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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Background: Selenium (Se) is an essential nutrient linked to adverse health endpoints at low and high levels. The
mechanisms behind these relationships remain unclear and there is a need to further understand the epigenetic

Keywords: impacts of Se and their relationship to disease. We investigated the association between urinary Se levels and

Selenium DNA methylation (DNAm) in the Strong Heart Study (SHS), a prospective study of cardiovascular disease (CVD)

Epigenetics

among American Indians adults.

Methods: Selenium concentrations were measured in urine (collected in 1989-1991) using inductively coupled
plasma mass spectrometry among 1,357 participants free of CVD and diabetes. DNAm in whole blood was
measured cross-sectionally using the Illumina MethylationEPIC BeadChip (850 K) Array. We used epigenome-
wide robust linear regressions and elastic net to identify differentially methylated cytosine-guanine dinucleo-
tide (CpG) sites associated with urinary Se levels.

Results: The mean (standard deviation) urinary Se concentration was 51.8 (25.1) pg/g creatinine. Across 788,368
CpG sites, five differentially methylated positions (DMP) (hypermethylated: cg00163554, cg18212762,
cg11270656, and hypomethylated: cg25194720, cg00886293) were significantly associated with Se in linear
regressions after accounting for multiple comparisons (false discovery rate p-value: 0.10). The top hyper-
methylated DMP (cg00163554) was annotated to the Disco Interacting Protein 2 Homolog C (DIP2C) gene, which
relates to transcription factor binding. Elastic net models selected 425 hypo- and hyper-methylated DMPs
associated with urinary Se, including three sites (cg00163554 [DIP2C], cg18212762 [MAP4K2], cg11270656
[GPIHBP1]) identified in linear regressions.

Conclusions: Urinary Se was associated with minimal changes in DNAm in adults from American Indian com-
munities across the Southwest and the Great Plains in the United States, suggesting that other mechanisms may
be driving health impacts. Future analyses should explore other mechanistic biomarkers in human populations,
determine these relationships prospectively, and investigate the potential role of differentially methylated sites
with disease endpoints.

DNA methylation
American Indian populations
Strong Heart Study

Abbreviations: CVD, Cardiovascular disease; DNAm, DNA methylation; DMP, Differentially methylated position; eGFR, Estimated glomerular filtration rate
(eGFR); EWAS, Epigenome-wide association study; FDR, False discovery rate; IRB, Institutional review board; NHANES, National Health and Nutrition Examination
Survey; SHFS, Strong Heart Family Study; SHS, Strong Heart Study.
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1. Introduction

Selenium (Se) is an essential nutrient and naturally occurring
element commonly found in rocks and soils (US Department of Health
Human Services, 2003). Selenium present in air and water mainly
originates from the burning of coal and fossil fuels, while Se intake
primarily comes from diet (US Department of Health Human Services,
2003). The physiological functions of Se are achieved by proteins
incorporating Se, termed selenoproteins, which play key roles as anti-
oxidants and transporters of Se (Rayman, 2012; Speckmann and Grune,
2015). Normal plasma Se levels among adults have been cited as 60 to
150 pg/L (Smith et al., 2017), with a recommended dietary allowance of
55 pg Se/day in the USA (Fairweather-Tait et al., 2011). Notably, Se has
a very narrow physiological range, with both deficient and excess Se
associated with adverse health outcomes. Deficiencies in Se have been
associated with cancer, immune disorders, thyroid disease, and cardio-
vascular disease (Rayman, 2012), while excessive Se and selenoproteins
have been linked to elevated risk of hyperglycemia (Oo et al., 2018) and
diabetes (Ogawa-Wong et al., 2016; Bleys and Navas-Acien, 2007).

American Indian communities have an increased burden of chronic
metal exposures and cardiovascular disease (CVD) compared to the
general U.S. population (Lee et al., 1990; Pang et al., 2016). In the
Strong Heart Study (SHS) and Strong Heart Family Study (SHFS),
exposure to environmental metals such as Se, arsenic and cadmium has
been associated with an increased risk for CVD (Moon et al., 2013; Moon
et al., 2018; Pichler et al., 2019; Oliver-Williams et al., 2018; Tellez-
Plaza et al., 2013; Zhao et al., 2022). In the SHS, dietary intake is the
primary source of Se, and some communities reside in areas with high
concentrations of Se in soil, resulting in elevated intake (68-724 pg/
day) compared to the general population (Zhao et al., 2022). Environ-
mental levels of Se and toxic metals are also influenced by the legacy of
mining operations in American Indian communities (Lewis et al., 2017),
where elevated Se concentrations have been found in plants and animals
downstream of uranium mines (Khamkhash et al., 2017; Muscatello and
Belknap, 2008; Sharmasarkar, 2002), highlighting the need to study the
health impacts of Se in American Indian communities.

