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Abstract

Metal exposure estimat@sestablished biomarkers, epigenetic biomarkers aasdciations

with cardiovasculaoutcomesn the Strong Heart Study

Wil LiebermanCribbin

Cardiovascular disease remains the leading causing of death worl@widgcan
Indians experience an elevagaevelancef cardiovascular disease (CVD) and chronic metal
exposurs. Determining the impact ohetal exposuresn CVD caninform prevention and
exposurgeduction strategies. This dissertation \&tdlvancesnvironmental monitoring and
biological monitoringof lead, uranium, and seleniueposuresising both established
biomarkers andiovelepigenetic biomarkertt® determine the associations oétals with CVDQ
leveragingthe Strong Heart StudsHS) a prospective cohort of CVD and its risk factors
among American Indian adults from tribes and communities in Arizona, Oklahoma, North
Dakota, and South Dakota.

In Chapter 1, weliscuss lead, uranium, and selenium, sources of exposure, and relevance
to cardiovascular disease. This includes an overviawatéltoxicokinetics and how we can
assess these contaminants in both established biomarkers, including blood and urine, as well as
in epigenetic biomarkers.

In Chapter 2, westimated urinary uranium concentrations from data on uranium in water
among Strong HeaRamily Study participantsThese estimates were derived from relationships
between urinary uranium and water uraniassessed iBtrong HearEamily Study(SHFS)
participantgn=1,356) Predictions were made using generalized linear models and included

demographic and clinical participant characteristics in addition to other metal contaminants



measured in water and urine. Tio®t mean square errRMSE) of the prediction model was
1.01, andpredicted urine uraniutevelswere comparable (median: 0.04y creatinine 25"-
75" 0.020.08p fg creatining to urine uraniunmeasured ithe SHFS (0.04 (g creatinine
0.020.07u (g creatining These findings emphasize tbentribution ofuranium in wateto
urine uranium(reflecting internal dogeand demonstrate thielevanceof estimating metal
contaminants in urine for the SHS to inforelatonships with health effects

In Chapter3, we evaluated whetharrinary uraniunconcentrations werassociate with
measures of cardiac geometry and funatigmmongl,332American Indiaryouth and young
adultsfrom theSHFS Transthoracic echocardiography and blood pressure was assessed at
baseling2001-2003)anda follow-up visit (20062009). We estimated mean differences in
measures of cardiac geometry and funatigrat baseline and followp using linear mixed
effect models with random intercept and slope over.timélly adjusted mode)salog-
doubling ofurinary uranium was positively associated with Ventricular (LV) mass index
(mean difference: 0.4§/n?, 95% CI: 0.070.92g/n7), left atrial systolic diameter (0.@2n,
0.02-:0.03cm), and stroke volume (0.66L, 0.251.08mL) atbaseline At follow-up, uranium
was associated with increases in left atrial diameter @®.020.03cm), pulse pressure (0.28
mmHg, 0.050.52mmHg), and incident LV hypertrophy (OR:25 95% CI:1.06, 1.48) These
findings support the need tietermine the potential lortgrm clinicaland subclinical
cardiovascular effects ahronic uanium exposure the general population, and the need for
future strategies to reduce exposure.

In Chapter, weevaluatd if blood leadwas associated with CVD incidence and
mortality in1,818adult American Indian participant8his study estimatethe risk of incident

CVD and CVDdeathsn models adjusted for demographic, lifestyle, and cardiovascular risk



factors Blood lead levels in American Indian adults were associated with increased risk of CVD
andcoronary heart disea$€HD) incidence and mortalitythe hazard ratio (HR) (95% CI) of
mortality per change across thé"820" quantiles in blood lead was 1.15 (1.030) for CVD
overall and 1.22 (1.08.37) for CHD. The corresponding HR was 1.11 (21(2) for incident
CVD and 1.12 (1.04.25) for incident CHD. These findings contribute to the evidence of lead as
a CVD risk factor at low levels and hidiight the importance of further reducing lead exposure in
communities across the United States, including American Indian communities.

In Chaptelb, we leveraged novel epigenetic biomarkers of lead exposure to investigate
their association with cardiovascular disease (CVD) incidence and mortality among 2,231
participants of the Strong Heart Study. Blood DNA methylation was meassiregithe
lllumina MethylationEPIC BeadChiat baseline (1983991) andepigenetic biomarkers of lead
levelsin blood, patella, and tibia wesestimated using previoustieveloped biomarkeiof DNA
methylation at specifi€pG sites. In adjusted models, the hdzatio (HR) (95% CI) of CVD
mortality per doubling increase in lead epigenetic biomarkers were 1.421(81D)ffor tibia
lead, 1.22 (0.93..60) for patella lead, and 1.57 (1-28.1) for blood lead. The corresponding
HRs for incident CVD were 0.99 (0.8319), 1.07 (0.894..29), and 1.06 (0.87.30). The
association between the tibia lead epigenetic biomarker and CVD mortality was modified by sex
(interaction pvalue:0.014), with men at increased risk (HR42, 95% CI:1.17..72) compared
to women (HR1.04, 95% CI:0.891.22). These findings support that epigenetic biomarkers of
lead exposure may capture some of the disease risk associated with lead exposure

In Chapter6, weinvestigatel theassociatiorbetweerurinary seleniumevelsand DNA
methylation(DNAmM) among 1,357 participants free of CVD and diabetes iSH®.Selenium

concentrations were measured imar(collected in19891991)using nductively coupled



plasma mass spectrometBPNAm in whole blood was measured cregstionally using the

lllumina MethylationEPIC BeadChifB50K) Array. We used epigenomeide robust linear
regressions and elastic net to identify differentially methylated CpG sites associated with urinary
seleniumlevels.Across 788,368 CpG sites, fivéfdrentially methylatedpositions (DMP)
(cg00163554cg18212762cg25194720cgl11270656cg0088629Bwere significantly

associated with Se in linear regressions after accounting for mualtipiparisons (false

discovery rate ywalue:0.10). The topassociated DMP (cg00163554as annotated to tH&isco
Interacting Protein 2 Homolog MI1P2C) gene which relates to transcription factor binding.

Future analyses should explore these relationships prospectngityvestigate the potential

role of differentially methylated sites with disease endpoints.

In Chapter7, weevaluated if declines in blood lead were associated with changes in
systolic and diastolic blood pressure in adult American Indian participants frdiHf®
(n=285. Usinggeneralized estimating equatsya significant norlinear association between
declines in blood lead and declines in systolic blood pressure was detected, with significant
linear associations where blood lead decline was 1 pg/L or higher. These findings suggest the
need to further study ¢hcardiovascular impacts of tazng lead exposures and the importance
of lead exposure prevention.

In conclusion, weihd thatestablished biomarkers of metal exposure reflecting internal
dosesuch as blood and urine, as well as epigenetic biomarkers of metals expestees
associated witBubclinical CVD andCVD incidence and mortality. Findings concerning blood
lead emphasize that low levels of leathainrelevant for CVD, and declines in blood lead even
whensmall (10-10.0 pg/L), were associated with reductions in systolic blood pressorelly,

we present that urinagyraniumlevelswere adveselyassociated with measures of cardiac



geometry and left ventricular functioniagnong American Indian adults, and that future
attention must be paid to investigatiagsociations witkubclinical disease. We also find utility
in using epigenetic biomarkers to capture CVD riskjlaa &nd blood epigenetisiomarkersof
lead wereassociatedvith increased risk o£VD mortality, and uinary seleniumwas associated
with distinct changes in DNAmAIthough further work must further validate these epigenetic
biomarkers irdifferent populations, future work must continue to investigate these epigenetic

biomarkers given their potential to capture CVD risk.
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Chapter 1: Introduction

1.1The global burden of metalsexposure relevance of lead, uranium, and selenium
Exposure to metals is a widespread and understated global health cblureams are

exposed to metals from both natural and anthropogenetic sbuvtetals naturally occur in the

earth’”s crust, and can be found in soil,

depending on climate and geolo@kcessive exposures occur when these metals are

concentrated in the environment, particularly in phases that are easily taken into tHéobody.

example, veathering over time as well as volcanic eruptions can mobilize nmgtaldrinking
waterand can contribute to expostifeHumans often contribute to contaminant mobilization
and transport-or exampleanthropogenic activigs including mining, smelting, and other
industrial production and processiogn affecexposure by redistributing contaminants,

affecting metal solubility, transport and exposure pathwagselerating trends gfopulation

wat e

growth, globalization,urbanizationjndustrialization, and desires for new sources of energy have

all contributed to increadeextraction of metals, resulting extensivecontamin&on of the
environmentThere is considerable evidence that the numbers of people affected by
contamination in the world is increasing despite improvements in technolbbisglissertation
will primarily focus ontwo nonessential metals, lead anchnium,as well as one essential
elementselenium.

1.1.1Lead

The general population is exposed to lead through drinking water, food, ambient air, and

dust. While exposure to lead has been declining in the United States due to public health

interventiors, inclusion of leadn gasolinefor aviation paint products, and plumbing



components are continuing sources of exposure gldBaldespite this success, considerable
lead exposure persists and is widespread across thé world
1.1.2Uranium

Uraniumis a naturally occurring element found in rocks, sediments, and soils and is released
into the environment through wind and water eroSidmthropogenetic mining, milling and
other forms oluraniumprocessing has the potential to mobilizaniumdeposits into water,
representing an additional sourcecohtaminationAs theradioactive decay of uranium is on the
order of billions of years, the chemical toxicity of uranium is more relevant for human health.
Uraniumcanbioaccumulate in plants and animalad the main routes of exposure are via diet
and drinking watéx
1.1.3Selenium

Selenium is an essential nutrient for humans and is a naturally occurring metal commonly
found in rocks and soflsThe nutritional functions afeleniumare achieved by proteins
incorporatingseleniuminto theamino acidselenaysteine termed selenoproteins, which play
key roles in processes related to oxidative stel®tably,seleniumhas a narrow physiological
concentratiomange, with both deficienciesd excesseleniumexposure associated with
adverse health outcomesl&iumintake primarily comes from animal food, plant food and
groundwater, while releasessdleniuminto the air and water mainly originate from the burning
of coal and fossil fuefs Research has identified elevassdeniumievels in plants and animals
downstream of uranium mining operatidh's, suggesting potential contamination originating

from industry, as well as bioaccumulation in ecosystems that could influence human health.

1.2Water as akey exposure source for metals



In the United States, people rely on both public water systems and private wells for
drinking water.These dnking watersupplies can beontaminated with metgland thus serve
as akey source of human exposure. In response to the Safe Drinking Water Act of 1974, the US
Environmental Protection Agency (EPA) regulates and routinely monitors levels of contaminants
in drinking water. For different contaminants including metals, the Bs\pauts forth
maximum contaminant leve(MCLs) and MCL goals (MCLGshtat balance the health effects
of exposure and cost for regulation into recommendations.

While regulation forthe MCL of uraniumin public water system&0 pug/L)took effect
in 2008, no MCL was regulated in the US prioths time and those relying on private wells
are not subject to this regulation. Research has shown that uranium is detectable in over 50% of
public water systemsndthere are racial and ethnic disparities in expdéuwéth areas of
higher proportions of Hispanic/Latino and American Indian/Alaskan Native residents associated
with higheruranium concentratioria public watet®. Uranium concentrations in water are
further sensitive to redox conditions of aquifer rocks, which can vary among aquifers according
to thechemical composition of rocks/sediment and differences in groundwatér laggeneral,
uranium is more soluble in oxidized forms, andrenlikely to stay dissolved when pH is slightly
alkaline, and there are high concentrations of bicarbonate oresttfat

Water uranium exposure is particularly relevant for American Indian communities given
their proximity to historicamines and ore processinuaturally occurring uranium irocks and
associated surface and growader, as well as the historicaisufficientregulationsof uranium
in drinking waterNationally,about 2% of the US is part of an American Indian Reservation, yet
around 20% ofiraniummines are located within 20n of thoseReservatios, with an estimated

286,346 people atsk?®. This increased burden is exacerbated by the reliancgigienous



communities on private wells for drinking watktany American Indian communities, including
those in thestrong Heart StudySHS), rely on private wells for drinking water atftlisface a
disproportionate lack of access to public water systems compared to the rest of'tieThs
limited water samplingompleted to date isome tribacommunitiesn South Dakotdas
documentedurface and groundwvateruraniumconcentrations above the M&LThese findings
are consistent with initial sampling results from SHS communities in the Northern?Péins
However,much more data is needed in Indigenous communities to support public health,
includingrenewed efforts for testing, monitoring, amgulation.

The MCLgoalfor lead is 0 and action must be taken to reduce exposure if lead
concentrations are measured above 15 pg/L in water. Lead has many sources of exposure due to
its use in gasoline, paint, and other products prior to widespread bans in the Hewgs/er,
lead is still refined and processed in the(Bcial and socioeconomic disparities persist in
exposuré®3, and current exposure from drinking water mainly stems from corrosion of water
infrastructure. Degradation of leadntaining infrastructure and associated exposure has gained
national attention due to a series of watgses in the US, resulting in anewed need to
determine impacts of exposure in watéf Other exposure pathways, including inhalation of
particulates, ingestion of paint and soil, also are important for lead, and are inequitably
distributed.For example,riequalities in airborne lead exposure also affect disproportionately
disadvantaged communitiés

Selenium is also widespread in drinking wateathwelevatecconcentrationgften
attributed tonatural erosion, ming, coakfired power plants, oil refineries and agriculttrén
the SHS, dietary intake is the primary source of selenium, and some communities reside in areas

with high concentrations of Se in soil, resulting in high levels of selenium in plants and animals



and elevated intaké8-7 2 4 ) gompagey to the general populafioif. Currently different
standards foselenium in water exist across the world. In the US, the MCL/MCLG is 50 ug/L,
while the World Health Organizaticemd European Uniosuggestbut do not enforce, more
stringent standardsf 40 pg/L3” and20 pg/L38 respectivelyAdding to these differing standards
are calls to reassess safe upper limitsebénium in drinking waté¥, and the need for
epidemiological evidence of health impacts of chronic exposure to seleniumagviaksrange

of concentrations.

1.3Metals and cardiovascular disease

Cardiovascular disease (CVD) is an umbrella term capturing a group of disorders of the
heart and blood vessels. This capturelseBrt failure and@oronary heart diseaseitivthe latter
encompasdag myocardial infarctiorand angina, 2) cerebrovascular disease, including stroke and
transient ischemic attacB) peripheral artery diseasderived from blockages in arteries of the
extremities, and 4) aortic disease, includaagtic aneurysi?*% CVD is the leading cause of
mortality globally, with an estimated 19 million deaths in 281§ andthe prevalence of CVD
remains anain barrier to achievingnited Nations Sustainable Development GaEforts to
reduce CVD hee traditionallyfocused on cardiometabolic and behavioral risk facgursh as
high blood pressure, dyslipidemia, obesity, and diabetes, as well as diet, physical aotvity,
tobacco us¥. Recently, there has been increasing recognition of modifiable environmental

drivers of CVD,with a focus onndoor and outdoor air pollutiéh?®.

Theimpacs of environmental metaisn CVD is underecoginzeéd®C. Epidemiological
and experimental evidence has emphadilzatiead, cadmium, and arsenic, all listed as

chemicals of public health concern according to the World Health Organizatiorskafisctors



for CVD*95%4 Despite tlese pioneering studigthere isconsiderableeed foradditional
researcho characterize the effects of metals on the cardiovascular system, especially at low
concentrationandgivenchronic exposureevidence concerning legaedominantlystems from
National Health and Nutrition Examination Sur{®JHANES) datg and there remains need to
replicate findings in different populations, including in American Indians, which are not well
represented and sampled in federal health sutveéysrther, therés a lack of prospective cohort
studies olead andCVD, as well as a focus @ubclinicalCVD outcomes. Furtheprior

research has focused osraall panebf metals includingarsenic, cadmium, and leXdDespite

its ubiquityas a contaminant, few studies have examined relationships between uranium and
CVD. Uranium inducsrenal toxicity, andhas beemelated to hypertension in occupatitiga
exposed populatioR$ Seleniumis an essential nutriemindepidemiological studies and clinical
trials d seleniumand CVD are conflicting, with some studies showing inverse associations with
coronary heart diseaSghigh density lipoprotein (HDLgholesteral andtotal cholestero®,
otherstudiesreporting null relationshi8%2, and findings emphasizing a risk@¥D at high
urinary seleniumconcentration®. This thesis focuses on addressing these shortcomings in our

understanding of these metals and CVD.

1.4 Cardiovascular health in American Indians and the Strong Heart Study

Across the Wited StatesAmerican Indiarpopulations have disproportionately high rates
of CVD prevalence, mortality, and associated fakors, including hypertension, obesity, and
tobacco smoking, compared to other racial/ethnic gfdGpahis includes a 50% increased
likelihood to be diagnosed with CHD and a 50% increased likelihood to be current smokers

compared to noiispanic white®. Additionally, an increasing body of literature recognizes



metal exposures as risk factors for CV/#¥ and that Anerican Indiansire exposed to variety of
toxic metal§”°°. Findings from the SHS specifically has identified that disparities in CVD risk
factors such as smoking, systolic blood pressure, and diabetes remameiacah Indians
despite modest decreases in CVD incidence overtitheddditionally, results from the SHS
have identified various chronic toxic metal exposures associated with increased CVD risk,
including arsenic (ASf’4 Howeverthere is need to determine the CVD impact of lead,
uranium and selenium on CVD in American Indian populations, particularly at low levels.

The Strong Heart Study (SHS) is angoing prospective cohatudy ofCVD and its
risk factors among American Indian men and women supported by the National Heart, Lung, and
Blood Institute (NHLBI)"® and offers an exceptional opportunity to link environmental exposures
to CVD. Within the SHS, hadults 45-74 years of age were invited to participet¢he Phase 1
baseline exam (1989991)% 75 and participants were-evaluated at Phase 2 (199895) and
Phase 3 (1997999) study visits. To extend the SHS into a multigenerational cohort derived
from the original SHS familieshe Strong Heart Family StudysHFS wasinitiated with a pilot
study conducted during SHS Phase 3 (19999)and reevaluated at Phase 4 (26R203) and
Phase 5 (206@009) Both the SHS and SHFS utilizestandardized methodologynd collected
sociodemographjanedical history, physical exams, and provided biological samples.
Surveillanceof morbidity and mortalityoutcomes are ongoiffty’, with outcomes and deaths are
identified through coordination between Field CentiégrsCoordinating Center, and

Surveillance Reportingnd current through 227677,

1.5Toxicokinetics of metals



The toxicokinetics of leadxposure through inhalati@re well establishegmall
inorganic | ead particles (<2.5 pm) are well a
transported into the esophagrsd then injestédl Inhaled organic lead particles are similarly
well absorbed (680%) after depositiofl. Gastrointestinal absorptidallowing water or dietary
exposuras influenced bythedose ingested and théherentcharacteristics of what is ingested
(e.g. size, solubilityf. Several personal characteristitsoinfluence absorption including age
and pregnancgtatus For example, gastrointestinal absorption is higher in children compared to
adults, with estimated 480% absorption in those 2 weeks to 8 year®8léind 310% in
adult$?®, This is likelydue to the biologically immature nature of the bkiwdin barrier as
well as liver detoxification systerftsChildren can also have lower glomerular filtration rates,
leading to differences in excretion of I8&dhdditionally, those who are iredeficient”:88
calcium deficieri®® and those who are fasting have increased absdtptfofihis can be
explained by the similarity of lead and calcium as divalent cations and the ability of lead to
replace calciunin variousreactions in the ddy?®. Genetic polymorphisms includirdglta
aminolaevulinic acid dehydrata@ALAD ) and VDRcan also alter the toxicokinetics of lead
and affect accumulation of lead in béh@®ermal absorption is not considered a relevant route
of absorption in comparison to inhalation and ingestion

Lead is distributed in the bodgllowing absorptionin the blood compartmentleadis
mainly found in red blood cells (99%73, although the exact mechanism of transfer across cell
membranes is uncertdfi?>. Lead has been shown to interfere with heme synthesis and induce
anemid®®”. Once in red blood cells, lead binds to intracellular proteins, mé&iatypinolevulinic
acid dehydratas@\LAD )°1% |ead bindinglisplaces zinc, whichormally binds to ALAD

under physiological conditionand inhibits the activity of ALAB?1% Lead has also been



shown to bind albumin and other proteins in pladtmBlowever, the majority of the body

burden of lead is found in bone in both adults (>90%) and children (1%3%)d this
concentration increases with atfeDue to the interface between bone and plasma, bone lead can
continue to be a source of leiadblood after elimination of lead froexternal sourcé In

bone, lead replaces calcium in ttrgstalline matrixof bone, is deposited during periods of bone
growth, and is further released into the bloodstream during bone restfptfomn childhood,
calcification primarily occurs in trabecular boneéhichis therefore the main site of lead
accumulation, while in adulthood, calcification occurs in both cortical and trabecular bone and
lead is deposited in both of these bone t§{feNotably, physiology is known to affect release of
lead from bone to the bloodstream, including pregnancy, aging, menopause, lactation,
osteoporosis, and severe weight 18%$° Inorganic lead forms complexes with both
extracellular ligandsalbunin and nonprotein sulfhydrgroups, intracellular ligandand
proteins(e.g.ALAD) "8 Lead is primarily excreted in urine and feces (33% of excretiwitt)

sweat, saliva, hair, nails, breast milk, and seminal figjstesentingninor routes of excretidh®

114 Currently, the mechanisnfisr excretion of inorganic lealdave not been fully describgd

part due talifficulties in measuring the glomerular filtration rate of IEa®@he halflife of lead

in blood isroughly 2 months while the halffe of lead in bone is on the order of years to
decade¥®1® Lead toxicity results in disruptions to a variety of organ systems, including the
digestive system, nervous system, respiratory system, reproductive system, and cardiovascular
system'’, with the nervous system identified as the most sensitive target of toxicity. Lead has
been associated with vascular damage, as well as with hypertension and cardiovascular

diseas&'®,



Uraniumcan be absorbed through ingestion, inhalation, and dermal routes, although
absorption is low (0-6.0%) in the gastrointestinal traghd the majority of uranium entering the
body (>95%) is not absorbed and excratigdctly via fece$. Inhaled uranium is estimated to be
absorbed at a range of 18%6, and there is limited evidence on dermal absorpGenerally,
absorption is related to the solubility of the uranium compound, with more soluble compounds
such asuraniumtetrachloridediexafluorideor uranyl fluoridénitratebeingmore rapidly absorbed
into the bloodstream following inhalation and deposition in the lungs. Following ingestion,
evidence from animal and human studiéso supports that increasing solubility corresponds to
increased absorptiéi'® Uranium can be found in all human tissues, althauighmainly
distributed into the kidneys, liver, and béffelt is estimated that the total body burden of
uranium in adults is 9Q gwith two-thirdsof this burden found in borgue to its propensity to
form or be incorporated within insoluble phosphate structures that are abundant'ifl Bowee
abundance of uranium body burden in boneldees supported following inhalation and oral
exposuré?l. The halflife of uranium in bone is roughly 7200 days, between@& days in the
kidney, and any uranium not incorporated into bone exits the body system within a fe weeks
In plasma, uranium igresent in a variety of solubb®mplexes, such as bicarbonate, citrate, and
other proteins in order to be filtered in the kidneys and exéréted In bodily fluids such as
blood, tetravalent uranim (U*") is oxidized to ultimately form the uranyl iod©2?*). Both
experimental and observational studies support uranélated kidney damage, as excretion of
absorbediranium is mainly through the kidnt2¢,

The main exposure route of selenium in humans is ingéstigh andselenium
compounds are absorbed to -B®%6 of the administered dosgepending on the form and

oxidation stateStudies concerning inhalation of selenium are limt@&t° and are mainly
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performed in occupational settiftds After ingestion, selenium containing compounds are well
absorbed in the gastrointestinal tract, although evidence suggests that absonpiiactedy
selenium specié¥ 134 There is ongoing research concerning the bioavailabilitliftgrent
selenium species and hdheyvary across diet and regiB&**> Organic and inorganic selenium
species are shown to have similar distribution patterns in the BetBnium ultimately
accumulates in many organs, with liver (range of @3 pg selenium/d® and kidney (range
of 0.361.29 g selenium/§’) having the highest concentrations in ad@slenium can also be
found in plasma in the form of selenoproteins bimtling toalbumin3. Selenium metabolisis
complex andbccurs in the liver, where selenium is mainly included in selenoprasins
selenocysteineia the transulfuration pathw&y 4. There are four categories of selenoproteins,
including seleniurrspecific proteinsthe seleneamino acidselenocysteinand
selenomethionineand seleniddinding protein¥*2. Most selenoproteins are involved in redox
signaling and includelgtathioneperoxidase¥®, thioredoxinreductase’$* iodothyronine
deiodinase¥”®, and seleniuntransport proteiné®. Excess selenium is methylated in urine and
eliminated*’, transformed into monomethylated selenium in-Exposure conditior® and into

di-methylated/trimethylated selenium in higéxposure conditior’.

1.6Mechanisms ofhealth impacts
16.1Lead

A main mechanism of leactlated damage is through the disruption and displacement of
essential metal ions suchiasn, calcium, zinc, magnesium, selenium, and manganéseh are
incorporated into proteinsnd carry out important biological functidhs>® Two examples are

calcium homeostasis, where lead replaces calcium and disrupts chfdiathprocesses of
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energy metabolisngpoptosis, cellular motility, signal transduction, and hormonal regui&tion

and disruptions of cation transport tigcreasing the activity of ATPase&s Lead also promotes
oxidative stress in a variety of tissues through the generation of reactive oxygen species through
both the inhibition of ALAD andby reactive oxygen species leadindippd membrane
peroxidatiof®1°2 |ead has also been linked to inflammation in different cell types, potentially
resulting from reactiv®xygenspecies generation as well as through promotion ef pro
inflammatory signaling and cytokine productiéhh Mechanisms of damage may also be related

to epigenetic effects such as changeBNA methylation DNAmM) as well as in
mitogenesi®1>3andincreased apoptosis after lead expoSirdany of thesemechanismsre

known to bdinked and not independent of eaaother.

1.6.2 Uranium

The kdneys are the main site of uraniuslated damage, which is primaragtributed to
the chemical toxicity of uraniumThis specifically includeglomerular and tubular wall
degeneratiol*1°, One mechanism of damage proposes that after uranium combination with
bicarbonate or a plasma protein in blood, uranium is released in the kidneys and forms
complexes that bind to the tubular wall of the proximal convoluted tubule and glomerulus that
cawse damage A second proposed mechanism of damage is urarelated inhibition of
mitochondrial ATPase activity and sodium transport tadtices théunctionality of the
epitheliumin the kidney*®”. Metals including taniumgenerallyinduce toxicity through
promotingoxidative stress and inflammatioand this may represent a pathway that leads to
CVD. The relationship between CKD and CVD is influenced by a variety of risk factors such as

diabetes and high blood presstfeReduced filtering of blood given kidney disease also results

12



in a buildup of various producgecumulatingn the bloodstream, such aRemocysteine, which

can damage blood vesséfsMetal exposure is linked to atherosclerosis, which is a progressive
disease in which inflammation plays a key te1é® It is important to recognize hometals

such asiranium can have different effects on the development of CVD along the progression of
atherosclerosig-urther, wanium may be related to CVD through changdadneyfunctionand

blood pressurewhich is known to increase CVD risk.

1.6.3 Selenium

The mechanisms underscoring selenium toxicity are widely unknown, espéuialigh
chronig low-level exposure conditions. Watepluble forms of selenium are more readily
absorbed and can result in acute toxfci8elenium is known to substitute for suliirt®? and
replacement and inactivation of sulfhydryl enzymes could be relevant for acute selenium
toxicity®3, Toxicity is alsothoughtto resultfrom i sr upti on of sel eni um’
glutathione peroxidasethioredoxin reductases, and iodothyronine deiodindsadence
supports that selenium intoxication results in oxidative $ffe¥¢ Seleniunpotentially can
affect the redoxegulating activities ofjlutathione peroxidase including protectiomagainst
inflammatory hydroperoxidé® and suppression of gene activatfinSelenium has also been

linked to inhibition of apoptosis through an overexpressiagiuifithione peroxidass®’.

1.7Established biomarkers of metés
Traditionallymetals can beneasured im variety of media, includingrine, blood hair,
toe/finger nails, bone/teeth, plasma, or serbuat a biological knowledge about the

transformatiorand excretiorof eachmetal is needetb ensure given biomarkepgovide an
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appropriateeflection ofthe internal dose af givenmetal®®, In other wordsexposure tdoth
essential and neassential metals can be captubgdneasuring the metal concentration in one
or more of these media (eapresents “biomarket), with each biomarkereflecing a
window of exposuraccording to the halife of the biomarker in the body

In this dissertation we evaluatenetal biomarkersf urine uranium and blood lead. The
concentration of uranium in urinebglieved tareflectof the total internal dose of uranium. The
concentration of lead in blood is a common measure to reflect the total internal dose of lead
which reflects both endogenous and exogenous sources olffié€2ahpter 2, we rely on
estimates of uranium in public drinking water systems, and use these to estiaratd
exposure among SHS participaosng urine biomarkerd his exposur@ssignment is subject
to multiple sources dbias, in terms of measurement error among water sangflimganium
error introduced across space as we average estimates at the ZCTA level, and the possibility that
water estimates are not consistent dlaertimeperiodof the SHSWe thenrelate water uranium
concentration$o urine measureswhich serveas a reflection of the total internal dose of
uranium In Chapter 3, we then relate urine uranium measureshocardiographic measures,
which themselves can captwugebclinical disease. In the molecular epidemiology paradigm,
these echocardiographic measures of cardiac geometry and functioning reflect a preclinical
effect, prior to the onset of clinical cardiovascular disease.

Lead can be measured in whole bloadine, bone, teeth, nails, and R&it’L The
majority oflead in the body istered in bone, and tHeng half-life in bone(years to decades)
reflects cumulative exposufé In bone, ead levels can be measured +iovasively withK -
shelland L-Shell X-ray fluorescence spectroscépy’?1’4in bothtrabecular bonée.g.patella

or sternum and cortical bone (e.¢jbia or ulng’®"> In blood, lead reflects both endogenous
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sources from bone as well @sogenousources from the environment, with a Hift of 1-2
months®® As such, the amount of lead that is stored in bone and released into the bloodstream
affects the concentration of lead in blcat affects the internal dogeecent research has also
measured lead ishedteeth, which can serve as a cumulative measure of exposure across
different windows othild development’®178 Research has identified thagaternal blood lead
|l evels are highly correlated t &% andldadlevels el s m
at birth were highly correlated to lead in cord blood and lead in materndfb@ther
biomarkers of hair, urine, plasma, and naften donot correlate well with other measurements
of lead, especially at lower concentratioasgdthus are considered poor or limited biomarkers of
exposuré®®1’t Urine lead has been utilized as a4movasive method to capture lead exposure,
especially among occupationally exposed populations, but a creatomreetion is needed if
relying on spot urine sampfé%181.182However there is concern that urine lead levels weakly
correlate with blood lead levels, especially at lower Iéf&land debates over the utility of using
urine lead in the general population is ongofhéf3

Uranium can be measured in urine, feces, bone, soft tissue, nails, affetRdifranium
in soft tissue and bone can reflect the distribution throughout the body, altin@uniim cannot
be measured neinvasivelyin these speciméff, andmeasurements atsually assessed after
death and arthusnot usefulin the general populatidnLess data exists on hair and nails as
uranium biomarkersalthough these could be used to reflect recent (wewkghs) exposuté’.
Occupational and environmental exposure to uranium is mainly assessedf¥ wvimnieh can
indicate recent and chronic exposdté®and correlates well to levels in the environm&nAs
mostabsorbediranium is excreted via the kidné$s uranium concentrations irrine samples

andcorrected for creatinine are considered the gtdehdard for the assessing the uranium body
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burder. As uraniumis an established nephrotoxicgkitiney biomarkers such astinol binding
protein B Zmicroglobulin, Nacetytp-glucosaminidaseandalbumin measuredan be measured
in urineand be used as specific measures of kidney dysfuttiSai® Retinol binding protein
can reflect proximal tubule injury and impaired proximal tubular fun&tton whié | e B2
microglobulin can reflect glomerular dama¥eN-acetytp-glucosaminidase captures renal
tubular damag@’, and albumin represents kidney damage as albumin passes into urine.
Additional work has extended biomarkers of kidney damage to examine gene and protein
expression in kidney cells after uranium expo5tir&°. Genotoxicity and oxidative stress
indicatorscan be useful to study the effects of urarfitintranium is genotoxic, and is related to
cell mutationsandchromosomatiamagé®2%3 micronuclei formatioff4, and disruptions in the
cell cyclg®. Uranium can alsmmduce oxidative stre€$21° and result in markers of DNA
damagé'*2*3 such as thymine glycol anddoguanine

Total ®leniumconcentrationrather than individual specias,the most common
biomarker of selenium exposuf®elenium concentratiortmn be measured plasmaplood,
urine, feces, nails and h&iBeleniumcan also be measured in many organs kidgey, liver,
pancreas, cardiac and skeletal mysalae to its incorporation into proteii§ Seleniunievels
in red blood cellsnayreflect recent exposure, with a hife of two monthé'*. While studies
have used whotblood for assessing selenium stateié's it can be challenging wifferentiate
the cellular and nogellular components of seleniumvrhole blood*’. As such, plasma is the
preferred biomarker for assessing selenium status, which mainly reflects selenium incorporated
into selenoproteirt4’. Broadly, selenium status has beasessed in erythrocytes, lymphocytes
and buccal cells in humait§ Usingerythrocytegso measures of selenium status is similar to

assessing selenium in plasma, although buccal cells provide a minimally invasive option to
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as®ssing selenium stafi}$2!® Specific seleniurtontaining compounds also can be quantified
and used as a biomarkd@he most common selenoprotein is Selenoprotein P, which can be
assessed with immunoas$&y?!, and has a halffe of 2-4 weeks reflecting recent exposure.
Furtherselenoproteins, such as glutathione peroxidase 1 and 3 (GPX1 and GPX3), are a subset
of glutathioneperoxidasesind are considered biomarkers of selenium funttion

Additionally, selenium in &ir and toenails hee been shown to correlate well with selenium
concentrations in blood and plasitt&?2 Toenail selenium also correlated well with dietary
selenium, and is a marker of exposure from 6 months to &3e¥ssessing selenium in hair
however is complicated by contamination from hair products and is not considered a choice
biomarkef?3224 Selenium ismetabolizedria methylation and excreted in urine, although the
excreted fornr{monomethylated vs trimethylated selenium) varies by selenium dose, and it is
important to assess all methylated folfAsUrine selenium has been used in the literature in
relation to health outcom®&8228 Selenium can also be assessed in cord blood and the

placent&®230

1.8Epigenetic biomarkers of metals

DNA methylation(DNAmM) is an epigenetic mechanism which regulates gene expression
through the addition to or removal of methyl groups from cytesim®NA3L These sites are
referred to as Cp@&ytoshe-phosphateguanine)sites DNAm plays a number of roles in the
body that aressential for health and developmentludingtranscriptional regulatiorgenomic
imprinting andX-chromosome inactivatidf?233 However, derations inDNA methylationhave
been associated with several dissaseludingneurodegenerative diseases, cardiovascular

diseasecancerdiabetes, and obestf{}?3. DNA methylationcanserve as a biomarker béiman
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healthand disease mechanisiti® and can provide information alisease diagnosis,
prognosis, and treatmé&?it Epigenetic biomarkers are advantageous due to their stability and
assessment in a variety of media, including blood andfifixposure to environmental metals
has been associated with changes in DNA methyf4tiétt These epigenetichangesan

persist over time, and cdlnereforeserve asndicatoss of both current an@revious
environmentametalexposuré®. Acrossthe molecular epidemiology paradigfh epigenetic
biomarkerscan alsaeflect a preclinical effect, in which a given amount of an exposure s@sult
measurablehanges in DNAnthathave relevance tearly-stage disease tw disease
progressionEpigenetic changes such as DNAmM can hAbsinterpreted as a signaturetiod
measured internal dose of an environmental metal exposghieh is independent of the
potential biological interpretation of that signatucenking DNAmM changes to gene expression
can also provide more information about the biologically effective dose relevant to disease
developmentln the Strong Heart Study, DNAm has been linked to a variety of adverse health
outcomes includingymphatic-hematopoietic cancefs, liver cancet*®, coronary heart

diseas#&"’, lung functio*® and insulin resistané®. The linkbetween metals exposure and
DNAm has largely focused on nassential metals such as arséfit® cadmiun3®?2%3
chromiunt®, and lead®?> as well as essential metals like selerfiti?® and ziné>%?%%, These
relationshipshavealso been examined in the Strong Heart Sttid§”262 although relationships
with lead and selenium have not been studiedegards to CVD, there is a further need to
utilize epigenetic biomarkeit® gain a further understanding of the relevantecular

mechanisms and pathwa§%2%*and inform clinical applicatior®.
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2.1 Abstract

Drinking water contaminated with uraniumasvidespread public health concée
developedrediction models to estimate urinary uranium levels from uranium concentrations in
water inadult American Indian participants from the Strong Heart Family Study (SHFS).
Uranium in urine was measured in 1,810 SHFS participants in2003 (Phase 4) and in 250
participants in 2002009 (Phase 5). SHFS data was partitioned into training (n=1,356; Phase 4
urine values), testing (n=254; Phase 4 urine values) and validatidBQnPhase 5 values)

datasetsContaminant estimateis waterwere generated based 8HFSzip code tabulation area
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(ZCTA) locations available at Phase 4 and Phas®ébused generalized linear models (GLMs)

to make predictions of urine uranium from water uranium, including metal contaminants

measured in water and urine, demographic, and clinical participant characteristics as predictors.
Medi an (p25, p75) wurine uranium was 0.03 (0.0
uranium was 0.63 (0.35, 4.01) wpg/L in Phase 4
0.05) ppg/L in urine and 0 eb5validgtin.d8abGLM2nodeld ) pg/
predicting urine uranium fromarine creatinine, watearanium,water arsenioyaterselenium

urine arsenic, urine selenium, center of recruitment, eGFR, sex, age, education, income needs,
smoking status, and BMI as predictors, resulted in the lowest root mean square error (RMSE) in

both the testing (1.011) and validation (1.066) data3¢isadjustedR? of this model was 0.30.

