6.0 258+43
m2) 5.0 5.0
Caloric 1880 £636 2059 +819 1871+ 18519  2392+756 2233+ 2202 +689 1571 £ 603 1538 530
intake 531 +405.0 784
(kcal/
day)
Vitamin
C intake
(n)
Low (0-75 380 (16%) 391 (27%) 20 (4%) 348 130 (15%) 101 293 (26%) 839 (33%) 343 (32%)
mg (26%) (20%)
women,
0_
90 mg
men)
Medium 1445 (60%) 847 (59%) 445 1002 681 (76%) 366 757 (68%) 1707 (66%) 706 (66%)
(75- (90%) (74%) (71%)
300 mg
women,
90-
300 mg
men)
High 594 (25%) 203 (14%) 28 (6%) 1 (0%) 28 (3%) 45 (9%) 70 (6%) 136 (5%) 19 (2%)
(>300
mg)
Vitamin
E intake
(n)
Low (0-15 958 (40%) 907 (63%) N/AT 1318 747 (84%) 479 662 2546 (99%) 1041 (97%)
mg) (98%) (59%)
Medium 1050 (43%) 464 (32%) N/A 33 (2%) 126 (14%) 32 (33%) 365 0 27 (3%)
(15-
22.5mg)
High 411 (17%) 70 (5%) N/A 0 (0%) 19 2%)* 1 (8%) 93 24 (1%) 0
(>225
mg)

Note: *53 of 892 Young Finns Study participants did not have information on vitamin C intake and are not included in this breakdown.
*TwinsUK was not included in the vitamin E analyses and is not included in this breakdown.
*Numbers presented in Table 1 are the mean + SD for continuous variables and the n, % for categorical variables. Due to rounding, percentages may

not add up to 100%.



CpG sites overlapped with the significant results of
the overall meta-analysis. Hypermethylation at 17
(0.5%) sites and hypomethylation at 256 (7%) sites
was significantly associated with vitamin C intake
in the meta-analysis of the replication cohorts at
FDR < 0.05 (Supplemental Table S4).

Vitamin E and DNA methylation

DNA methylation at 160 CpG sites was signifi-
cantly associated with vitamin E intake after
adjusting for age, sex, BMI, caloric intake, blood
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cell type proportions, smoking status, alcohol con-
sumption, and technical covariates in the primary
model (Figure 2b, Supplemental Table S5). These
CpG sites were annotated to 126 unique genes.
Vitamin E intake was associated with hypomethy-
lation at 115 (72%) of these CpG sites, and with
hypermethylation at the remaining 45 (28%) CpG
sites. After further adjustment for diet quality and
physical activity, vitamin E intake was associated
with hypermethylation at 17 CpG sites and with
hypomethylation at 39 CpG sites (Supplemental
Table S6).

Vitamin C intake and methylation, primary model

25

~logo(p)

g 10 1

12 13 14 Y

Vitamin E intake and methylation, primary model

25

~logsolp)

ﬁiiﬂ

Jilm

10 1 12 13 14

Chromosome

Figure 2. Manhattan plot of results of the meta-analysis including all study cohorts showing significant associations of Infinium
HumanMethylation 450K BeadChip CpG sites with (a) vitamin C intake and (b) vitamin E intake after adjustment for age, sex, BMI,
caloric intake, blood cell type proportion, smoking status, alcohol consumption, and technical covariates in the primary model. Blue
and red horizontal lines indicate -log(p) values of 5 and 7, respectively (ie, p=1.0x 10" and 1.0 x 107/, representing a less
stringent significance threshold for hypothesis generating and a more stringent approximately Bonferroni-corrected threshold,

respectively).
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In discovery analyses, methylation at 188 CpG
sites was significantly associated with vitamin
E intake in the FHS cohorts after adjustment for
all covariates in the primary model, of which 81
CpG sites overlapped with the significant results
of the overall meta-analysis. Hypomethylation of
two of the CpG sites (1.1%) and hypermethyla-
tion of one of the CpG sites (0.5%) significantly
associated with vitamin E intake in discovery
analysis was replicated at FDR < 0.05
(Supplemental Table S7).