Given the complex role of Se in cellular homeostasis and metabolic
disorders, a greater understanding of the molecular impacts of elevated
Se is necessary. Research suggests that DNA methylation (DNAm) may
serve as a biomarker of Se’s impacts on human health. Exposure to
environmental metals has been associated with changes in DNAm
(Bozack et al., 2020; Tellez-Plaza, 2014), and alterations in DNAm have
been associated with several disease outcomes including CVD, diabetes,
and obesity (Castillo-Diaz et al., 2010). However, the extent of the
epigenetic impacts of Se remains unclear and the majority of research on
this topic has been performed in murine and cell-based models (Speck-
mann and Grune, 2015), conveying the need to study the influences of
Se on DNAm in human populations. Mechanistically, Se is proposed to
affect DNAm through altering one-carbon metabolism (Speckmann and
Grune, 2015). Se has been shown to affect global DNAm, as well as
inhibit DNA methyltransferase activity and expression, but the mecha-
nisms through which Se affects DNAm are proposed to differ according
to Se deficiency or excess, and warrant further research (Jabtonska and
Reszka, 2017; Davis et al., 2000).

In the SHS, DNAm has been linked to a variety of adverse health
outcomes including lymphatic-hematopoietic cancers (Domingo-
Relloso et al., 2021), liver cancer (Slowly et al., 2024), coronary heart
disease (Navas-Acien et al., 2021), lung function (Domingo-Relloso
et al., 2022), and insulin resistance (Dye et al., 2023). Previous research
has also highlighted the link of environmental metals such as arsenic and
cadmium to DNAm signatures (Bozack et al., 2020; Domingo-Relloso
et al., 2020) and epigenetic aging (Boyer et al., 2023), although the
impacts of Se are unknown. DNAm data available in the SHS provide an
opportunity to evaluate the epigenetic impacts of Se in a population with
potentially elevated Se status, with the potential to explain the in-
fluences of Se on chronic disease.
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The objective of this study was to investigate the relationship be-
tween urinary Se levels and DNAm of American Indian adults in an
epigenome-wide association study (EWAS), to identify biological path-
ways of genes associated with DNAm sites relevant to Se status, and to
identify CpGs that may be useful for the development of future bio-
markers to identify Se exposure and nutritional status. We hypothesized
that Se would be associated with methylation levels at CpG sites in SHS
participants, particularly in genes encoding selenoproteins and path-
ways related to oxidative stress.

2. Methods
2.1. Study population

The SHS is a prospective cohort of 4,549 American Indian adults
from Arizona, Oklahoma, North Dakota, and South Dakota assessing
CVD and its risk factors (Lee et al., 1990). The SHS protocol was
approved by institutional review boards (IRBs), participating tribes, and
the respective area Indian Health Service IRBs. All participants provided
written, informed consent. At the Phase 1 baseline exam (1989-1991),
adults 45-74 years of age were invited to participate and the partici-
pation rate was 62 % (Lee et al., 1990; Welty et al., 1995; Stoddart et al.,
2000). Participants were evaluated again in study visits at Phase 2
(1993-1995) and Phase 3 (1997-1999). Subsequently, 1,032 partici-
pants from one community were not included in this study upon their
request. In the current analysis, participants were eligible if they were
free of diabetes at baseline, a known factor altering the epigenome
(Nilsson et al., 2014) and related to Se status (Huang et al., 2022), had
sufficient urine for metal analyses, and provided sufficient DNA for
analyses. This resulted in a total of 1,357 participants. The data were
collected, analyzed, and reported under agreements made with the
sovereign tribal nations that have partnered in this research, which
preclude routine modes of data sharing. Requests to access the dataset
from qualified researchers trained in human subject confidentiality
protocols may be sent to the Strong Heart Study Coordinating Center at
https://strongheartstudy.org/. Requests will be reviewed by tribal
research partners before data may be released.