We estimated urinary uranium concentrations fparblicly available data on uranium

concentrations in water. These findings emphasize the contribution of uranium in water to

internal uranium in urine and demonstrate the relevance of estimating metal contaminants in

urine for the SHS to inform diseasekrend exposurprevention.

2.2Introduction
Drinking uraniumcontaminated water represents a major concern for United States
resident&®267 Uraniumis a naturally occurring element found in rocks, sediments, and soils
throughout the Uited Statesnd is released into the environment through wind and water
erosiorf. Anthropogenetic mining, milling and other formsuséniumprocessing has the
potential to mobilizarraniuminto water, representing an additional source of contamination.
Research has shown that uranium is detectable in over 50% of public water sgattms

there are racial and ethnic disparities in expdéuwéth areas ofhigher proportions of
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Hispanic/Latino and American Indian/Alaskan Native residents associatetighigruranium
concentrationn public watet®. While regulation formaximum contaminant level (MCIof
uraniumin public water system@0 pg/L)took effect in 2008, no MCL was regulated in the
United Stategrior to this time and those relying on private wells are not subject to this
regulation.

Water uranium exposure is particularly relevant for American Indian communities given
their proximity to historical anthropogenic activity, naturally occurring uranium in water, as well
as the historicahsufficientregulationsof uranium in drinking watemationally, around 20% of
uraniummines are located within 10n of an American Indiameservation, with an estimated
286,346 people at ridk Many American Indian communities rely on private wells for drinking
water and face a disproportionate lack of access to public water systems compared to the rest of
the United State€2%. Further, water sampling frosome tribal communitieie South Dakota
found surfaceand groundwvateruraniumconcentrations above the MELThese findings are
consistent with initial sampling results franibal communities in the Northern Plafig®
However, limited data exist arraniumwater sampling throughout tribal communities,
reflecting a need for renewed efforts for testing, monitoringregdlation.

Evidence supports that chronic, lot@ moderatelevels of metal exposures are
associated with increasdiseaseisk, particularly kidney damag&’#2%¢ However, wanium
remains an understudied metal potentially associatedmuittiple diseass. The Strong Heart
Study (SHS)a population of American Indian participants throughout the Northern Plains,
Oklahoma and Arizonagpresents an important population to understand the extent and
potential healtimpact ofuraniumexposureThis requires a comprehensive assessment of

uranium exposure as measured in water and urine. Urinary uranium levels, however, are only
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available in a kinshiibased extension of the original SHS study, the Strong Heart Family Study
(SHFS), but not in SHS patrticipants. Given the community concerns over uranium contamination
and limited data on urinary uranium levels in SHS participastanaing water uranium
exposurdevelsacross the entire SHS communigycritical.

In the proposed study, oprimary objective was to predict urinary uranium levels from
water uranium in the SH®lying on existing nationwidmeasurements of uranium in water and
relationships between urine uranium and water uranium in the SME&ypothesize that
available data can be used to estimaiee uraniumconcentrations at th&CTA and provide

estimatesn urineacross a range ofaniumexposure levels for SHS participants.

2.3Methods

2.3.1Population

The protocol was approved by institutional review boards (IRBs), participating tribal
communities, and the respective area Indian Health Service MiBmrticipantsprovided
informed consenfThe data underlying this article cannot be shared publicly in an unrestricted
manner due to limitations in the consent forms and in the agreements between the Strong Heart
Study tribal communities and the Strong Heart Study investigators. The data tandukts

external investigators following the proceduresl@dghed by the Strong Heart Study, available

at https://strongheartstudy.org/

The SHSis a participatory based cohort study of CVD and its risk factors working in
partnership with tribal communities in the Southwest and the Great Plam$9891991, all
adults aged 454 years were eligible for recruitméntA total of 4,549 adults were initially
recruited After excluding one community which declined further participaticiota of 3,516

menandwomen participated in the third physical exam in in 22989. To extend the SHS into
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a multigenerational cohort derived from the original SHS families, the SHF®Wwated with a
pilot study conducted during SHS Phase 3 (19999)and reevaluated at Phase 4 (202Q03)
and Phase 5 (20a8009) Families were eligible if they had a core sibship consisting of 3
original SHS participants and at least 5 additional living family merSefgiditional SHS
cohort family members 15 ges of age and oldevereenrolledduring thefirst exclusively
SHFS visit at Phase 2@01-2003.
In the currentinalysis, SHFS participants were eligible for inclusion if they had
geospatial information available that was linked to uranium water uranium concentrations
(N=2,744). Of these, we further excluded participants who were missing an estimate of average
uranum concentrations in water from 26Q010 at the ZCTA level, participants missing urine
uranium values, and those missing relevant predictors, resulting in a sample size of 1,610 for this

analysis.

2.3.2Water uranium data sources.

Water contaminants including uranium, arsenic and selenium, relied on previously
created zip code tabulation area level (ZCTainmunity water system (CWS) estimadiesived
from compliance monitoring record data from the Ef8AAs described previousl{!, uranium
concentrations within a given CWS were averaged acrossZmN As outlined in the
radionucleotides rule, this period includes samples either grandfathered in or samples from the
initial compliance period (200R2007), as well as samples takemidg the first compliance cycle
(20082016¥%L. Averaged arsenic and selenium concentrations in water were derived from
compliance monitoring records available fr@a@06-11. A linkage between ZCTAevel

contaminant concentrations and SHFS participant ZCTAs was made at the SHS coordinating
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center. Contaminant estimates were generated based on SHFS ZCTA locations available at Phase
4 (20012003) and Phase 5 (20@609), corresponding to when urinary measures are available,
and estimates were jittered by 208dimit the potential of identifying individuals by their

ZCTAs.

2.3.3Urinary uranium measures in the Strong Heart Family Study

Participantgrovided a morning spot urine sample at Phase IV and samples were stored
at-80°C at MedStar Health Research Institute, the central SHS biorepository and laboratory.
Phase IMurine uranium was assayed at the Trace Metals Laboratory at the University of Graz,
Austria using inductively coupled plasrmass spectrometry (IGKS) (Agilent 7700x ICR
MS; Agilent Technologies)’? The limit of detection (LOD) for uranium was 0.006 pg/L at
Phase IV. Values below the LOD (17.9%) were replaced with the LOD divided by the square
root of two.Phase V uranium was analyzed at the Columbia University Trace Metals Core
laboratory with ICPMS. The LOD for uranium wa$.0029ug/L. Uranium values equal to or
below a value of 0 (3.2%) were replaced with 0.00ne albumin, creatinine, specific gravity,
and other metals, including the sum of inorganic and methylated arsenic species, were measured
as previously described amgre available for this stuét?’2 Urine uranium values used here
were divided by wurine creatinine to account f

Other laboratory details and extensive quality control/quality assurance have been piiblished

2.3.40ther variables
As described previousls; dl participants provided sociodemographic anedical
history informationincludingage, sex, education, study cergérecruitment smoking status

(never, former, current), body mass index (BMia baseline questionnairggysical exams
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and laboratory analyseSstimated glomerular filtration rate GFR was calculatedsing age,
sex, anplasmacreatinine via the Chronic Kidney DiseasEpidemiology Collaboration

formula?’®.

2.3.5Statistical Analysis

All analyses were conducted in R version 4.1.1 and ArcGIS 10.8.2. Averaged-ZCTA
level uranium concentrations in water were displayed for SHS states (Arizona, Oklahoma, North
Dakota, South Dakota). In the SHFS, participavese split into training, testing, and validation
datasets. The training data was comprised of SHFS participants with urine uranium available at
Visit 4 (n=1,356). Predictions were tested in Visit 4 urine uranium values among the subset of
SHFS participats that had urinary measures aahblé at both Visit 4 and Visit 5 study visits (n
=254). Predictions were validated in the subset that had Visit 5 uranium values available (n =
250).We usedyeneralized linear models [®s) to predicturine uranium from water uranium
and additional predictor&or predictions made in the SHFS, all predictor variables were
measured at PhaseRredictor variables were progressively adofethe following order:
urinary creatinine (mg/dL), water uraniupng{L), water arsenici(g/L), water seleniumug/L),
urine arsenici{g/L), urine seleniumi(g/L), urine arsenicpg/L), study center, estimated
glomerular filtration rate (ml/min/1.73%) sex, age, education status (years), income needs (yes
vs unsure/no), smoking (never, former, current), and body mass indexX)Kdimael
performance was assessed using-meansquared error (RMSE) and by visualizing the
distribution of predicted urine uranium values compared to measured urine uranium values. A
sensitivity analgis was performed where predictions were tested in 20% of the training data
(Visit 4 urine uranium; n = 271), and validated among Visit 4 values among the subset of SHFS

participants that had urinary measures available at both Visit 4 and Visit 5 stislyrvis 242).
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An additional sensitivity analysis was performed using random forest withld @ross
validation,utilizing water uranium, creatinine, water arsenic, urine arsenic, urine selenium, water
selenium, center of recruitmenGER, sex, age, education, income needs, smoking status, and

BMI as predictors.

2.4Results
2.4.1.Descriptive characteristics

In the training dataset comprised of Phase 4 values, the median (p2&ap&5yiranium
concentration was 0.63 (0.35, 4.01) Tghlg).L and
Themedian (p25, p75) concentration of urine uranium, unadjusted for creatinine, was 0.03 (0.01,
0.06) pmg/ L and 0. 03 Talblel The medn (B80) age of pattigpardsrine at i n
the testinglataset was 37.7 (15.9) years and 41%. The median (p25ya&s)uranium
concentration was 0.59 (0.35, 3.12) wpupg/L and
(0.012, 0.07) Mg/ L. Among Phase 5 participants
water wuranium concentration was 0.59 (0.35, 2
uranium was 0.03 (0.01, 0.05) wpg/lL.

In GLM models predicting urine uranium, modeled on thedogle, the model utilizing
creatinine, watearanium,water arsenioyaterselenium urine arsenic, urine selenium, center of
recruitment, eGFR, sex, age, education, income needs, smoking status, and BMI resulted in the
lowest RMSE in both the testing (1.010) and validation (1.063) datdsdike (2). The RMSE of
predicted urine uranium (pgg/ L) was | ess than
testing (1.27) and validation datasets (1,28)well as the training data (1.21). The RMSE was
consistently lower in the second tertile of the distribution of urine uranium values, and higher at

tails of the distributionable 3). Visualizations of model performance in the testing and
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validation datasets are displayedrigure 1 andFigure 2, respectively. Results were similar in

a sensitivity analysis analyzing urine uranium predictions without Phase 5 data, using Phase 4

data exclusivelyTable Al). The sensitivity analysis using random forest witHfdl@ cross

validation resulted in a comparable RMSE (1.04) to GLM models. Urinary creatinine (100),

water uranium (80.8) and urine arsenic (56.2) had the highest variable importance for this

random feest model Table A2).

Table 1. Water and urine uraniugoncentrations and participant characterishdhe Strong
Heart Family Study at Phase 4 and Phase 5.

SHFS Training Data
(SHFS Phase 4; n=1,356)

Testing Data
(SHFS Phase 4; n = 254)

Validation Data
(SHFS Phase 5; n=250)

Water uraniun{ug/L)
median (p25, p75)

0.63 (0.35, 4.01)

0.59 (0.35, 3.12)

0.59 (0.35, 2.94)

Water arsenigug/L)
median (p25, p75)

3.39 (2.00, 4.88)

3.36 (2.00, 4.79)

1.75 (1.00, 2.23)

Water seleniunfug/L)
median (p25, p75)

0.43 (0.42, 2.10)

0.80(0.42, 2.10)

0.80 (0.42, 2.10)

Urinary uranium(pg/L) 0.03 (0.01, 0.07) 0.03 (0.01, 0.05)
median (p25, p75) 0.03 (0.01, 0.06)
Urinary arsenigug/g 6.28 (4.15, 9.79) 7.30 (4.82, 11.89)

creatinine) median (p25,
p75)

6.33 (4.11, 10.30)

Urinary seleniun{ug/g
creatinine) median (p25,
p75)

41.55 (31.25, 55.96)

43.47 (32.78, 56.98)

65.90 (41.95, 98.57)

Center, n (%):

Arizona 141 (10.4) 28 (11.0) 25 (10.0)

Oklahoma 672 (49.6) 107 (42.2) 107 (42.8)

North & South Dakota 543 (40.0) 119 (46.8) 118 (47.2)
Female, n (%): 776 (57.2) 173 (68.1) 172 (68.8)
Age (years), mean (SD) 38.2 (16.4) 35.5(12.9) 40.5 (12.3)
Education, mean (SD) 12.0 (2.2) 12.3(2.3) 12.0 (2.2)
Smoking status, n (%):

Former 281 (20.7) 60 (23.6) 61 (25.5)

Never 565 (41.7) 106 (41.7) 103 (41.4)

Current 510 (37.6) 88 (34.7) 85 (34.1)
Income met needs n (%):

Yes 1,028 (75.8) 193 (76.0) 170 (68.0)

Unsure/No 328 (24.2) 61 (24.0) 80 (32.0)
Body massndex kg/n?), 31.2 (7.9) 32.8(7.9)
mean (SD) 30.8 (7.4)
eGFR (ml/min/1.73% 119.5 (17.0) 113.9 (17.6)
CKD-Epi), mean (SD) 116.6 (19.8)

Note: eGFR = estimated glomerular filtration rate; CBpi = Chronic Kidney Diseas&pidemiology
Collaboration. SHFS refers to the Strong Heart Family Study sample that had predictor variables available.

27




Table 2 Model performance of predicting water uranium from urine uranium in the SHFS,
progressively adding predictors.

Covariates (Response is logiranium) Testing RMSE Testing Validation RMSE Validation
(N=254) Adjusted R? | (N=250) Adjusted R?
creatinine 1.191 0.105 1.306 0.058
idem+ water uranium 1.114 0.215 1.169 0.241
idem+ water arsenic 1.110 0.217 1.168 0.239
idem+ water selenium 1.040 0.310 1.112 0.309
idem+ urine arsenic 1.038 0.310 1.106 0.313
idem+ urine selenium 1.038 0.306 1.105 0.310
idem+ center 1.025 0.318 1.089 0.325
idem+ eGFR 1.024 0.316 1.085 0.327
idem+ sex 1.023 0.315 1.077 0.334
idem+ age 1.024 0.311 1.077 0.332
idem+ education 1.019 0.315 1.067 0.341
idem+ income needs 1.013 0.318 1.071 0.330
idem+ smoking status 1.011 0.314 1.066 0.331
idem+ BMI 1.010 0.312 1.063 0.332

Generalized linear models were usegtedict urine uranium from water uranium and additional predictors.

Predictor variables were progressively added. Urinary and water contaminants were modeled in the log scale.
Predictor variables include urinary creatinine (mg/dL), water uranium (ug/lt¢raesenic (ug/L), water selenium

(ug/L), urine arsenic (ug/L), urine selenium (ug/L), urine arsenic (Lg/L), study center, estimated glomerular
filtration rate (ml/min/1.73r¥), sex, age, education status (years), income needs (yes vs unsure/no), smeoking (
former, current), and body mass index (kf/rViodels were trained on urinary uranium values from Visit 4

(n=1,356). Testing data consisted of urine uranium values measured at Visit 4, among a subset of participants who
also had urine uranium measured at Visit 5 (n=254). Validation data consistéakeofiranium values measured at

Visit 5 (n=250)Idemr ef er s to “the same as above’”.
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Table 3: Model performance along tertiles of the distribution predicting water uranium from
urine uranium in the testing dataset (N=254)

Covariates (Response is | Overall RMSE Tertile | RMSE Tertile | RMSE Tertile
log-uranium) RMSE (N=254) |1 2 3
(N=85) (N=85) (N=84)

creatinine 1.191 1.382 0.390 1.471
idem+ water uranium 1.114 1.245 0.478 1.385
idem+ water arsenic 1.110 1.219 0.501 1.391
idem+ water selenium 1.040 1.157 0.530 1.267
idem+ urine arsenic 1.038 1.154 0.532 1.263
idem+ urine selenium 1.038 1.154 0.531 1.265
idem+ center 1.025 1.141 0.554 1.236
idem+ eGFR 1.024 1.143 0.552 1.232
idem+ sex 1.023 1.128 0.557 1.242
idem+ age 1.024 1.127 0.558 1.244
idem+ education 1.019 1.112 0.572 1.240
idem+ income needs 1.013 1.106 0.574 1.227
idem+ smoking status 1.011 1.104 0.577 1.225
idem+ BMI 1.010 1.104 0.577 1.223

RMSE was calculated overall and across tertiles of urine uranium in the testing data. Models were trained on urinary
uranium values from Visit 4 (n=1,356). Testing data consisted of urine uranium values measured at Visit 4, among a
subset of participants who also had urine uranium measured at Visit 5. Generalized linear models were used to
predict urine uranium from wateranium and additional predictors. Predictor variables were progressively added.
Urinary and water contaminants were modeled in the log scale. Predictor variables include urinary creatinine
(mg/dL), water uranium (ug/L), water arsenic (ug/L), water salar(ug/L), urine arsenic (ug/L), urine selenium

(ug/L), urine arsenic (ug/L), study center, estimated glomerular filtration rate (ml/min/3),%3m, age, education

status (years), income needs (yes vs unsure/no), smoking (never, former, current), and body mass ifidex (kg/m
I[demr ef ers to “the same as above”.
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Figure 1: Visualization of model performance in the testing dataset (N=254)
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Generalized linear models were used to predict urine uranium from water uranium and additional predictors. Models
were trained on urinary uranium values from Visit 4 (n=1,356). Testing data consisted of urine uranium values
measured at Visit 4, among a saebof participants who also had urine uranium measured at Visit 5. Predictor
variables were progressively added. Urinary and water contaminants were modeled in the log scale. Scatter plot of
predicted (yaxis) and measured-@xis) urine uranium values Bhase 4 (left) and distributions of predicted (blue)

and measured (green) urine uranium values (right). Predictor variables include urinary creatinine (mg/dL), water
uranium (ug/L), water arsenic (ug/L), water selenium (ug/L), urine arsenic (ug/L), sglagium (ug/L), urine

arsenic (ug/L), study center, estimated glomerular filtration rate (ml/min/2)78ex, age, education status (years),
income needs (yes vs unsure/no), smoking (never, former, current), and body mass ind®x (kg/m
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Figure 2: Visualization of model performance in the validation dataset (N=249)
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Generalized linear models were usegtedict urine uranium from water uranium and additional predictors. Models
were trained on urinary uranium values from Visit 4 (n=1,356). Validation data consisted of urine uranium values
measured at Visit 5. Predictor variables were progressively addedryJand water contaminants were modeled in

the log scale. Scatter plot of predicteebfiis) and measured-gxis) urine uranium values at Phase 5 (left) and
distributions of predicted (blue) and measured (green) urine uranium values (right). Prvediatdes include

urinary creatinine (mg/dL), water uranium (ug/L), water arsenic (ug/L), water selenium (pg/L), urine arsenic (ug/L),
urine selenium (ug/L), urine arsenic (Ug/L), study center, estimated glomerular filtration rate (ml/mid)1s&m

age, education status (years), income needs (yes vs unsure/no), smoking (never, former, current), and body mass
index (kg/ng).

2.5Discussion

This study represesain importanpopulationbased estimation of wataraniumin the
largest cohort of Anerican Indiansutilizing novel methods to estimateaniumexposuréen
public water systemsnd providsinsights ora rarge ofwater uraniunconcentrationsvithin

the SHSPredictions models with the lowest RMSE incorporated contaminants in water

31



(uranium, arsenic, selenium), urinary measures of these contaminants (arsenic, selenium), as well
as sociodemographic and clinical variablesnter of recruitment, &R sex, age, education,
income needs, smoking status, and BMIdditional contaminants measured in water (barium,
chromium) were considered due to their relationships with uranium in water, but did not improve
predictions of urine uranium (data not shown). While a measure of nitrate in water was also
considered foprediction models, this viable was not widely available for our study sample.
Uraniumcontamination of drinking water is a major public health cortééfh?’#
Although concentrations vary widely across the US, the mean (SD) of water uranium reported
here (4.44 (7.5) wpwg/ L) was si mineand3 & &)’th/r evi ou
Chronic uranium exposure in drinking water has been linked to variety of health
outcome¥ including nephrotoxicit#*27%277 as kidneys are the main site of uraniretated
damagé Uranium exposure in urine has been assessed in ciAtER military?2%282, and the
general US population using NHANES ditaand has been investigated in relation to a variety
of disease endpoints, including kidney disé&<é* liver diseas&*28 asthm&, thyroid
diseas’, and diabete&8. The concentrations of uranium reported in the SHFS are larger than
those reported in the general US population, as expected. Previous work in NHANES data has
reported median (p25, p75) concentration8.606 (0.0030 . 01 1) (; NHANES 2007 i n e
20092%”and0 . 0 O Scregtigie 2012016 NHANES dat&$°. Additionally, from 20062010
NHANES data, which closely mirrors the time period of the present analysis, the mean uranium
concentration wa8 . 0 1 & 4reatininé®.
There are few efforts that have estimated urine uranium measures from water uranium in
the literature, and most prediction approaches have used machine learning to predict arsenic,

nitrate, or polyfluoroalkylated substance concentratf8n®ne prior effort in the SHFS assessed
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the contribution of water uranium to urine uranium in community water systems, and reported
that atwofold increase in community water systamanium(ug/L) was associated with an 18%
increase in urinary uraniti?. Other prediction models have been designed to predict urinary
concentrations under different exposure source scenarios (inhalation, ingestion, direct absorption
into the bloodstrear}, but do not specify drinking water as the uranium source. In this analysis
we were able to predict uranium values at Visit 5, which represents an important step in
predicting uranium values at different time points in the larger SHS, as well as théeap&ient
predicting in different populations.

Our predictions models have important implications for exposure assessment and
environmental monitoring. The ability to accurately estimate internal dose uranium from an
external measure offers a nmvasive means to determine populatlenel exposure to
uranium. This exposure assessment has relevance for the SHS population, the general US
population, and potentially global settidtfs These prediction methods can also be applied to
other metals to estimate exposure to inform relationships between external and internal doses of
metals, as well as contribute to drinking water thresholds relevant for dfSetitemately,
prediction models can be used to identify susceptible populations based on assessments of
contaminants measured in drinking water.

This study has limitations. Uranium data was derived ftompliance monitoring
records from both SYR2 (20805) and SYR3 (200€.1), and it is possible that estimates of
uranium wereverestimatd, as previously describ€d However averaged uranium estimates
(2000:2011) aggregated at the ZCTA level represent the finest geographic available to determine
relationships with measures of internal dose and inform studies of health outcomes. Contaminant

estimates in water at theCA A level were jittered at the SHS coordinating center in order to
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protect participant confidentiality. While this added noise to water contaminant data, this jittering
was small (20%) and added randomly and should not ultimately affect analyses.

We report that water uranium concentrations were roughly 15 times larger than urinary
concentrations. However, this result was expected given that uranium absorption is{ow (0.1
6.0%) in the gastrointestinal traanhd the majority of uranium entering the body (>95%) is not
absorbed and excreted directly via fécédthough GLM models were used in this analysis, it is
possible that additional modelling efforts could result in improved predictions of urine uranium.
Despite this, we observed similar results between GLM approaches and results from random
forest, suppding the use of GLMs for prediction. Future efforts should also consider
incorporating additionadata sources toltimatelyimprovethe spatial coverage andake
accurate predictions #te householdevel. This includes generating estimates for those ribly
on private wells for drinking water, as opposed to public water systems. Information about
drinking water habits and dietary consumption patterns were not available for this analysis, but
would be helpful for future predictions. Drinking water séaspmeasured directly in participant
households would provide a more accurate measure of water uranium for predictions. However,
the newest Phase of the SHS (Phase 7) will for the first time collect water samples at participant
homeswhich can be usealsan additional validation dataset for predictions. It is possible that
prediction approaches generated in the SHS are not generalizable to the US population, as
differences in demographics and population characteristics may alter the accuracy of prediction
models. However, the SHS represents an important population to develop prediction models in
given exposure to uranium. Despite these limitations, this work represents a novel effort to make
predictions of urine uranium from water uranium in public watetesyis, and can be used to

make future predictions across the larger SHS.
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2.6 Conclusions

In a sample of SHFS participants, we estimated urinary uranium concentrations from
publicly available data on uranium concentrations in water. These findings emphasize the
contribution of uranium assessed in water to uranium measured in urine, and datedimst
relevance of estimating metal contaminants in urine across the larger SHS to inform disease risk

and exposure prevention.

2.7 Appendix

Table Al: Evaluating model performance of urine uranium using Visit 4 values

Covariates (Response is legranium) RMSE RMSE
(Test data: 20% of train data) (Test data: repeat
(N=271) measures
(N=242)
Water uranium 1.117 1.197
idem+ creatinine 1.039 1.112
idem+ water arsenic 1.039 1.108
idem+ water selenium 1.038 1.107
idem+ urine arsenic 1.038 1.105
idem+ urine selenium 1.000 1.037
idem+ center 0.987 1.026
idem+ eGFR 0.987 1.025
idem+ sex 0.984 1.024
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idem+ age 0.983 1.025
idem+ education 0.990 1.02

idem+ income needs 0.991 1.013
idem+ smoking status 0.991 1.013
idem+ BMI 0.990 1.011

Generalized linear models were used to predict urine uraniumweder uranium and additional predictors. Models

were trained on a subset (80%) of urinary uranium values from Visit 4 (n=1,085). Testing data consisted of a
random subset of 20% urine uranium values measured at Visit 4 (n=271). Validation data consigtecucdnium

values measured at Visit 4, among a subset of participants who also had urine uranium measured at Visit 5 (n=242).
Predictor variables were progressively added. Urinary and water contaminants were modeled in the log scale.
Predictor variable include urinary creatinine (mg/dL), water uranium (ug/L), water arsenic (ug/L), water selenium
(ug/L), urine arsenic (ug/L), urine selenium (ug/L), urine arsenic (Lg/L), study center, estimated glomerular

filtration rate (ml/min/1.73rf), sex, age, education status (years), income needs (yes vs unsure/no), smoking (never,
former, current), and body mass index (k/fdemr e f er s t o “the same as above”.
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Table A2. Variable importance factor for the random forest model predicting wegteium
from urine uranium in the SHFS.

Variable Variable Importance
Urinary creatinine (logscale) 100.0
Water uranium 80.8
Urine arsenic 56.2
Urine selenium 47.8
Age 43.4
BMI 42.5
Egfr 37.4
Water arsenic 34.7
Water selenium 26.6
Education 20.5
Oklahoma study center 19.6
North and South Dakota study center 4.6
Male sex 2.5
Income needs met (yes) 0.86
Income needs met (unsure/no) 0.22
Current Smokers 0.18
Former Smokers 0.0

Random forest was performed usingf@ cross validation using 80% of the training data (n=1,085). Testing data
consisted of urine uranium values measured at Visit 4, among a subset of participants who also had urine uranium
measured at Visit 5 (n=254redictor variables include urinary creatinine (mg/dL), water uranium (ug/L), water
arsenic (ug/L), water selenium (ug/L), urine arsenic (ug/L), urine selenium (ug/L), urine arsenic (ug/L), study
center, estimated glomerular filtration rate (ml/min/1.731sex, age, education status (years), income needs (yes vs
unsure/no), smoking (never, former, current), and body mass indexXykg/m
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Chapter 3: Relationships between urinaryuranium and
cardiac geometry and left ventricular functioning in the Strong
Heart Study
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3.1 Abstract
Uranium is a potentially cardiotoxic, nassential element commonly found in drinking
water throughout the United Stat¥¢e evaluated whetharrinary uraniunconcentrations were

associatd with measures of cardiac geometry and funétig@amongAmerican Indiaryoung
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adultsfrom the Strong Heart Family Studyrinary uranium was measured amdng32

participants free of diabetes, cardiovascular disease, and <50 yearthelbadelineisit
(2002-2003). Transthoracic echocardiography and blood pressreagsessed at baseline and

at afollow-up visit (20062009). We estimated mean differences in measures of cardiac
geometry and functiong at baseline and followp using linear mixed effect models wah

random intercept and slope over tifvedian (IQR) uraniunwasO . 029 (0. 045.) pupg/ g
In fully adjusted cross sectional modeddog-doublingof urinary uranium was positively
associated with left ventricular (LV) mass indexefan difference: 0.4§/nm?, 95% CI: 0.070.92
g/n?), left atrial systolic diameter (0.@2n, 0.0:0.03cm), and stroke volume (0.66L, 0.25
1.08mL) atbaseline Prospectivelybaselineuranium was associated with increases in left atrial
diameter (0.02m, 0.020.03cm), pulse pressure (0.28mHg 0.050.52mmHg), and incident

LV hypertrophy (OR1.25 95% CI:1.06, 1.48)Urinary uraniumlevelswere adversely

associated with measures of cardiac geometry&filinctioningamong American Indian

adults, irtluding increases in pulse pressure and LV hypertroptgse findings support the

need tadetermine the potential lotgrmsubclinical andtlinical cardiovascular effects of

chronic uanium exposure the general population, and the need for future strategies to reduce

exposure.

3.2Introduction

Uranium contamination of soil and water is an undelisdglobal health concefi?’®
with regional differences in uranium concentrations stemming fromdsatgenicand
anthropogenic sourc®g’429%802 Moreover, interest in uranium mining has grown in recent

years, related to the need to find additional sources of energy beyond fos&t flial®ughout
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the United States, uranium is widespread in drinking water and detectable in over 50% of public
water systenf$> The United States Environment al Protec
contaminant level (MCL) for uranium public water system@0 pg/L) became enforcealle
20084 Because uranium is an established carcinogen, the US EPA sets the MCL goal at zero,
reflecting no safe level of expostitt Drinking uraniumcontaminated water is reflected in
urine, a biomarker capturing total internal dé8dHowever, the health effects associated with
the chemical toxicity of uranium remain understudied, especially for chronic uranium exposure
at lower levels relevant to US populations.

An increasing body of literatumphasizesnvironmentaimetalexposuress risk
factors for cardiovascular disease (CY¥DY. Findings from theStrong Heart Study (SHSa
prospectiveeohortof CVD and its risk factoramong American Indian communitiggvealed
associations athronic, low to moderatelevelsof arsenic and cadmiumith increased CVD
risk’®74268 Uranium, however, remains an understudied metal potentially associated with
CVD®"12528 |n the US, many Indigenous communities are affected by chronic uranium
exposure, related in part to active and abandoned uranium mines, dust inhalation, and the
contamination of groundwater and drinking water so#fé&s SHS participants have
significantly higher urinary uranium compared to the general US population and other US
COhOft§9’283'285'28.7

Despite gidence suppoirig associations aicute and chronigraniumexposures with
nephrotoxicity, neurotoxicity, reproductive toxicity, hepatoxicity, and bone toxicity, research is
limited for cardiovascular outcom&% Findingswithin the general US population asparse; one
study usingNational Health and Nutrition Examination Survey (NHANES&)a reported a trend

of increasing CVD risk witthigherlevels ofuraniumexposuré®®. Echocardiographimeasures
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of cardiacgeometry andeft ventricularfunctioning areuseful for capturing risksubclinical
diseaseand progression to clinic&lVD outcomes. Thessubclinicalechocardiographic
measuresare available in the SH&nd prior work has identified that arsenic is associated with
changes in cardiac geometry and left ventricular functioning in thé’SH®wever, it remains
important to investigateow uraniuminfluenceshese metrics anithe CVD diseasdrajectory

Our primary objective was tevaluateaf uraniumexposureas measured in urine, was
associated crossectionally and longitudinally witbchocardiographic measures of cardiac
geometry, left ventricular functioning, and left ventricular hypertrophy in the Strong Heart
Family Study (SHFS), a famiigased extension of the original SH®e hypothesizgthat
higher urinaryuranium levels would bassociated witimetrics ofaltered geometry and impaired

left ventricular functiomg, reflecting increased risk stibclinical CVD.