In the primary model, DNA hypomethylation at
77 of the 160 CpG sites significantly associated with
vitamin E intake was also significantly associated
with vitamin C intake; similarly, DNA hypermethy-
lation at eight CpG sites significantly associated
with vitamin E intake was also significantly asso-
ciated with vitamin C intake. After adjustment for
diet quality and physical activity, 20 CpG sites were
significantly associated with both vitamin C and
E intake. Of these, 19 CpG sites were hypomethy-
lated in association with both vitamin C and E and
annotated to 18 unique genes (Table 2).

Downstream pathways affected by DNA
methylation: eQTM and GSEA

At FDR < 0.01, there were 1,907 CpG sites sig-
nificantly associated with vitamin C in the primary

model. These CpG sites were annotated to 1,163
unique genes that were significantly enriched in
673 pathways associated with system development
and cell signalling and communication
(Supplemental Table S8). These 1,907 CpG sites
were also associated with expression of 425 unique
gene transcripts in eQTM analysis (Supplemental
Table S9). The gene transcripts identified by
eQTM analysis were enriched in 44 biological
pathways that were largely related to the immune
response (Supplemental Table S10).

At FDR < 0.01, there were 37 CpG sites that
were significantly associated with vitamin E intake
in the primary model. These CpG sites were anno-
tated to 29 genes; these genes were not enriched in
any cellular or biological pathways. These 37 CpG
sites were also associated with the expression of 9
genes (Supplemental Table S11). These genes
were not enriched in any biological pathways at
an enrichment FDR < 0.05.

Downstream pathways affected by DNA
methylation: CpG sites associated with both
vitamin C and vitamin E intake

The 19 CpG sites at which DNA methylation was
associated with intake of both vitamins C and
E were not enriched in any pathways in GSEA.

Table 2. EWAS meta-analysis results for CpG sites at which DNA hypomethylation was associated with both vitamin C and vitamin
E intake at FDR < 0.05 after adjusting for age, sex, BMI, caloric intake, blood cell type proportion, smoking status, alcohol

consumption, technical covariates, physical activity, and diet.

Association with vitamin C intake

Association with vitamin E intake

CpG site Gene Symbol B+ SE, medium intake P + SE, high intake FDR B + SE, medium intake [ + SE, high intake FDR

cg01894508 ASPRV1 —0.0041 = 0.0009 —0.0069 +0.0013 2.7x 1077 —0.0028 = 0.0011 —0.0044+0.001 46x1072
¢g03084350 PLCD1 —0.0047 = 0.0007 —0.006 £+ 0.001 1.7%x107"? —0.0028 + 0.0008 —0.0033 +0.0008 3.0x 1072
¢cg08051604 MEG3 —0.002 + 0.0008 —0.0056 +0.0013  3.1x 1073 —0.0035+0.0011 —0.0049 +0.0011  8.5x 107>
¢g09121339 —0.0055 = 0.0009 —-0.0072 +0.0013  6.3x 107" —0.0028 £ 0.0011 —0.0042 = 0.001 32x1072
¢cg09387914 ELOVL5 —0.0028 + 0.0009 -0.005+0.0014 7.7x1073 —0.0038 £ 0.0012 —-0.0049 +0.0011 1.4x 1072
cg10401362 DNAJB6 —0.0045 = 0.001 —-0.006 +0.0015 2.1x107° —0.0061 = 0.0012 —-0.0043+0.0012 2.1x1073
€g11027221 UNC93B1 —0.003 = 0.0008 —0.0046 +0.0011  1.2x107* —0.003 £ 0.0009 —0.0036 + 0.0008 8.5x 107>
cg11348106 SEC14L1 —0.0032 = 0.0009 —0.0034+0.0014 4.6x1072 —0.0048 = 0.0012 -0.0035+0.0011 29%1072
cg11879354 SYTL3 —0.003 = 0.0006 —0.0044+0.0009 52x107° —0.0019 = 0.0008 —0.004 +£0.0007 2.1x107°
€g12061917 GABBR1 —0.0036 = 0.0009 -0.0043+0.0012 1.1x 107 —0.0025 = 0.001 —0.0041+0.001 3.9%x1072
914150666 CXCR2 —0.0036 = 0.0011 —0.0055+0.0017 1.0x 1072 —0.0043 = 0.0015 —0.0057 +0.0014 3.8x 1072
914781394 —0.0027 = 0.0008 —0.0058+0.0012 1.6x107* —0.0035 = 0.001 —-0.0042+0.001 85x107°
cg15866367 MLNR —0.003 = 0.0008 —0.0044+0.0013 3.0x 107 —0.0049 = 0.0011 —0.0041+0.0011 2.1x107
cg18818531 FOSL1 —0.0037 = 0.0008 —0.0061+0.0012 5.0x1077 —0.0032 = 0.001 —0.0035+0.0009 25x1072
€g20761853 TIMP2 —0.0029 = 0.001 —0.006 +£0.0015 3.7x 10> —0.0035+0.0013 —0.0055+0.0012 25x 1072
€g22753611 CAP2 —0.0032 £ 0.0011 —0.0062 +0.0016 5.1x 107> —0.0033 £ 0.0013 -0.0059 +0.0013 1.5%x 1072
€g23633330 CD55 —0.004 = 0.0007 —0.0056 +0.0011  3.6x 1078 —0.0026 = 0.0009 —0.0036 +0.0009 3.9x 1072
€g25513379 DOCK2; —0.0026 = 0.0007 -0.0026 +0.0011  4.1x 1072 —0.0045 = 0.001 —0.0028 + 0.0009 9.6 x 1073