Detailed methods on the anthropometric measurements, bio-
specimen collection (e.g., urine), and the laboratory measurements of
relevant biomarkers have been described extensively (Tellez-Plaza et al.,
2013; Bozack et al., 2020; Domingo-Relloso et al., 2022). Sociodemo-
graphic information was collected from standardized interviews at each
study visit including age, sex, body mass index (BMI; kg/m?), years of
schooling/education, and smoking status (never/former/current). Par-
ticipants reporting never smoking regularly or smoking < 100 cigarettes
during their lifetime were classified as never smokers. Former smokers
were defined as smoking > 100 cigarettes and not smoking currently,
and current smokers were defined as smoking > 100 cigarettes and
currently smoking. We calculated estimated glomerular filtration rate
(eGFR) using age, sex, and urinary creatinine (mg/dL) via the 2009
Chronic Kidney Disease — Epidemiology Collaboration formula (CKD-
Epi) (Levey et al., 2009). Diabetes status was defined as meeting one of
the following criteria: fasting glucose greater or equal than 126 mg/dL,
2-hour post-load plasma glucose greater or equal than 200 mg/dL,
HbAlc greater or equal than 6.5 %, using insulin or an oral hypogly-
cemic agent (Diagnosis and classification of diabetes mellitus, 2011).

2.2. Urine selenium measurements

Urine Se measures were available at Phase 1, concurrent to DNAm
data. Participants provided a morning spot urine sample, and samples
were stored < -70 °C at the MedStar Health Research Institute, the
central SHS laboratory, as described previously (Lee et al., 1990). Urine
Se was analyzed by inductively coupled plasma mass spectrometry
(ICPMS) at the Analytical Chemistry for Health and Environment at the
University of Graz, Austria (Scheer et al., 2012). Urinary creatinine was


https://strongheartstudy.org/

W. Lieberman-Cribbin et al.

also measured at the Phase 1 visit, and urinary Se was adjusted for
creatinine to account for hydration status (O’Brien et al., 2017). The
average limit of detection (LOD) for Se was 3.4 pg/L and all measured
concentrations were above the LOD. The linearity of the standard curves
for Se was > 0.99 and coefficients of variation for standards was < 6 %.

2.3. DNA methylation

The procedure outlining sample extraction, processing, and analysis
has been described in detail previously (Domingo-Relloso et al., 2020).
Briefly, buffy coat from fasting blood samples was collected at Phase 1
(1989-1991), and biological specimens were stored at —70 °C. DNA
from white blood cells was extracted and stored at the MedStar Health
Research Institute. In 2015, blood DNA was shipped to the Texas
Biomedical Research Institute where DNA was bisulfite-converted with
the EZ DNAm kit (Zymo Research, Irvine CA). DNA was then measured
with the Illumina MethylationEPIC BeadChip (850 K) (Illumina, San
Diego CA), providing DNAm information across > 850,000 CpGs. To
account for potential batch artifacts and confounding effects, samples
were randomized across and within plates and replicate and across-plate
control samples were included on every plate, as described previously
(Domingo-Relloso et al., 2020). Preprocessing of DNAm data was per-
formed in R version 3.6.1 (Team RC, 2020). In total, data were analyzed
in six different batches, with each batch consisting of roughly 400 in-
dividuals, and combined using the R package minfi (version 1.18.4)
(Aryee et al., 2014). 6,159 CpGs were removed that had a p-detection
value of > 0.01 in more than 5 % of participants. Single sample
normalization was then performed using the preprocessNoob function in
minfi (Fortin et al., 2017; Triche et al., 2013) to provide a background
correction with dye-bias normalization.

After preprocessing, we had data from 1,357 individuals and
860,079 CpGs. As described previously, cross-hybridizing probes, sex
chromosomes, and SNP probes with a minor allele frequency > 0.05
(McCartney et al., 2016) were removed. This resulted in 788,368 CpGs
used in this analysis. Data then underwent quality checks, normaliza-
tion, statistical preprocessing, and beta-value calculations, representing
the proportion of unconverted cytosines at specific locations and
ranging from O to 1 at specific locations, using minfi (Fortin et al., 2017).
We estimated Houseman cell proportions (CD8T, CD4T, NK, B cells,
monocytes, and neutrophils) (Houseman et al., 2012) using the R
package FlowSorted.Blood.EPIC as adjustment factors in regression
models. Potential batch effects by sample plate, sample row, and DNA
isolation time were investigated and accounted for using the combat
function in the R package sva (Leek et al., 2019). We annotated CpGs to
the nearest gene according to UCSC genome browser (Nassar et al.,
2023).