3.3Methods
3.3.1Study Population

The data underlying this article cannot be shared publicly in an unrestricted manner due
to limitations in the consent forms and in the agreements between the SHS tribal communities

and the SHS investigators. The data can be shared with external investigidwing

procedures established by the SHS (availabihétas://strongheartstudy.ojg/

The SHS is @rospectivecohort of CVD and its risk factoramongAmerican Indian
adults from tribes and communities in Arizona, Oklahoma, North Dakota, and South.dkota
adults 4574 years of age at baseline were invited to participate in the Phase 1 baseline exam
(198919912 "> and he participation rate was 63% A total of 4,549 adults were initially

recruitedand1,032 participants from one community werdsequently excluddcbm further
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research by tribalequestThe SHFSs an extension of the SHigrived from original SHS
families and initiated with a pilot study conducted during SHS Phase 3-(1388). Families
were eligible if they had a core sibship consisting of at least five living family members, of
which 3 wereoriginal SHS participant8®. Additional SHS cohort family members 15 years of
age and older were enrolled during the first SHR visit at Phase 4 (2002003)and werae-
evaluated aPhase 5 (2008009).All SHS protocd wereapproved by institutional review
boards (IRBs), participating tribes, and the respective area Indian Health Service IRBs. All
participants provided informed consent. This analysis used the STROBE cohort reporting
guidelines®

In the current analysis, SHFS participants with urinaaniwm measuresnd
echocardiographic measum@gilable at baseline were eligible for inclusion (n=2,919). Analyses
were restricted to study participants <50 years of age whofreerefboth clinically-evident
CVD anddiabetes mellitugt baseline (n=1,752)Ve then exclude@93participantamissing
urine uranium measures and 92 participants missing echocardiographic measures at baseline, as
well as 19 participants missing data on cofounders efest. Ningarticipants with outlier
levelsof measured echocardiographieasuregdefined as values2* Pog) and7 participants
with outlier levelsof urinary uranium(defined as values 3Psq) were further excludedesulting

in a final sample o1,332participants for this analysis

3.3.2Urinary uranium measurements

Participantgrovided a morning spot urine samplePhase IV andasnples were stored
at-80°C at MedStaHealthResearch Institute, the central SkiSrepository andaboratory.
Urine uraniumwasassayedt the Trace Metals Laboratory at the University of Graz, Austria

using inductively coupled plasm@ass spectrometry (ICMS) (Agilent 7700x ICPMS,;
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Agilent Technologie$)2 The limit of detection (LOD) fouraniumwas0.006pug/L. Values

below the LOD(17.9%) weraeplaced with the LOD divided by the square root of.two

Albumin, creatinine, specific gravity, amthermetals includingthe sum of inorganic and
methylated arsenic specieggre measureds previously described and were available for this
study?®®272 Urine uranium values used here were divideditiye creatinine to account for urine
dilution and expr 6tksesladrataydetailgandiextensive qualityn i n e .

control/quality assurander this analysisiave been published?

3.3.3Echocardiographic measures of cardiac geometry and functioning

Participants underwemtansthoracic echocardiogramih phaseearray
echocardiographs with vhode, 2dimensional and Doppler capabiliti€sduring the Phase 4
and Phase 5 study visits, according to standardizegranausly described methotl$
Echocardiogramsvere performed by trained sonographersr@viewed by two readersvith
approximately 97% of echocardiograms finally interpreted by a single highly experienced
investigatoyas recommended by the American Society of EchocardiogtdpAy least 10
consecutive beats ofdmensional and Mnode recordings of cardiac geometry parameters
were recorded in the parasternal acoustic window at or just below the tips of the mitral leaflets in
both long and shoswdxis views Left atrium diameter (LAD) was measured at-&ydtole We
used the following parameters of cardiac geometry at the end of diastole: left ventricular (LV)
internal diameter, interventricular septum, LV posterior wall thickness, and relative wall
thickness. LV mass was calcddtby a necropsyalidated formula and normalized for body
surface ared' 312 LV mass/body surface area ratio was used to défhbypertrophy(>115

g/m?in men and >95 g/Ain women).

Ejection fraction (calculated from LV linear dimensidiis and stroke volume, derived
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from the Doppler methdd’, wereused to assess left ventricular systolic fundtignCardiac

diastolic functioning was evaluated by Doppler interrogatda.used the following parameters

of cardiac diastolic functiong: transmitral early (E) and late (A) filling velocities (measured at
the annular level), and early peak rapid filling velocity to peak atrial filling velocity (measured as

the E/A ratio).
3.3.4Sociodemographiand clinicalvariables

Centrally trained SHS nurses and medical assistants collected participant information
from a standardized interview, physical examination, medication review, and biospecimen
collection at each study visit. Tlstandardizedneasurements, protocols, central trainings, and
operating procedures did not differ across study Visi8ciodemographic and lifestyle
information was collected from standardized SHS questionnaires, including age, sex, and
smoking status (never/ former/ current). Never smoking was defined as reporting never smoking
regularly, or never smoking more than Ififarettes in lifetime; former smoking was defined as
smoking at least 100 cigarettes in lifetime, but not smoking currently; cemarking was

defined as smoking at least 100 cigarettes in lifetime and currently smoking.

Systolic and diastolic blood pressure (mmhigdre measured by auscultati@s
previously described?®® Brachial pulse pressure was defined as the difference between systolic
and diastolic blood pressuM/e definechy per t ensi on st atus as systol
mmHg, or diastolic blood pressur eWexd&ifed mmHg, o
pr ehypertension status as @og¢gisasioli bl blodogrpegss

mmHg, or use of antihypertensive drubfermal pressure was defined as systbland pressure

<120 mmHg and diastoliclood pressure80 mmHg anaho useof antihypertensivelrugs We

calculated estimated glomerular filtration rate (eGFR) using age, sex, and urinary creatinine
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(mg/dL) via the 2009 Chronic Kidney Diseas&pidemiology Collaboration formula (CKD

Epi)®> We defined dyslipidemia as total chol est ¢
cholesterob 130 mg/ dL, hi gcholestezok s 4100y migi/ plepr o toéiath t r |
150 mg/dL, or reported use of lipid lowering medication. Impaired fasting glucose was defined

as fasting blood glucose = 100 and <126 mg/ dL
blood glucose <100 mg/dL. Hyper&an treatment was defined as takamy antihypertensive

drugsandhaving a recorded histoor diagnosiof hypertension.
3.3.5Statistical analysis

All analyses were conducted in R version 4.THe distribution of urinary uranium
concentrations was skewed and modeled in thedade to capture a ldqear dose response
(Figure Al). We first compared baseline (Phd$garticipant characteristiend baseline
echocardiographic measumgerall and stratified bguartiles of urine uraniunWe then
calculated the Spearman correlation coefficients betwaeary uranium concentratioasd
metrics of cardiac geometry and functionihginterpreting effect estimates, we followed best
current practie and evaluated the direction, magnitude, consistency, and precision of effect

estimates rather than relying on dichotomous statistical significance #5ting

We used generalized estimating equations (GEE) models and lineareaffexets models
to evaluate the association between baseline uranium and baseline andifodatcome
measures while accounting for participant clustering within families. Our priowdcpmes were
continuous measures of cardiac geometry and functioning, as well as prevalent and incident LV
hypertrophy We first used logistic regression to evaluate the prevalence odds ratio (OR, 95%
Cl) of LV hypertrophy and LV diastolic dysfunctiontzdseline and at followp per log

doubling of urine uraniurasingthe dr g e e package in R. We furthe
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prehypertension status determine effects according to blood pressure, as this has been shown

to be relevant for these metrics in the 8SWVe evaluated the meaiifference at baseline,

annual mean change, and mean difference at 5 years of4gliommetrics of cardiac geometry

and functiomg per logdoubling ofurine uranium usingjnearmixed effectmodels These

model s were performed usi ng ftrahdeminterdegpghend packag
randomslope over timdor each participant. Modeisere further stratified by hypertension

status A sensitivity analysis was performed with a random effect for participant identifier nested

within family identifier to account for family clustering.

All model adjustment variables were measured at Phélsaseline)Model 1 was
adjusted for agécontinuous) and seklodel 2 was further adjusted for smoking status
(never/former/currentpody mass indefcontinuous)study center, eGFRontinuous)fasting
glucose (continuous)dyslipidemia (yes/ng)and thesum of inorganic and methylated arsenic
(continuous), as arsenic has been shown to influence cardiac geometry and LV furi€tioning
Model 3 (the main model of interest) was further adjusted for baseline antihypertensive
medication(yes/no)and systolic blood gssurgcontinuous) To explore potential effect
measure modificationwe stratified analysesf the association afrinary uraniumwith measures
of cardiac geometry and functiongby sexage group (</ > median age o0
urinary arsenic concentratiofiss / > mamakmtratiorof 4.23ug/L), and we corrected-p
values for interaction by the number of groupsgtue 0.05/3 groups = 0.016.7Jo determine
the impact of high arsenic and high uranium on cardiac geometry and fimgtiogtrics, urine
uranium and urine arsenic concentrations were both categorized into tertiles. These tertiles were
then summed to create a uranium/arsenic tertile score (ranging from one to six), and the

relationships with cardiac geometry and functionalrioe were investigated for participants in
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the highest uranium + arsenic tertile score compared to participants in the lowest uranium +

arsenic tertile score.

We used flexible natural cubic spline models to evaluate potential nonlinbatityeen
urinary uranium and cardiac geometry and functional meif¥esincluded knots at thEOth,
50thand 90th percentiles of the urine uranium distributions and set the reference to the 10th

percentile

3.4Results
3.4.1 Participant characteristics

The mean (SD) age of participants was 30.8 (10.4) yaal39.3% were malelThe
mean (SD) followup period for participants across the two study visits was 5.6 (1.2) years. The
median (p25, p75) of urine uranium at baseline was 0.029 (0.013,P.@p8)g cr eat i ni ne
Participants with higher urine uranium levels were more likely to be current smokers, and to
have higher fasting glucose, eGFR and urine arsenic |ehadhée( 1). Urine uranium was also
higher among participants with higher left atrium diamet®rinternal diameterLV posterior
wall thickness groke volume andisovolumic relaxation timeln correlation analyses, urine
uranium was positively associated with all measures of cardiac geometry, except relative wall
thickness Figure A2), and with the measures of cardiac functioning of stroke volume, E

velocity, A-velocity, deceleration timeandisovolumic relaxation tim@-igure A3).
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Table 1.Participantcharacteristics, cardiac geometry, and cardiac functioning measures at
baseline by urinary uranium.

Quartile 2 | Quatrtile 3

Overall Quartile 1 (0.01- (0.03- Quartile 4

(0.001-1.61) (< 0. 0]0.03 0.06) (>0.06) | PValue
N (%) 1332 (100) 333 (25) 333 (25) 333 (25) 333 (25)
Participant
Characteristics
Female n (%) 809 (60.7) 209 (62.8) 204 (61.3) | 197 (59.2) | 199 (59.8)| 0.779
Age (years), meal 30.8
(SD) 30.7 (10.4) 31.4(10.2) |30(10.2) |30.9(10.8) ] (10.3) 0.742
Smoking n (%)
Never 560 (42.1) 162 (48.6) 147 (44.3) | 132 (39.6) | 119 (35.7)| 0.023
Former 246 (18.5) 53 (15.9) 59 (17.8) |71(21.3) |63(18.9)
Current 525 (39.4) 118 (35.4) 126 (38.0) | 130 (39.0) | 151 (45.3)
BMI (kg/m?),
mean (SD) 30.2 (7.4) 30.4 (7) 30.2(7.1) |30.6(7.8) |29.8(7.4)]|0.439
Hypertension, n
(%) 192 (14.4) 52 (15.6) 44 (13.2) |48(14.4) |48(14.4) | 0.854
Prehypertension,
n (%) 662 (49.7) 166 (49.8) | 171 (51.4) | 170 (51.1) | 155 (46.5)| 0.586
Fasting glucose,
mean (SD) 92 (9.4) 92.2 (9) 90.8(8.6) |91.7(9.9) |93.4(9.8) | 0.04
Prediabetes, n (% 20 (8.6) 9(8.3) 2(5.1) 3(7.9 6 (12.5) |0.668
Dyslipidemia, n
(%) 682 (51.2) 170 (51.1) | 162 (48.6) | 181 (54.4) | 169 (50.8)| 0.527
eGFR
(ml/min/1.73n73), 121.1 122.9 125.6 124.1
mean (SD) 123.4 (15.7) (16.7) (14.2) (15.2) (16.3) 0.002
Sum of inorganic
and methylated
Arsenic ug/L,
mean (SD) 5.7 (5.3) 4.3 (3.0) 47(41) |6.1(3.4) |7.8(7.0)0 |<0.001
Cardiac
Geometry
LV mass index
(g/n?), mean
(SD) -0.5(9.1) -0.4 (9) -0.3(9.8) |-0.1(9.1) |-1.4(8.2) | 0.199
Left atrium
diameter (cm),
mean (SD) 3.5(0.4) 3.5(0.4) 3.5(0.5) 3.6 (0.5) 3.6 (0.4) | <0.001
LV internal
diameter (cm/m),
mean (SD) 5.3 (0.4) 5.3 (0.4) 5.3 (0.4) 5.3 (0.4) 5.3(0.4) | 0.027
Inter Ventricular
Septum (cm),
mean (SD) 1.2 (0.1) 1.2(0.1) 1.2 (0.1) 1.2 (0.1) 1.2(0.1) |0.105
Left Ventricular
Posterior Wall
Thickness (cm) | 1.2 (0.1) 1.2(0.1) 1.2(0.1) 1.2 (0.1) 1.2(0.1) |0.008
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(2-D module),

mean (SD)

Relative wall

thickness, mean

(SD) 0.3 (0) 0.3 (0) 0.3 (0) 0.3 (0) 0.3(0) 0.96
Cardiac Function

Stroke volume

(mL), mean (SD) | 81.9 (14.4) 79.8 (14.5) |82.2(14.9)|83(14.1) |82.4(14) | 0.016
Ejection fraction

(%) mean (SD) | 60 (5) 60 (4.8) 60.2 (4.9) |60.2(5.2) [59.7(5.1) | 0.481
Midwall

shortening, mean

(SD) 1.1 (0.1) 1.1(0.1) 1.1 (0.1) 1.1 (0.1) 1.1(0.1) | 0.556
E-velocity (cm/s), 70.6

mean (SD) 69.7 (14.1) 68.6 (14.6) | 70.8 (14.5) | 68.7 (13.8) | (13.2) 0.25
A-velocity (cm/s), 52.3

mean (SD 51.7 (11.8) 51.1(12.1) |50.8(11.6) | 52.5(11.3) | (11.9) 0.071
E/A ratio mean

(SD) 1.4 (0.4) 1.4 (0.4) 15(0.4) |14(0.4) |1.4(0.4) |0517
IVRT isovolumic

relaxation time

(ms) mean (SD) | 76 (10.6) 77.6 (10.4) | 76.6 (11.3) | 75.2 (10.6) | 74.4 (10) | <0.001
Systolic Blood

Pressure (mmHQ) 117.6 117.9 117.3

mean (SD) 117.7 (13.2) 118 (13.7) (12.5) (13.9) (12.8) 0.582
Diastolic Blood

Pressure (mmHg, 75.5

mean (SD) 75.3 (11) 75.7(11.3) |74.6(11.3) | 75.4(11) | (10.6) 0.972
Pulse pressure

(mmHg) 42.4 (10.2) 42.3(10.1) |43(10.1) |42.5(10.9) | 41.8 (9.7) | 0.453

3.4.2Urine uranium and left ventricular geometry

There were 61 participants (4.6%) with LVH at baseline and 58 participants (4.6%) with

LVH at follow-up. The fully adjusted OR (95% CI) for LVH for a laigubling of urine uranium

was 1.09 (0.91, 1.31) baseline and 1.25 (1.06, 1.48) at folloy for all participantsTable 2).

The corresponding association at baseline was similar and remainsdynificant for

participants with and without prehypertension/hypertension but was markedly strofudiemat

up for participants with prehypertensibgpertension@R 1.37, 95% CI 1.16, 1.63).
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In linear mixed effect models, the mean difference (95% CI) at baseline and-tgqilow
for a twofold higher baseline urinary uranium was, respectiv@i9 (0.07, 0.92) and 0.30 (
0.12, 0.71)y/n? for LV mass index(.02 (0.01, 0.03 and 0.02 (0.01, 0.03) cm for tetrial
systolic diameterand0.01 (0.00, 0.03 and 0.01 (0.00, 0.03) cm faw internal diamete(Table
3). These relationships were consistent by prehypertension/hypertension status, although
relationships only remained statistically sigcefnt at baseline and at follewp for let atrial
systolic diamete(Table 4). Flexible spline modelsupported the linear relationship of urine
uranium with LV mass and left atrium systolic diameter, particularly at baseline, while
relationships with LV internal diameter increased and then plate&igrdd 1). Relationships
of urinary uranium withnterventricular septurthicknessLV posterior wall thicknessand
relative wall thickness were nullTéble 3, Table A3, Figure A5). A sensitivity analysis
addtionally including a random effect for family identifier yielded similar results (data not

shown).

Effect modification models for cardiac geometry outcomes were largely consistent across

participants subgroups defined by age, sex, and urine arsenic lEsfalis A1).

Among participants in the highestmpared to the lowestanium/arsenic scogroups,
significant effects were observed at baseline and fellpwespectivelyfor LV massindex
(mean difference’.23g/m?, 95% Cl:2.66-7.81g/m?, mean difference4.55,95% Cl:2.067.05
g/mP), left atium diameter (0.14m, 0.070.20cm; 0.15cm, 0.080.21cm), LV internal
diameter(0.08 cm 0.01-0.15 cm 0.10 cm,0.04-0.17 cn), and LV posterior wall thickneg6.05

cm, 0.08-0.07 cm 0.02 cm,0.01-0.04 cm) (Figure A6).
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Table 2: Odds ratio (95% CI) for left ventricular hypertrophy at basg@®$1-2004) and at
follow-up (2006-2009) per a logloubling of urinary uranium, according to hypertension status
at baseline

Baseline (Visit 4) Follow-up (Visit 5)

LV Hypertrophy | cases / Prevalence OR (95% CI) Cases / Prevalence OR (95% CI)
(LvMI) Non-cases| Model 1 Model 2 | Non-cases| Model 1 Model 2

Al pamupam_s 61/1271 (o.9li,1(1).32) (0.911'??.31) 28/1159 (0.916,1411.36) (1.016.,2548)
ﬁ;%g?;ggﬁ O aal620 (0.911',1613.47) (0.819;,11.37) 23/553 (1.014‘;,211.48) (1.116.,31.63)
Qfé?si'reB oo 19/651 (0.911',1547) (0.819,11.37) 5/606 (0.504.,8?.46) (0.40??11.53)

Urinary uranium was creatinine adjusted and-tognsformed. Models specified ageneralized estimating

equations accounting for family structure, where Model 1 was adjusted for sex and age and Model 2 was
additionally adjusted for smoking, body mass index, dyslipidemia, estimated glomerular filtration rate, study center,
fasting glucae, systolic blood pressure, and hypertension treatment. LV: left ventricular; LVMI: LV mass index,

OR: odds ratio.

Table 3: Mean difference (95% CI) of left ventricular measurements per-ddagling of
urinary uranium at baseline, annghbnge, and at 5 years of follayp. Mean (95% CI) of
annual change during followp for the same comparison.

Mean Difference Baseline

Annual Change

Mean Difference
Follow-up

Cardiac Geometry

LV mass index, g/

0.49 (0.07,0.92)

-0.04(-0.09,0.01)

0.30 £0.12,0.71)

Left atrium systolic diameter,
cm

0.02 (0.01,0.03)

-0.00 €0.00,0.00)

0.02 (0.01,0.03)

LV internal diameter, cm

0.01 (0.00,0.03)

0.00 ¢0.00,0.00)

0.01 (0.00,0.03)

Interventricular septum, cm

0.00 ¢0.00,0.01)

-0.00(-0.00,0.00)

-0.00 €0.01,-0.00)

LV posterior wall thickness,
cm

0.00 €0.00,0.01)

-0.00 ¢0.00,0.00)

0.00 ¢0.00,0.00)

Cardiac Function

Stroke volume, mL

0.66 (0.25,1.08)

-0.07 €0.16,0.02)

0.29 €0.10,0.69)

Ejection fraction, %

-0.04(-0.20,0.11)

-0.01 €0.03,0.02)

-0.07 €0.22,0.07)

Heart rate, bpm

-0.18 ¢0.51, 0.15)

0.02 €0.04, 0.09)

-0.07 ¢0.38, 0.24)

Mitral E-velocity, cm/s

0.20 €0.21,0.61)

-0.07 €0.17,0.02)

-0.17 €0.53,0.19)

Mitral A-velocity, cm/s

0.22(-0.12,0.56)

-0.06 (0.14,0.02)

-0.10 (€0.40,0.20)

E/A ratio

-0.00 ¢0.01,0.01)

0.00 ¢0.00,0.00)

-0.00 ¢0.01,0.01)

Deceleration time, ms

-0.43 ¢1.53,0.68)

0.20 €0.09, 0.49)

0.56 (0.43, 1.55)

Isovolumic relaxation time, m¢4

-0.55 (0.86,-0.23)

0.11 (0.03, 0.19)

0.01 €0.27, 0.29)

Pulse Pressure (mmHQ)

0.13 €0.13, 0.39)

0.03 €0.04, 0.10)

0.28 (0.05, 0.52)

Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR,

study center, fasting glucose,

urinary arsenichlood pressure and hypertension treatment (yes/no). Uranium was corrected by urine creatinine and
furtherlog.-transformedMixed effect models included a random intercept and slope over time for participant.
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Table 4: Mean difference (95% CI) of leftentricular measurements per a-lbgubling of
urinary uranium by blood pressure status at baseline and at4atioiean (95% CI) of annual
change during followup for the same comparison.

Prehypertension / Hypertension Normal Blood Pressure

Mean

Difference Mean Difference| Mean Difference Mean Difference

Baseline Annual Change | Follow-up Baseline Annual Change | Follow-up
Cardiac
Geometry
LV mass 0.49 -0.03 0.34 0.44 -0.04 0.23
index, g/nt (-0.16,1.14) (-0.11,0.05) (-0.29,0.97) (-0.13,1.01) (-0.11,0.03) (-0.32,0.77)
Left atrium
systolic 0.02 0.00 0.02 -0.00
diameter, cm | (0.00,0.04) (-0.00,0.00) (0.01,0.04) 0.02 (0.00,0.03) | (-0.00,0.00) 0.01 (0.00,0.03)
LV internal 0.01 0.00 0.02 -0.00 0.01
diameter, cm | (-0.01,0.03) (-0.00,0.00) (-0.00,0.03) 0.02 (0.00,0.03) | (-0.00,0.00) (-0.00,0.03)
Cardiac
Function
Stroke volume 0.82 -0.09 ¢ -0.05 ¢
mL (0.18,1.46) 0.23,0.04) 0.35 €0.25,0.96) | 0.49 ¢0.05,1.03) | 0.18,0.07) 0.22 €0.29,0.73)
Pulse
Pressure 0.25¢
(mmHg) 0.16,0.66) 0.05 ¢€0.06,0.16) | 0.49 (0.12,0.86) | 0.01 ¢£0.29,0.31) | 0.01 ¢0.08,0.09) | 0.05 ¢€0.22,0.32)

Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR, study center, fasting glucose,
urinary arsenic, blood pressure and hypertension treatment (yes/no). Models assessing blood pressure did not adjust

for blood pressure. Uraniumas corrected by urine creatinine and furtlogp-transformedMixed effect models
included a random intercept and slope over time for participant.

Figure 1: Crosssectional and prospective mean differences of left ventricular (LV) geometry
measures by urine uranium levels.
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Adjusted mean differences of selected left ventricular geometry measures based on restricted cubic splines for log

transformed uranium distribution with knots at 10th (reference), 50th, and 90th percentilespBigents
associations at baseline, and orange represents associations atifolldadels were adjusted for sex, age, study
center, smoking (never, former, current), body mass index tkggorm of inorganic and methylated Arsenic (ug/g
creatinine), dyslipidemia (nol/yes), fasting glucose level (continuous), estimated glomerular filtration rate

(ml/min/1.73n%), systolic blood pressure (continuous), and hypertension treatment (no/yes). Histograms represent
the distribution of uranium.
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3.4.3Urine uranium and left ventriculafunction

There were 502 participants (60.5%) with LV diastolic dysfunction at baseline and 121
(18.8%) at followup. Uranium was not associated with LV diastolic dysfunction Q3B ©5%
Cl1 0.91, 1.06pt baseline an@.98 (0.86, 1.11at follow-up comparing a logloubling of urine
uranium) Table A2). In linear mixed effect models, the mean difference (95%) at baseline and
follow-up comparing a twdold higher baseline urine uranium was, respectiv@gs (0.25,
1.08)and0.29 ¢0.10,0.69)mL for stroke volumend 0.13 ¢0.13, 0.39)and0.28 (0.05, 0.52)
mmHg for pulse pressurddble 3), and these associations remained consistent by
prehypertension/hypertensistatus, although not always statistically signifiq@rable 4).
Urinary uranium was not significantly associated with ejection fraction, mitval&city, mitral
A-velocity, E/A ratio, or the remaining measures of cardiac functioning at baseline ortglow
(Table 3, Figure 2 Figure A5, Table S3, Table S}

Figure 2: Doseresponse relationships of uranium and left ventricular functioning measures

Stroke volume, ml Pulse Pressure, mmHg
9.0 r25 12.42 4 ra2s

4.0

-6.0 4

r20 9594 r20

P il

@

6.75

@

3
% of Participants

3.919

1.0 Ls 1.07- / ls

/

>
% of Participants

Mean Difference
Mean Difference

-16.0 . . , 0 -1.77 . 0
0.001 0.005 0.021 0.090 0.379 1.608 0.001 0.005 0.021 0.080 0.379 1.606

Uranium, pg/g Uranium, pg/g
Adjusted mean differences of selected left ventricular functioning measures based on restricted cubic splines for log
transformed uranium distribution with knots at 10th (reference), 50th, and 90th percentiles. Blue represents
associations at baseline, am@dnge represents associations at follgyw Models were adjusted for sex, age, study
center, smoking (never, former, current), body mass index tkggorm of inorganic and methylated Arsenic (ug/g
creatinine), dyslipidemia (nol/yes), fasting glucosellés@ntinuous), estimated glomerular filtration rate
(ml/min/1.73n%), systolic blood pressure (continuous), and hypertension treatment (no/yes). Histegrassnt
the distribution of uranium.
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Effect modification models for cardiac functional outcomes were consistent by
participants subgroups except for diastolic blood pressure and pulse pressure by sex and diastolic
blood pressure by agé&dble Al). A log-doubling of urinary uranium was associated with lower
diastolic blood pressure levels in males both at baseline (mean diffei@ademmHg, 95% CI.
-0.99,-0.10 mmHg) and followup (mean difference0.59 mmHg, 95% Ck1.00,-0.19 mmHQ)
but notamong females either at baseline (0.01 mmHg €3:-0.31, 0.33 mmHg) or follovup
(0.02 mmHg, 95% Ck0.27, 0.31 mmHg). A significant interaction by sex was also observed for
pulse pressure {palue for interaction: 0.003), with positive increases in pulse pressure in males
at baseline (mean diffanee 0.39 mmHg, 95% CG0.10, 0.87) and followup (0.60 mmHg, 95%

Cl: 0.18, 1.02) and no association among females. A significant interaction was also observed
according to age (palue for interaction: 0.01), with a legpubling of urinary uranium being
associated with lower diastolic blood pressure levels participants <30.4 years both at baseline
(mean difference:0.61 mmHg, 95% CFk1.03,-0.19 mmHg) and followup (mean difference:

0.74 mmHg, 95% Ck1.12,-0.35 mmHg), while the association was positalthough not

significant for participants > 30.4 years both at baseline (mean difference: 0.05 mmHg, 95% CI:
-0.27, 0.38 mmHg) and followp (0.19 mmHg, 95% CH0.11, 0.48 mmHQ).

Participants in the highest uraniurarsenicertile compared to those in the lowest
tertile, showed higher LV mass index at baseline (mean differencegf?395% CI 2.66, 7.81
g/n?) and followup (4.55 g/m, 95% CI 2.06, 7.05 g/f) higherstroke volumeat baseline
(mean difference5.08mL, 95% CI1:2.57, 7.58mL) and followup 2.49mL, 95% CI:0.12 4.85
mL). The corresponding associations was inverse withalumic relaxation timat baseline
(mean difference:2.55milliseconds, 95% Ck4.44,-0.66 millisecond3 but null as the follow

up. The associations tended to be positive with systolic blood pressure at baseline angpfollow
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and inverse with diastolic blood pressure, which was significant at falfp{enean difference:

1.52 mmHg, 95% CI:2.96,-0.08 mmHg) Figure A6).

3.5Discussion

In this study evaluating the impact of individuadlgtimated uranium exposure on
measures of left ventricular geometry and functioning in an epidemiological cohort, urine
uranium was positively associated with increasds/imass left atrium systolic diameterand
LV internaldiameterat baselinend over the followup, both in participants without and with
prehypertension/hypertension, as well with LV hypertrophy at felipwprimarily driven by
participants with prehypertension and hypertension.dJuranium was positively associated
with increased irstroke volumeat baseline and witphulse pressure at followp, notably among
the prehypertensive/hypertensive subgrplopt not significantly associated with other measures

of systolic or diastolic function.

Our findings contribute novel evidence from an epidemiological cohort of young
American Indian adultsThe current literature on uranium a@d¥D mainly stems from
occupational setting$’, with limited evidenceaelating CVD with chronic environmental

uranium exposuri the general populatio®nestudyusing NHANES 20072008 data has

|l inked higher uranium exposure to increased

r

having been told so by a B€20Pb%@E:1.520%80)f essi onal

although relationships with coronary heart disease (QR); 25% CI: 0.44, 3.33 myocardial
infarction (OR: 2.37, 95% CI: 0.96, 5.86), and stroke (QBD,195% CI: 0.77, 4.20were not
significan£®. Drinking uraniumcontaminated watewvasassociated with increases in systolic
and diastolic blood pressure in Finlaffdlexposure to uranium mining on Navajo Nation Land

was associated with hypertensithand higher urine uranium levels were associated with
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incident hypertension in the Strong Heart Family Sttftiy\n additional study of Ohio residents
proximaeto a uranium processing center reported that females with higher exposure had
elevated systolic blood pressure, but not diastolic blood pressure or hypertension, compared to
those with lover exposuré',

In the present analysis, we report an increase in pulse pressure atup]landerscored
by a decrease in diastolic blood pressure. A widened pulse pressure is considered a risk factor for
CVD incidence and mortalit§®3?2. Although pulse pressure naturally widens with age, it
indicates structural changes in the arterial wall that result in increased arterial Stifass
finding that uranium wasignificantly associated with LVH, LV internal diameter, as \asl|
pulse pressure, especially among those with prehypertension or hypertenggastsiot only
the relevance of uranium for subclinical disease but also the differing impact among those whose
cardiovascular systems are already compensating to elevated blood pressure.

Our findings integrate into prior research performed in the SHS, which identified that
increased pulse pressure was associated with an increased risk of cardiovascular amattality
increases in LV mad¥. Prior findings from the SHFS have also identified that urinary arsenic
was elated to an increase lirv wall thickness LV hypertrophy stroke volume, and ejection
fractior’®. Although arsenic and uranium are correlated, and likely share common $Guitces
the present analysis we adjusted for urinary arsenic, supporting that the findings with LVH and
pulse pressure were specific to uranium.

Uranium is an established nephrotoxi¢aStudies have identified that uranium can
dysregulate calciufi®and iron homeostasts, induce oxidative stre¥€$2%, and modulate
levels of proteins ithekidneys, including increased albumin measured in tinBoth

experimental and observational studies support uranélated kidney damage, as excretion of
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absorbed uranium is mainly through the kid?&3£°. In generaluranium isproposed to induce
toxicity through oxidative stress and inflammafioalthough the underlying toxicological
mechanism are understudied in comparison to other métedscardiotoxic effects of arsenic
have been established in both human and animal sttfi€swhere arsenic is related to
apoptosi¥8329 oxidative stress®, and reactive oxygen species formatfan

This study is not without limitations. While the SHS has a high prevalence and incidence
of diabetes, prediabetes, CVD and CVD risk factors, analyses were restricted to study
participants <50 years afje,andfree of CVD at baseline andf diabetes mellituat baseline.
Additionally, statistical models accounted for other CVD risk factors, including smoking status,
BMI, and eGFR. Urinary uranium was only available at the baseline study visit, not at the
follow-up visit, while echocardiographic measures vear&lable at baseline and folleup.
Therefore, crossectional associations assessed at baseline should be interpreted with caution as
they could reflect potential reverse causation. Howewéareis ausefulbiomarker of longterm
exposure and accumulation when exposures are cofi&tand we provide prospective and
annual change associations. Our study has further strengths, including the large number of young
adults with uranium, cardiac geometry, and cardiac functioning measures available,the high
guality outcome assessment perfednn the SHS, and the data concerning relevant

confounders.

3.6 Conclusion
In a sample of young American Indian adults, utr@niumlevelsmeasured 2001
2003were related to LV hypertrophy and pulse pressure, as well as dstasures of cardiac

geometry and left ventricular functimg assessed 20062009, potentially reflecting thearly
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cardiovascular impact of uranium exposurkese findings highlight thgotential longterm
clinical and subclinicatardiovascular effects @hronic uanium exposurghe need to replicate

findings in additional populations, and the support for strategies to reduce uranium exposure.

3.7 Appendix

Figure A1.Di stri bution of wurinary wuranium concentr
[2001-2003].

Distribution of log2-transformed
urine uranium concentrations (pg/g creatinine)
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Figure A2. Spearman correlation coefficients between urine uranium concentrations
and change in metrics of cardiac geometry at baseline (Pi288142003])

* indicates pvalue <0.05; ** indicatesalue < 0.01; *** indicates {walue <0.001. Correlation coefficients greater
than 0.5 are bolded. Inverse correlations are listed in red and positive correlations are listed in green. List of
abbreviations: u_cr = urinary uranium creatinine adjusted. LVMI = left ventricular mass index. LASD = left atrium
diameter (cm). LVIDD = left ventricular diameter at diastole/height (cm/m). IVSS = inter ventricular septum in
systole. LVPWT = left ventricalr posterior wall thickness in systole. RWT = relative wall thickness.
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Figure A3. Spearman correlation coefficients between urine uranium concentrations
and change in metrics of cardiac functioning at baseline (Phase 42006])

* indicates pvalue <0.05; ** indicatesalue < 0.01; *** indicates {walue <0.001. Correlation coefficients greater
than 0.5 are bolded. Inverse correlations are listed in red and positive correlations are listed in green. List of
abbreviations: u_cr grinary uranium creatinine adjusted. StVol= stroke volume. EF = ejection fraction (%).
MidShort = midwall shortening. MAEV =-elocity (cm/s). MAAV = Avelocity (cm/s). MAEA =E/A ratio. HR =
heart rate (beats per minute). MVATRIF = atrial filling fractidADT = deceleration time (ms), IRT = isovolumic
relaxation time (ms), PP = pulse pressure.
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Figure A4: Doseresponse relationships of uranium and cardiac geometry measures

004 Relative wall thickness 2 016 Interventricular septum, cm 25 016+ LV posterior wall thickness, cm 2
003 20 012 20 012 20
w 4] w
8 2 8 £ 8 £
£ s 5 s 5 ©
%Uu? 15 g guoa 15 2 guw 15 g
£ £ E £ E £
o S (m)] D‘? [=] &
c =4 c
g 0ot g goo 05 g oo 05
= X = X = xX
0.00 \\b-‘u-‘. . =[5 0.00 £ L S 0001 == 5
ll g
001 1o 004 “lo 004” 0
0.001 0.005 0.021 0.090 0379 1606 0.001 0.005 0.021 0.090 0.379 1606 0.001 0.005 0.021 0.0%0 0379 1606
Uranium, ug/g Uranium, pg/g Uranium, pg/g

Adjusted mean differences of selected cardiac geometry measures besstticted cubic splines for leg

transformed uranium distribution with knots at 10th (reference), 50th, and 90th percentiles. Blue represents
associations at baseline, and orange represents associations atifolidadels were adjusted for sex, age, ytud
center, smoking (never, former, current), body mass index tkggorm of inorganic and methylated Arsenic (ug/g
creatinine), dyslipidemia (no/yes), fasting glucose level (continuous), estimated glomerular filtration rate
(ml/min/1.73n%), systolic bloodoressure (continuous), and hypertension treatment (no/yes). Histograms represent
the distribution of uranium.