FAM196B
€g26250129 SLC38A10 —0.0041 = 0.0009 —0.0062 +0.0013 7.9x 1077 —0.0032 £ 0.0011 —0.0046 +0.001 85x107°




Exploratory analyses in the discovery FHS
cohorts

Residualized analyses

Inclusion of the residualized association between
vitamin intake and total energy intake revealed
261 significant associations between continuous
vitamin C intake and DNA methylation
(Supplemental Table S12), where hypomethylation
was associated with vitamin C intake at 227 CpG
sites and hypermethylation was associated with
vitamin C intake at 34 CpG sites. Similarly, resi-
dualized analysis revealed 26 significant associations
between continuous vitamin E intake and DNA
methylation (Supplemental Table S13), where
hypomethylation was associated with vitamin
E intake at 23 CpG sites and hypermethylation
was associated with vitamin E intake at 3 CpG sites.

Sex-stratified results

In men, DNA hypomethylation at 78 CpG sites
was significantly associated with vitamin C intake
and DNA hypermethylation at 39 CpG sites was
significantly associated with vitamin C intake
(Supplemental Table S14). In women, DNA
hypomethylation at 40 CpG sites and hypermethy-
lation at 11 CpG sites were associated with vitamin
C intake (Supplemental Table S15). Only two
CpG sites were associated with vitamin C intake
in both men and women: ¢g03084350 (PLCDI)
and cg09018739 (CPNE2).

In men, there were no significant associations
between DNA methylation and vitamin E intake;
however, in women, DNA hypomethylation at
three CpG sites was significantly associated with
vitamin E intake (Supplemental Table S16).

Age-stratified results
In participants aged 65 years and older, DNA hypo-
methylation at 32 CpG sites and hypermethylation
at 24 CpG sites was associated with vitamin
C intake (Supplemental Table S17). In participants
under the age of 65 years, DNA hypomethylation at
73 CpG sites and hypermethylation at 11 CpG sites
was  associated  with  vitamin C intake
(Supplemental Table S18). Four CpG sites were
associated with vitamin C intake in both age strata.
In participants aged 65years and older, DNA
hypomethylation at two CpG sites and hyper-
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methylation at one CpG site were associated with
vitamin E intake (Supplemental Table S19). In parti-
cipants under the age of 65 years, DNA hypomethyla-
tion at six CpG sites and hypermethylation at one
CpG site were associated with vitamin E intake
(Supplemental Table $20). No CpG sites were asso-
ciated with vitamin E intake in both age strata.