2.4. Statistical analysis

All analyses were conducted in R version 4.1.1. Urine Se concen-
trations were skewed and modeled in the log, scale to reduce the in-
fluence of extreme values (Figure S1). We performed an EWAS to
evaluate the association between urinary Se and each CpG individually
using the limma package (Ritchie et al., 2015). This utilized the ‘eBayes’
function, which conducts empirical Bayes shrinkage of standard errors
towards a common value to borrow information across genes. Genomic
inflation factor and Q-Q plots were used to estimate the extent of un-
measured confounding and genomic inflation. Due to high genomic
inflation (A > 1.50), surrogate variables were included as additional
adjustment factors using SmartSVA and sva. Ultimately, 12 surrogate
variables were selected for inclusion resulting in a A of 1.11. Models
were adjusted for biologically relevant variables that may influence both
urinary Se levels and DNAm including age, sex, study center of
recruitment, BMI, education status (no high school/some high school/
completed high school), smoking status (never/former/current), eGFR,
Houseman blood cell composition, and five genetic principal
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components (to account for population stratification) (Barfield et al.,
2014). Multiple comparisons were accounted for using the Benjamini-
Hochberg method for false discovery rate (FDR) at a p-value of 0.10.
We performed gene ontology enrichment analyses using the gometh
function in missMethyl (Phipson et al., 2016) to identify Gene Ontology
(GO) terms (The Gene Ontology resource, 2021) that contain over-
representation of genes with DMPs, and for biological pathways in the
Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and Goto,
2000). A separate EWAS was performed as a sensitivity analysis without
the inclusion of the 12 surrogate variables. An additional EWAS was
performed as a sensitivity analysis restricted to CpGs located in sele-
noprotein genes. A further EWAS was performed as a sensitivity analysis
according to urinary selenium > 60 ug/g creatinine compared to < 60
ug/g creatinine to explore the effect of Se at a level previously associated
with increased incident CVD risk (Zhao et al., 2022). We also tested the
interaction between urinary Se and urinary cadmium, as well as between
urinary Se and urinary arsenic, among our top CpG sites in sensitivity
analyses.

In addition to individual regressions, we performed GLMnet penal-
ized regression (elastic net, R package glmnet) to identify relevant DMPs
(Benton et al., 2017). The elastic net framework allows us to include all
CpGs in the same model, accounting for the complex correlation struc-
ture between CpG methylation and performing variable selection for the
most relevant sites. The parameters of the elastic net model included 10
cross validation folds and an alpha of 0.05.

3. Results

Among 1,357 participants, the mean (SD) age of participants was
55.4 (8.0) years, 55.8 % were female, and the mean (SD) Se level was
51.8 (25.1) pg/g creatinine (Table 1). The median (IQR) of Se was 45.8
(28.1) pg/g creatinine. Linear regressions investigating each site sepa-
rately resulted in five DMPs that were significantly associated with
urinary Se after multiple comparisons (Table 2; Fig. 1). One DMP was
statistically significant at an FDR p value of < 0.05, the other four top
sites were marginal, resulting in the use of an FDR p value of 0.10. These
sites were ¢g00163554 (annotated to the Disco Interacting Protein 2
Homolog C [DIP2C] gene), cg18212762 (Mitogen-Activated Protein
Kinase Kinase Kinase Kinase 2 [MAP4K2]), cg25194720 (Potassium

Table 1
Urinary selenium concentrations and participant characteristics.

Analytical sample (n SHS* (n =

=1,357) 2,325)
Urinary selenium (ug/g 51.8 (25.1) 56.6 (29.2)

creatinine) mean (SD)
Center, n (%):
Arizona 98 (7.2) 312 (13.4)
Oklahoma 601 (44.3) 981 (42.2)
North & South Dakota 658 (48.5) 1,032 (44.4)
Female, n (%): 757 (55.8) 1,361 (58.5)
Age (years), mean (SD) 55.4 (8.0) 56.2 (8.1)
Education, n (%):
No High School 212 (15.6) 407 (17.5)
Some High School 299 (22.0) 556 (23.9)
Completed High School 846 (62.4) 1,362 (58.6)
Smoking status, n (%):
Former 407 (30.0) 748 (32.2)
Never 376 (27.7) 684 (29.4)
Current 574 (42.3) 893 (38.4)
Diabetes at baseline (%) 0 (0) 968 (41.6)
Body mass index (kg/m?), mean 29.1 (5.6) 30.3(6.1)
(SD)

eGFR (ml/min/1.73 m? CKD- 98.1 (14.4) 97.4 (16.8)

Epi), mean (SD)