61



Figure A5: Doseresponse relationships of uranium and left ventricular functioning measures
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Adjusted meamwifferences of selected left ventricular funciimpmeasures based on restricted cubic splines fer log
transformed uranium distribution with knots at 10th (reference), 50th, and 90th percentiles. Blue represents
associations at baseline, and orange represents associations atifolidadels were adjustddr sex, age, study

center, smoking (never, former, current), body mass index gkggom of inorganic and methylated Arsenic (ug/g
creatinine), dyslipidemia (no/yes), fasting glucose level (continuestinated glomerular filtration rate
(ml/min/1.73n%), systolic blood pressure (continuous), and hypertension treatment (no/yes). Histograms represent
the distribution of uranium.
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Figure A6: Mean difference (95% CI) of left ventricular measurements for participants in the
highest uranium+ arsenic tertile score vs the lowest uranium+arsenic tertile score at baseline and

at follow-up.

Baseline Follow-up
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Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR, study center, fasting glucose,
blood pressure and hypertension treatment (yes/no). Uranium and arsenic were creatinine transformed, each divided
into tertiles, and summed toeate a tertile score. The mean differences represent the association with each outcome
among participants in the highest uranium+arsenic tertiles compared to participants in the lowest uranium/arsenic
tertiles. Mixed effect models included a random irgpt@nd slope over time for each participant.
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Table Al: Mean difference (95% CI) of left ventricular measurements peddatdpling of
urinary uranium at baseline and at follap, stratified by age, sex, and urine arsenic levels.

LVMI = left ventricular mass index (g/fn LASD = left atrium diameter (cm). LVIDD = left ventricular diameter at
diastole/height (cm/m). IVSS = inter ventricular septum in systole. LVPWT = left ventricular posterior wall
thickness in systole. RWT = relative wall thickness. StVol= stroke volife: ejection fraction (%). MidShort =
midwall shortening. MAEV = BEvelocity (cm/s). MAAV = Avelocity (cm/s). MAEA =E/A ratio. HR = heart rate
(beats per minute). MVATRIF = atrial filling fraction. MADT = deceléoattime (ms), IVRT = isovolumic
relaxation time (ms). SBP = systolic blood pressure (mmHg). DBP = diastolic blood pressure (mmHg). PP = Pulse
pressure (mmHg). Young < median age of 30.4 years. Old > 30.4 years. Low arsenic < 4.23 (median) concentration

sum o f

i norganic

and methyl ated

Ar seni

C

pg/ L. Hi gh

methylated Arsenic pg/L. *values for interaction were corrected for the number of comparison groups (three

groups; p = 0.0167)

arse

Outcome P value interaction* Baseline Effect 5 years followup
LVMI Overall 0.49 (0.07, 0.92) 0.30 €0.12, 0.71)
LVMI Male 0.82 0.74 €0.01, 1.49) 0.39 €0.34, 1.12)
LVMI Female 0.30 €0.20, 0.81) 0.19 €0.29, 0.68)
LVMI Old 055 0.20 ¢0.41, 0.81) 0.05(-0.54, 0.64)
LVMI Young 0.78 (0.18, 1.38) 0.51 ¢0.07, 1.10)
LVMI Low Arsenic 074 0.44 ¢0.22,1.10) 0.29 €0.35,0.92)
LVMI High Arsenic 0.64 (0.02,1.26) 0.45 €0.15,1.05)
LASD Overall 0.02 (0.01, 0.03) 0.02 (0.01, 0.03)
LASD Male 0.07 0.03 (0.02, 0.05) 0.04 (0.02, 0.06)
LASD Female 0.01 (0.00, 0.03) 0.01 ¢0.00, 0.02)
LASD Old 0.06 0.01 ¢0.01, 0.02) 0.01 €0.01, 0.02)
LASD Young 0.04 (0.02, 0.05) 0.03 (0.02, 0.05)
LASD Low Arsenic 0.86 0.02(0.00,0.04) 0.02 (0.01,0.04)
LASD High Arsenic 0.02 (0.00,0.04) 0.02 (0.00,0.03)
LVIDD Overall 0.01 (0.00, 0.03) 0.01 (0.00, 0.03)
LVIDD Male 068 0.02 ¢0.00, 0.04) 0.03 (0.01, 0.05)
LVIDD Female 0.01 ¢0.00, 0.02) 0.01(-0.01, 0.02)
LVIDD Oid 063 0.01 ¢0.01, 0.03) 0.01 ¢0.01, 0.02)
LVIDD Young 0.02 (0.00, 0.03) 0.02 (0.01, 0.04)
LVIDD Low Arsenic 0.28 0.02 ¢0.00,0.04) 0.02 (0.00,0.04)
LVIDD High Arsenic 0.01 ¢0.00,0.03) 0.01(-0.00,0.03)
IVSS Overall 0.00 €0.00, 0.01) -0.00 £0.01,-0.00)
IVSS Male 0.87 0.00 ¢0.00, 0.01) -0.01 ¢0.02,-0.00)
IVSS Female 0.00 €0.00, 0.01) 0.00 €0.00, 0.00)
IVSS Old 027 -0.00 ¢€0.01, 0.00) -0.00 ¢0.01, 0.00)
IVSS Young 0.00 €0.00, 0.01) -0.01 ¢€0.01,-0.00)
IVSS Low Arsenic 059 0.00 ¢0.00,0.01) 0.01 (0.00,0.01)
IVSS High Arsenic 0.00 €0.00,0.01) -0.01 £0.02;0.01)
LVPWT Overall 0.00 €0.00, 0.01) 0.00 €0.00, 0.00)
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LVPWT Male

0.00 ¢0.00, 0.01)

0.00 ¢0.00, 0.01)

LVPWT Female 0.71 0.00 €0.00, 0.01) 0.00 €0.00, 0.00)
LVPWT Old 0.20 -0.00 ¢0.00, 0.00) -0.00 ¢0.01, 0.00)
LVPWT Young 0.01 (0.00, 0.01) 0.00 €0.00, 0.01)
LVPWT Low Arsenic 057 0.00(-0.00,0.01) 0.00 €0.00,0.01)
LVPWT High Arsenic 0.00 ¢0.00,0.01) -0.00 ¢0.00,0.00)
RWT Overall -0.00 ¢0.00, 0.00) -0.00 £0.00, 0.00)
RWT Male 071 -0.00 ¢0.00, 0.00) -0.00 ¢0.00, 0.00)
RWT Female -0.00 €0.00, 0.00) 0.00(-0.00, 0.00)
RWT Old 054 -0.00 ¢0.00, 0.00) -0.00 ¢0.00, 0.00)
RWT Young 0.00 ¢0.00, 0.00) 0.00 ¢0.00, 0.00)
RWT Low Arsenic 0.29 -0.00 ¢0.00,0.00) -0.00 ¢0.00,0.00)
RWT High Arsenic 0.00 €0.00,0.00) 0.00(-0.00,0.00)
Heartrate Overall -0.18 €0.51, 0.15) -0.07 €0.38, 0.24)
Heartrate Male 0.33 -0.44 ¢0.99, 0.11) -0.52 €1.04,-0.01)
Heartrate Female 0.00 ¢0.40, 0.41) 0.19 ¢0.18, 0.56)
Heartrate Old 0.36 -0.05 €0.48, 0.38) 0.04(-0.35, 0.44)
Heartrate Young -0.27 €0.79, 0.25) -0.16 €0.64, 0.32)
Heartrate Low Arsenic 056 -0.04 ¢0.52,0.45) -0.42 ¢0.87,0.03)
Heartrate High Arsenic -0.23 £0.71,0.25) 0.18 ¢0.26,0.62)
StVol Overall 0.66 (0.25, 1.08) 0.29 ¢0.10, 0.69)
StVol Male 0.20 0.74 ¢0.02, 1.50) 0.86 (0.14, 1.58)
StVol Female 0.57 (0.09, 1.04) -0.09 €0.54, 0.35)
StVol Old 0.43 0.34 ¢€0.20, 0.88) 0.14 ¢0.37, 0.66)
StVol Young 0.93 (0.30, 1.57) 0.39 €0.21, 0.99)
StVol Low Arsenic 0.70 0.68 (0.03,1.32) 0.42 ¢0.20,1.03)
StVol High Arsenic 0.56 €0.04,1.17) 0.25 €0.32,0.82)
EF Overall -0.04 €0.20, 0.11) -0.07 £0.22, 0.07)
EF Male 0.38 0.04 ¢0.22, 0.29) -0.07 €0.31, 0.17)
EF Female -0.10 €0.30, 0.10) -0.09 €0.27, 0.10)
EF Old 0.96 -0.05 ¢€0.27, 0.18) -0.10 ¢0.30, 0.11)
EF Young -0.02 €0.25, 0.21) -0.03 €0.24, 0.18)
EF Low Arsenic 0.44 -0.02 ¢0.27,0.23) -0.09 ¢€0.32,0.14)
EF High Arsenic -0.10(-0.32,0.12) -0.08 £0.29,0.12)
MAE Overall 0.20 €0.21, 0.61) -0.17 €0.53, 0.19)
MAE Male 0.80 0.05 ¢0.62, 0.73) -0.04 ¢0.65, 0.57)
MAE Female 0.23 ¢0.27, 0.74) -0.32 £0.77, 0.13)
MAE Old 053 0.34 ¢0.20, 0.89) -0.15 ¢0.63,0.33)
MAE Young -0.07 €0.68, 0.54) -0.29 £0.84, 0.25)
MAE Low Arsenic 0.79 0.18 €0.45,0.82) -0.16 €0.72,0.40)
MAE High Arsenic 0.24 ¢€0.30,0.79) -0.48 €0.97,0.01)
MAA Overall 0.22 €0.12, 0.56) -0.10 €0.40, 0.20)
MAA Male 0.11 -0.19 ¢0.75, 0.37) -0.40 €0.90, 0.09)
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MAA Female 0.44 (0.01, 0.87) 0.03 (0.36, 0.41)
MAA Old 0.27 0.43 (0.03, 0.90) -0.05 ¢0.46, 0.36)
MAA Young -0.08 £0.57, 0.42) -0.15 €0.58, 0.28)
MAA Low Arsenic 0.62 0.48(-0.04,1.01) -0.47 {0.94:0.01)
MAA High Arsenic 0.07 €0.39,0.53) 0.10 ¢0.31,0.51)

MAEA Overall -0.00 (0.01, 0.01) -0.00 ¢0.01, 0.01)
MAEA Male 016 0.01 (0.01, 0.03) 0.01 (0.01, 0.03)
MAEA Female -0.01 ¢0.02, 0.00) -0.01 ¢€0.02, 0.00)
MAEA Old 0.99 -0.00 (0.01, 0.01) -0.00 ¢0.01, 0.01)
MAEA Young -0.01 €0.03, 0.01) -0.00 ¢0.02, 0.01)
MAEA Low Arsenic 0.25 -0.01 €0.03,0.01) 0.01 ¢€0.01,0.02)

MAEA High Arsenic -0.00 €0.02,0.01) -0.01(-0.02,0.00)
MVATRIF Overall 0.00 €0.00, 0.00) 0.00 ¢0.00, 0.00)
MVATRIF Male 081 -0.00 €0.00, 0.00) 0.00 ¢0.00, 0.00)
MVATRIF Female 0.00 ¢0.00, 0.00) 0.00 (0.00, 0.01)

MVATRIF Old 0.46 0.00 ¢0.00, 0.00) 0.00 ¢0.00, 0.00)
MVATRIF Young -0.00 €0.00, 0.00) 0.00 ¢0.00, 0.00)
MVATRIF Low Arsenic 014 0.00 ¢0.00,0.01) 0.00 (0.00,0.01)

MVATRIF High Arsenic -0.00 €0.00,0.00) -0.00 €0.00,0.00)
MADECTI Overall -0.43 £1.53, 0.68) 0.56 ¢0.43, 1.55)
MADECTI Male 058 -0.98 ¢2.77, 0.81) -0.40 €2.03, 1.24)
MADECTI Female -0.31 €1.73, 1.10) 0.92 £0.34, 2.18)
MADECTI Old 0.40 -0.06 €1.59, 1.47) 0.79 €0.57, 2.15)
MADECTI Young -0.90 (2.51, 0.71) 0.20 ¢1.27, 1.68)
MADECTI Low Arsenic 0.94 -0.52 €2.13,1.09) 0.83 €0.63,2.28)

MADECTI High Arsenic -0.23 £1.81,1.34) 0.07 €1.33,1.48)

IVRT Overall -0.55 £0.86,-0.23) 0.01 €0.27, 0.29)
IVRT Male 0.98 -0.45 ¢0.97, 0.06) -0.03 €0.49, 0.44)
IVRT Female -0.59 €0.99,-0.19) 0.06 ¢0.30, 0.42)
IVRT Old 0.52 -0.70 £1.15,-0.24) 0.37 £0.04, 0.77)
IVRT Young -0.31 €0.75, 0.13) -0.33 £0.72, 0.06)
IVRT Low Arsenic 0.83 -0.52 (1.01;0.02) -0.03 ¢0.47,0.41)
IVRT High Arsenic -0.38 £0.80,0.04) 0.09 €0.28,0.46)

MidShort Overall 0.00 (0.00, 0.00) 0.00 (0.00, 0.00)
MidShort Male 0.00 €0.00,0.01) 0.00 ¢€0.00,0.01)

MidShort Female 058 -0.00 ¢0.00,0.00) -0.00 ¢0.00,0.00)
MidShort Old 0.00 €0.00,0.01) 0.00 ¢€0.00,0.01)

MidShort Young 0.2 -0.00 ¢0.01,0.00) -0.00 ¢0.00,0.00)
MidShort Low Arsenic 0.98 0.00 ¢€0.00,0.01) -0.00 ¢0.00,0.00)

MidShort High Arsenic

-0.00 €0.00,0.00)

0.00 ¢0.00,0.00)

SBPOverall

0.01 ¢0.35, 0.38)

0.14 ¢0.20, 0.49)
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SBP Male 0.11 ¢0.53,0.74) 0.29 €0.30,0.88)
SBP Female 0.46 -0.04 ¢0.48,0.41) 0.07 ¢0.35,0.49)
SBP Old 0.26 ¢0.29,0.80) 0.46 ¢0.05,0.97)
0.16
SBP Young -0.43(-0.92,0.06) -0.36 ¢0.83,0.10)
SBP Low Arsenic 0.047 0.26 ¢0.32,0.83) 0.77 (0.23,1.32)
SBP High Arsenic 0.00 €0.54,0.54) -0.15 £0.66,0.35)
DBP Overall -0.23 £0.49, 0.03) -0.24 €0.48,-0.01)
DBP Male -0.54(-0.99;0.10) -0.59 ¢1.00;0.19)
0.003
DBP Female 0.01 ¢0.31,0.33) 0.02 ¢0.27,0.31)
DBP Old 0.05 ¢0.27,0.38) 0.19 ¢0.11,0.48)
0.01
DBP Young -0.61 ¢1.03;0.19) -0.74 ¢1.12;0.35)
DBP Low Arsenic 0.06 -0.21(-0.60,0.18) 0.27 €0.08,0.62)
DBP High Arsenic -0.29 £0.65,0.08) -0.53 £0.86;0.20)
Pulse Pressure Overall 0.13 €0.13, 0.39) 0.28 (0.05, 0.52)
Pulse Pressure Male 0.003 0.39 ¢0.10, 0.87) 0.60 (0.18, 1.02)
PulsePressure Female -0.10 €0.41, 0.22) -0.01 €0.30, 0.28)
Pulse Pressure Old 016 -0.09 €0.41, 0.23) 0.00 €0.29, 0.30)
Pulse Pressure Young 0.20 ¢0.24, 0.63) 0.45 (0.08, 0.83)
Pulse Pressure Low Arsenic 052 0.05 €0.34,0.43) 0.12(-0.23,0.46)
Pulse Pressure High Arsenic 0.24 €0.13,0.60) 0.35 (0.01,0.68)

Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR, study center, fasting glucose,
urinary arsenic, blood pressure dngbertension treatment (yes/no). Uranium was corrected by urine creatinine and
furtherlog.-transformedMixed effect models included a random intercept and slope over time for participant.

Table A2: Odds Ratio (95% ClI) for LeWentricular Diastolic Dysfunction at baseline (2601
2004) and at Follovwp (2006-2009) per a logloubling of urinary uranium, according to
hypertension status

Baseling(Visit 4)

Follow-up (Visit 5)

Al
)

Left Ventricular Prevalence OR (95% CI) Prevalence OR (95% ClI

Diastolic Cases / Model 1 Model 2 Cases / Model 1 Model 2

Dysfunction Non-cases Non-cases

(LVDD)

All participants 502/830 0.97 (0.90, | 0.98 (0.91, | 121/645 | 0.97 (0.88,| 0.98 (0.86,
1.04) 1.06) 1.08) 1.11)

Prehypertension| 192/470 1.07 (0.96, 1.07 (0.95, 70/364 0.98 (0.86,| 0.97 (0.84,

Hypertension 1.20) 1.20) 1.12) 1.12)

67



Normal Blood

Pressure

310/360

1.07 (0.96,
1.20)

1.07 (0.95,
1.20)

51/281

0.94 (0.79,
1.12)

0.99 (0.80,
1.22)

Uranium wascorrected by urine creatinine and furtheg,-transformedModels specified are generalized

estimating equations accounting for family structure, where Model 1 adjusted for sex and age and Model 2
additionally adjusted for smoking, body mass index, dyslipidemia, eGFR, study center, fasting glucose, systolic
bloodpressure, and hypertension treatment. LVDD: left ventricular diastolic dysfunction, OR: odds ratio.

Table A3: Mean difference (95% CI) of left ventricular measurements per-ddagling of
urinary uranium at baseline and at follayp among remaining cardiac measures. Mean (95% CI)
of annual change during followp for the same comparison.

Mean Difference Baseling

Annual Change

Mean Difference
Follow-up

Relative wall thickness

-0.00 ¢0.00,0.00)

-0.00 €0.00,0.00)

-0.00 €0.00,0.00)

Midwall shortening

0.00 ¢0.00, 0.00)

-0.00 €0.00, 0.00)

0.00 ¢0.00, 0.00)

Atrial filling fraction

0.00 €0.00 ,0.00)

0.00 (0.00, 0.00)

0.00 (0.00, 0.00)

Systolic blood pressure

(mmHg) 0.01 ¢0.35, 0.38) 0.03 €0.05, 0.10) | 0.14 €0.20, 0.49)
Diastolic blood pressure
(mmHg) -0.23 £0.49,0.03) -0.00 €0.07,0.06) | -0.24 ¢0.48,-0.01)

Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR, study center, fasting
glucose, urinary arsenic, blood pressure and hypertension treatment (yes/no). Models assessing blood
pressure did not adjust for blood pressure. Urania® corrected by urine creatinine and furtiogg-
transformed. Mixed effect models included a random intercept and slope over time for participant.

Table A4: Mean difference (95% CI) of left ventricular measurements per-ddagling of
urinary uranium by blood pressure status at baseline and atfofi@mong remaining cardiac
measures. Mean (95% CI) of annual change during fellpvior the same comparison

Prehypertension / Hypertension Normal Blood Pressure
Mean Mean Mean Mean
Difference Difference Difference Difference
Baseline Annual Change| Follow-up Baseline Annual Change| Follow-up
Cardiac
Geometry
Interventricul
ar septum, 0.00 -0.00 -0.00 0.00 -0.00 -0.00
cm (-0.01,0.01) (-0.00,0.00) (-0.01,0.00) (-0.00,0.01) (-0.00,0.00) (-0.01,0.00)
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LV posterior

wall 0.00 -0.00 -0.00 0.00 -0.00 0.00

thickness, cm (-0.00,0.01) (-0.00,0.00) (-0.01,0.00) (-0.00,0.01) (-0.00,0.00) (-0.00,0.01)

Relative wall | -0.00 -0.00 -0.00 0.00 0.00 0.00

thickness (-0.00,0.00) (-0.00,0.00) (-0.00,0.00) (-0.00,0.00) (-0.00,0.00) (-0.00,0.00)

Cardiac

Function

Ejection -0.06 -0.01 -0.10 -0.00 -0.01 -0.03

fraction, % (-0.29,0.16) (-0.05,0.03) (-0.31,0.11) (-0.22,0.22) (-0.04,0.03) (-0.24,0.18)

Heart rate, -0.30 0.01 -0.26 0.02 0.03 0.19

bpm (-0.79,0.18) (-0.09,0.10) (-0.71,0.18) (-0.44,0.47) (-0.05,0.12) (-0.23,0.61)

Mitral E-

velocity, 0.34 -0.13 -0.32 0.14 -0.02 0.03

cm/s (-0.27,0.95) (-0.28,0.02) (-0.86,0.23) (-0.41,0.68) (-0.15,0.11) (-0.46,0.51)

Mitral A-

velocity, 0.03 -0.08 ¢ -0.35 0.44 -0.06 0.15

cm/s (-0.45,0.51) 0.20,0.04) (-0.77,0.07) (-0.04,0.92) (-0.16,0.05) (-0.28,0.59)

E/A ratio 0.01 -0.00 0.00 -0.01 0.00 -0.00
(-0.01,0.02) (-0.00,0.00) (-0.01,0.01) (-0.03,0.00) (-0.00,0.01) (-0.02,0.01)

Deceleration | 0.59 0.08 1.00 -1.25 0.30 0.26

time, ms (-0.98,2.16) (-0.32,0.49) (-0.42,2.42) (-2.80,0.30) (-0.12,0.72) (-1.13,1.66)

Isovolumic

relaxation -0.43 0.11 0.12 -0.69 0.11 -0.15

time, ms (-0.91,0.04) (-0.00,0.22) (-0.31,0.54) (-1.12;0.27) (0.00,0.22) (-0.52,0.23)

Midwall 0.00 0.00 0.00 0.00 -0.00 -0.00

shortening (-0.00,0.01) (-0.00,0.00) (-0.00,0.01) (-0.00,0.01) (-0.00,0.00) (-0.00,0.00)

Atrial filling | 0.00 0.00 0.00 0.00 0.00 0.00

fraction (-0.00,0.00) (-0.00,0.00) (-0.00,0.00) (-0.00,0.00) (-0.00,0.00) (-0.00,0.00)

Systolic

blood

pressure 0.07 0.05 0.34 0.00 -0.02 -0.10

(mmHg) (-0.42,0.56) (-0.07,0.17) (-0.13,0.80) (-0.31,0.31) (-0.11,0.07) (-0.40,0.20)

Diastolic

blood

pressure -0.35 0.01 -0.29 -0.06 -0.03 -0.21

(mmHg) (-0.76,0.06) (-0.08,0.11) (-0.66,0.08) (-0.36,0.24) (-0.11,0.05) (-0.48,0.06)

Models were adjusted for sex, age, smoking, body mass index, dyslipidemia, eGFR, study center, fasting glucose,
urinary arsenic, blood pressure and hypertension treatment (yes/no). Models assessing blood pressure did not adjust

for blood pressure. Uraniumas corrected by urine creatinine and furbgs-transformed. Mixed effect models
included a random intercept and slope over time for participant.

Chapter 4. The Association of Blood Lead with Cardiovascular
Disease Incidence antortality in the Strong Heart Study

Wil LiebermanCribbint, MPH; Anne E Nigrg ScM, PhD; Allison Kupscp PhD;Arce
DomingoRellosd'?3 PhD;Kathrin Schilling, PhD;Ying Zhand, PhD, Amanda FreftsMPH,
PhD;Shelley Colé PhD; Jason G. UmaffsMD, PhD; Jeffery M. Jarrett MS; Michael
Lewin'®, MS; Patricia Ruiz®, PhD;Zheng L% PhD; Ana Navagicient, MD, PhD.
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4.1 Abstract

American Indians experience an elevgteevalencef cardiovascular disease (CVD)
and chronic metal exposure. Further evidence is needed of thtetom@VD impact of blood
lead in American Indian populations, especially at low blood lead levels (<35 @uit).
objective wasd evaluate if blood lead is associated with CVD incidence and mortality in adult
American Indian participant3his design was arpspective cohort study of CVD and CVD risk
factors among 12 American Indian communities in the We&t&Strong Heart Study with

blood lead collected in in 1998999 and CVD incidence and mortality data available through
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2019.Blood from 2,196 participants were eligible for inclusion. We excluded 188 participants
with clotted blood samples, 2 participants with an insufficient volume for analysis, and 188
participants missing cardiovascular risk factors, resulting in a finalleasize of 1,818This

study utilized progressively adjusted multivariable Cox proportional hazards models to estimate
the risk of incident CVD (any definite or possible fatal or-fimal coronary heart disease

(CHD), stroke, or heart failure) and/O deaths (definite fatal myocardial infraction, definite
sudden death due to CHD, definite fatal CHD, possible fatal CHD, definite fatal stroke, possible
fatal stroke, definite fatal congestive heart failure (CHF), possible fatal CHF, and other fatal
CVD). The median (p25, p75) for blood lead was 22.5 (15.3, 32.7) pg/L and there were 588
(32.3%) participants with a CVD event and 415 (22.8%) with a CVD mortality. In models
adjusted for demographic, lifestyle, and cardiovascular risk factors, the hazagHRYi(95%

Cl) of mortality per change across thé"sfi" quantiles in blood lead was 1.15 (1.030) for

CVD overall and 1.22 (1.08.37) for CHD. The corresponding HR was 1.11 (41(A2) for

incident CVD and 1.12 (1.00.25) for incident CHDBIlood lead levels in American Indian

adults were associated with increased risk of CVD and CHD incidence and mortality. These
findings contribute to the evidence of lead as a CVD risk factor at low levels and highlight the
importance of further reducing l@&xpmsure in communities across the United States, including

American Indian communities.

4.2 Introduction
Cardiovascular disease (CVD) is the leading cause of mornggdibally, responsible for
17.9 million deaths annuaffy While many traditional risk factors have been identified,
including high blood pressure, hyperglycemia, high low density lipoprotein cholesterol, tobacco

smoking, low physical activity and unhealthy diets, recent research has emphasized the role of
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environmental risk factors for CVD, including metals such as lead (Pb), cadmium (Cd) and
arsenic (As¥°

Lead is a divalent cation that interferes with calcium and zinc and is associated with
adverse cardiovascular, neurological, renal, hematological, immunological, reproductive, and
developmental outcom@&s°3332333possibly due to its role in promoting oxidative stress,
vascular reactivity, epigenetics and other mecharifSi#ié*¢. Lead exposure has markedly
declined in the USpllowing the banning of lead in gasoline and residential paint and the
regulation in public drinking water and atmospheric emisstaridowever globally,
environmental Pb exposure was attributed to 5.5 million CVD deaths i, 201®lead exposure
remains disproportionately high in underserved US commuififieE8as well as in low and
middle-income countries®®. Most of the studies on the association between lead and CVD risk
were conducted decades ago, when few participants had blood lead levels below 35 pg/L, which
is now typical in the 2020%51:170340343n( is the updated blood lead reference value from the
Centers for Disease Control and Preverifibn

The Strong Heart Study (SHS) is a study of CVD and its risk factors in American Indian
adults across the Southwest and the Great PlaBisod lead levels in SHS participants
measured in samples collected in 19989 were similar to those found in a representative
sample of US adults in (National Health and Nutrition Examination Survey) NHANES 1999
2000 (median 20 pg/L). Therefore, thelS represents a unique opportunity to investigate the
association of lead exposure with CVD incidence and mortality at blood lead levels typical of
many populations in the US and around the world. We hypothesized that blood lead levels would
be associatedith adverse cardiovascular outcomes with a monotonic or decelerating dose

response with no evidence of a threshold.
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4.3 Methods
4.3.1Study population

The SHS is a participatory based cohort study of CVD and its risk factors working in
partnership with tribal communities in the Southwest and the Great Plamn$9891991, all
adults aged 494 years in the communities in Arizona and Oklahoma, and random subsets in the
communities in North Dakota and South Dakota were eligible for recruiftn&he protocol
was approved by institutional review boards (IRBs), participating tribal communities, and the
respective area Indian Health Service IRBs. All participants provided informed consent. This
manuscript has been reviewed by the participating aomitres. The data underlying this article
cannot be shared publicly in an unrestricted manner due to limitations in the consent forms and
in the agreements between the Strong Heart Study tribal communities and the Strong Heart Study
investigators. The dataan be shared to external investigators following the procedures

established by the Strong Heart Study, availablegtps://strongheartstudy.org/

A total of 4,549 adults were initially recruited. After excluding one community which
declined further participation, a total of 3,516 men and women participated in the third physical
exam in in 19981999. Among them, blood lead was measured in 2,19 pantits through a
collaboration with thé\gency for Toxic Substances and Disease Reg{sfR6DR) at the
Centers for Disease Prevention and Control (CDC). We excluded 188 participants with clotted
blood samples and 2 participants with an insufficient veldion lead analysis. We also excluded
188 patrticipants missing CVD risk factors, resulting in a final sample size of 1,818 participants
included in this study.

As described previousl§; all participants provided sociodemographic and medical

history information including age, sex, education, study center of recruitment, smoking status
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(never, former, current), body mass index (BMI), {density lipoprotein cholesterol (LDL),
high-density lipoprotein cholesterol (HDL), blood pressure, hypertension treatment (yes/no),
diabetes (yes/no) via baseline questionnaires, physical exams, aradldabanalyses. Estimated
glomerular filtration rate (eGFR) was calculated using age, sex, and plasma creatinine via the
Chronic Kidney Disease Epidemiology Collaboration formul&. Diabetes status at baseline
was defined as f ast thmogrglpdcacssmea =gl 2u6c omsge/ 12,0 0t wr
AlC | evel -repdtedhistory ofdeaynbsis, or current use of diabetic medication.
3.3.2Blood lead measurement

Al i quots of whole blood samples were store
were shipped on dry ice to CDC in 2019 and processed as described prétAdLeiyl and
cadmium were measured using inductively coupled plasma triple quadrupole mass spectrometry
(ICP-QQQMS)***  Specifically, a 50 pL aliquot of who
aqueous solution of 1.0% v/v tetramethyl ammonia hydroxide, 1% ethanol, 0.01% ammonium
pyrrolidine dithiocarbamate (APDC), 0.05% Trif&nX-100, and a pig/L iridium internal
standard. The sample mixture was then analyzed using the Agilent 89@QQMS.
Cadmium (111Cd), lead (206Pb + 207Pb + 208Pb), and the internal standard iridium (193Ir)
were all analyzed within a single tune mode rehthe octopole reaction cell was pressurized
with 50% oxygen and 1.0 mL/min hydrogen. Quantitation was achieved using a-matcixed,
external calibration with calibration rangesof R0 0 pg/ L f or @2@&@dmipgrmhddnd
(06-2000 pg/ L) for | ead. The | impg/tL)o ff odretleecad oa
pg/ L for cadmium. One sample was below the LO

divided by the square root of two. At the beginning and end of each analytical run, three custom
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made blood bench quality control materials were inserted. Quality control checks were
performed according to a muttile quality control syste#fr.
4.3.3Cardiovascular outcomes

Morbidity and mortality surveillance in the SHS is ongoing and has been previously
describe®’". All cardiovascular disease outcomes and deaths are identified through
coordination between Field Centers, the Coordinating Center, and Surveillance Reporting. For
this study, all deaths and potential cardiovascular outcomes occurring through 2019 were
reviewed by the Morbidity and Mortality Review Committee, which is composed of physicians
with experience in reviewing medical records for the ascertainment of cardiovascular
outcome& ", Incident CVD was defined as any definite or possible fatal offaiahcoronary
heart disease (CHD), stroke, or heart failure. Cardiovascular deaths were ascertained according
to International Diagnostic criteria, and events possibly meeting thes@adntduded: definite
fatal myocardial infraction, definite sudden death due to CHD, definite fatal CHD, possible fatal
CHD, definite fatal stroke, possible fatal stroke, definite fatal congestive heart failure (CHF),
possible fatal CHF, and other fataVD.
4.3.4 Statistical analysis

Blood lead levels were analyzed according to demographic and clinical covariates. We
used progressively adjusted multivariable Cox proportional hazards models to estimate the risk
of CVD incidence and CVD mortality, as well as CHD incidence and CHD ntgréaicording

to blood lead levels. To comprehensively assess the shape of theslosese, lead was

categorized i n pol i>00¥35r0e358pngd)nper the ahangd atress thes 1 0 .

80"-20" quantiles of lead, and in a flexible manneinggestricted quadratic splines on{og

transformed levels, with knots at theé" 80", and 9¢" percentiles and the reference at thé 10

75

0



percentile. In all Cox models, center of recruitment was incorporatestegaterm, and age

was used as the time metric. Model 1 was adjusted for sex, smoking status, BM),(&gtn

estimated glomerular filtration rate (ml/min/1.73nModel 2 further adjusted for LDL

cholesterol (mg/dL) HDtcholestérol (mg/dL), diabetes status (yes/no), systolic blood pressure

(mmHg), and hypertension treatment (yes/no). Model 3 further adjusted for blood cadmium.
Moderation of the relationship between blood lead and CVD incidence and mortality was

investigated according to the following subgroups: age {49.9, 55.664.9, 65.675.4 years),

sex (male/female), study center (Arizona, Oklahoma, North Dakota/Souttd)asmoking

status (never/former/current), BMI (<25,-38,>30 kg/nt), diabetes status (yes/no), and tertiles

of blood cadmium levels (<0.44, 00484, >0.84 ug/L). Cox proportional hazards models

included interaction terms between the subgroup amcagase in the change across the 80

20" quantiles of blood lead, modeled in the original scale. All analyses were conducted in R

version 4.0.26,

4.4 Results

The median (p25, p75) blood lead concentration was 22.5 (15.7, 33.6) pg/L. The
distribution of logtransformed lead concentrations was normally distribueglie A1). The
mean (SD) age of participants was 63.9 (7.9) years, and 1,110 (61.5%) participants were female.
Over the study followup (median followup of 13.5 years for CVD incident events and 17.1
years for CVD mortality), 588 (32.3%) participants had a fatal norfatal CVD event and 415
(22.8%) had a fatal CVD event. Blood lead concentraticare wargely similar across
participants with and without an incident CVD event before adjustriiabtd 1). Blood lead

concentrations were higher among males, participants recruited from North Dakota and South
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Dakota, current smokers, participants without diabetes, and among those with an eGFR of <60
ml/min/1.73n% (Table 2).

Table 1 Participant characteristics by incident CVD and CVD mortality status (N=1,818)

CVD Incident Event CVD Death
Variable No Yes No Yes
(n=1,230) (n=588) (n=1,403) (n=415)
Sex Female 762 (62.0) 348 (59.2) 868 (61.9) 242 (58.3)
Center AZ 137 (11.1) 49 (8.3) 161 (11.5) 25 (6.0)
OK 561 (45.6) 226 (38.4) 612 (43.6) 175 (42.2)
ND/SD 532 (43.3) 313 (53.2) 630 (44.9) 215 (51.8)
Smoking Status Never 442 (35.9) 180 (30.6) 489 (34.9) 133 (32.0)
Former 429 (34.9) 202 (34.3) 478 (34.1) 153 (36.9)
Current 359 (29.2) 206 (35.0) 436 (31.1) 129 (31.1)
Diabetes Yes 525 (42.7) 296 (50.3) 581 (41.4) 240 (57.8)
Prediabetes Yes 126 (16.7) 63(20.1) 155 (17.6) 34 (18.1)
HT Treatment Yes 445 (36.2) 212 (36.1) 465 (33.1) 192 (46.3)
Age (years) Mean (SD) 63.8 (8.0) 64.0 (7.7) 63.2 (7.7) 66.2 (8.1)
BMI (kg/m?) Mean (SD) 30.5 (6.0) 31.0 (6.4) 30.7 (6.2) 30.4 (6.0)
SBP Mean (SD) 131 (19.2) 132(18.9) 130 (18.5) 134 (20.7)
LDL-chol Mean (SD) 118 (32.8) 123 (31.0) 119 (32.3) 121 (32.5)
HDL-chol Mean (SD) 43.2 (14.0) 42.0 (13.0) 43 (13.5) 42 (14.3)
eGFR (ml/min/1.73®) Mean (SD) 92.1 (22.2) 92.8 (21.0) 93.8 (20.6) 87.3 (24.9)
Blood Lead(ug/L) Mean (SD) 27.6 (18.5) 28.0 (28.0) 27.6 (22.2) 28.4 (21.6)
Blood Cadmium (ug/L)  Mean (SD) 0.79 (0.68) 0.79 (0.59) 0.79 (0.67) 0.80 (0.61)

BMI: body mass index; HT: hypertension; chol: cholesterol; eGFR: estimated glomerular filtraticdBate;
systolic blood pressure. AZ: Arizona; OK: Oklahoma; ND: North Dakota; SD: South Dakota.