Smoking status-stratified results

In never smokers, DNA hypomethylation at seven
CpG sites and hypermethylation at 11 CpG sites
were associated with vitamin C intake
(Supplemental Table S21). In former smokers,
DNA hypomethylation at 64 CpG sites and hyper-
methylation at 16 CpG sites were associated with
vitamin C intake (Supplemental Table $22).
Finally, in current smokers, DNA hypomethyla-
tion at four CpG sites and hypermethylation at
five CpG sites were associated with vitamin
C intake (Supplemental Table S$23).

DNA methylation was not significantly asso-
ciated with vitamin E intake at any CpG sites in
never or in current smokers. DNA hypomethyla-
tion was significantly associated with vitamin
E intake at one CpG site only - cg13574809 - in
former smokers (Supplemental Table $24).

Discussion

In this study, we combined data across multiple
large population-based cohorts to examine the
association of vitamin C and E intake with DNA
methylation signatures. We provide evidence that
greater intake of vitamins C and E is associated
with DNA methylation signatures, and identified
several thousand CpG sites associated with vitamin
C intake, and approximately 100 CpG sites asso-
ciated with vitamin E intake. The majority of these
sites were hypomethylated in relation to increased
vitamin intake, even in stratified analysis; further-
more, DNA methylation at the CpG sites identi-
fied in EWAS was inversely associated with gene
expression in subsequent eQTM analysis.
Oxidative stress affects cellular and biological pro-
cesses, and it can lead to inflammation and develop-
ment of clinical disease, including atherosclerosis
and metabolic disease [47-50]. Antioxidants from
a healthy diet, supplementation, or pharmacological
interventions may improve immune response and



10 A. KESHAWARZ ET AL.

prevent oxidative stress-related cardiometabolic dis-
ease. In humans, vitamin C must be obtained exo-
genously either through diet (e.g., citrus fruit,
cruciferous vegetables, tomatoes), supplementation,
or pharmacological administration. It acts as
a cofactor of TET proteins, which catalyse the hydro-
xylation of methyl groups at the cytosine C5 position
for subsequent removal in DNA demethylation.
Conversely, vitamin E is a lipid-soluble antioxidant
found in cell membranes that interrupts radical
chain reactions and may subsequently prevent
inflammation [21,51,52]. It interacts with vitamin
C to subsequently become reduced back into active
vitamin E and then continue acting as an antioxidant
in the cell membrane. Similar to vitamin C, it must
be obtained through exogenous means (e.g., con-
sumption of seeds, nuts, and oils). Prior studies
have suggested a role of vitamin intake-associated
DNA methylation in the expression of particular
genes, such as the ABCAI gene [53] or genes asso-
ciated with oxidative stress [54] We identified 85
CpG sites at which DNA methylation was signifi-
cantly associated with both vitamin C and vitamin
E intake, of which 20 CpG sites had an association
that was independent of other lifestyle or beha-
vioural risk factors. Although enrichment analysis
did not reveal a pathway in which the genes anno-
tated to these CpG sites DNA methylation at these
sites may play a role, this overlap is suggestive of the
known antioxidative interaction between vitamins
C and E. Future studies may evaluate the cellular
and biological effects of suppressing the genes asso-
ciated with intake of both vitamins, as our results
showed predominant associations of increased diet-
ary vitamin intake with DNA hypomethylation.
While the observed differences in our stratified
analyses were limited by reduced power in the
discovery cohort, we generally saw that there
were differences in which CpG sites were asso-
ciated with vitamin intake by age, sex, and smok-
ing status, particularly in association with vitamin
C intake. In summary, men, individuals less than
65 years of age, and former smokers had the great-
est number of significant associations between
DNA methylation and vitamin C intake as com-
pared with women, individuals over 65 years of
age, never smokers, and current smokers. Like
the global meta-analysis results, vitamin C intake
was mostly associated with DNA hypomethylation

among all stratified groups: hypomethylation at
67%, 87%, and 80% of CpG sites significantly
associated with vitamin C intake in men, indivi-
duals younger than 65 years, and former smokers,
respectively. These preliminary results may reflect
a more active role for vitamin C in the setting of
higher oxidative stress (i.e., in men and in former
smokers) or without accounting for other beha-
viours potentially found in adults younger than 65
years. Further studies may focus on expanding
these stratified analyses to larger cohorts.