Note: eGFR=estimated glomerular filtration rate; CDK-Epi = Chronic Kidney
Disease —Epidemiology Collaboration. The analytical sample in the current
analysis was free of diabetes at baseline. *SHS refers to the Strong Heart Study
sample that had urine selenium and DNAm data available.
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Table 2
Top differentially methylated positions for urinary selenium.
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CpG Effect estimate (95 % CI Lower limit, Upper  P-value FDR Adj. p- Chromosome  UCSC Gene UCSC Gene Elastic Net
limit) value Name Group Coefficient
cg00163554 0.055 (0.036, 0.074) 5.68E- 0.009 10 DIP2C Body 0.008
09
cgl8212762  0.006 (0.004, 0.008) 3.57E- 0.077 11 MAP4K2 3'UTR 0.021
07
cg25194720  —0.003 (—0.005, —0.001) 3.64E- 0.077 11 KCNJ1 5'UTR; TSS200; -
07
cgl1270656  0.002 (0.001, 0.003) 4.55E- 0.077 8 GPIHBP1 5'UTR; 1stExon 0.010
07
cg00886293  —0.009 (—0.012, —0.005) 4.90E- 0.077 20 - - -
07

Note: Urinary selenium was log,-transformed. Linear regressions were adjusted for sex, age, study center, smoking (never, former, current), body mass index (kg/m?),
education status (no high school/some high school/completed high school), study center of recruitment, estimated glomerular filtration rate (ml/min/1.73 m?),
houseman cell proportions (CD8, CD4, natural killer, B-cell, monocytes), five principle genetic components, and 12 surrogate variables that captured unmeasured
confounding. CpG sites were annotated using the University of California Santa Cruz (UCSC) genome browser. Effect estimates, 95 % CI lower limits, and 95 % CI upper
limits are derived from regressions using beta-values. Other measures refer to calculations with M—values.
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Fig. 1. Manhattan plot (A) and volcano plot (B) of differentially methylated DNA positions associated with urinary selenium. The top five sites significant after
multiple comparisons (FDR p < 0.10) from linear regressions are annotated. M—values were used in regressions.

Inwardly Rectifying Channel Subfamily J Member 1 [KCNJI]),
cg11270656 (Glycosylphosphatidylinositol Anchored High Density Li-
poprotein Binding Protein 1 [GPIHBP1]), and cg00886293 (no annota-
tion found). cg00163554 was annotated to a south shelf in relationship to
a CpG island in the gene body, cg18212762 was annotated to a 3'UTR
(untranslated region), ¢g25194720 was annotated to a 5UTR and a
transcription start site (TSS200), and cg11270656 was annotated to a
5'UTR and the 1st exon. Specifically, a doubling of Se was associated
with 5.5 % higher DNAm at ¢cg00163554 (DIP2C), 0.6 % higher DNAm at
cg18212762 (MAP4K2), 0.3 % lower DNAm at ¢g25194720 (KCNJ1),
0.2 % higher DNAm at ¢g11270656 (GPIHBP1), and 0.9 % lower DNAm
at cg00886293 (no annotation found). There were 51,412 CpG’s with a
significant nominal p-value before multiple testing correction, and the
full output from linear regressions can be found in Table S1. We did not
identify any significantly over-represented GO terms or KEGG pathways
after accounting for multiple testing. However, at nominal p < 0.05 the
top pathways were granule and spindle formation. Results from the
EWAS without the inclusion of surrogate variables are displayed in
Table S2. This resulted in 49,769 significant CpG sites after FDR

correction or 4,037 significant CpG sites after Bonferroni correction.

Elastic net regression retained 425 sites associated with urinary Se
levels, including three overlapping DMPs identified in linear regressions
(Table S3). While the interpretability of elastic net coefficients should
be approached with caution, we observed hypermethylation in sites
annotated to MAPT, MAP4K2, TELO2, HS3ST3B1, CRTC1, TFRC, and
AUTS2, as well as hypomethylation in ABLIM2, PDK4, CLECI1A, and
ALPK3. Annotation performed on the top five sites found pathways for
chylomicrons and basal membranes but these were not significant after
accounting for multiple testing.

We additionally performed a sensitivity analysis restricted to CpGs
located in selenoprotein genes (Kryukov et al., 2003; Stelzer et al., 2016)
(Table S4). While there were 662 CpG sites annotated to genes encoding
selenoproteins, none of these were significantly associated with urinary
Se levels in linear regressions after multiple testing correction. The
EWAS exploring selenium > 60 pg/g creatinine compared to < 60 pg/g
creatinine reported consistent results as the main analysis, with only
cg00163554 statistically significant after FDR correction (M—value, 95
% confidence interval: 0.471, 0.303, 0.640; Table S5). No significant
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findings were observed in the interaction between urinary Se and uri-
nary cadmium (Table S6) or between urinary Se and urinary arsenic
(Table S7).