Table 2 Blood lead concentrations by participant characteristics (N = 1,818)

Blood lead (ug/L)

Variable N (%) Median (p20, p80)
Sex Male 708 (38.9) 28.7(18.6, 46.3)
Female 1,110 (61.1) 19.3 (12.5, 31.4)
Age (years) <55 243 22.4 (14.9, 36.2)
55-64 848 21.2 (13.5, 36.6)
265 727 23.9 (15.4, 38.4)
Center AZ 186 (10.2) 15.6 (10.1, 24.5)
OK 787 (43.3) 20.8 (13.1, 33.7)
ND/SD 845 (46.5) 26.0(17.0, 41.8)
Smoking Status Never 622 (34.2) 19.8 (12.7, 30.6)
Former 631 (34.7) 21.2 (13.7, 34.0)
Current 565 (31.1) 28.9 (17.8, 44.2)
BMI < 25 kg/n? 306 (16.8) 29.9 (17.5, 46.8)
25-30 604 (33.2) 25.0 (15.7, 39.9)
>30 908 (50.0) 19.8(12.8, 30.9)
Diabetes Yes 821 (45.2) 19.6 (15.9, 41.9)
No 997 (54.8) 26.1 (12.9, 30.8)
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Prediabetes Yes 189 (17.7) 24.6 (15.3, 31.9)

No 879 (82.3) 26.0 (15.9, 41.7)

HT Treatment Yes 657 (63.9) 21.0 (13.7, 34.6)
No 1,161 (36.1) 23.6 (14.738.8)

eGFR <60 ml/min/1.73nf 134 (7.4) 295 (18.4, 48.8)
> 6 @I/min/1.73n? 1,684 (92.6) 22.1 (14.0, 36.3)

BMI: body mass index; HT: hypertension; chol: cholesterol; eGFR: estimated glomerular filtration rate; AZ:
Arizona; OK: Oklahoma; ND: North Dakota; SD: South Dakota.

4.4.1Blood lead and cardiovascular disease
For incident CVD events, the adjusted HR (95% CI) for 31" quantile change
increase in blood lead was 1.11 (1.01, 1.22) in the partially adjusted rmabtéd 3, Model 2)
and 1.11 (1.01, 1.23) in the model adjusting for blood cadmiiahlé 3 Model 3). These
effects were similar for incident CHD in the partially adjusted model (1.10, 0.98, 1.24) and the
co-adjusted model (1.12, 1.00, 1.25). Modeling blood lead in policy relevant groups of blood
lead, the fully adjusted HR (95% CI) comparihg highest to lowest tertile was 0.94 (0.63,
1.40) for incident CVD, 1.22 (0.75, 1.98) for incident CHD in the fully adjusted models.
Concerning CVD mortality, the partially adjusted HR (95% CI) for di31" quantile
change increase in blood lead was 1.17 (1.04, 1.31) in the partially adjusted Tadndie 3
Model 2) and 1.15 (1.02, 1.30) in the model adjusting for cadmiiabl¢ 3 Model 3). For
CHD mortality, the HR (95% ClI) for the partially adjusted model was 1.21 (1.08, 1.37) and 1.22
(1.08, 1.37) in the fully adjusted modd@laple 3). No statistically significant relationships were
observed between blood lead concentrations and CVD or CHD mortality when blood lead was
analyzed in tertilesTiable Al). Flexible doseresponse models supported a linear relationship
for the association of blood lead with CVD and CHD mortality, while a linear but comparatively
weaker relationship was observed between blood lead and CVD and CHD incigignce {).
Table 3: Hazard ratios (95% confidence interval) for any cardiovascular disease and coronary

heart disease incidence by blood lead, with policy relevant grouping for lead concen{Mitrons
1,818).

>10.0—35.0 pg/L Per p80p20 change
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CVD Mortality
Cases / noitases
Person years

Model 1

Model 2

Model 3

CHD Mortality
Cases / noitases
Personyears
Model 1

Model 2
Model 3

Incident CVD
Cases / noitases
Person years
Model 1

Model 2

Model 3

Incident CHD
Cases / noitases
Person years

Model 1
Model 2

Model 3

Model 1: Adjusted for sex, smoking status (never, former, current), Byinf), and estimated glomerular filtration

< 10.0
(n=132)

26 /106
2,088

1.00 (Reference)
1.00 (Reference)
1.00 (Reference)

14/118
2,088
1.00 (Reference)

1.00 (Reference)
1.00 (Reference)

42 /90

1,918

1.00 (Reference)
1.00(Reference)
1.00 (Reference)

26 /106
1,979

1.00 (Reference)
1.00 (Reference)

1.00 (Reference)

H g/ (n=1,261)

281/980
19,309

0.94 (0.62, 1.42)
1.03 (0.68, 1.57)
1.01 (0.66, 1.54)

206 / 1,055
19,309
1.28 (0.73, 2.22)

1.42 (0.82, 2.48)
1.43 (0.81, 2.49)

420 / 841
16,982

0.90 (0.65, 1.25)
0.97 (0.69, 1.35)
0.97 (0.69, 1.35)

328 /933
17,603

1.06 (0.70, 1.60)
1.15 (0.63, 1.59)

1.17 (0.77, 1.77)

> 35.0 po/L
(n=425)

108 /317
5,220

1.19 (0.75, 1.89)
1.45 (0.90, 2.34)
1.40 (0.86, 2.27)

85/ 430
5,220
1.65 (0.90, 3.02)

2.13 (1.15, 3.94)
2.14 (1.143.99)

126 / 299

4,655

0.82 (0.56, 1.21)
0.93 (0.63, 1.38)
0.94 (0.63, 1.40)

106 / 319
4,775

1.00 (0.63, 1.59)
1.19 (0.74, 1.90)

1.22 (0.75, 1.98)

(37.2—14.2 pglL)*

415/ 1,403
26,617

1.09 (0.97, 1.22)
1.17 (1.04, 1.31)
1.15 (1.02, 1.30)

305 /1,513
26,617
1.12 (0.99, 1.27)

1.21 (1.08, 1.37)
1.22 (1.08, 1.37)

588 / 1230
23,555

1.06 (0.96, 1.17)
1.11 (1.01, 1.22)
1.12 (1.01, 1.23)

460 /1358
24,357

1.03 (0.91, 1.16)
1.10 (0.98, 1.24)

1.12 (1.001.25)

rate (ml/min/1.73rf); Model 2: Further adjusted for LDtholesterol ifng/dL) HDL-cholesterol ifng/dL), diabetes

status (yes/no), systolic blood pressure (mmHg), and hypertension treatment (ysdeb)3: Further adjusted for
blood cadmium. All models included center of recruitment as a strata term, and age was accounted for in-the follow

up times of all models. *Hazard ratios corresponditinarease in lead (modeled in the original scale)
corresponding to the change across tHet8@0" quantiles.

Figure 1: Associations between blood lead and cardiovascular disease mortality and incidence

using restricted quadratsplines (N = 1,818).

79



Cardiovascular Disease Mortalig‘y Cardiovascular Disease Incidenge
c 707 r30 €

7.0 r3o ¢ c

a a

Q 24 'G5 gl F24 G
& 5 & -

- 18 -18

- 20T o T 20 o
S 12 © S 12 @
® 1 - 3 8 1 o 3
L — L e 2 L — L e 8
i} N

05 - I T T T T T 1 - 0 ‘e\o- 05 - I T T T T T T 1 - 0 BQ

37 10 272 739 37 10 272 739
Blood lead (pg/L) Blood lead (pg/L)

Coronary Heart Disease Mortality Coronary Heart Disease Incidence

o w

7.0 7 r3oc e 707 r3o €

S 3

2 24 'S 2 24 'S
& 8 5 & 8 B
- 207 % o 20+ %
E F12 o ﬁ F12 2
£ 10 L e S T 10 L6 &
=3 =3

w n

05+ ———— ——— 0 = 0777 0 =

37 10 27.2 73.9 3.7 10 27.2 739
Blood Lead (pg/L) Blood Lead (ug/L)

Hazard ratios incorporated restricted quadratic splines for log(lead) with knots af'tB&" @&nd 9@ percentiles,
where the 10 percentile was treated as the reference. Solid lines represent adjusted hazard ratios, and shaded
regions represent 95% confidence intervals. All models were adjusted for sex, smoking status (never, former,
current), BMI kg/n?), and estimated glomerular filtration rate (ml/min/1.78rhDL-cholesterol ing/dL) HDL-
cholesterolifng/dL), diabetes status (yes/no), blood presgmmHg), and hypertension treatment (yes/no). Models
included center of recruitment as a strata term, and age was accounted for in thagdiloes of all models.

4.4.2 Effect Modification

We did not observe statistically significant effect modification between blood lead and
CVD incidence or CVD mortalityHigure 2). However, the HR (95% CI) of CVD mortality for
an 80"-20" quantile change increase in blood lead was 1.25 (1.09, 1.43) for males vs. 1.03 (0.83,
1.28) for females; qwalue for interaction = 0.131. The HR (95% CI) for CVD mortality was also
nonsignificantly (pvalue = 0.585) stronger in ND/SD participants (1(206, 1.35)) compared
to OK participants (1.06 (0.85, 1.32) and AZ patrticipants (1.27 (0.69, 2.34). Additionally, the HR
(95% CiI) for those in the highest cadmium tertile (>0.84 ug/L) 1.20 (1.06, 1.36) and the middle

tertile (0.430.84 ug/L) 1.13 (0.98..33) were norsignificantly higher than the lowest tertile
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(<0.43 ug/L) 0.95 (0.66, 1.36):-ymlue for interaction = 0.494. The HR (95% CI) for CVD
incidence was also nesignificantly (pvalue = 0.151) stronger in ND/SD participants (1.16
(1.06, 1.27)) compared to OK participants (0.94 (0.76, 1.16) and AZ paritsi(0.92 (0.51,
1.65).

Figure 2: Hazard ratio (HR) (95% CI) of cardiovascular disease mortality (CVD) and CVD
incidence by blood lead concentrations by participant subgroups.

Cases | P for CVD mortality Cases | P for CVD incidence
Age (years) Non Cases HR (35% C1) Interaction Non Cases HR (95% C1) Interaction
<55 33/210 148 (1.00 2.19) 0.407 — 720171 1.15(0.84 1.57) 0.755
55-64 279/ 569 1.11(0.90 1.35) T 279/ 569 1.14(1.02 1.28)
=65 237 /430 1.19(1.02 1.38) —- 2377490 1.07(0.92 1.24)
Sex H
Male 173/ 535 1.25 (1.09 1.43) 0.131 - 240/ 468 1.09(0.95 1.25) 0.738
Female 242 / 868 1.03(0.83 1.28) + 348 /762 1.13(0.99 1.27)
Center H
AZ 25/ 161 1.27 (0.69 2.34) 0.585 | 497137 0.92 (0.51 1.65) 0.151
oK 175/ 612 1.06 (0.85 1.32) T 226/ 561 0.94 (0.76 1.16)
ND/SD 215 /630 1.20 (1.06 1.35) - 3137532 1.16 (1.06 1.27)
Smoking Status H
Never 133 /489 1.16 (0.91 1.49) 0.988 - 180 / 442 1.08 (0.86 1.35) 0.924
Former 153 /478 1.18 (0.99 1.41) i 202 /429 1.09(0.93 1.29)
Current 129 /436 1.16 (0.98 1.36) - 206 /359 1.13(1.00 1.27)
Body Mass Index (kg/m°) I
<25 65/ 241 1.19 (1.01 1.40) 0.554 |~ 85/221 1.15(1.03 1.30) 0.630
25-30 142 / 462 1.06 (0.85 1.32) ——- 192 /412 1.05 (0.87 1.26)
=30 208 /700 122(1.031.44) _Ih_ 31175897 1.08 (0.91 1.28)
Diabetes Status !
No 175 / 822 1.17(1.031.32) 0.219 - 292/ 705 1.11(1.00 1.23) 0.925
Yes 240 /581 1.15 (0.90 1.48) —-‘I— 296 /525 1.10(0.88 1.38)
Blood cadmium (pg/L) !
<044 132/ 474 0.95 (0.66 1.36) 0.494 —a— 1837423 0.85(0.62 1.16) 0.084
0.44-0.84 142 / 464 1.13(0.951.33) - 210/ 396 1.15(1.01 1.30)
»0.84 141/ 4865 1.20 (1.06 1.36) - 1957411 114 (1.02 1.27)
|
I
I
|
Overall 415/ 1403 1.17 (1.04 1.31) ’ 588 /1230 1.11(1.01 1.22)
| I — —
05 10 20 0.5

AZ indicates Arizona; OK, Oklahoma; and ND/SD, North Dakota/South Dakota. Hazard ratios correspond to the
change across the 8@ 20" quantiles, and lead was modeled in the original scale.

4.5 Discussion

This study evaluated the impact of blood lead on CVD incident events and CVD
mortality in the SHS. Among 588 CVD events and 415 CVD deaths, we observed that increases
in blood lead were associated with higher risk of incident CVD/CHD events and CVD/CHD
mortality. Blood lead concentrations above the updated blood lead reference level of 35.0 pg/L

were also associated with increased risk of CHD mortality.
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These findings add to the evidence of lead as a CVD risk faatdow lead
concentrations, and call attention to American Indian communities with elevated lead levels to
promote actions to reduce exposure. Prior studies of lead and CVD risk were primarily
performed using NHANES Il (19780747, NHANES IIl (1988199448349 and NHANES
1999-200G°°, and there remains need to replicate findings in different populations and cohorts,
including in American Indians, which are not well represented and sampled in federal health
surveys®. In this analysis, the mean blood lead concentrations were 27.8 pg/L. During the time
of sample collection (1998999), lead concentrations in the SHS were higher than those
measured in a similar time period for NHANES 1999 02 ( geomet r iL¢l6.4ne a n: 1.
M g /,larjd more comparable Idood lead levels measured in NHANES Il (geometric mean:
2. 76 pg/ dL¥*PFarthes, findiggs from WHANES 11l were derived from a detection
limit of 1.0 wpmg/dL (10 wpmg/ L), and evidence of
lower lead levels to inform CVD risk. The present analysis provides evidence at these low levels,
with a | ower | imit | ead concentration of 3.05
Mg/ L) .

Findings concerning CVD risk are especially relevant given recent work emphasizing
that reductions, even at low levels, can result in improvements in cardiovascular health and blood
pressurdl. In a previous analysis from the Strong Heart Family Study, a faraged extension
of the original SHS, blood lead declines over approximately 10 years|(29.4ol6.7u g / L)
corresponded to reductions in systolic blood presswe.08 mm Hg (95% CK13.16 to-1.00)
among those with the highest declines in blood lead level4 (=g /*°L Jhis analysis

highlightedcardiovascular benefits even when reductions were si@lli(g /, ibdicating the
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widespread potential cardiovascular benefits and improvements in clinical CVD outcomes across
the general population by further reducing lead levels.

One implication of this work is the need for sustained public health efforts to reduce
environmental lead exposure both in American Indian communities and in the general
population. Lead contamination of drinking water has recently gained national atientio
multiple settings across the 8/8% Environmental metals including lead are abundant in public
drinking water systems throughout the US, and there are racial and socioeconomic disparities in
exposuré>?’S Collectively, American Indian communities experience eleviateglsof chronic
metal exposuré®>*>3 where a legacy of environmental contamination from mining remains a
concerr®. Exposure, similar to the general US population, also originates from herbal
supplements, spices, and tobacco prod¥cts. While there are ongoing efforts between tribal
communities and the EPA to spread awareness and reduce exposure, especially among
childrer?®8, our findings concerning CVD risk at low levels of lead complement the need for
additional investment to reduce lead.

From a clinical perspective, efforts to reduce lead must also acknowledge the potential
benefit of chelation therapy. In the Trial to Assess Chelation Therapy (TACT), infusions with the
chelating agent disodium edeate were linked to reduced risk of casdidar outcomes among
those with a prior myocardial infarction (hazard ratio [HR] 0.82, 95% confidence interval [CI]
0.690.99), and among those with diabetes (HR 0.59, 95% Ci@Z8§°*3%L The potential of
chelating agents is being ongoingly studied among diabetic patients in the second iteration of the
TACT trial (TACTZ2), which has the potential to inform the effects of removing lead from bone

on CVD outcome¥2
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This study is not without limitations. Roughly 9% of blood samples were clotted or did
not have sufficient volume for analysis, which reduced our sample size to detect effects of blood
metals on CVD. However, these samples had similar demographic chat@ast€r3% female
vs 61% female), CVD event status (28% vs 32%), and CVD mortality (20% vs 23%), suggesting
these samples were not distinctly different from the set of included blood samples for analysis.
Smoking status was sakported in the SHS, antis possible that misclassification of smoking
status could influence results. Additionally, it is possible that there is the presence of unmeasured
confounding, such as sources of lead via drinking water and occupational exposure. As other
studies of led and CVD have reported, there are other factors such calcium deficiency,
pregnancy, and menopause that influence the distribution of lead in th€tbdiycould not be
captured with available data here. This analysis also did not exclude those free of CVD at
recruitment, although this is similar to prior metal analyses using NHANES data. Despite these
factors our study has several strengths, inclutiedarge number of participants with blood
lead measures, the higjuality outcome assessment performed in the SHS, and the completeness
of information concerning relevant confounders.

4.6 Conclusion

In this cohort study of American Indians, blood lead levels measured betweeh 3998
including those above the blood lead reference val3® pig/L, were associated with an
increased risk of incident CVD events and CVD mortality. These findings support evidence of
lead as a CVD risk factor and highlight the importance of public health measures to reduce lead

in communities across the US, including &mecan Indian communities.
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4.7 Appendix

Table Al: Hazard ratios (95% confidence interval) for any cardiovascular disease and coronary

heart disease incidence by tertiles of blood lead (N = 1,818).

CVD Mortality
Cases / noitases
Person years
Model 1

Model 2

Model 3

CHD Mortality
Cases hon-cases
Person years
Model 1

Model 2

Model 3

Incident CVD
Cases / noitases
Person years
Model 1

Model 2

Model 3

Incident CHD
Cases / noitases
Person years
Model 1

Model 2

Model 3

Tertile 1
< 17.9 pg/L
(n=606)

142/ 464

9,876

1.00 (Reference)
1.00 (Reference)
1.00 (Reference)

97 /509

9,876

1.00 (Reference)
1.00 (Reference)
1.00 (Reference)

200/ 406

8,779

1.00 (Reference)
1.00 (Reference)
1.00(Reference)

151 /455

9,049

1.00 (Reference)
1.00 (Reference)
1.00 (Reference)

Tertile 2
17.97 29.3 pg/L
(n=606)

134/ 472
8,845

0.89 (0.69, 1.13)
0.92 (0.72, 1.18)
0.90 (0.70, 1.16)

99 / 507

8,845

0.95 (0.71, 1.27)
1.00 (0.75, 1.34)
0.99 (0.74, 1.33)

204 / 402
7,767

0.97 (0.79, 1.19)
1.00 (0.81, 1.22)
1.00 (0.81, 1.22)

158 / 448

8,053

0.94 (0.75, 1.18)
0.96 (0.76, 1.21)
0.96 (0.76, 1.22)

Tertile 3
>29.3 ug/L
(n=606)

139 /467
7,896

0.91 (0.70, 1.18)
1.02 (0.78, 1.34)
0.98 (0.74, 1.30)

109 / 497

7,896

1.00 (0.73, 1.36)
1.16 (0.84, 1.60)
1.15 (0.821.59)

184 / 422

7,010

0.88 (0.70, 1.10)
0.94 (0.74, 1.18)
0.94 (0.74, 1.19)

151 / 455

7,255

0.86 (0.67, 1.11)
0.95 (0.73, 1.23)
0.96 (0.74, 1.26)

Model 1: Adjusted for sex, smoking status (never, former, current), B§nf), and estimated glomerular filtration

rate (ml/min/1.73f); Model 2: Further adjusted fauDL -cholesterol ifng/dL) HDL-cholesterol ifng/dL), diabetes

status (yes/no), systolic blood pressure (mmHg), and hypertension treatment (yésd®d)3: Further adjusted for

blood cadmium. All models included center of recruitment as a strata term, and age was accounted for in-the follow
up times of all models. Tertiles were calculated on blood lead concentrations.
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Figure A1l. Distribution of logtransformed blood lead concentrations (ug/L) (N=1,818).
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5.1 Abstract

Lead is a cardiotoxic metal with a variety of adverse health effadtse absence of data
on bone lead exposure, epigenetic biomarkanserve as indicators ctimulative lead
exposureand body burderHere, we leveraged novel epigenetic biomarkers of lead exposure to
investigate their association with cardiovascular disease (CVD) incidence and mortality. Blood
DNA methylation was measureing the lllumina MethylationEPIC BeadClamong 2321
participants of the Strong Heart Study at baseline (11%8). Bigenetic biomarkers of lead
levelsin blood, patella, and tibia wesestimated using previously identified CpG sites. CVD
incidence and mortalitgatawas available through 2@. Median concentratits of lead
epigenetic biomarkers wel.8ug/g, 21.3ug/g, and 2.9ug/dL in tibia, patella, and blood,
respectively. In adjusted models, the hazard ratio (HR) (95% CI) of CVD mortality per doubling
increase in lead epigenetic biomarkers were 1.42 {1.87) for tibia lead, 1.22 (0.9B.60) for
patella lead, and 1.57 (1-2611) for blood lead. The corresponding HRs for incident CVD were
0.99 (0.831.19), 1.07 (0.84..29), and 1.06 (0.8Z.30). The association between the tibia lead
epigenetic biomarker @nCVD mortality was modified by sex (interactiofrvalue:0.014), with
men at increased risk (HR:1.42, 95% CI:11172) compared to women (HR:1.04, 95% CI:0.89
1.22). Tibia and blood epigenetisiomarkersnvereassociateavith increased risk o€VD
mortality, potentially reflectinghe cardiovascular impact ofimulativeand recentead
exposurs. These findings support that epigenetic biomarkers of lead exposure may capture some

of the disease risk associated with lead exposure

5.2 Introduction
Lead (Pb) is @aoxic metal associated with adversadiovascular, neurological, renal,

hematological, immunological, reproductive, and developmentabmes 153332333 prior to
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widespread bans in the 1970s, lead was included in gasoline, paint, water piping, and plumbing
fixtures, resulting in extensive contamination of the air, soil, dust and Watead is still widely

refined and processed in the &/'Swherelead levels remairelatively high and individuals

remain at risk of exposur&here is also evidence of racial and socioeconomic disparities

concerning lead exposudfé®, with several racial/ethnic groups and oweome populations

facing increased exposures compared to other groups. Due to the persistence of lead in the
environment and continuous new exposures, lead and its associated adverse health effects remain
relevant today.

Despite its importance as a potential cardiovascular risk factor, large cohort studies of
cardiovascular disease often lack data on lead exposure. Traditionally, biomarkers of lead
exposure have been measured in blood, urine, plasma, anéfbdmad accumulates in bone
with a halflife of decades, and bone lead measures can be used to reflect cumulative lead
exposure and lonterm health effect®®. In blood, lead reflects both endogenous sources from
bone and exogeonous sources from the environment, with-ef@alf 1-2 months. Obtaining
bone lead measures, however, can be challenging on a popgledienas the technology used
requires expose to radiation and is not widely availablé
Genomewide DNA methylation (DNAmM) data can serve as biomarkers of epigenetic signatures
to estimate lead concentrations in tibia, patella, and BiSpdy leveraging the knowledge that
lead exposure induces sensitive and specific changes in whole blood BfRiAImese
methylationbased biomarkers were well correlated with lead concentrations in tibia and patella
175 and in a separate analysis, increasing levels of the tibia DNAmM biomarker was associated

with increased odds UfTheBaresults hghlight thespotehiiabok a s e st
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methylationbased biomarkers to provide estimates of lead exposure, and their relation to
disease.

The Strong Heart Study (SHS), a study of cardiovascular disease in American Indian
adults across the Southwest and the Great PRirepresents an opportunity to investigate the
relationship of these epigenetic biomarkers with cardiovascular health. Lead exposure has been
documented in American Indian communitfés®>3 where a legacy of environmental
contamination remains a concern. Research has also identified that the SHS communities have a
high prevalancef cardiovascular diseag® and that exposure to toxic metals including
cadmium and arsenic contributes to this increased#f$Kk°83%8 Due to the evidence
highlighting the importance of metals on cardiovascular dis€d8ehere is further need to
investigate the impact of lead in American Indian communities.

The objective of this study was to apply these recently developed epigenetic biomarkers
of lead exposure and investigate their association with cardiovascular disease incidence and
mortality in the SHS. Given the accumulation of lead in bone, and consistemprevious
findings %%, we anticipated that epigenetic biomarkers of bone lead would be more strongly
associated with cardiovascular outcomes than an epigenetic biomarker of blood lead. This work

is a novel application of these epigenetic biomarkers to study cardiovascutanesitc

5.3 Methods
5.3.1 Study population

The SHSis a prospective cohort of cardiovascular disease and its risk factors among
American Indians adults, funded by the National Heart, Lung and Blood Institute and the

National Institute of Environmental Health Scienéesn 19891991, all adults aged 454 years
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across thirteen tribes and communities in Arizona and Oklahoma, and random subsets in North
Dakota and South Dakota were eligible for recruitnfénthe SHSprotocol was approved by
institutional review boarddRBs), participating tribes, and thhespective aremdian Health
ServicelRBs. Al participantsprovidedinformed consentA total of 4,549 adults were initially
recruited. For this study, 1,032 participants from one community were not included upon their
request. We also excluded 252 participants with cardiovascular disease at baseline, 429
participants without sufficient ure for metal analyses, and 44 participants missing
cardiovascularisk factors, resulting in 2,792 participants eligible for analysis of blood DNAm.
However, 445 participants had insufficient amounts of DNA for analysis, and 26 were further
excluded in quality control, leaving a final sample size of 2,321 participahigiedin this
study.The data underlying this article cannot be shared publicly in an unrestricted manner due to
limitations in the consent forms and in the agreements between the Strong Heart Study tribal
communities and the Strong Heart Study investigafbhe data can be shared to external
investigators following the procedures established by the Strong Heart Study, available at
https://strongheartstudy.org/.

All participants provided sociodemographic anddical history informatiomcluding
age, sex, education, study cerdérecruitment smoking statugnever, former, current), body
mass index (BMl)low-density lipoproteircholesterol (DL ), high-density lipoprotein
cholesterol (HDL), blood pressuteypertensiorireatment (yes/nofiabetegyes/no)via
baseline questionnairgshysical examsand laboratory analyses as described previdash!
Estimated glomerular filtration rateGFR was calculatedsing age, sex, amlasmacreatinine

via the Chronic Kidney DiseaseEpidemiology Collaboration formaf’3. Diabetes statuet

baseline was defined as-hfoastiphg@gsgnaugdsue osel 26
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hemogl obi n A1lC -répertechistory of diagrosis, or suehtfuse of diabetic
medication.
5.3.2 DNA methylation

Buffy coat from fasting blood samples were collected in £2891 upon recruitment,
and hological specimens were stored<ai70°C. DNA from white blood cells was extracted and
stored at the MedStar Health Research Institute under a strict epaittyl system. In 2015,
blood DNA was shipped to the analytical laboratory at the Texas Biomedical Research Institute
for DNAm analyss. DNA was bisulfiteconverted with the EZ DNAm kit (Zymo Research
IrvineCA) according to the malfeucbrneertediDNAewWas nseasurads t r u c
using the lllumina MethylationEPIC BeadChip (85QKumina, San Diego CA)which
provides a measure of DNAm at a single nucleotide resolution at >850,000 CpGs. Samples were
randomized across and within plates to remove potential batch artifacts and confounding effects,
and replicate and acreptate control samples were inclublen every plate. All the
preprocessing was conducted using R version 3'6.Data were read in six different batches
(of D400 individuals each) and combined using the R package minfi (version £18GY)Gs
with a pdetection value greater than 0.01 in more than 5% of the individuals (6,159 CpGs) were
removed. Single sample normalization was conducted using the preg¥ocdsginction in R
package minff’2373 which includes a background correction with -tyas normalization for
lllumina Infinium methylation array$egression on Correlated Probes (RCP) normalization was
applied to account for probe type b#as

As a result of these preprocessing preliminary analyses, waat@drom 2,32
individualsand 860,079 CpGs. Crebkybridizing probes, sex chromosomes, and SNP probes

with minor allele frequency >0.08°were removedrbm theanalysis. The final number of
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CpGs for analysis was 790,026. Quality checks, data normalization, statistical preprocessing, and
betavalue calculation, which ranges from 0 to 1 and represents the proportion of unconverted
cytosines (Cs) in bisulfiteonverted DNA at specific locationsgre performed using the R
package minff’%2 We estimated Houseman cell proportions (CD8T, CDAT, NK, B cells,
monocytes, and granulocyté$jusing the R package minfi, to use them as adjustment variables
in the regression models. We detected and corrected for potential batch effects by sample plate,
sample row, and DNA isolation time with the combat function (sva R pack&g@je annotated
CpGs to the nearest gene according to the lllumina Infinium MethylationEPIC Manifest File
(version 1.0 B4) (Fortin et al. 2017; Illumina Inc. 2019).
5.3.3 LeadEpigeneticBiomarkes

Epigenetic biomarkers of lead exposure reflecting lead in patella (ePatella) and tibia
(eTibia) were calculated according to Colicino et al. 2839ro generate these biomarkers,
Colicino et al. used blood DNAmM and bone lead measures available in a subset of 348 elderly
men from the Normative Aging Study (NAS), a prospective cohort study of aging in adult men
established in 1968y the United States Department of Veterans AffditBlood DNAmM was
obtained with thdllumina Infinium HumanMethylation450 BeadChip (450k) atragd probes
overlapping the 450k array and timéinium MethylationEPIC BeadChip (EPIC) platform
(395,005 CpG sites) were included in their analysis. Lead levels in tibia and patella were
measured noeimvasively withK-shell X-ray fluorescence (KXRF) spectrosco$!’2
Epigenomewide robust linear regressions were performed to select the most significant CpG
sites associated with legransformed lead concentrations in each tissue separately, and then an
elastic net regression approach, which takes into account thdighnsional nature of CpG

data®® was used to create lead epigenetic biomarkp&sfrom the epigenomaide analysis
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were selected at p&0001. Elastic net with leaxaneout cross validation was performed on the
training dataset, comprised 8% of participants. Lead biomarkers were then validated in the
remaining test dataset of the NAS cohort. ePatella and eTibia biomarkers were calculated as the
linear combination of regression coefficients and DNAm beta values from the test dataset.
Biomarkers were originally only estimated for lead in bone; however, we further extended the
epigenetic biomarkers to estimate leadlood (eBlood), to provide a marker of recent exposure,
using the above approach in the NAS cohogetad. levels in blood were measurasing Zeeman
backgrounecorrected flameless atomic absorption (graphite furn&té¥? Estimation and
validation of the blood lead epigenetic biomarker can be found in the Supplemental Material
(Supplemental Tables 32 and Figures $S7). In the current analysis, we used the same
significant CpG sites associated with lead levels in blood (7% &pG site patella(58 CpG
site9, andtibia (138 CpG siteyin NAS to estimate three lead DNAbased biomarkers (eTibia,
ePatella, eBlood) in 2,321 participants from the SHS. All CpG sites included in biomarker
development in NAS, except oG used to calculate eBlood, were available for eLead
biomarkers in SHS.
5.3.4Cardiovascular outcomes

Morbidity and mortality surveillance in ttf®HSis ongoing andhas been previously
described®’’. Briefly, all cardiovascular disease outcomes and deaths are identified through
coordination between Field Centettse Coordinating Center, and Surveillance Reportay.
this study, 8 deaths angbotentialcardiovascular outcomegcurring through 201Were
reviewed by the Morbidity and Mortality Review Committadiich is composed of physicians
with experience in reviewing medical records for the ascertainment of cardiovascular outcomes

877 Incident CVD was defined as any definite or possible fatal ofa@hcoronary heart
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diseas€CHD), stroke, or heart failer Cardiovascular deaths were ascertained according to
International Diagnostic criteria, and events possibly meeting these criteria included: definite
fatal myocardial infraction, definite sudden death tu€HD, definite fatal CHD, possible fatal
CHD, definite fatal stroke, possible fatal stroke, definite fatal congestive heart failure (CHF),
possible fatal CHF, and other fatal CVD.
5.3.5 Statistical analysis

Distributions of eTibia, ePatella, and eBlood lead biomankerse analyzed according to
demographic and clinical covariates. Spearman correlations were performed among lead
epigenetic biomarkers and urinary cadmium concentrations. We included urinary cadmium as
this metal is moderately correlated with lead biomeske other studie®3. Urinary lead
biomarkers, unfortunately, are not available at the SHS exam 1 as the vials for sample collection
were contaminated with le&f. Urinary cadmiumconcentrations were expressed in micrograms
per gram of urine creatinin@he significance level in this analysis was p = 0.05.
We used progressively adjusted multivariabtx @roportional hazards modets estimatehe
risk of incident CVDand CVD mortality according to each lead epigenetic biomarker. Lead
epigenetic biomarkers were analyzed in tertiles, as continuous variables, and {inaaron
mannerusing a restricted quadratic spline model with knots at the3(a¥, and 9@ percentiles
with the reference at the !@ercentile Lead epigenetic biomarkers wéogp-transformed to
remove skewneggigure Al). In all Cox models, center of recruitment was incorpoested
strata term, and age was used as the time metric. In progressively adjusted models, the first
model Model 1) adjusted for se smoking status, BMI, five genetic principal components (to

account for population stratificatiof), and Houseman cell proportio@GD8T, CD4T, NK, B
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cells, monocytés The second modeModel 2 further adjusted for LDLHDL, anddiabetes

status. Model 3 further adjusted for systolic blood pressure, hypertension treatme@fF&hd

Effect modificationof the relationship between lead epigenetic biomarkers and CVD incidence
and mortality was investigated according to the following subgrages@4.0-49.9, 50.664.9,
65.0-75.4 years)sex (male/female¥tudy centerArizona, Oklahoma, North Dakota/South
Dakotg, smoking status (never/former/currentinary cadmiun(< 0.71, 0.711.26, >1.26

Hg/g), anddiabetes (yes/nolCox proportional hazards models included interaction terms
between the subgroup and an increasmimterquartile range change in the respective lead
epigenetic biomarker (eTibia, ePatella, eBlood). Finally, as these biomarkers were estimated in
men, we examined the differences in methylation levels between men and women for individual
probes includeth the biomarkers. -Tests were perfomead examine statistically significant

differences in these methylation leveddl. analyses were conducted in R versib.2 34,