Our results further suggest a role for vitamin
C-associated DNA methylation patterns in activa-
tion of the immune response. We identified
numerous biological pathways potentially directly
affected by vitamin C-associated methylation:
response to stimulus, regulation of biological and
cellular processes, and cell signalling and commu-
nication. Further analysis of eQTM CpG-gene
transcript pairs showed that the DNA methylation
patterns associated with vitamin C intake are asso-
ciated with the downstream expression of genes
that are in the immune response pathway. Vitamin
E has also previously been shown to be associated
with the inflammatory response [55-57]; however,
while prior studies have shown an association
between vitamin E concentration and expression
of the DNMT1I gene [58,59], we were not able to
identify any gene ontology pathways associated
with vitamin E-associated DNA methylation.

While this study benefits from the availability
of data from large population-based cohorts to
evaluate the association of vitamin intake with
both DNA methylation and gene expression, sev-
eral limitations must be considered when inter-
preting and applying our results. Firstly, as these
data were collected as part of large observational
studies, causal inference is not possible; future
mediation analyses evaluating the relationship
between dietary vitamin intake, DNA methyla-
tion, and gene expression will reveal potential
causal mechanisms. Our meta-analysis included
only individuals with European and African
ancestry, and generalizability of these findings to
other populations may be limited. While the
majority of participants included in our meta-
analysis were adults, the 512 participants enrolled
in the Raine Study (4% of the total participants
included in the main meta-analysis) were 17 years



of age at the time of data collection. Individuals
below the age of 18 have different vitamin C and
E recommended dietary allowance thresholds as
compared with adults over the age of 18.
Additionally, when we split the overall sample
for our main analysis into a discovery cohort
and a replication cohort, we observed poor repli-
cation for both the vitamin C and the vitamin
E analyses, potentially due to major differences in
how these FFQs captured and reported vitamin
intake and consequent high heterogeneity across
cohorts for some CpG sites. Dietary intake of
vitamins C and E was based solely on self-
reported dietary intake rather than on
a biomarker measure, and we did not include
analysis of any other antioxidants in our analysis,
preventing analysis of their potential effects on
DNA methylation. We also used categorical vita-
min intake based on clinically relevant thresholds
in our main analyses, although we completed
sensitivity analyses that residualized total energy
intake by continuous vitamin intake in our dis-
covery cohort. However, due to non-normal dis-
tributions of self-reported vitamin intake, our
approach allows for easier interpretation of the
association between levels of vitamin intake and
DNA methylation, and it is consistent across all
included cohorts. Our definition of vitamin
C intake included the use of supplements, and
supplemental intake of multivitamins may intro-
duce confounding due to the presence of folic
acid and other nutrients that are associated with
DNA methylation. Prior analyses have shown few
significant associations between DNA methyla-
tion and folate intake [60,61], and so we expect
these nutrients not to influence our observed
results greatly. While we adjusted for diet quality
using the Mediterranean diet score to account for
overall healthy diets, simultaneous supplemental
intake of multiple vitamins and nutrients may not
be adequately captured. Furthermore, while our
secondary model did adjust for lifestyle and beha-
vioural risk factors by accounting for diet quality
and physical activity level, we did not have data
on and thus could not account for environmental
exposures that are known to be associated with
DNA methylation patterns.

In conclusion, dietary and supplementary intake
of vitamin C and vitamin E is associated with
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DNA methylation, which likely plays a critical
role in the regulation of cell signalling mechanisms
and subsequently, in the association of vitamin
intake with the immune response. Our results
highlight the importance of dietary and supple-
mentary intake of vitamins C and E through con-
sumption of fruit, vegetables, nuts, seeds, and oils
in overall health and the reduction of burden from
inflammatory processes.
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