4. Discussion

This study evaluated the association of urinary Se with DNAm and is
the first to study the epigenetic impacts of Se in a population of Amer-
ican Indians. In this sample of adults from the SHS, urinary Se was
distinctly associated with five DMPs (cg00163554 [DIP2C], cg18212762
[MAP4K2], ¢g25194720 [KCNJ1], «cgl11270656 [GPIHBPI1],
cg00886293 [no annotation found]) in linear regressions, and elastic net
regression retained 425 DMPs relevant to urinary Se, including three
identified in linear regressions (cg00163554, ¢g18212762,
cg11270656). Significant DMPs were not enriched for biological path-
ways. Although we hypothesized that DMPs associated with Se would be
localized in selenoproteins and genes related to oxidative stress, this was
not confirmed by our analysis.

In the literature, Se and DNAm have been investigated in a cancer
context, where high Se exposure is proposed to inhibit DNA methyl-
transferase expression and activity (Speckmann and Grune, 2015; Ewa,
2017). Selenium has also been described to affect methylation of specific
tumor suppressor genes, while many cancer phenotypes including head
and neck, urogenital, gynecological, gastrointestinal, skin, and blood
have been characterized by altered methylation of selenoprotein-
encoding genes (Ewa, 2017; Tian et al., 2020). In the general popula-
tion, it is possible that Se-linked DNAm changes may result from
changing requirements for physiological Se, or potential increased
oxidative stress from excess Se. While Se has been characterized as
having antioxidant properties (Tinggi, 2008), research has also identi-
fied that certain Se compounds such as selenite and methylselenol can
induce oxidative stress (Drake, 2006; Spallholz et al., 2004).

Few DMPs were detected in our primary EWAS. However, genes
annotated to the top DMPs in this EWAS have been previously investi-
gated in the literature in relation to Se and health. DIP2C is a protein
coding gene that is expressed in a variety of tissues and is related to
transcription factor binding (Uhlén et al., 2015). DIP2C is relevant to
cancer and was upregulated in a Phase I trial of Se plus chemotherapy in
gynecologic cancers (Song et al., 2018). In a separate study of DIP2C
knockout in RKO colorectal cancer cells, a loss of DIP2C was related to
various changes in DNAm and gene expression in the cells (Larsson et al.,
2017) as well as somatic mutations in breast cancer (Jiao et al., 2012).
Differential methylation of DIP2C has also been linked to metalloids,
with DIP2C found to be differentially methylated relative to arsenic in
two populations from Bangladesh and Spain (Domingo-Relloso et al.,
2022), as well as amongst a pregnancy cohort in Mexico (Rojas et al.,
2015); underscoring the need to study how DIP2C is related to both Se
and other metalloids. In this study we report a doubling of Se was
associated with a 5.5 % increase in DNAm in ¢g00163554 (DIP2C).
Previous findings of methylation of DIP2C with respect to arsenic re-
ported differences in 5-mC proportions (Domingo-Relloso et al., 2022),
or correlations between maternal urinary arsenic and differentially
methylated probes (Rojas et al., 2015), that were comparable in
magnitude and direction to our study.

Although the effect estimates for additional DMPs were small in
magnitude, the second top site of the EWAS (MAP4K2) is part of the
mitogen-activated protein kinases (MAPK) signal transduction and pro-
inflammatory response pathways that have been implicated in a variety
of diseases including cancers and diabetes (Lawrence et al., 2008). Due
to the role of the selenoprotein glutathione peroxidase in ameliorating
oxidative damage, research has explored the ability of Se to inhibit in-
flammatory events and its role in the MAPK signaling cascade
(Rashtchizadeh et al., 2015). While comprehensive data is largely
missing from human populations, the literature supports the links be-
tween Se and activation of MAP4K pathways (Rashtchizadeh et al.,
2015; Stapleton et al., 1997; Zhao et al.,, 2022; Hei et al., 1998),
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encouraging further exploration of the epigenetic impacts of Se on
MAP4K signaling.