5.4 Results

Median interquartile range (IQR) concentrations of lead epigenetic biomarkers were 21.3 (18.5,
24.8) ug/g in ePatella, 13.8 (11.7, 16.1) pug/g in eTibia, and 2.9 (2.6, 3.4) ug/dL in eBlood. The
concentrations of each lead epigenetic biomarker were larngalgrsacross participant
characteristics and medical covariat€alfle 1). Correlations among lead epigenetic biomarkers
and urinary cadmium, adjusted fanine creatiningrevealed slight but significant positive
associations between eTibia lead andaminy cadmi um ( Spear mePatellaa r =0 .
lead and urinary cadmium (r=0.07, p < 0.001), and eTibia and eBlood lead (r=0.09; p < 0.001)
(Table 2). eTibia and ePatella lead biomarkers@87, p < 0.001) and ePatella and eBlood lead

biomarkers (r=0.13, p < 0.001) were negatively correlat€de median age (IQR) at follcup
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among those who experiencad@VD event was 68.5 (62.4, 74 @ars while the median age

(IQR) at followrup among those who did experienceGVD event was 75.1 (68.7, 80.¥@ars

Table 1. Lead epigenetic biomarkers by participaharacteristics (N = 2,321)

- eBlood lead Urinary cadmium
Variable N (%) &le_la lead (ng/g) ePatt_aIIa lead (ng/q) (p_g/dL) (ug/g) Median
edian (p25p75) Median (p25, p75) Median (p25,
b75) (p25, p75)
Sex Male 962 (41.5) 13.2(11.1,15.3) 20.8 (18.1, 24.5) 2.9 (25, 3.4) 0.71 (0.47, 1.10)
Female 1359 (58.5) 14.2 (12.2,16.6)  21.6 (18.8, 25.1) 2.9 (2.6,3.4) 1.16 (0.77,1.78)
Age (years) 44.0-50.8 668 (28.8) 14.0 (12.0,16.4) 21.0 (18.6, 24.3) 3.0(2.6,3.4) 0.90 (0.56, 1.31)
50.9-59.5 1244 (53.6) 13.8(11.6,16.1) 21.2(18.3,24.9) 2.9 (2.6, 3.4) 1.00 (0.64,1.55)
59.6—75.4 409 (17.6) 13.7 (11.5,15.81) 21.6 (19.0, 25.2) 2.9 (25,3.3) 1.03 (0.64, 1.59)
Center AZ 311 (13.4) 13.9 (11.6,16.0)  20.5(17.8, 23.3) 2.9(2.6,3.4) 0.76 (0.53, 1.19)
OK 981 (42.3) 13.9 (11.7,16.2)  21.0 (18.3, 24.5) 3.0(2.6, 3.4) 0.86 (0.55, 1.33)
ND/SD 1029 (44.3) 13.8 (11.7,16.1)  21.7 (18.9, 25.5) 2.9 (25,3.4) 1.11 (0.75,1.78)
Smoking 684 13.8(11.8,15.8) 21.1 (18.3, 24.8) 3.0 (2.6, 3.5) 0.87 (0.55, 1.36)
Status Never (29.5)
Former 745 (32.1) 13.8(11.8, 16.0) 21.3(18.4,25.1) 2.9 (2.6, 3.3) 0.81 (0.55, 1.25)
Current 892 (38.4) 14.0 (11.7,16.5)  21.3 (18.7, 24.6) 2.9 (2.6,3.4) 1.17 (0.77,1.81)
Urinary Cd <0.71 pg/g 758 (32.7) 13.4 (11.3,15.5) 20.8 (18.2, 24.4) 2.9(2.6,3.4) 0.51(0.38, 0.61)
0.71-1.26 ug/g 790 (34.0) 13.8(11.8,16.2) 21.3 (18.4, 25.0) 3.0(2.6, 3.5) 0.96 (0.83, 1.10)
> 1.26 ug/g 773 (33.3) 14.1 (12.0,16.7)  21.6 (18.8, 25.2) 2.9 (25,3.3) 1.81 (1.50, 2.33)
BMI < 25 kg/n? 406 (17.5) 14.1 (12.016.3) 21.6 (18.7, 25.1) 3.0 (2.6, 3.5) 1.21 (0.78, 1.87)
25-30 830 (35.8) 13.6 (11.5,16.2) 21.2(18.5, 24.8) 3.0(2.6,3.4) 0.98 (0.62, 1.51)
> 30 1085 (46.8) 13.8(11.7,16.0)  21.2 (18.5, 24.8) 2.9 (25,3.3) 0.87 (0.57, 1.35)
Diabetes Yes 966(41.6) 13.8 (11.5,15.9) 21.2 (18.4, 24.7) 2.9 (25, 3.4) 0.89 (0.58, 1.41)
No 1355 (58.4) 13.8(11.8,16.3)  21.3 (18.6, 24.9) 3.0(2.6,3.4) 1.02 (0.65, 1.54)
?T 464 (20.0) 14.0 (12.0,16.0)  20.8 (18.2, 24.6) 3.0 (2.6, 3.5) 0.86(0.56, 1.33)
reatment Yes
No 1857 (80.0) 13.7 (11.7,16.2)  21.4 (18.6, 24.9) 2.9 (2.6,3.4) 1.00 (0.64, 1.54)
SBP < 124 mmHg 1146 (49.4) 13.7 (11.6,16.0)  21.3 (18.5, 24.8) 2.9(2.6,34) 1.01(0.65,1.53)
> 124 mmH 1175 (50.6) 13.9(11.8,16.3)  21.3(18.524.8) 2.9 (2.6, 3.4) 0.92 (0.60, 1.46)
LDL-chol <119 mg/dL 1159 (50.0) 14.0 (11.8,16.3) 21.4 (18.5, 24.9) 3.0(2.6,3.4) 0.97 (0.61, 1.48)
2 119 1162 (50.0) 13.7 (11.5, 16.0) 21.1(18.5, 24.8) 2.9 (25,3.3) 0.96 (0.62, 1.52)
HDL-chol < 44 mg/dL 1140 (49.1) 13.6 (11.4,15.9) 21.0 (18.3, 24.7) 2.9 (25, 3.4) 0.91 (0.57, 1.41)
> 44 1181 (50.9) 14.1 (12.0,16.3)  21.5(18.8, 24.9) 2.9 (2.6,3.4) 1.03 (0.67, 1.59)
eGFR < 60ml/min/1.73n% 76 (3.3) 14.7 (11.9,17.3)  21.4 (18.9, 25.6) 2.9 (2.53.4) 0.91 (0.53, 1.51)
_______________ >__6min/1.73nf ___2245(96.7) __ 138(11.7,16.1) 213(185248) _ 29(26,34) _097(0.62,150)
CVD 452 14.1 (11.7,16.3)  21.4 (18.6, 25.0) 3.0(2.6,3.4) 1.00 (0.65, 1.60)
. (19.5)
mortality Yes
_______________ No_________________1869(805) _ 137(11.7,161) _21.2(185248) _ 29(26,34) __ 0.96(0.61, 148)
CvD 1023 (44.1) 13.7 (11.4,16.0) 21.3 (18.5, 25.0) 2.9 (2.5, 3.3) 0.99 (0.62, 1.54)
incidence Yes
No 1298 (55.9) 13.9 (11.9,16.2)  21.2 (18.5, 24.7) 2.9 (2.6,3.4) 0.95 (0.61, 1.46)

BMI: body mass index; HT: hypertension; chol: cholesterol; SBP: systolic blood pressure. AZ: Arizona; OK:
Oklahoma; ND: North Dakota; SD: South Dakota. Urinary cadmium concentrations were expressed in micrograms
per gram of urine creatinine.
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Table 2.Spearman correlation coefficients\aplue) of lead epigenetic biomarkeedipia,
ePatella anceBlood lead) and urinary cadmium concentrations (N =1),32

eTibia Lead ePatella Lead eBlood Lead Urinary Cadmium
(Ho/9)
eTibia Lead 1.00
ePatella Lead -0.07(< 0.001) 1.00
eBlood Lead 0.0 (<0.001) -0.13(<0.001) 1.00
Urinary 0.10 (< 0.001) 0.07 (< 0.001) -0.01(0.62) 1.00

Cadmium(ug/g)

eTibia/ePatella/eBlood: epigenetic biomarkers of lead levels in tibia, patellalcaed Urinary cadmium
concentrations were expressed in micrograms per gram of urine creatinine.

For cardiovascular disease mortality, the fully adjusted HR (95% CI) for a doubling
increase in each lead epigenetic biomarker was 1.42-{.&7) for eTibia lead, 1.22 (0.93
1.60) for ePatella lead, and 1.57 (:28.1) for eBlood lead (Table 3, model 8)odeling
eBlood lead epigenetic biomarkers in tertiles, the fully adjusted HR (95% CI) for CVD mortality
comparing the highest to lowest tertile was 1.31 @10&) in the partially adjusted model
(model 2), and the association was similar after adgstror systolic blood pressure,
hypertension treatment, and eGFR (HR: 1.28; 95% CI-1.60, model 3). Flexible dose
response models supported a linear relationship for the association of eTibia lead and eBlood
lead epigenetic biomarkers (legansformedwith CVD mortality, while the ePatella lead

biomarker showed a linear but not statistically significant relationsiguie A2).
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Table 3 Hazard ratios (95% confidence interval) for cardiovascular disease mortality by lead
epigenetic biomarkers (N = 2,321).

Epigenetic

biomarker Tertile 1 Tertile 2 Tertile 3 Per double increase
eTibia lead < 3.6 ug/g 3.6-3.9 ug/g > 3.9 ug/g

Model 1 1.00(Reference)  1.19 (0.94 1.50) 1.16 (0.91- 1.47) 1.36 (1.03 1.79)
Model 2 1.00 (Reference)  1.22 (0.97- 1.54) 1.22 (0.95 1.55) 1.47 (1.11- 1.94)
Model 3 1.00 (Reference)  1.18 (0.94 1.49) 1.19 (0.93 1.52) 1.42 (1.07- 1.87)
ePatella lead <4.3ug/g 4.3-4.5 ug/g > 4.5 ug/g

Model 1 1.00 (Reference)  1.01 (0.80 1.28) 1.08 (0.85 1.37) 1.14 (0.87- 1.48)
Model 2 1.00 (Reference)  0.99 (0.79- 1.25) 1.13 (0.88 1.44) 1.22 (0.93 1.59)
Model 3 1.00 (Reference)  0.98 (0.78 1.24) 1.12(0.88-1.43)  1.22 (0.93 1.60)
eBlood lead < 1.4 ug/dL 1.4-1.7 pg/dL > 1.7 yg/dL

Model 1 1.00 (Reference)  1.14 (0.90- 1.45) 1.23 (0.96- 1.57) 1.51 (1.12 2.04)
Model 2 1.00 (Reference) 1.20 (0.95 1.52) 1.31 (1.03 1.67) 1.59 (1.19 2.15)
Model 3 1.00 (Reference)  1.17 (0.92 1.48) 1.28 (1.00° 1.64) 1.57 (1.16 2.11)

Model 1: adjusted for sex, smoking status (never, former, current), B¥HY) ,

genetic

PC’

S

(CD8+, CD4+, NK, B cells, monocytes); Modelf@rther adjusted for LDicholesterol ing/dL) HDL-cholesterol
(mg/dL), diabetes status (yes/no);Model 3: Further adjusted for blood pressure (mmHg), hypertension treatment
(yes/no), and estimated glomerular filtration rate (ml/min/12j34dl modelsincluded center of recruitment as a
strata term, and age was accounted for in the felipwimes of all models. Tertiles were calculated on-log
transformed lead epigenetic biomarker concentrations.

None of the three lead epigenetic biomarkers were significantly associated with CVD
incidence, either in models analyzing each epigenetic biomarker in tertiles or as continuous
variables (Table 4) or in flexible dosesponse models (Figure A2), and witfiedent levels of

adjustmentln additional modedtreating Cd as a confounder, we found that our analyses are

robust tourinecadmium adjustmerffable A3).
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Table 4: Hazard ratios (95% confidence intervial) cardiovascular diseagecidence by lead

epigenetidbdiomarkers (N = 2,321).

Epigenetic

biomarker Tertile 1 Tertile 2 Tertile 3 Per double increase
eTibia lead < 3.6 pg/g 3.6-3.9 pg/g > 3.9 yg/g

Model 1 1.00 (Reference) 0.98 (0.84 1.13) 0.99 (0.84 1.16) 0.96 (0.80 1.15)
Model 2 1.00 (Reference)  0.99 (0.85 1.15) 1.04 (0.89 1.22) 1.02 (0.85 1.23)
Model 3 1.00 (Reference)  0.96 (0.83 1.12) 1.03 (0.88 1.21) 0.99 (0.83 1.19)
ePatella lead <4.3 ug/g 4.3-4.5 ug/g > 4.5 ug/g

Model 1 1.00 (Reference)  0.92 (0.79 1.07) 1.00 (0.85 1.17) 1.02 (0.85 1.22)
Model 2 1.00(Reference)  0.91 (0.78 1.06) 1.04 (0.88 1.22) 1.08 (0.90- 1.29)
Model 3 1.00 (Reference) 0.90 (0.77- 1.05) 1.03 (0.88 1.21) 1.07 (0.89 1.29)
eBlood lead <1.4 pg/dL 1.4-1.7 pg/dL > 1.7 pg/dL

Model 1 1.00 (Reference)  1.04 (0.89 1.21) 0.95 (0.81- 1.12) 1.02 (0.83 1.25)
Model 2 1.00 (Reference)  1.08 (0.92 1.26) 1.01 (0.86- 1.18) 1.07 (0.87- 1.30)
Model 3 1.00 (Reference)  1.07 (0.92- 1.25) 1.00 (0.85 1.17) 1.06 (0.87- 1.30)

Model 1: adjusted for sex, smoking stafmever, former, current), BMk@/my)
(CD8+, CD4+, NK, B cells, monocytejlodel 2: further adjusted for LDEtholesterol fng/dL), HDL-cholesterol
(mg/dL), diabetes status (yes/ndjodel 3: further adjusted for systolic blood pressure (mmHg), hypertension

genetic

PC’ s

treatment (yes/no), and estimated glomerular filtration rate (ml/min/£)7athmodels included center of
recruitment as a strata term, and age was accounted for in the-fgltmes of all models. Tertiles were cakted

on log transformed lead epigenetic biomarker concentrations.

i mmu n e

The associations between lead epigenetic biomarkers and CVD mortality were modified

by sex Figure 1). The HR of CVD mortality for an IQR increase in tibia lead was 1.42 {1.17

1.72) for males vs. 1.04 (0.8923) for females; qalue for interaction = 0.014. The

corresponding HRs (95%i) for eBlood and ePatella leéor menwere1.27 (1.091.49) and

1.12 (0.951.31), respectively; eBloodyalue for interactiorr 0.231 and ePateltavalue for

interaction = 0.976. Furthermore, 38% of probes (113 of 270) used in this analysis differed

between men and women at a nominabjpue <0.05 after controlling for the False Discovery
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Rate (FDR) Table A2). Effect modification models for incident CVD were not significant for
eTibia and ePatella lead by any participant characteristic evaluated including sex, although the
association for tibia lead was nsignificantly stronger in men than womdsigure 2). For
eBlood lead, the association with CVD incidence wassignificantly stronger for men vs.
women (HR 1.13 (1.01.26) vs. 1.04 (0.93.16); p for interaction = 0.281) and significantly
modified by age, with oldest participants slgvhigher risk (p for interaction = 0.007) and by
study center (p = 0.002), with participants from North Dakota and South Dakota showing an
increased risk (HR: 1.27, 95% CI: 1-132), while no association was found in Arizona (1.04,
0.781.38) and Oklabma (0.95, 0.84..07).

Figure 1. Hazard ratio (95% confidence interval) of C\iwrtality by adoublingincrease in
epigenetic lead biomarker concentrations fivgnsformed) of tibia (A), patella (B), and blood

(C) biomarkersorresponding to the interquartile range (75th to 25th percewitlein
subgroups.
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0.76-1.26 145/645  1.20(1.04 161) —— 1.06 (0.87 1.30) . 1.21(0.98 1.49) —i—

>1.26 166 /607  1.02(0.83 1.25) — 1.06 (0.89 1.27) 1.25(1.031.51) +
Diabetes Status

No 184/1171  1.10(0.911.34)  0.322 - 1.03 (0.88 1.21) 0.54 1.30(1.091.54)  0.130 -

Yes 268 /698  1.25(1.06 146) = 1.10 (0.95 1.28) 1.12 (0.96 1.31) -

i
Overall 452/1869  1.18(1.031.34) - 1.00 (0.97 1.22) 1.20 (1.06 1.35) E
1 |
05 10 1.5 2.0 05 1.0 15 20 05 1.0 15 20
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Figure 2. Hazard ratio (95% confidence interval) of CMizidenceby adoublingincrease in
epigenetic lead biomarker concentrations fivgnsformed) of tibia (A), patella (B), and blood
(C) biomarkersorresponding to the interquartile range (75th to 25th percewitlein
subgroups.

A B od
Subgroup GCases/ HR (95% CI) P for HR tibia HR (95% CI) P for HR Patella HR (95% CI) P for HR blood
Age (years) Non Cases Interaction Interaction Interaction
440-499 224/ 444 096 (0.82 1.14) 0.338 t 1.07 (0.901.27) 0075 085 (0.70 1.03) 0.007 A.il
| i
50.0-64.9 580/664  1.02(0.911.14) 0.9% (0.891.08) 1.02 (0.92 1.13) T
1 1
65.0-75.4 219/100 1.14 (0.97 1.35) il 1.19(1.04 1.36) 1.25 (1.07 1.46) +i—
Sex i i
| i
Male 445/ 517 1.08 (0.951.22) 0.880 - 1.05(0.94 1.16) 0.662 1.13 (1.01 1.26) 0.281 = o
| |
Female 578/781 106 (005119) 102 (092 112) 104 (093 116) :
Center i i
AZ 99/212 1.05 (0.81 1.38) 0.769 . 0.93(0.741.19) 0.317 1.04 (0.78 1.38) 0.002 :
oK 305/586  1.03(0.901.17) 1.10 (0.97 1.23) 0.95 (0.84 1.07) 1
ND/SD 520/500  1.00(0.981.22) - 100 (090 112) 127 (113 142) -
Smoking Status i i
Never 282/402 106(0.91124) 0279 1.00(0.88 1.14) 0.826 1.09 (0.94 1.25) 0.994 -+
Former 331/414 117 (101135) . 104 (093117) 108 (0.05122) -
Current 410/482  1.01 (0.89 1.14) . 1.05(0.93 1.19) 1.00 (0.96 1.23) -
Urine Cadmium (pg/g) i i
<076 328 /430 1.09 (0.95 1.26) 0.487 "I-— 1.06 (0.93 1.20) 0.701 1.04 (0.91 1.19) 0.537 —.i—
0.76-1.26 340/450 1.1 (0.96 1.27) i 0.98 (0.86 1.12) 115 (1.00 1.32) -
»1.26 355/418  0.99 (0.86 1.14) f 1.04(0.921.17) 1.13 (0.99 1.29) -
Diabetes Status i 1
No 485/ 870 1.01(0.891.13) 0145 ] 0.99 (0.89 1.09) 0198 1.06 (0.951.18) 0574 ‘\‘.I—
Yes 538/428 113 (1.011.27) - 1.08 (0.98 1.20) 111 (0.99 1.23) it
1 1
Overall 1023 /1298 1.06 (0.98 1.16) ﬁ 1.03(0.951.11) 1.10 (1.01 1.19) “
 ———
5 1.0 1

0. 5

o
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-
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5.5 Discussion

eTibia and eBlood lead biomarkers were associated with increased risk of cardiovascular
disease mortalityn the SHS. The association of eTibia and eBlood lead biomarkers with CVD
mortality was modified by sex, with a positive association found in men and no association
found in women. This finding is likely explained by the creation of these epigeneticrkema
in the NAS, an almale population. The biomarkers have yet to be validated in women.
However, findings remained significant for the whole populatdibia and eBlood lead
biomarkers were not associated with CVD incidence overall but a positive association, which
was significant for eBlood and borderline significant for eTibia, was found among men. No
significant association was observed in modelsriporating the ePatella lead biomarker with

either CVD mortality or incidence.
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This analysis builds on the development of bone and blood lead epigenetic biorarkes is
the first study to evaluate their relation with cardiovascular outcomes. Compared to the NAS
subset that was used to generate these lead biomarkers, SHS participants were younger, had
similar proportions of evesmokers, and included both men amaimen (Suppleental Tablel).
Lead levels (mean * standard deviation) measured in tibia £2112.9 ug/g), patella (24 +
17.7 pg/g), and blood4(0 £ 2.3 pg/dL) among the NAS subset were higher than egigen
biomarkers concentrations estimated in$#S subset (eTibia: 14+ 3.5 pg/g, ePatella: 22+
6.7 ug/g, eBlood: 3L + 0.8 pg/dL), which is a reasonable finding as the SHS population is
younger and reside in rurateas and small towns that have been less historically affected by
traffic and leaded gasoline compared to the Boston area.

While these epigenetic biomarkers have been estimated in two cohorts to predict

Par ki ns on’ s% lithereeseareh i n@ebed to determine their transportability across
different cohorts with diverse study populations and different health outcomes. This
aforementioned study observed that increased concentrations of the tibia epigenetic biomarker
was a&sociated with PD statusThe Par ki nson’ s E ncohont amdheSystem and
Genomics of P a(B&PDncshortf’, vehile Patelasepigeretic biomarkers
concentrations were inversely associated with PD status in the SGPD%6Horboth these

cohorts, DNAm estimated tibia and patella lead concentrations were lower compared to the
present analysis in the SHS, and these cohorts consisted of participants that were older and had a
higher proportion of male participants than the enésinalysis. Notably, smoking information

was missing in the SGPD cohort, which is an important confounder that was included in the

present study. The results presented in the current analysis are consistent in identifying that the

tibia epigenetic biomé&er was most strongly associated with disease.

103



The observed associations with the eTibia biomarker could stem from the longée half
of lead in tibia, a cortical bone, in comparison to patella, a trabecularbd@hédence suggests
that lead in trabecular bone is more biologically active and that lead is exchanged into the
bloodstream more readily than in cortical boffg$> As the halife of tibia-lead is longer than
patella lead, tibia lead is believed to be more representative of cumulative lead exposure. The
KXRF measurement technique has also been cited as having greater measurement uncertainty for
trabecular bones&in cortical bones, due to a lower comparative mineral density in trabecular
bones''®, Thus, the greater precision of lead measurements in tibia could also explain the
stronger associations reported between eTibia, rather than ePatella biomarkers. Further, the
eBlood biomarker is a marker of shoetm lead exposure, which creates potétiallenges in
its utilization as a predictive marker for disease, although blood lead reflects both endogenous
and exogenous sources of exposure. We found significant associations between the eBlood
biomarker andncreased risk o£VD mortality, as wellas between eBlood lead and CVD
incidence among meguggesting that this epigenetic biomarker is relevant in capturing disease
risk from lead exposure. The stronger association with mortality has also been observed among
other risk factors in the SHS, such as urinary arsémiod urinary cadmium concentratios
This relationship may also be related to measurement error and differences in clinical care across
sites for morbid events, where mortality represents a more definitive and robust endpoint. An
alternativeexplanations that lead exposure results in more severe disease, which would reflect a
stronger relationship with CVD mortality than incidence.

The present study adds to the weight of evidence of DNtAsed biomarkers to predict
disease risk in the SHS. Prior research has identified that differential methylation at CpG sites

and differentially methylated regions was associated with incréasieeénce of lymphatie
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hematopoietic, solid, and overall canc&fssmoking?®?, arsenié*' and cadmiun®?, and

coronary heart disead¥. One challenge of using these biomarkers, however, is replicating their
ability to capture risk across diverse populati#tiswhile the present study implements three
epigenetic biomarkers of lead exposure, these results would be strengthened through replication
in different populations, including in other American Indian cohorts and other race/ethnic

groups.

One limitation of this analysis is that the SHS does not have bone and blood lead
measured concurrently with DNAmM to compare the accuracy of the epigenetic biomarker. As a
consequence, we cannot confirm that these biomarkers directly reflect lead exptseig$HS.
Another alternative explanation is that the biomarkers reflect DNAm pathways affected by lead
that could also be affected by other exposures, but that nevertherless are part of the mechanisms
by which lead induces cardiovascular disease. Rurtie epigenetic biomarkers were originally
created in the NAS, an elderly,-aflale, and mainly White cohort, which could limit their
generalizability to other cohorts like the SHS. In our analysis eflspendent effects, the
epigenetic biomarker oftiia lead and blood lead remained associated with cardiovascular
mortality and cardiovascular incidence primarily in men, while the association was practically
null in women, suggesting that these epigenetic lead biomarkers are primarily relevant for men.
Given the sensitivity of DNA methylation biomarkers to the availability of specific probes, we
recommend that future analyses estimating epigenetic biomarkers of lead exposure consider the
availability of the probes utilized here. Given the potential cj@&metic biomarkers to act as
norrinvasive approximations of lead exposure, it is vital to perform further validation of these
epigenetic biomarkers in cohorts where bone lead measures are available, and determine their

relation to disease risk in both mand women.
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5.6 Conclusion

In the SHS, recently developébia and blood lead epigenetitomarkersvere
associateavith increased risk of cardiovascular mortalipptentially reflectinghe
cardiovasculaimpact ofcumulativeand ongoindeadexposurs. Future work must perform
further validation of these lead epigenetic biomarkers in different populations, given their

potential to capture disease risk.

5.7 Appendix

Supplemental Method&lood lead biomarker results from the Normative Aging StINKS).

An additional analysis was performeda subset of the Normative Aging Study (N = 34B)
examine the association between lead levels in blood with DNA methylation yahds Al)
Similar to the methodological approach for tibia and patellatfead epigenomavide robust
linear regression was performed that accounted for outliereetetbskedasticity in DNA
methylation beta values. Covariates in the epigenome wide analysis were identified through
principle-component analysis (FiguAs8). Epigenomewide analysisndicated no excess of false
positive ratesKigureA4). An elasticnet approackiFigure A5)was used to identify significant
CpG sites (p < 0.0001and 80% of participants were randomly assigned to the training dataset,
while 20%were randomly selected for the test dataset. Efastiovas performed on the training
set with leaveoneout cross validation, and lead biomarkers for blood were estimathd as
linear combination of regression coefficients and DNA methylationvmdtees matrix of the test
dataset (Tabl&2). There were 75 CpG sites associated with blead concentrations.

Estimate blood lead concentrations were then compared to measured blood lead values in order

to validate this biomarker in a subset of the NAS ([FeggA6 —A7). The Pearson’s corr
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coefficients between actual and estimated blood lead levels was moderate (r = 0.49), and the
mean square error (MSE) was 0.R@sultsfrom receiveroperatingcharacteristi¢ROC)and
areaunder thecurve (AUC)indicated good accuracy (AUC: 0.82, 95% CI: 60731).The

difference in means between the estimated and measured blood lead concentrations were not

significantly different (p = 0.84)and the Kolmogorossmirnov test (p = 0.01) indicated that

these valuebkely came from the same distribution.

Figure Al. Distribution of tibia, patella, and blood epigenetic lead biomarkers in their native
scale in the Strong Heart Study (n=2,231).
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Figure A2: Associations betweerad epigenetic biomarkefsTibia, ePatella, eBloo@nd
cardiovascular disease mortality andidence modeling leagpigenetidiomarkers using
restricted quadratic splingsl = 2,321).
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Hazard ratiosncorporated restricted quadratic splines for epigenetic lead biomarkers with knots &t thé"1and

90" percentiles, where the #@ercentile was treated as the reference. Solid lines represent adjusted hazard ratios,
and dotted lines represent 95% confidence intervals. All models were further adjusted for sex, smoking status
(never, former, current), BMk(/m?), genetic PCs, immune cell types (CD8+, CD4+, NK, B cells, Monocytes),

LDL (mg/dL), HDL (mg/dL), diabetes status (yes/no), systolic blpaessure (mmHg), hypertension treatment
(yes/no), and eGFR (ml/min/1.73mAll models included center of recruitment as a strata term, and age was
accounted for in the followp times of all models.

108



Figure A3. Principal Component Regression Analysis including blood lead expaosuvariate
associatiorP-values between covariates of interest and the top 25 principal components that
explain 56% of the variance for the whole blood DNA methylation data.
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Figure A4. QuantileQuantile plot and genomic inflation factor (lambda) for the Epigerome
Wide Association Analysis
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Figure A6. Relationship between actual and predictec:{tognsformed) lead levels in whole
blood (left),Receiver Operating Characteristic, aAdea Under the Curve (AUGYith 95%
Confidence Interval (95% C{middle), andoox-plots and Pvalue for statistical difference
between the means of actual and predicted-fi@psformed) lead levels in blood (right
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Figure A7. Empirical distributionfunction and Kolmogorossmirnov test of the actual and

predicted lead levels in
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Table Al. Description oparticipants from th&lormative Aging Study (NAS).

Variables

mean = SD

Age (years)

Education (years)

Packyears

Smoking Status
never
ever

Alcohol Consumption

<2 dri

nNks pt

>2 drinks per day

Patella lead levels
Tibia lead levels
Blood lead levels

76.25 +6.57
16 + 3.02
33+25.17

156 (0.3)
360 (0.7)

417 (0.81)
99 (0.19)

27.36+17.74
21.05+12.91
3.96 +2.32
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Table A2: Identification of DNA methylation site®lative to blood lead exposure

CpG Elastic Net | Chromo | MAPIN | UCSC_RefGene_N| UCSC_RefGene_Gro | Relation_to_ UCSC_C
Name Coeff some FO ame up pG lIsland
(Intercep

t) -10.0414| NA NA NA NA NA
€gl0442 306263

735 0.428246 1 3 | PRDM16;PRDM16 | Body;Body S_Shelf
cgl0442 187006

251 -1.20932 1 25 | IGSF21 Body N_Shelf
cg07031 383247

996 -0.39012 1 38 | MTF1 5'UTR N_Shore
cgl7791 385134

651 0.078059 1 89 | POU3F1 TSS1500 Island
cg06408 456719

034 -3.93669 1 87 | ZSWIM5 1stExon Island
cg16005 911919

939 0.034461 1 90 Island
cg08122 243419 | CEP170;CEP170;C| TSS1500;TSS1500;TS

338 23.79213 1 530 | P170;SDCCAGS8 500;1stExon S_Shore
cgl6596 246451

470 0.133058 1 744 | SMYD3;SMYD3 Body;Body

cg19407 154412

717 0.175645 2 0 | TPO;TPO;TPO;TP(Q Body;Body;Body;Body| N_Shore
cgl2416 154333

637 -0.77252 2 650 N_Shore
cgla844 200524

194 -0.40731 2 259 S_Shore
cgl12346 214148

504 -4.03666 2 862 | SPAG16;SPAG16 | TSS1500;TSS1500 N_Shore
€g22753 524434

768 -0.03878 3 24 | BAP1;PHF7;PHF7 | Body;TSS1500;TSS15( N_Shore
cgl2226 105087

306 1.55914 3 718 | ALCAM Body N_Shore
€g03552 138822

688 0.985584 3 369 | BPESC1 TSS1500

cgl12958 691247

778 -0.85696 4 4 | TBC1D14;TBC1D14 5'UTR;5'UTR S_Shore
cg01411 362835

468 -0.30947 4 88 | DTHD1;DTHD1 5'UTR;1stExon

cgll761 111536

728 0.322849 4 679 N_Shelf
cg07799 122430

386 -0.12272 5 821 | PRDM6 Body Island
cgl2532 178854

966 0.453348 5 202

cg25511 600812

429 0.092361 6 5| NRN1 TSS1500 N_Shore
€g23646 108861

360 -0.56428 6 30 | SYCP2L TSS1500 N_Shore
cgl7779 332721 | TAPBP;TAPBP;TAHR

289 12.63892 6 48 | P Body;Body;Body

€g20566 168785

286 -2.04254 6 923

cgl0884 492219

288 0.18269 7 6 | RADIL 5'UTR N_Shore
cgl7469 116164

978 1.736623 7 704 | CAV1 TSS200 Island
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cg03917 138101

158 0.279592 8 2

€g22883 115407

125 -0.31365 8 58 S_Shore
cg01546 115671

563 -0.22378 8 89 | GATA4 Body Island

€g09430 259073

976 3.464535 8 14 N_Shore
cg02504 533269

902 -0.53933 8 22

cgl7099 652844

568 -0.19174 8 38 N_Shore
€g20413 131155

392 -0.38521 9 013 | MIR2192 TSS200 Island

cg01240 138068

049 0.597319 9 091 Island

€g20395 175921

881 0.396681 10 5 | ADARB2 Body

cg05453 497313

333 -0.64092 10 75 | ARHGAP22 Body N_Shore
€g19880 614685

462 0.219686 10 48 | SLC16A9 5'UTR N_Shore
cg24591 100993 | HPSE2;HPSE2;HP

300 -0.41475 10 025 | 2;HPSE2 Body;Body;Body;Body | N_Shore
€g22391 105727

400 -12.7911 10 767 | SLK Body S_Shore
€g20639 112404

805 0.816579 10 997 | RBM20 Body S_Shore
€g22773

555 5.800023 11| 830233| EFCAB4A Body Island

cg03922 143809

337 -0.21862 11 18 | RRAS2;RRAS2 TSS200;TSS1500 S_Shore
cg09867 639123

084 -3.20354 11 67 | MACROD1 Body

cgl4235 654205

783 -1.53413 11 18 Island

cg04800 123396 | GRAMD1B;GRAMLO

788 2.362246 11 571 | 1B 1stExon;5'UTR

€g22063 133994

247 -0.37862 11 642 | JAM3 Body N_Shore
cgl4121 493913

142 -1.12071 12 63 | DDN Body Island

cg09287 100640

190 -0.17873 13 914 N_Shore
€g24670 110436

552 -0.03639 13 780 | IRS2 1stExon Island

€g16851 110437

425 0.606277 13 759 | IRS2 1stExon Island

cg04393 111010

471 -0.37513 13 255 | COL4A2 Body

€g26053 549737

975 1.858657 14 85 N_Shelf
cg09298 970588

014 -0.40781 14 64 N_Shore
cg26471 346408

610 0.968717 15 93 | C150rf55 Body
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€g24956 371736

533 -0.45115 15 38 | LOC145845 Body S_Shore
cg03603 388574

381 0.106808 15 74 | RASGRP1;RASGR| TSS1500;TSS1500 Island

cgl7865 306775

114 -0.65723 16 9 | CLDN6 5'UTR Island

cg09981 317979

030 -3.41555 16 6

cgl6631 155281

088 -0.46834 16 33 | Cl6orf45 TSS200 N_Shore
cg10137 692674

837 0.063332 17 2 | BCL6B 5'UTR Island

€g21969 775914

795 -0.20118 17 0 | TMEM88 3'UTR N_Shore
cg06418 798251

907 -0.30942 17 0 | ALOX12B Body N_Shore
cg13718 279392

961 -0.00948 17 61 | ANKRD13B Body N_Shore
cg05478 799701

824 -0.10059 17 35| ASPSCR1 Body S_Shelf
€g23928 799701

512 -0.19177 17 92 | ASPSCR1 Body S_Shelf
€g27226 799938

927 -0.09136 17 63 | DCXR Body N_Shore
cgl3214 335520

542 -0.94023 18 19 | Ci18orf21 TSS1500 N_Shore
€g26901

714 1.01678 19 | 376152 | THEG;THEG TSS200;TSS200 S_Shore
€g19399 105275

220 -0.30309 19 88 Island

cg01397 145835

939 -0.31035 19 68 | PTGERL1 Body Island

cgl1571 556109

942 -0.68779 19 38 | PPP1R12C Body S Shore
cgl2014 503848

753 -0.32942 20 22 | ATP9A Body Island

€g24875 451530

593 -0.12506 21 09 | PDXK Body S_Shelf
cg06911 228777

679 0.764272 22 46

cg03938 506998

598 -1.51491 22 68 | MAPK12 1stExon Island
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Table A3. Average beta values for each probe used in the Strong Heart Study analysis according
to men and women.