Elastic net regression analysis has the advantage of identifying DMPs
that may be predictive of Se levels and has previously been successfully
implemented in biomarker development (Colicino et al., 2021). The
genes annotated to the top DMPs in elastic net regression have relevance
to several Se-related diseases. Specifically, cg11018313 was annotated
to ALPK3 which is proposed to be involved in cardiac muscle cell
development and is associated with cardiomyopathy (Walsh and Bez-
zina, 2021; Agarwal et al., 2022). ALPK3 has been identified in relation
to Keshan’s disease (Huang et al., 2022), which is associated with low Se
intake, suggesting that further research is needed on how Se is poten-
tially associated with ALPK3 at both low and high Se concentrations.
Cg17075888 was annotated to the PDK4 gene, which codes for a protein
that regulates glucose metabolism and is regulated by insulin (Kaur
et al., 2022). This warrants further study in relation to Se, which has
been identified as an insulin mimetic, and excesses of Se have been
associated with insulin resistance (Fontenelle et al., 2018; Casanova and
Monleon, 2023). Additional sites may have relevance to cancer and
neurogenerative diseases. Cg19589194 was annotated to TELO2, which
encodes for an S-phase checkpoint protein and may be relevant to DNA
repair (Feng et al., 2016). TELOZ2 is upregulated in colorectal cancers
(Guo et al., 2021), for which Se may play a preventative role (Peters and
Takata, 2008). Cg26319641 was annotated to CRTCI, a transcription
coactivator, which has been associated with both mucoepidermoid
carcinoma and salivary gland carcinoma (Chen et al., 2021). Lastly,
cg21953146 was annotated to the MAPT gene that encodes for a
microtubule-associated protein tau, and mutations in this gene have
been associated with Alzheimer’s disease and dementia (Strang et al.,
2019). Thus, these sites may serve has markers of health and disease for
several pathologies.

In the general U.S. population reflected in the National Health and
Nutrition Examination Survey (NHANES), Se values are mainly assessed
in serum, preventing direct comparison of the Se concentrations
measured in urine here to those measured in serum. However, urine Se is
increasingly recognized as a viable population-level biomarker of Se and
has been shown to reflect dietary intake (Sanz Alaejos and Diaz, 1993;
Phiri et al., 2020). Despite this, it is necessary for studies to minimize the
variability of urinary Se concentrations across participants by adjusting
for urine creatinine or specific gravity (Ohira et al., 2008), as opposed to
reporting unadjusted Se values (Urbano et al., 2021; Li et al., 2022), in
order to facilitate more direct comparisons among different populations.
In the current analysis, the mean urinary Se concentration was 51.8 ug/g
creatinine, which was higher than urinary Se concentrations reported in
a Chinese population (geometric mean: 19.8 ug/g) (Wu et al., 2018), and
similar to specific-gravity adjusted Se geometric means reported across
the Multi-Ethnic Study of Atherosclerosis (49.4 pg/L) and the SHS (58.6
pg/L) (Pang et al., 2016).

Epidemiological studies have supported inverse associations be-
tween Se status and cancer risk for several cancer types, although ran-
domized clinical trials of Se and prostate cancer risk have shown
conflicting results (Vinceti et al., 2018). Epidemiological studies and
clinical trials on Se and CVD risk have also been conflicting, with some
studies showing inverse associations between serum Se concentrations
and coronary heart disease (Flores-Mateo et al., 2006) and Se supple-
mentation lowering high density lipoprotein and plasma cholesterol
(Cold et al., 2015), while other studies have not supported this rela-
tionship (Hasani et al., 2018; Rayman et al., 2011; Stranges et al., 2010).