CpG_Name Mean Beta Values Males Mean Beta values Females p-value
cg00056541 0.58496843 0.582887355 0.7659865
€cg00118365 0.42868554 0.418396093 0.007774756
cg00178249 0.20722654 0.210491875 0.2397211
€cg00284153 0.6291812 0.645383531 8.45281E08
€g00295339 0.94771763 0.94751594 0.7659865
€g00380835 0.74041844 0.779700844 3.6853E48
€cg00549219 0.4402119 0.444518224 0.2673082
€cg00616922 0.95090747 0.951576707 0.1768622
cg00668034 0.22873846 0.239005099 0.05562816
cg00697358 0.84656619 0.849918297 0.1747424
cg00779216 0.75719151 0.759914162 0.2300414
cg00788177 0.12906659 0.134293886 0.1870585
€g00815440 0.01045778 0.01044907 0.9305097
cg00845862 0.02946731 0.029652953 0.5630539
cg00846121 0.86361652 0.865733048 0.2228284
€g00964109 0.01183793 0.011724312 0.4473895
cg01154573 0.01352264 0.013559338 0.7659865
€cg01198591 0.04118068 0.04318176 0.1551233
€g01240049 0.88363526 0.888104586 0.01057448
€g01283863 0.95507173 0.955521172 0.4072994
cg01330312 0.77391814 0.774935805 0.7440688
€g01397939 0.38810596 0.396766654 0.00011298
cg01411468 0.92257617 0.933420123 1.26968E12
€g01502872 0.26467011 0.264038505 0.811521
cg01546563 0.1292038 0.125979448 0.1434667
cg01815833 0.0254163 0.025306478 0.8024407
cg02012703 0.11240353 0.112911434 0.8023217
cg02021288 0.8237959 0.820060127 0.1534882
€g02033302 0.71107632 0.717584688 0.006621538
€g02440976 0.01595504 0.016007914 0.6585425
€g02493604 0.07910375 0.079218722 0.9517672
€g02504902 0.86003648 0.875486897 7.55121F13
€g02613380 0.94954078 0.952041939 1.57038ED5
€g02631879 0.01528417 0.015650696 0.4563141
cg02806322 0.75089225 0.760056177 1.31511E05
cg02830714 0.94905328 0.949217764 0.8320486
€g03206925 0.95450323 0.956274081 0.006776076
€g03318593 0.94517853 0.945546979 0.7659865
€g03454705 0.94211574 0.941637977 0.2289362
€g03523835 0.17066817 0.174034979 0.1747424
€g03552688 0.95985134 0.962409335 2.09537E05
€g03591798 0.03447532 0.034326159 0.7952533
€cg03603381 0.55829467 0.571340473 5.20594E11
€g03612522 0.02987886 0.029775071 0.8469719
cg03764965 0.84014945 0.847386484 0.004543919
€g03791150 0.92590865 0.931427581 4.13411E10
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cg03897712 0.02738225 0.028314977 0.001660234
€g03917158 0.85410775 0.854560929 0.8291399
€g03922337 0.15495776 0.163709336 1.6947EL6
€g03938598 0.02645677 0.026315627 0.8024407
€g04276508 0.07283903 0.074651596 0.1932282
cg04300684 0.53469052 0.505786098 7.08008ED8
cg04338871 0.6741962 0.683706213 0.002612561
€g04379155 0.01805047 0.017804687 0.3354398
€g04393471 0.94511639 0.945218367 0.9305097
cg04427735 0.00864506 0.008458977 0.1100234
cg04456892 0.91369662 0.912503997 0.4936289
€g04458670 0.02299539 0.025273104 5.89511ED5
cg04730882 0.35418876 0.359704605 0.003470847
cg04800788 0.92392269 0.928567365 5.29813ED8
€g04804542 0.86811638 0.872293814 0.04984412
cg04827747 0.0120057 0.012142951 0.06104231
cg04929736 0.02632464 0.026226671 0.805865
cg05005659 0.94775253 0.951312908 0.000210125
cg05347216 0.61562419 0.607575812 0.000496259
cg05453333 0.31287689 0.310320094 0.4473895
€g05459971 0.35325474 0.372120463 2.5017E06
€g05478824 0.62652694 0.625713873 0.837371
€g05499853 0.01782655 0.017866197 0.8214504
cg06100461 0.06666467 0.066981879 0.8024407
€g06155303 0.29759262 0.334689604 2.37168EL8
cg06376277 0.88733509 0.892669751 0.000400618
€g06382254 0.94982495 0.953266852 0.000006456
cg06408034 0.02705669 0.026694588 0.4473587
€g06418907 0.38295105 0.384082316 0.8024407
€g06436673 0.96246947 0.964520213 0.1363552
cg06773604 0.02771975 0.029220305 0.000217691
€g06890950 0.76827007 0.769505077 0.7783067
€g06911679 0.923253 0.926617845 0.0006456
€g07015663 0.84660682 0.848419866 0.2477632
cg07031996 0.1455926 0.14512796 0.8300571
cg07105947 0.13450664 0.147806192 0.000108698
cg07122529 0.72713874 0.731313517 0.2300414
cg07361385 0.96913929 0.970529982 5.89511ED5
cg07513561 0.96262694 0.963626463 0.007907952
cg07545743 0.30837788 0.320011077 0.02597441
cg07764113 0.84288543 0.840901313 0.5121869
cg07799386 0.09218271 0.094209988 0.1741885
cg07846297 0.14843267 0.150739046 0.12105
cg08069883 0.8084274 0.815907877 0.000402556
cg08122338 0.02539538 0.025325591 0.8811339
€g08220084 0.03895264 0.040035359 0.1845172
cg08421126 0.25305366 0.255224475 0.2585871
€g08570458 0.95446321 0.95664953 0.000235253
cg08615567 0.08744007 0.091646716 0.006008831
€g08693172 0.14543769 0.147709499 0.4473895
cg08790487 0.91713536 0.919099112 0.1119232
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€g09062550 0.11324341 0.113864512 0.8024407
€g09135656 0.76687302 0.762111709 0.3354398
cg09178385 0.82794409 0.836735747 3.15403ED5
€g09264065 0.48855514 0.52139771 6.994E23
€g09284949 0.22763095 0.19635569 1.27103EL6
€g09287190 0.41326462 0.416510742 0.24748
€g09298014 0.06879225 0.077160597 1.27711E08
€g09430976 0.02326638 0.023384074 0.8214504
€g09436495 0.79545639 0.798029022 0.2603782
cg09463656 0.06354496 0.063660055 0.9326718
cg09741221 0.04794629 0.048743499 0.2857081
cg09867084 0.90759998 0.910090956 0.005631067
€g09981030 0.02118936 0.02118163 0.9863333
€g10042319 0.02970335 0.031895207 2.152E07
€g10086141 0.02469616 0.024244482 0.2476225
€g10137837 0.32732382 0.338338996 5.68263E08
€g10197862 0.01962838 0.019735399 0.4065568
€g10442251 0.52114124 0.535732908 7.12466E06
€g10442735 0.89969056 0.902355832 0.1183124
cg10521014 0.53174386 0.533214412 0.7915947
€g10716862 0.90709192 0.908609051 0.53531
€g10845249 0.12378774 0.126648879 0.2300414
€g10884288 0.04859265 0.050792374 0.00160119
€g11352369 0.91263601 0.914790372 0.04890909
€g11571942 0.89022465 0.891443684 0.2567727
€g11728928 0.29951645 0.303285247 0.4434066
€g11753765 0.0274747 0.029409776 8.12604ED5
cgl11761728 0.32048304 0.325056358 0.01069886
€g11888571 0.01762917 0.017541554 0.8193292
€g11990334 0.0733973 0.075752209 0.2399189
€g12063795 0.24392602 0.243865421 0.9826113
€g12153668 0.81991514 0.830428023 3.14394ED6
€g12226306 0.14751235 0.14949392 0.2289362
€g12346504 0.01551764 0.01568627 0.6181827
€g12416637 0.04044338 0.039561378 0.2289362
€g12532966 0.84560692 0.850668008 0.03147872
€g12841525 0.8517187 0.85660277 0.047075
€g12858300 0.0163708 0.016530306 0.329689
€g12903529 0.85671824 0.866156656 4.88683ED5
€g12920180 0.09328164 0.095989235 0.2289362
€g12958778 0.7257577 0.734699749 0.000178471
€g13214542 0.09717336 0.097668665 0.8024407
€g13251292 0.87232593 0.875138183 0.2566928
€g13257129 0.86239076 0.868595301 0.008351512
€g13415073 0.10183125 0.107537822 0.003673877
€g13446622 0.91100134 0.915060704 0.00267394
€g13448092 0.59668003 0.590516236 0.2300414
€g13463245 0.81078363 0.807887931 0.3623588
€g13580008 0.02582386 0.025374774 0.2231704
€g13718961 0.90134212 0.909583663 8.4466E22
€g13807056 0.89878117 0.90485048 0.001336323
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€g14074486 0.69496203 0.705761845 2.56941E07
€g14121142 0.04100012 0.04490217 0.008351512
€cg14133708 0.04817508 0.048690267 0.7388203
€g14235783 0.03490175 0.034300926 0.2673082
€g14312661 0.94709223 0.94740029 0.751726
€g14727952 0.02366804 0.02361159 0.8811339
€cg14762973 0.06256058 0.063904141 0.5035128
€g14821507 0.02071654 0.020803245 0.6926121
€g14844194 0.1527787 0.158403321 0.02327435
€g14923295 0.01548794 0.015543837 0.6832347
€g15081825 0.76421339 0.768065598 0.4710984
€g15349474 0.94768242 0.948792569 0.04721224
€g15364504 0.84316391 0.850931172 0.002143723
€g15739944 0.02172167 0.021367435 0.5163719
€g15825186 0.0216944 0.021919112 0.7185787
€g15996769 0.32133988 0.337130398 2.97636E06
€g16005939 0.18548533 0.190787977 0.01121337
€g16218705 0.88664416 0.890462077 0.3649591
€g16520800 0.02074738 0.021019908 0.2397211
€g16596470 0.97268657 0.972950518 0.341485
€g16619425 0.05512619 0.059504217 5.79247ED5
€g16631088 0.82325635 0.841250428 4.94288FE12
€g16851425 0.1020518 0.102712251 0.7867655
€g16937735 0.60400759 0.620827609 2.73483EL0
€g16944026 0.95926577 0.959454336 0.7783067
€g16961545 0.02480515 0.024711424 0.862952
€g16978871 0.01349794 0.013510411 0.9451073
€g17099568 0.14696479 0.151779387 0.048958
€g17331296 0.07388515 0.072352709 0.538
€g17469978 0.04744632 0.045549368 0.007229375
€g17531889 0.93830515 0.939070663 0.3858229
cgl7584477 0.95487962 0.955672452 0.2604331
cgl7779289 0.966167 0.966380222 0.5847826
€g17791651 0.57487655 0.595586109 1.6409E15
€gl17825384 0.02365016 0.023782885 0.6532857
cgl17865114 0.95143862 0.953281848 0.000057835
€g17884698 0.95781925 0.958107423 0.5512512
cg17886028 0.01777533 0.017791895 0.9451073
€g18086761 0.06642791 0.068131302 0.4473895
€g18207091 0.02494037 0.025356759 0.5745631
€g18598900 0.07088687 0.072099249 0.5050612
€g18605120 0.93271021 0.932714301 0.997
€g18766080 0.02251333 0.022392814 0.7952533
€g18916055 0.87493137 0.874835272 0.9696274
€g19246761 0.08484054 0.082469422 0.175704
€g19399220 0.28103753 0.265107892 1.32507E07
€g19407717 0.8723388 0.877941395 0.00060639
€g19531536 0.45638608 0.48506147 8.9039E37
€g19615017 0.66761604 0.670326365 0.6512632
€g19880462 0.11121461 0.108836595 0.2289362
€g20100987 0.73623035 0.747374251 5.95939F14
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€g20326704 0.06693369 0.080600025 2.70537E18
€g20395881 0.64511559 0.653942524 0.04714433
€g20413392 0.85533839 0.852730889 0.4186124
€g20506843 0.53583564 0.542926044 0.329689
€g20566286 0.92798539 0.928975282 0.2437248
€g20606555 0.76190802 0.764352055 0.538
€g20639805 0.32798408 0.372460976 3.29077E31
€g20844771 0.01543032 0.015102398 0.1440746
€g20922251 0.03211064 0.032654739 0.01303615
€g21244880 0.01571983 0.0158056 0.5065939
€g21365094 0.04850061 0.046962078 0.2103459
€g21371809 0.26956099 0.265685871 0.4473895
€g21531679 0.94099427 0.94298578 0.1605107
€g21558508 0.01339452 0.013466776 0.4453934
€g21587066 0.09330338 0.092772035 0.8300571
€g21616420 0.95669641 0.958222857 0.01282233
€g21969795 0.74956769 0.757652125 0.002899662
€g21994822 0.66081969 0.655212663 0.1274826
€g21996068 0.54517711 0.556029723 0.003326507
€g22063247 0.37974464 0.371364492 0.003243371
€g22391400 0.011535 0.011303061 0.1085872
€g22691824 0.7133124 0.720137557 0.00298629
€g22753768 0.16210773 0.161696145 0.8755896
€g22773555 0.01821075 0.017697478 0.329689
€g22784964 0.01311743 0.013208519 0.3769128
€g22883125 0.02760152 0.02767862 0.8320486
€g22908581 0.42664251 0.426491765 0.975125
€g23028436 0.06785963 0.069812587 0.04984412
€g23087931 0.96034556 0.960969909 0.2235074
€g23483656 0.10846348 0.109980304 0.4434066
€g23497569 0.94859057 0.950157554 0.2058258
€g23528492 0.77355495 0.774005914 0.9240941
€g23646360 0.2809995 0.297255569 2.73828E05
€g23832388 0.64937939 0.652115089 0.5745631
€g23928512 0.85352002 0.853044957 0.8193292
€g23931558 0.10526118 0.109975864 0.08198095
€g24036116 0.81175374 0.821037861 4.02844ED5
€g24362016 0.57194556 0.588801689 5.51137ED5
€g24526433 0.01472322 0.014601141 0.3818563
€g24591300 0.45479133 0.472695179 2.15424FE15
€g24612305 0.02026427 0.021223631 0.04077474
€g24670552 0.88373103 0.889265878 0.006008831
€g24731731 0.58343984 0.611364315 7.8279E09
€g24792682 0.05809228 0.058568899 0.7031535
€g24875593 0.84606152 0.837244819 0.2841313
€g24915508 0.94497843 0.946390852 0.1857977
€g24956533 0.07698776 0.077341201 0.8811339
€g24958687 0.31670006 0.30776088 0.1100234
€g25055120 0.94731815 0.94354373 0.001142148
€g25511429 0.0931265 0.092088066 0.4637448
€g25566285 0.95055679 0.952678922 0.09578411
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€g25774020 0.92609292 0.931161217 0.1001278
€g25884854 0.01495966 0.014253054 0.000113402
€g25926515 0.36105646 0.384927735 8.0969E16
€g25987408 0.82365331 0.833793407 1.68736E08
€g25994470 0.01603081 0.016155502 0.3485858
€g26053975 0.93120769 0.933078806 0.008351512
€g26070426 0.23242671 0.229498579 0.4434066
€g26234034 0.01852287 0.018515323 0.984985
€g26471610 0.94765203 0.949957743 7.12466E06
€g26607429 0.95421099 0.955775788 0.1747424
€g26901714 0.86566625 0.86992686 0.007306173
€g26937798 0.01846308 0.017875041 0.08780566
€g26955337 0.98254318 0.982459595 0.3818563
€g27111925 0.35220067 0.355807776 0.344256
€g27226927 0.78542235 0.786589855 0.656564
€g27425146 0.96754543 0.967870615 0.4473895
€g27532331 0.96654603 0.966543031 0.9946978
€g27585878 0.9619612 0.962014053 0.9326718
€g27622405 0.01253221 0.012636875 0.4207821

Bonferroni corrected-palues are reported
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Table A4: Hazard ratios (95% confidence interval) for cardiovascular disease mortality and

cardiovascular disease incidence by lead epigenetic biomarkers after adjustment for urinary

cadmium (N = 2,321).

CVD Mortality

Epigenetic
biomarker Tertile 1 Tertile 2 Tertile 3 Per double increase
eTibia lead < 3.6 pg/g 3.6-3.9 pg/g > 3.9 pg/g

1.00 (Reference) 1.18 (0.94 1.49) 1.19 (0.94 1.52) 1.42 (1.081.88)
ePatella lead <4.3pg/g 4.3- 4.5 pg/g > 4.5 pg/g

1.00 (Reference)  0.98 (0.771.23) 1.12(0.88-1.43) 1.22(0.93 1.59)
eBlood lead < 1.4 pg/dL 1.4-1.7 pg/dL > 1.7 pg/dL

1.00 (Reference)

1.17 (0.93 1.48)

1.28 (1.00 1.64)

1.56 (1.16 2.11)

CVD Incidence

Epigenetic
biomarker Tertile 1 Tertile 2 Tertile 3 Per double increase
eTibia lead < 3.6 pg/g 3.6-3.9 yg/g > 3.9 pg/g

1.00 (Reference)  0.96 (0.83 1.12) 1.03 (0.88 1.21) 0.99 (0.83 1.19)
ePatella lead <4.3pg/g 4.3- 4.5 pglg > 4.5 pg/g

1.00 (Reference)  0.89 (0.77-1.05) 1.03(0.88 1.21)  1.07 (0.89 1.28)
eBlood lead < 1.4 pg/dL 1.4-1.7 pg/dL > 1.7 pg/dL

1.00 (Reference)

1.07 (0.92- 1.25)

1.00 (0.85-1.18)

1.06 (0.87-1.30)

All models adjusted for sex, smoking status (never, former, current), BMI (kg/m2), ger@tics ,

i mmune

(CD8+, CD4+, NK, B cells, monocytes), Lbtholesterol (mg/dL) HDicholesterol (mg/dL), diabetes status

(yes/no), blood pressure (mmHg), hypertension treatment (yes/no), and estimated glomerular filtration rate
(ml/min/1.73m2) and umary cadmium (expressed in micrograms per gram of urine creatinine). All models included
center of recruitment as a strata term, and age was accounted for in thaufolioves of all models. Tertiles were
calculated on logZransformed lead epigenetiminarker concentrations.
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Chapter 6: An epigenomewide study of selenium status and

DNA methylation in the Strong Heart Study
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6.1 Abstract
Selenium(Se)is an essential nutriefinked toadverse health endpoints at low and high
levels The mechanisms behind these relationships remain unclear and theeeis tdurther

understand the epigenetic impactsSefand their relationship to disease. Weestigatel the
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associatiorbetweerurinary Selevelsand DNA methylatiofDNAm) in theStrong Heart Study
(SHS),a prospective study afirdiovascular disease (CVBinongAmerican Indians adults
Selenium concentrations were measured imeuollected in19831991)using nductively
coupled plasma mass spectromeatnyong 1,357 participants free of CVD and diabetes. DNAmM
in whole blood was measured crasstionally using thélumina MethylationEPIC BeadChip
(850K) Array. We used epigenomeide robust linear regressioasd elastic net to identify
differentially methylated CpG sites associated with urinary Se leMeésmean (standard
deviation) urinary Seoncentratiorwas 51.8 (25.1y g/ g c rAerass 788,368 @pG sites,
five differentially methylatedpositions (DMP) ¢g00163554¢cg18212762cg25194720
cgl11270656cg0088629Bwere significantly associated with Se in linear regressions after
accounting for multiple comparisons (false discovery ratalpe:0.10). The topassociated

DMP (cg00163554yvas annotatetb theDisco Interacting Protein 2 Homolog(DIP2C) gene
which relates to transcription factor binditifjasticnet models selectetP5 DMPsassociated

with urinary Se, including three sitesg00163554DIP2C], cg1821276ZMAP4K3,
cgl127065GPIHBP1]]) identified in linear regressiongrinary Se was associated with distinct
changes in DNAm in adults from American Indian communities across the Southwest and the
Great Plains in the United States. Future analyses should explore these relationships
prospectivelyandinvestigate the potential role of differentially methylated sites with disease

endpoints.

6.2 Introduction
Selenium (Se) is an essential nutrient and naturally occurring element commonly found in
rocks and soifs Selenium present in air and water mainly originates from the burning of coal

and fossil fuels, while Se intake primarily comes from®diEhe physiological functions of Se
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are achieved by proteins incorporating Se, termed selenoproteins, which play key roles as
antioxidants and transporters off&&% Normal plasma Se levels among adults have been cited

as 60 t& 1wdDtpghALrecommended dietarvy®.all owanc
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 cardiovascular ditagsle excessive Se and selenoproteins

have been linked to elevated risk of hyperglycéfimnd diabete®-38°

American Indian communities have an incregze&alencef chronic metal exposures
and cardiovascular disease (CVD) compared to the general U.S. poptfAtiomthe 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
CVD3:52.74,26830639Qy 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
(68-7 2 4 ) gompdagey to the general populaffofEnvironmental levels of Se and toxic
metals aralsoinfluenced by the legacy of mining operations in American Indian commufjties
where elevated Se concentrations have been found in plants and animals downstream of uranium
mines¥13, 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
met hyl ati on (DNAmM) may serve as thBExposweriar ker o
environmental metals has been associated with changes in B#N#Afrand alterations in

DNAmM have been associated with several disease outcomes including CVD, diabetes, and
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obesity**, However, the extent of the epigenetic impacts of Se remains unclear and the majority
of research was performed in murine and-baed modefs®, conveying the need to study the
influences of Se on DNAm in human populatiodechanistically, Se is proposed to affect

DNAm through altering onearbon metabolisf®. Se has been showndtfect global DNAm,

as well as inhibit DNA methyltransferase activity and expression, but the mechanisms through
which Se affects DNAm are proposed to differ according to Se deficierycessand warrant

further researci®391

In the Strong Heart Study, DNAmM has been linked to a variety of adverse health
outcomes includingymphatic-hematopoietic cancefs, liver cancet*®, coronary heart
diseas&"’, lung functio’*® and insulin resistané®. Previous research has also highlighted the
link of environmental metals such as arsenic and cadmium to DNAm sigrR&tatésnd
epigenetic aging®, although the impacts of Se are unkno@NAm 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 influences of Se on chronic disease.

The objective of this study was to investigate the relationship between urinary Se levels
and DNAm of American Indian adults in an epigenemde association study (EWAS), and to
identify biological pathways of genes associated with DNAm sites relev&et status. We
hypothesized that Se would be associated with methylation levels at CpG sites in SHS
participants, particularly in genes encoding selenoproteins and pathways related to oxidative

stress.
6.3 Methods

6.3.1Study population
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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 fadtoesSHS
protocol was approved by institutional review bodt&Bs), participating tribes, and the
respective arelmdian Health ServicéRBs. All participantsprovidedwritten, informed consent
At the Phase 1 baseline exam (198®1), adults 4574 years of age were invited to participate
and theparticipation ratavas62%'27°3%7, Participants were evaluated agairsiady visits at
Phase 2 (1993995) and Phase 3 (199999). Subsequentl\L,032 participants from one
community were not included this studyupon their requesin the current analysis,
participants were eligible if they were free of diabetes at basalikeown factor altering the
epigenom&? and related to Se stat$ hadsufficient urine for metal analysesnd provided
sufficient DNA for analyses. Thigsutedin a total of 1,35participantsThe 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 traindduman subject confidentiality protocols may be
sent to the Strong Heart Study Coordinating Center at https://strongheyadsg/. Requests will

be reviewed by tribal research partners before data may be released.

Detailed methods on the anthropometric measurements, biospecimen collection (e.qg.,
urine), and the laboratory measurements of relevant biomarkers have been described
extensively®?12° Sociodemographic information was collected from standardized interviews at
each study visit including age, sex, body mass index (RiylitY), years of schooling/education,
and smoking status (never/former/current). Participants reporting never smoking regularly or
smoking <100 cigarettes during their lifetime were clagbifie never smokers. Former smokers

were defined as smoking >100 cigarettes and not smoking currently, and current smokers were
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defined as smoking 1 0 0 c iagdaurrentlyt senaking. We calculated estimated glomerular
filtration rate (eGFR) using age, sex, and urinary creatinine (mg/dL) via the 2009 Chronic
Kidney Disease- Epidemiology Collaboration formula (CKBpi)?”3 Diabetes status was
defined as meeting one of the following critefasting glucose greater or equal than f&gdL,
2-hour postload plasma glucose greater or equal thanm@@@iL, HbAlc greater or equal than

6.5%, using insulin or an oral hypoglycemic aig&n
6.3.2 Urine seleniutmeasurements

Urine Semeasures were availableRitasel, concurrento DNAmM data. Participants
provided a morning spot urine sample, and samp&sstored<-70 °C at theMedStar Health
Research Institutghecentral SHS laboratoyyas described previoustyUrine Se was analyzed
by inductively coupled plasma mass spectrometry (ICPaA18)e Analytical Chemistry for
Health and Environment at the University of Graz, Austfi&rinary aeatininewasalso
measured ahe Phas4 visit, and urinary Se was adjusted for creatinine to account for hydration
status®. The averagéimit of detection (LOD)for Sewas3 . 4 gndjdl nieasured
concentrations werabove the LODThe linearity of the standard curves for Se was > 0.99 and

coefficients of variation for standardes <6%.
6.3.3 DNA methylation

The procedure outlining sample extraction, processing, and analysis has been described
in detail previouslsP? Briefly, buffy coat from fasting blood samplesscollectedat Phase 1
(1989-1991), and Iological specimens were stored-a0 °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 InstituteereDNA was bisulfiteconverted with the EZ

DNAm kit (Zymo Researchrvine CA). DNA wasthenmeasuredvith the lllumina
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MethylationEPIC BeadChip (850K)lumina, San Diego CA)providing DNAm information
across>850,000 CpGsTo account fopotential batch artifacts and confounding effesamples
were randomized across and within plates and replicate and-gtatessontrol samples were
included on every plat@s described previousd¥. Preprocessingf DNAm datawasperformed
in R version 3.6.%%. In total, chta wereanalyzedn six different batchesvith each batch
consisting of roughly 400 individualand combined using the R package minfi (version
1.18.4%"%. 6,159 CpGsvere removed that had adetection value of > 0.01 in more than 5% of
participantsSingle sample normalization wdeen performedising the preprocessNoob
function in minff’2373to provide abackground correction with dygias normalization.

After preprocessing, we hathta froml,357individualsand 860,079 CpG#s described
previously, cosshybridizing probes, sex chromosomes, and SNP probesawithor allele
frequency >0.05°were removed. Tik resulted in 788,368 CpGs used in this anal{Basa then
underwent gality checks, normalization, statistical preprocessing, ancMadita calculatios
represenng the proportion of unconverted cytosirssspecific locations and ranging from 0 to
1 at specific locationgysingminfi®’2 We estimated Houseman cell proportions (CD8T, CD4T,
NK, B cells, monocytes, amikutrophil3®’® using the R packagéowSorted.Blood.EPI@s
adjustmentactorsin regression model®otential batch effects by sample plate, sample row, and
DNA isolation timewere investigated and accounted for ushgycombat functiom the R
packagesva’’. We annotated CpGs to the nearest gene according to UCSC genome¥fowser

6.3.4 Statistical analysis

All analyses were conducted in R version 4.1.1. Urine Se concentrations were skewed
and modeled in the lagcale to reduce the influence of extreme valtegufe Al). We

performed an EWAS to evaluate the association between urinary Se and each CpG individually
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using thdimmapackagé’. Thi s wutili zed the eBayes funct
shrinkage of standard errors towards a common value to borrow information across genes.

Genomic inflation factor and-@Q plots were used to estimate the extent of unmeasured
confoundngand genomic i nflation. Due to high genon
were included as additional adjustment factors uSimgrtSVAandsva Ultimately, 12 surrogate
variables were selected fModelswereadjusiedforon r esul t i
biologically relevant variablethat may influence both urinary Se levels and DNAm including

age, sex, studgenter of recruitmenBMI, education status, smoking status

(never/former/currenteGFR Houseman blood cell composition, dinge genetic principal

components (to account for population stratificatiéthMultiple comparisonsvere accounted

for using the BenjaminHochberg method for false discovery rate (FRR& pvalue of 0.10

We performed gene ontology enrichment analyses using the gometh functimsinethyi®® to

identify Gene Ontology®O) terms$®°that contain overrepresentation of genes with DMPs, and

for biological pathways in the Kyoto Encyclopedia of Genes and Genomes (KEGG)

In addition to individual regressionsge performedsLMnet penalized regression (elastic
net, R packaggimne) to identifyrelevant DMP#2, Theelastic neframework allows us to
include all CpGs in the same mogdatcounting for the complex correlation structure between
CpG methylation and performing variable selection for the most relevantiBieeparameters of

the elastic net model included 10 cross validation folds and an alpha of 0.05.

6.4 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)Taldel). Themedibn was 5
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(I QR) of Se was 45 Lirgar (e@réssiohs invgstigatigg each steaseparatelyn e .
resulted in five DMPs that were significantly associated with urinary Se after multiple
comparisonsTable 2; Figure 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 cg00163554 (annotated to the Disco Interacting Protein 2 Hom@dg2ZT] gene),
cgl18212762 (annotated to Mitog&wativated Protein Kinase Kinase Kinase Kinase 2

[MAP4K3), cg25194720 (Potassium Inwardly Rectifying Channel Subfamily J Member 1
[KCNJT), cgl1270656 (Glycosylphosphatidylinositol Anchored High Density Lipoprotein

Binding Protein 1GPIHBPT), and cg00886293 (no annotation 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 (untrans| a3UdRandae gi on) , c
transcription start site (TSS200), and.£§70656 was annotated to a 5'UTR and thexbn.

Specifically, a doubling of Se was associated with a 5.5% increase in DNeg@Git63554

(DIP2C), a 0.6% increase in DNAmM at)1821276ZMAP4K2), a 0.3% decrease in DNAm at
€g2519472FKCNJYD, a 0.2% increase in DNAmM at)1127065@GPIHBPJ), and a 0.9%

decrease in DNAmM aig00886293no annotation found)f her e wer e 51, 412 CpG’
significant nominal pralue before multiple testing correction, and the full output from linear
regressions can be foundTable Al. We did not identify any significantly exrepresented

GO terms or KEGG pathways after accounting for multiple testing. However, at nominal p <

0.05 the top pathways were granule and spindle formaRiesults from the EWAS without the
inclusion of surrogate variables are displayediable A2. This resulted in 49,769 significant

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

131



Table 1 Urinary selenium concentrations apalrticipantcharacteristics

Analytical sample SHS*
(n =1,357) (n=2,325)

Urinary seleniun{ug/g creatinine) mean (SD) 51.8 (25.1) 56.6 (29.2)
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 (62.3) 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 indexk@/m?), mean (SD) 29.1 (5.6) 30.3(6.1)
eGFR (ml/min/1.73h CKD-Epi), mean (SD) 98.1(14.4) 97.4 (16.8)

Note: eGFR = estimated glomerular filtration rate; GBpi = Chronic Kidney Diseas&pidemiology
Collaboration. The analytical sample here was free of diabetes at baseline. *SHS refers to the Strong Heart Study
sample that hadrine selenium and DNAm data available.
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Table 2: Top differentially methylated positions for urinary selenium
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Note: Urinary selenium was legransformed. Linear regressions were adjusted for sex, age, study center, smoking
(never former, current), body mass index (kgJnmeducation status, study center of recruitment, estimated
glomerular filtration rate (ml/min/1.73% houseman cell proportions (CD8, CD4, natural killegell, monocytes),

five principle genetic components, and 12 surrogate variables that captured unmeasured confounding. CpG sites
were annotated using the University of California Santa Cruz (UCS©)ymebrowser. Effect estimates, 95% Cl

lower limits, and 95% CI upper limits are derived from regressions usiagbletes. Other measures refer to
calculations with Mvalues.
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Figure 1. Manhattan plot (A) and volcano plot (B) differentially methylatedNA positions

associated with urinary seleniufiime top five sitesignificant after multiple comparisons (FDR p < 0.10)
from linear regressions aemnotatedM-values were used in regressians
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Elastic net regression retained 425 sites associated with urinary Se levels, including three
overlapping DMPs identified in linear regressiomalfle A3). While the interpretability of
elastic net coefficients should be approached with caution, the sites with the largest absolute
value of elastic net coefficients were annotatedl#° T, MAP4K2 TELO2 HS3ST3BICRTC1
TFRC AUTS2 ABLIM2, PDK4, CLEC1A andALPKS3 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 gen&&4%3(Table A4). While there were 662 CpG sites annotating to genes
encoding selenoproteins, none of these were significantly associated with urinary Se levels in
linear regressions after multiple testing correctidme EWAS exploring selenium 6 0 pg/ g
creatininecompared t&60 Lg/g creatinineeported consistent results as the main analysis, with
only cg00163554tatistically significant after FDR correction {lue, 95% confidence
interval:0.471, 0.308, 0.64Q Table A5). No significant findings were observed in the interaction
between urinary selenium and urinary cadmidiaible A6) or between urinary selenium and

urinary arsenicTable A7).
6.5 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 American Indians. In this sample of adults from the
SHS, urinary Se was distinctly associated with five DMPs (cg0016E¥38%2C], cg18212762
[MAP4K3Z, cg25194720KCNJ]], cg11270656 GPIHBP1, cg00886293 [no annotation found])

in linear regressions, and elastic net regression retained 425 DMPs relevant to urinary Se,
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including three identified in linear regressions (cg00163554, cg18212762, cg11270656).

Significant DMPs were not enriched for particular biological pathways.

In the literature, Sand DNAmM have been investigated in a cancer context, where high Se
exposure is proposed to inhibit DNA methyltransferase expression and &XiztySelenium
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 methylafiselenoproteirencoding genés’#% In
the general population, it is possible thatlifked DNAmM changes may result from changing
requirements for physiological Se, or potential increased oxidative stress from excess Se
exposure. While Se has been characterized as having antioxidantipseresearch has also

identified that certain Se compounds such as selenite and methylselenol can induce oxidative

stresé06.407

The genes annotated to the top DMPs in this EWAS may have biological functions
related to Se and adverse heddiP?2C s a protein coding gene that is expressed in a variety of
tissues and is related to transcription factor birfdfa@IP2C s relevant to cancer and was
upregulated in a phase | trial of Se plus chemotherapy in gynecologic ¢&hters separate
study ofDIP2C knockout in RKO colorectal cancer cells, a los®t?2C was related to various
changes in DNAm and gene expression in the®¢@Hs well as somatic mutations in breast
cancet!l. Differential methylation oDIP2C has also been linked to metalloids, witiP2C
found to be differentially methylated relative to arsenic in two populations from Bangladesh and
Spairf'? as well as amongst a pregnancy coloMexica*®, underscoring the need to study
howDIP2C s related to both Se and other metalloldghis study we report doubling of Se

was associated with a 84increase in DNAm in cg0016355BIP2C). Previous findings of
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methylation ofDIP2C with respect to arsenic reporteifferencesin 5-mC proportion$? or
correlations between maternal urinary arsenic affierentially methylated probés, that were

comparable in magnitude and direction to our study.

The second top site of the EWABAP4K2 is part of the mitogeactivated protein
kinases (MAPK) signal transduction and finlammatory response pathways that have been
implicated in a variety of diseases including cancers and didbef®@se to the role of the
selenoprotein glutathione peroxidase in ameliorating oxidative damage, research has explored
the ability of Se to inhibit inflammatory events and its role in the MAPK signaling cd$tade
While comprehensive data is largely missing from human populations, the literature supports the
links between Se and activation of MAP4K pathw&y/88 encouraging further exploration of

the epigenetic impacts of Se on MAP4K signaling.