This study builds on prior research on metals, epigenetic changes,
and health outcomes in the SHS. Findings from the SHS have supported
that elevated Se concentrations as measured in urine is a risk factor for
CVD, with the highest risk of CVD occurring when urinary Se levels
exceed 60 pg/g creatinine (Zhao et al., 2022). Further, previous research
in the SHS has identified specific DNAm changes resulting from cad-
mium (Domingo-Relloso et al., 2020) and arsenic (Bozack et al., 2020),
as well as distinct epigenetic changes in relation to lung functional
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outcomes (Domingo-Relloso et al., 2022), diabetes outcomes (Domingo-
Relloso et al., 2022), cancer (Domingo-Relloso et al., 2021), and coro-
nary heart disease (Navas-Acien et al., 2021). In a separate EWAS per-
formed in the SHS, there were 36 differentially methylated CpGs
annotated to DIP2C and nominally-significant with respect to arsenic
(Bozack et al., 2020). These effect sizes ranged from —0.062 to 0.103,
which were similar in magnitude to the effect size observed with Se here
(0.055). In the present study there was no overlap among the five sig-
nificant DMPs with urinary Se and those sites identified as relevant to
cadmium or associated with studied health outcomes in linear re-
gressions. Thus, unfortunately, we were unable to conduct a mediation
analysis linking these DMPs to health outcomes. However, a previous
EWAS performed in the SHS with respect to urinary cadmium identified
24 nominally-significant differentially associated CpGs annotated to
DIP2C, although none of these were significant after FDR correction, and
effect sizes were smaller (—0.038 to 0.039) than reported here (Domi-
ngo-Relloso et al., 2020). Further, there was overlap in sites retained by
elastic net in both the current analysis and a separate EWAS in the SHS
investigating lung function. For example, there were six overlapping
sites (cg27227029 [no annotation found], cgl10276834 [CHRMZ2],
cg13054419 [no annotation found], cg12899747 [no annotation found],
¢g02879453 [ADCY7], cg00986762 [PSMB2]) retained in the Se models
and in elastic net models of forced expiratory volume in 1 s (FEV1), and
10 overlapping sites (cg12451436 [RBCK1], cg19645861 [no annotation
found], cg27227029 [no annotation found], cg05141217 [no annotation
found], cg17075888 [PDK4], cg03122840 [no annotation found],
cg10276834 [CHRMZ2], ¢gl8557149 [LOC650226], cg00758961
[SLC2A9], cg02879453 [ADCY7]) relative to Se and forced vital ca-
pacity (FVC) (Domingo-Relloso et al., 2022). Further, they identified
significant DMPs after FDR correction annotated to DIP2C for FEV1
(cg12531838), FEV1/FVC (cg27598761), airflow limitation
(cg15713378), and restrictive pattern (cg24718710). For sites anno-
tated to DIP2C, this study reported mean differences (95 % confidence
intervals) for FEV1 (0.06 (0.01, 0.1)) and FEV1/FVC (—1.85 (—2.86,
—0.83)), as well as odds ratios (95 % confidence intervals) for airflow
limitation (1.76 (1.27, 2.43)) and restrictive pattern (0.68 (0.52, 0.9)),
which are comparable to effect sies reported here. While the lack of
overlap in findings across metals may suggest a unique epigenetic profile
for individual trace elements, overlap in sites identified through elastic
net approaches may relate to shared biomarkers of metals exposure.
Given the relatively few identified DMPs in our primary EWAS, the
potential mediating impact of epigenetic modifications between Se and
adverse health outcomes may not be relevant.

This study has limitations. Dietary information was missing at the
SHS baseline exam, which could help explain differences in urinary Se
levels across participants, as well as influence epigenetic modifications.
Urinary Se was used as blood Se was not available in the SHS. However,
urinary measurements have been used as biomarkers of Se status and
can be used to assess the majority of absorbed Se that is not retained
(Phiri et al., 2020; Combs, 2015). Due to the presence of unmeasured
confounding in linear regressions, surrogate variables were calculated
and included in analyses. CpGs were annotated to the nearest gene ac-
cording to the Illumina manifest, but these annotations carry uncer-
tainty and are not always exact. Smoking status was self-reported, and it
is possible that misclassification of smoking status could influence re-
sults. An FDR p-value of 0.10 was used rather than a p-value of 0.05, as
one site was statistically significant at an FDR p value of 0.05, and the
other four top sites were marginally significant. However, the goal of
this study was discovery and investigating the relationship between Se
and DNAm, and it is important to replicate these findings in additional
cohorts. Future studies should explore the role of Se and DNAm in
respect to adverse health outcomes. Given limited significant sites after
FDR correction, we do not report significant findings from gene ontology
and interaction analyses, and these effort were likely underpowered.
Nonetheless, this study has several strengths, including the large sample
size of participants with both urinary Se and blood DNAm data
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available, the high-quality exposure assessment, and the availability of
confounders for participants. Additionally, we were able to test for
DNAm changes at > 700,000 sites on the EPIC array.

5. Conclusions

In a sample of SHS participants, we observed cross-sectional associ-
ations between urinary Se and DNAm at select sites analyzed in
1989-1991 among American Indian adults. However, our hypothesis
that DMPs associated with Se would be enriched in selenoproteins and
genes related to oxidative stress was not confirmed. We did not observe
robust epigenome-wide associations between Se and DNAm in a rela-
tively well-powered analysis. This suggests that the impacts of Se on
health may not proceed mechanistically via DNAm. However, identified
sites may still be relevant for future work on DNAm exposure bio-
markers. Future studies should examine additional mechanisms of Se
impacts on health in American Indian populations, including explora-
tion of these relationships prospectively and the potential role of
differentially methylated sites with disease.
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