The genes annotated to the top differentially methylated positions in elastic net regression
have relevance to several-&gated diseases. Specifically, cg11018313 was annotafddPi€3
whichis proposed to be involved in cardiac muscle cell development and is associated with
cardiomyopath§!®**°? ALPK3has been identified #hwhichdd ati on
associated with low Se intake, suggesting that further research is needed on how Se is potentially
associated witthLPK3at both low and high Se concentratioBgl7075888 was annotated to
thePDK4 gene, which codes for a protein that regulates glucose metabolism and is regulated by
insulin®?2, 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 reéiétaheelditional sites
may have relevance to cancer and neurogenerative diseg46888194 was annotated to
TELO2 which encodes fain Sphase checkpoint protein and may be relevant to DNA fépair

TELO2is upregulated in colorectal canc®Psfor which Se may play a preventative féle
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Cg26319641 waannotated t@€RTC1 a transcription coactivator, which has been associated
with both mucoepidermoid carcinoma and salivary gland carciff@nhastly, cg21953146 was
annotated to thBIAPT gene that encodes for a microtubaksociated protein tau, and mutations
in this gene have been associated with Alzheimer's disease and d&hditése annotations
underscore the potential links of Se to many different types of disease, which warrant further

investigation.

In the general U.S. population reflected in Megional 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 populat®rel biomarker of Se and hasdmeshown to
reflect dietary intak&’228 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*3® as opposed to reporting unadjusted Se v&lti&¥ in order to facilitate more direct
comparisons among different populations. In the current analysis, the mean urinary Se
concentration was 51.8 pg/ g creatinine, which
reported in a Chinese population (geometre ann : 1 9 ahd simiat tg 3pecifigravity
adjusted Se geometric means reported across the Bbtic Study of Atherosclerosis (MESA)

(49.4 pg/L) and®the SHS (58.6 pg/ L)

Epidemiological studies have supported inversgociations between Se status and
cancer risk for several cancer types, although randomized clinical trials of Se and prostate cancer
risk have shown conflicting resutt4 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 dis€asel Se supplementation lowering high density
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lipoprotein (HDL) and plasma choleste¥plwhile other studies have not supported this

relationshig®®2,

This study builds on prior research on metals, epigenetic changes, and health outcomes in
the SHS. Findings from the SHS have supported that elevat@sh8entrationgs measured in
urine is a risk factor for CVD, with highest risk of a CVD occurring when urinary Se levels
exceed 60 |[FPgRurther,rewoastraseaicmirethe SHS has identified specific DNAm
changes resulting from cadmidihand arsenfé?, as well as distinct epigenetic changes while
studying lung functional outcom®8 diabetes outcom&8, cancet*®, and coronary heart
diseas&"’. In a separate EWAS performed in the SHS, there @@differentially methylated
CpGs annotated ©IP2C and nominallysignificant with respect to arseffié These effect sizes
ranged from0.062 to 0.103, which were similar in magnitude than the effect size observed with
Se here (0.055)n the present study there was no overlap among the five significant
differentially methylated positionsith urinary Se and those sites identified as relevant to
cadmium or associated with studied health outcomes in linear regre3siaasunfortunately,
we were unable to conduct a mediation analysis linking these DMRs to health outcomes.
However, a previous EWAS performed in the SHS with respect toryrgaamium identified 24
nominally-significant differentially associated CpGs annotateDI®2C, although none of these
were significant after FDR correction, and effect sizes were smdllé88 to 0.039) than
reported her2 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], cg10276834 [CHRM2], cg13054419
[no annotation found], cg12899747 [no annotation found], cg02879453 [ADCY7], cg00986762

[PSMB2]) retained in the Se models and in elastic net models of forced expiratory volume in 1
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second (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], cg18557149 [LOCBK022
cg00758961 [SLC2A9], cg02879453 [ADCY7]) relative to Se and forced vital capacity
(FVC)?*8, Further, they identified significant DMPs after FDR correction annofateac for

FEV1 (cg12531838 FEV1/FVC €g2759876), airflow limitation (cg15713378 and restrictive
pattern ¢g24718710 For sites annotated to DIP2C, this study reported mean differences (95%
confidence intervals) for FEVD(06 (0.01, 0.)) FEV1/FVC ¢1.85 ¢2.86,-0.83)), odds ratios
(95% confidence intervals) for airflow limitatiod.76 (1.27, 2.43)and restrictive patterr® (68

(0.52, 0.9), which are comparable to effestes reported her&Vhile the lack of overlap in

findings across metals may suggest a unique epigenetic profile for individual trace elements,
overlapping in sites identified through elastic net approaches may relate to shared biomarkers of
metals exposure. Future studiesywboer, must investigate the potential mediating impact of
epigenetic modifications in explaining relationships between Se and adverse health outcomes,

including CVD.

This study has limitations. Dietary information was missing at the SHS baseline, 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 aviailigleSHS.

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 retaifétDue to the presence of unmeasured
confounding in linear regressions, surrogate variables were calculated and included in analyses.
CpGs were annotated to the nearest gene according to the Illumina manifest, but these

annotations carry uncertainty and am always exact. Smoking status was-sefforted, and it

140



is possible that misclassification of smoking status could influence results. An+BIRegof

0.10 was used rather than-aadue of 0.05, as one site was statistically significant at an FDR p
value of 0.05, and the other four top sites were marginigihifeant. 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 cohéitture studies should explore the role

of Se and DNAm in respect to aalge health outcomes. Given limited significant sites after FDR
correction, we do not repastgnificant findings from gene ontologynd interaction analyses,

and this effort was likely underpowerddionetheless, this study has several strengths, including
the large sample size of participants with both urinary Se and blood DNAm data available, the
high-quality exposure assessment, and the availability of confounders for participants.

Additionally, wewere able to test for DNAmM changes at >700,000 siteko&PIC array.
6.6 Conclusions

In a sample of SHS participants, cregstional associations between urinary Se and
DNAm analyzed in 1989991 were found among American Indian adUfisture analyses
should explore these relationships prospectively and investigate the potential role of

differentially methylated sites with disease endpoints.
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6.7 Appendix

Figure A1l. Distribution of urinary Selenium concentrations (ugrgatinine).
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Table Al. Top 200 differentially methylated positions for urinary selenium.
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7 51 NF44 y
08 57 6
€g1843434| ) 750671| 0.1074685| 0.0444656| 247806 | O-1048107 6 1720088 | GMDS Body
8 28 89 67 51
Ccg1266903| 0.0833870| 0.0487509| 0.1180231 0.1048107
¢ > b o 2 57606 - 7 2346455 |  SNX8 Body
cgzsf3582 0.035618894 0.0%125103 0.059292685 > B0B05 0.105418107 2 61436007 | ocrr | 155200
02698535| 0.0861554 | 0.0502214| 0.1220894 0.1048107
h o o 2 2.82E06 ) 19 45567180 | SFRS16 |  Body
cg1906577| 0.0687890| 0.0400803| 0.0974978 0.1048107
< t p . 2.86E06 - 10 98469552 | PIK3AP1 |  Body
cgl7g16347 0.04;%6593 0.025781510 0.063&;:31677 5 08506 0.1%418107 " co14523 | SArma Body
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C120rf80;

cg1877385| 0.0881508| 0.0511753| 0.1251263| .. - o | 01048107| ., 52605271 | Lo | TSS1500;
1 73 8 66 51 5 Body
€g0091159| , 1753380| 0.1070657| 0.0436103| 3.51E06 | O-1048107 5 13523828
3 51 6
61 52 71
cg1563836| 1 oeosea | 01081000 | 0.0430608| 3.64m06 | O-1048107 ) 17331345 | ITGA6IT | Body;Bod
6 51 4 GA6 y
07 26 87
€g0911542| ) 1034571 | 0.1471426| 0.0597716| 3.72806 | 0-1048107 7 13124307
3 51 5
73 95 51
€g1279226| ) 0579769 | 0.0966892| 0.0392647| 3.75806 | 0-1048107 1 18397163 | 1 125p2 | Body
4 51 6
72 07 36
€g1464339| ) 0502480 | 0.0714924| 0.0290035| 3.83E06 | 010481071 45 44706965
9 19 57 8 o1
cg1249249| 00682460 | 0.0393647| 00971290 Lo - | 0.1048107| .o 16271850 | PIKaR2 Body
6 23 8 66 51
CDC27:C | 5 y7R:3U
cg1417262| 00753236 | 0.0433815| 01072658 , .- | 0.1048107| . 45105667 | PC2TCD | 3aminm
0 84 5 18 51 car.coc | TR
RS FUTR
Ccg1320443| 0.1404994| 0.0808793| 0.2001196 0.1048107 NRXNLN | Body;Bod
- o oA " 4.15E06 ) 2 51074939 | NN ’
€92115044| , 0557922 | 0.0795218| 0.0320626| 4.36E06 | O-1048107 14 99945299 | SETD3SE| SUTR,5U
6 51 D3 TR
38 36 39
cg1220715 - ' - 0.1048107 12751164 | MGLLM Body;Bod
9 0.0691852| 0.0986182| 0.0397523| 4.39806 | © 3 GLL:MGL | Body:
1 05 5 39 51 0 L y;Body
02584123 0.0346746| 0.0198668| 0.0494824 0.1081198
£ o, o b 4.77E06 . 17 9631542 | USP43 Body
Q0064441 0.0706068| 0.0404446| 0.1007689 0.1081198 11476225
; o . - 4.80E06 . 13 4 RASA3 Body
cg0869724| 0.0761747| 0.0433026| 0.1090467 0.1285820 PDIKILP | 5y7R.31y
¢ o 5 . 5.97E06 e 1 26451076 DKILPD | To7limR
02656108 0.1453162| 0.0825733| 0.2080591 0.1285820
. " 9 - 6.03506 - 10 410363 | DIP2C Body
Cg0118846| ) 1720888 | 0.1045762| 0.0414014| 6.34E06 | O-1315050 8 93581364
6 09
19 29 08
cg1860902| 0.0672143| 0.0380504| o o[~ [ 01326831 1 20656453 | RLFRLF | E¥onBnd;
8 52 04 1 Body
€g2127607) (0612322 | 0.0878965| 0.0345679| 7.22E06 | 013268311 43 21186313 | 'FT88IFT | Body:Bod
9 1 88 y
82 74 9
PTPRNZ:P _
cg1265622| 0.0543598| 0.0306734| 0.0780463 0.1326831 15733416 %P | Body:Bod
¢ - o M 7.32E06 2 7 3 TPRNZP | BODB
TPRN2 | YEOU
°9°5281316 0.0634961 | 0.0912447| 0.0357475| 7.78E06 0'1356831 15 75268583
4 4 4
Ccg1414106| 0.0731111| 0.0411506| 0.1050716 0.1326831 11988161
1 44 79 09 7.83806 1 11 6
€00582629) 01043624 | 0.1499869| 0.0587380| 7.83E06 | 1320831 6 11388634
89 06 73
cg1818906| , 736569 | 0.1058683| 0.0414456| 7.89E06 | 013268311 1 49122916 | RPL18:SP | TSS1500;
3 1 HK2 5UTR
99 85 12
€g0285385| ) 0631609 | 0.0907836| 0.0355381| 7.90E06 | 01326831 ¢ 19900511
0 1
03 28 78
cg0678460 ) ~ - 0.1326831 TGFBR2; | 3'UTR;3U
2 0.0(1619095 0.098621914 0.0376276| 801E06 : 3 30734274 | [SBRZ =
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€92109300| ( 0509452 | 0.0732501| 0.0286404| 8.08E06 | 013268311 1, 10006709 | ~cpcgsc|  Body
7 1 1
84 16 51
€g0946339| ) 0627832 | 0.0903443| 0.0352220| 8.54E06 | 01373285 45 12643483
4 89 7
44 89 99
Cg1315579] 0621523 | 0.0897138| 0.0345909| 1.05E05 | 016118681 g 22763712 | ZNFS2L.Z | Body;:Bod
9 05 NF521 y
91 65 17
€g0921298| ) 0581974 | 0.0840190| 0.0323758| 1.06E05 | O-1611868 8 97923846 | CPQ Body
7 05
39 11 68
R R - . Body;Bod
€g1037671| ) 0595455 | 0.0859687 | 0.0331223| 1.06E05 | 016118681 ;¢ 67000023 | CES3CES| | 155150
0 05 3.CES3
54 31 78 0
cg2609219| 0.0787160| 0.0437447| 01136872 | oo | 0.1619481| - 50759678 | 180D Body
2 1 65 56 1
€g12840171 0694712 | 0.1004397| 0.0385026| 1.17E05 | 016707471 45 39394699
8 73
07 85 28
cg0815832 0.0630797 | 0.0911996| 0.0349597| 1.17E05 0.1670747 3 18815013 | LPP;LPP; Boldy;Bod
4 5, o o 73 7 LPP y:Body
g2497498| 0.0506847| 0.0278392| 0.0735302 0.1946715 LOC7306
. > o S 1.45E05 o, 22 46403316 o Body
Cg0344852| 0.0502810| 0.0275854| 0.0729765 0.1946715
. ¥ A 2 1.49E05 o, 17 78113870 | EIF4A3 Body
cg1689613| 0.0876758| 0.0480850| 01272656 ;oo | 0.1946715] o S1305695 | zNF714 | 3UTR
4 17 58 76 08
€g1633204| ) 1564258 | 0.1835134| 0.0693381| 1.50E05 | O-1946715 4 45352736
7 08
03 76 31
91023685 0.0419478| 0.0230049| 0.0608907 0.1946715 ARHGDI .

Z e o o 1.50E05 o, 17 79825681 N 3UTR
€g1748110|  724702| 0.1051985| 0.0397418| 1.51E05 | O-1946715 3 15003288 | NR2CZN | SUTR5U
9 08 R2C2 TR

1 52 67
€g0399424/ ) 0546203 | 0.0793204| 0.0299203| 1.55805 | 0-1948518 8 27175038 | T1K2BP | SUTR:SU
8 25 TK2B TR
85 58 13
- - - HNRNPA | o~ .
€02104224) 0.0762473| 0.1107402| 0.0417544| 1.56E05 0'1%‘;8518 13 53205501 | 1L2HNR | °UTRSY
73 53 92 NPALL2
€g1469394| () 0600942 | 0.0886471| 0.0333413| 1.62805 | 01984274 5 16912836 | ek Body
1 83 68 98 63 6
cg1755550| 0.0828396 | 0.0452182| 0.1204610| | oo~ | 0.1984274 A 17788539
8 29 46 13 : 63 3
€g0349007| ) 0500399 | 0.0858698| 0.0322100| 1.70E05 | O-1984274 3 17680681 | 1g) 1xr1 | 5UTR
3 63 2
58 45 71
€g1998539| ) 0572030| 0.0832090| 0.0311970| 1.71E05 | 0-1984274 2 13514687 | \1GATS Body
3 63 0
81 83 8
Cgl7632771  1231315| 0.1791113| 0.0671518| 1.71E05 | O-1984274 17 73402767 | CRBZGR | TSS1500;
7 63 B2 TSS1500
8 25 34
ZFANDG:
ZFANDS: | 5'UTR:5'U
ZFAND6: | TR:5UTR
ZFANDG: | :5'UTR:5
cnggZSSQ 0.079%7376 0.041198265 0.1:L7]éﬁ488 L 74505 0.1%%4274 5 80366395 | EANDS. | UrReT
ZFANDG: | R:5'UTR:S
ZFANDG: | 'UTR:5'UT
ZFANDS: R
ZFANDG
Cg2147050| 0.1323638| 0.0720297| 0.1926978 0.2029704 APBA2A | 3UTR:3U
] 2 9 o 1.80E05 s 15 20410245 | PSP R
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€g2085236| ) 0673879 | 0.0981736| 0.0366022| 1.88E05 | 0-2088820 3 30301024
4 46
49 71 27
€g1663259| ) 1751223 | 0.1095216| 0.0407231| 1.97805 | 02193308 45 57444752 | MYOLA; | TSS1500;
3 8 MYOIA | TSS1500
87 24 5
- - - CHDS.CH _
°9°°f4216 0.0534111| 0.0779002| 0.0289220| 2.02E05 0'215736567 14 21860384 | D8;SNOR Boféy(;g"d
37 3 44 D9 Y. y
90905226 0.0488233| 0.0264047| 0.0712419 0.2200853 LINCO147
: i > - 2.07E05 P 17 57592086 . Body
Cg1596591| 0.0461155| 0.0249282| 0.0673028| , oo | 02200853 . 16137090
1 65 37 93 : 45 8
€g0669738| ) 1558833 | 0.0815757| 0.0301910| 2.12805 | 0-2200853 5 12663480 | \ieGr10 | 5'UTR
0 92 25 59 45 3
CgUB37455| 0.0542535| 0.0292587| 0.0792484| . — | 0.2258832 . 11100636
2 8 17 43 ' 71 9
cg1152760| 00644272 0.0347019| 0.0941625| - | 0.2277945 . 10294296
5 67 98 37 : 57 2
cg0011443| 0.0624677 | 0.0336260 | 0.0013085| , - | 02277945 ) 23183465
0 38 23 53 : 57 9
cg253o4453 0.0724082 0.042166536 0.111?:51628 > 32505 0.225777945 . 68411876 | SLC30AS | Body
cg0941686| 0.0564234 | 0.0303399| 0.0825069| , .- | 0.2277945| . 11034090 | TCHP;TC | Body;Bod
0 76 99 52 : 57 1 HP y
€g1840397| ( 0470111 | 0.0687521| 0.0252702| 2.37E05 | 0-2277945 19 54291050 | MIRS72; | TSS200.T
0 . 2 > 57 MIR373 | SS1500
cg1958919| 0.0276643| 0.0148400| 0.0404886| , o | 0.2352715| . 1oa3256 | 1e102 | 795200
4 5 24 77 24
€g0002915| ) 0537661 | 0.0934389| 0.0340932| 2.66E05 | 0-2494577 3 19594634 | g cs1a | Body
0 15 8
09 74 44
€g0298004| ) 0530705 | 0.0924591| 0.0336819| 2.72E05 | 0-2509278| 44 79608291
7 49
54 96 12
€g1880826| , ngg5078| 0.1298057| 0.0472500| 2.76E05 | 0-2509278 3 18464935 | SATBLS | SUTRSU
1 49 ATB1 TR
94 52 36
cg0649474| 0.0810376| 0.0432435| 0.1188316 0.2509278 TIALTIA | EXonBnd;
. o s 3 2.77E05 o 2 70456199 | i Bod);;Bod
€g2208118| () 1714954 | 0.1049409| 0.0380499| 2.93m05 | 029846461 54 36110847 | HINCOO16 | 1551500
9 17 0
34 52 15
) ) ) PAX2;PA | Body;Bod
Cg1444527 0.2584646 10257766 | X2:;PAX2: | y:Body:Bo
A 0.056524242 0.080123658 0.022924827 2.96E05 e 10 > crsora | Seonn
X2;PAX2 ody
cg2291664| 0.0813405| 0.0432542| 0.1194268| , - | 0.2584646 . 16267258
6 6 93 28 : 17 3
cngé)8428 0.055650361 0.0227954 0.0852768 206505 | 025%4646) ] 17036142 | PLEKHAT | TS5200
CASPBAP
- . . : TSS200:T
€g2116707) ( 0726858 | 0.1068112| 0.0385603| 3.13805 | 0-2638254 6 90539455 | 2:CASP8 | ooo00.Ts
2 05 52 58 61 APZ,CAS | “orn0
PSAP?2
CQ04628111 0640323 | 0.0941039| 0.0339607| 3.14E05 | 02638254 4 15993956 | 4045 | Body
8 65 43 86 61 8
90227522 0.1790542| 0.0949383| 0.2631702 0.2638254 13460859
6 53 03 02 3.16E05 61 11 8
€g0818366| () n906966 | 0.1333170| 0.0480761| 3.18E05 | 0-26382541 44 92783852
3 13 59 67 61
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Cg1635937| () nageass| 0.0715381| 0.0257535| 3.26E05 | 0-26628031 4, 70379938 | SMOCLS | Body;Bod
0 A s > 37 MOC1 y
cng;?lGl 0.0774;4017 0.03’7923803 0.108%4231 328505 0.263672803 . 68411141 | SLCI0AS | Body
0907;0508 0.0625314982 0.03;33%5822 0.093354142 339505 0.2%674143 " 110354 | musoeL | sUTR
Cg2166855| 0.0480362| 0.0253790| 0.0706933 0.2664143 PIK3R3.T | TSS1500;
1 18 56 8 SH0S0S 67 1 46642584 | " gpaN1 | 5UTR
- - - YPELS5;Y | Body;Bod
°926;‘6231 0.0535403| 0.0788001| 0.0282806| 3.41E05 0'2%674143 2 30379582 | PEL5;YPE | y:Body:Bo
74 32 16 L5.YPELS dy
€g2098726| ) 1710165| 0.1045546| 0.0374784| 3.48E05 | 0-2664143| 1 54271357
7 67
4 75 05
Cg0108746| ) 0494929| 0.0728691| 0.0261167| 3.48E05 | 0-2664143 3 15676638 | BTD Body
3 67
19 28 09
AP1S3.AP _
cg0674435| 00703524 | 0.0371184| 0.1035864| ., - | 0.2664143 ) 22468101 | 12153 | Body:Bod
1 42 12 72 : 67 9 z y:Body
€g0500836| , n555098 | 0.0817703| 0.0292893| 3.51E05 | 0-2664143 5 16922598 | ek Body
6 67 1
38 55 21
CoL777441| ( 0561226 | 0.0826642| 0.0295810| 3.56E05 | 0-2669885 6 6622864 | -OC2857 | BodyBod
8 o 9 o 99 80;LY86 y
90281982 0.0818065| 0.0431031| 0.1205098 0.2669885 SMAD9'S | 5UTR:5U
. - s o 3.59E05 9 13 37453855 | S)AD9 R
€g0147614| ) 0574824 | 0.0847308| 0.0302339| 3.72805 | 0-2731451 5 82980344 | HAPLN1 | S5UTR
8 04 46 63 1
cg1754348| 0.0906048 | 0.0476186 0.1335011| L | 0.2731451 . 17267295
8 9 12 69 : 1 9
91075589 0.1211317| 0.0636531| 0.1786103 02731451
, " > > 3.78E05 : 4 1772151
cg0840591| o oo | o oonee ool 00830035 | 3.8m0s | 02731451 ) 10650107 | NCK2NC | Body;Bod
0 - - > 1 5 K2ZNCK2 |  y:Body
02631964 0.0383178| 0.0201147| 0.0565209 02731451 CRTCL.C | Body;Bod
: = " > 3.86E05 : 19 18807041 | CRTCY ’
€g2387254| () 0568698 | 0.0838934| 0.0298462| 3.88E05 | 027314511 44 29391231
1 1
6 41 78
] i ] MIR1306; | TSS1500;
Cg0061517 0.2744113 MIR3618; | TSS200:5'
< 0.0(‘;&3344 0.02%0351 0.037146336 3.96E05 s 22 20073233 | Bt | oo
GCR8 R
KRTAP12
090553979 0.0664001| 0.0979921| 0.0348080| 3.97E05 0'274‘;4113 21 46086572 | 2:TSPEA jjt.E;f’ﬁE
04 11 96 R:TSPEA | O
R
€g0474599| ) 0527956 | 0.0779314| 0.0276598| 4.01E05 | 0-27>2102 7 86851738
7 13
76 89 63
Q0915011 0.0536495| 0.0280756| 0.0792234 0.2766786
] > P ¥ 4.10E05 5 7 96653867 | DLXS5 1stExon
cg1005911| 0.0565185| 0.0295758| 0.0834611 0.2766786 SNORAZ | 1555008
9 : : : 411805 | © 12 49061520 | B:KANSL '
1 01 2 83 82 ) ody
R R - MINA;MI Body;Bod
€g10203%| 0.0624215 | 0.0922045| 0.0326385| 4.17E05 | 02780397 3 97680584 | NAMINA | y:Body:Bo
36 67 06 ‘MINA dy
cg2130299| 0.0681317| 0.0355699| 0.1006935| , o | 02830959 ) 17897431 | pociia | 1951500
9 43 1 75 5 2
€925467311 () 0408640| 0.0736998| 0.0260282| 4.31E05 | 0-2830959 2 10514796
! 56 88 25 5 4
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LOC1027

24312:L.0 .
0916;9674 0.023;4004 0.035350373 0.093337635 4ASEOS 0.2920794 L Lasgagy | oS Bo%y(;god
12;L0c10 | ¥:BOY
2724312
€g0844352| 4 0437467 | 0.0647075| 0.0227860| 4.49E05 | 02900938 44 84967585
7 78
99 07 91
cg1181307| 0.0790896| 0.0411737| 0.1170056 0.2905483 DENND1
: o o o 4.53E05 o 19 6481540 & Body
Cg1799606| ) 0556778 | 0.0824185| 0.0289372| 4.68805 | 0-2974450| 19 30001757 | “OC2843 | gogy
8 4 95
75 41 09
SUMOLS ,
cg1868465| 0.0533862| 0.0277075| 0.0790650 0.3006146 20307693 : Body;Bod
4.80E05 2 umor.su | BO
2 o1 39 43 57 3 y:Body
MO1
PSPAD | suTRi3U
cg2740419| 0.0579560 | 0.0300785| 0.0858336| , . . | 0.3006146 s 53317883 | Pimpop | TRSUTR
3 97 41 54 57 : 3UTR;3
1A:DCP1
UTR
A
REV3LR ,
cg2314273| 0.0607805| 0.0315253| 0.0900358 0.3016284 11165166 : Body;Bod
4.86E05 6 EV3L:RE | B°
0 88 75 02 56 7 y:Body
val
ExonBnd;
- - - ARSG:AR :
°918217653 0.0795801| 0.1179561| 0.0412041| 5.02E05 0'3%‘;3649 17 66339916 | SG:ARSG ggg”%"odd
62 9 34 :ARSG ;
Cg1383714| () 0638568 | 0.0946596| 0.0330540| 5.04E05 | 0-3043649 8 6622731
5 38
82 78 86
cg06§3813 0.07;;714 0.031741487 0.1056;3942 0SB0 0.3%%3649 . 60584878 | WORASL | Body
02753530 0.1379263| 0.0713823| 0.2044704 0.3043649 SCP2,SCP| TSS1500;
5 68 29 08 5.06E05 38 1 53392650 2 TSS1500
€g2093186| () 0502016 | 0.0744349| 0.0259682| 5.11E05 | 0-3043649 4 15268435
7 38 1
02 83 2
WIPIZWI | 3UTR:3U
cg1527737| 0.0539645| 0.0279068| 0.0800223 0.3043649 PIZ:WIPI2 | TR:3UTR
8 68 21 15 513805 38 ’ 5272208 | \wipi2w | :3UTR:3'
P12 UTR
€g0510761| ) 053357 | 0.0865165| 0.0301548| 5.17805 | 0-3043883 6 16747016
8 76 3
05 37 72
02611875 0.0677061| 0.0349717| 0.1004406 0.3062738
. i - e 5.25E05 > 12 26471820
€g0508231| ) 1748476 | 0.1110500| 0.0386452| 520805 | 030627381 4 47783458 | SLC35BL; | BodyBod
2 26 SLC35B1 y
91 87 95
€g1843350| (0401807 | 0.0596232| 0.0207381| 5.32805 | 0-3062738 7 13783667
7 26 9
02 76 29
€g0150448| ) 0580214 | 0.0861392| 0.0299036| 5.46805 | 0-3069616 4 47843915
5 99
54 18 9
€g1006458| 4 0521033| 0.0773582| 0.0268484| 5.48z05 | 0-3069616 8 14218699 | hennD3 | Body
5 23 26 2 99 5
cg2074436| 0.2468049 | 0.1271220| 0.3664860| . .o | 03069616 . 50050164 | C2zofaa | Body
2 46 11 8 99
Cg2571784| () 0934456 | 0.1387610| 0.0481302| 553805 | 0-3069616 7 99765818 | GAL3ST4 | 5UTR
4 82 83 82 99
cg00BB701| 0.0639115| 0.0329131 0.0949099| . .. | 0.3069616 1 20132783
8 86 83 88 : 99 0
cg1545703 0.04:5976656 0.029545699 00737613 70 0.3096;9616 2 62562848 | DNAJCS | Body
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€g0703308|  ne56454 | 0.0975085| 0.0337822| 561805 | 030725131 4 63136339
6 19
01 57 45
Cg1152554| () 0461907 | 0.0686365| 0.0237448| 5.72805 | 0-3093240 1 7611041 | CAMTA1 Body
8 06 8 33 99
02494768 0.0716740| 0.0368236| 0.1065244 0.3093240
. o o ° 5.78E05 - 15 39760933
€92490092| ) 1707650 | 0.1051807| 0.0363493| 5.80805 | 0-3093240 6 30434072
3 3 34 26 99
02679821 0.0722067| 0.0370884| 0.1073251 0.3093240 IREBZIR | ExonBnd.
. =~ o yA 5.81805 - 15 78786261 | =22 oy
- - - SEL1L2S | TSS1500;
€00810097) 0.0506735 | 0.0753508| 0.0250962| 5.94E05 0'311263233 20 13972364 | EL1L2:SE | TSS1500.
09 13 05 112 Body
cg1831149) , ngoggas | 0.1336769| 0.0460022| 598805 | 03123233 g 95719761
5 63 07 2 16
cg1304060| 0.0531873| 0.0272730| 0.0791016 03123233 13503797
¢ 3 ! - 5.99E05 > 2 > MGATS Body
C901859664 0.0498638| 0.0741743| 0.0255532| 6.05E05 0'311263233 6 10729456
06 34 77
€g0787306| ) 0521199| 0.0775332| 0.0267066| 6.06E05 | 03123233 4 68474523
0 16
56 33 79
- - - VPSODT _
°917g7835 0.0807739| 0.1201809| 0.0413668| 6.12E05 0'310372826 16 89778117 | AS1:VPS9 TS%OO'B
09 95 24 D1 Y
°908567°°3 0.0366112| 0.0545164| 0.0187061| 6.38E05 0'3258096 19 38894407 | FAM98C |  Body
93 65 2
€g2302481| () 0317586 | 0.1217876| 0.0417296| 6.50805 | 0-3228096 2 10677089
9 48 76 2 6
cg0026671| 0.0305565| 0.0155879| 0.0455251| o .o | 03228096 - Laoon36z | HS3STAB | 1o
5 67 71 63 6 1
°922961726 0.0783217| 0.1167143| 0.0399290| 6.63E05 0'3228096 19 8315286 | CERS4 | 5UTR
22 63 8
cgogge498 0.0446338| -0.06652 | 0.0227477| 6.66E05 0'3228096 2 84742902 | DNAH6 | TSS1500
97 94
cg20§6246 00589831 0.03;3070465 008791% | 75505 0.32;8096 o So503748
ch4561023 o.o:tg%oozs 00244476 0.07LSST5 g 7405 0.3258096 . 0592440 | MTMRG Body
cg0287857| 00958673 | 0.0488231| 0.1429114| , . | 0.3228096 A 10498790
8 22 48 95 : 6 4
°9°4g50°° 0.0710842| 0.1059758| 0.0361925| 6.78E05 0'3228096 2 31361687 | GALNT14 | TSS200
11 87 35
€921728111 ) 0556399 | 0.0829549| 0.0283248| 6.80m05 | 0-3228096| 45 24533184
9 6
33 77 89
€g0036533| ) 0657335 | 0.0980070| 0.0334601| 6.81E05 | 03228096 55 37378573
6 6
71 21 22
€g2439654| () 0441430 | 0.0658211| 0.0224649| 6.83805 | 0-3228096 4, 77653404 | TMEM63 | 5yg
0 6 c
3 2 41
] ] ] ATPGVOA
¢g2736096| o 700l 01072017 | 00365808 | 6.00m0s | 0-3228096 . 13845597 | 4ATP6VO | Body:Bod
5 " y o 6 1 A4:ATPE |  y:Body
VOA4
€gl1162411 0588067 | 0.0877205| 0.0298929| 6.97805 | 032280961 44 51135997 | oY 13:SY | Body;Bod
1 55 58 52 6 T3;SYT3 y;Body
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- - - GNLY.G | TSS1500;
0911319563 0.0426085| 0.0635607| 0.0216564| 6.98E05 0'3228096 2 85920874 | NLY:GNL | TSS1500:
61 14 08 Y TSS1500
€g1862562| ) 0g58310| 0.1280733| 0.0435887| 7.08E05 | 0-3228096 ., 81426015 | JOHRTS | Body;Bod
7 - o > 6 HRTSHR |  y:Body
cg1545158| 00745421 | 0.0378372| 01112471 . | 0.3228096| ,, 74444008 | ENTPDS | Body
5 82 46 18 6
€g1356470| 0553698 | 0.0826432| 0.0280964| 7.18E05 | 0-3228096 6 16022051 | by pe1 | Tss1500
2 54 51 56 6 9
02163616 0.0415683| 0.0210846| 0.0620520 0.3228096 INCENP;I | Body;Bod
. P ” i 7.23E05 z 11 61014232 | "NCENE: ’
02632616 0.0775245| 0.0393129| 0.1157361 0.3228096
s s . o 7.26E05 z 20 41921081
Cg2378416| 0.0416085| 0.0210984| 0.0621186 0.3228096 MADILL | g,4v-Bod
9 o e = R 727805 | 4 7 2260593 | MADILL; 'Byc;d
MAD1L1 | YPO%Y
Cg0486430| 0.0688972| 0.0349292| 0.1028653 0.3228096
. o o o 7.29E05 z 3 18246314
Ccg1466529] 0.0621484| 0.0315066| 0.0927901 0.3228096 ITCHITC | 5UTR5U
2 13 53 73 7.30E05 6 20 82979123 | "\ yrcy | TRiSUTR
€g1551440| () 0621030 | 0.0927225| 0.0314835| 7.30E05 | 0-3228096 ., 69843722
3 6
71 46 95
SKA2:SK ExonBnd;
cg1229782| 0.0651828| 0.0330363| 0.0973294| _ ... . | 0.3228096 . 57208632 | no-Srno. | EXONBNd:
0 99 93 05 6 Body;Bod
SKA2 ’
0902387945 0.070171937 0.0320713 0.1%?160 S a7E0s 0.3228096 " 0321818 | ADCY7 | 155200
Ccg1556557| 0.0768271| 0.0388956| 0.1147587 0.3248230 LINCO112
s ) P - 7.47E05 o 2 58872290 ) Body
TCF7L2T | TSS200T
] ] ] CF7L2:TC | SS200:TS
Cg1456208 0.3248230 11470991 | F7L2:TCF | S200:TSS
: 0.058011096 0.070%8585 0.0255;33608 7.51E05 - 10 4 o oairr | So01ess
L2:TCF7L | 00:TSS20
2 0
0920264383 0.065594683 0.03;351105 0.096738261 60RO 0.329%8230 1 12320143 | SNx29 Body
Q1818409 0.0689562| 0.0348587| 0.1030537 03248230 RERE.RE | 3UTR.3U
" - . i, 7.66E05 o 1 8412759 | pelinE | TR
cg0193966| 0.0397250| 0.0200784 0.0593716| _ . | 0.3248230 1 3722195 | ZNFa62 | 155200
4 36 16 56 96
Cg1101831| ) 1399312| 0.0596924| 0.0201699| 7.76E05 | 0-3248230 15 85360052 | ALPKSA | IstExon;5
3 o~ - - 96 LPK3 UTR
90601389 0.0481630| 0.0243260| 0.0720000 0.3248230
. pi " x 7.77E05 o 17 12332606
cg1323207| 0.0389577| 0.0196744 0.3248230 NUP85:N | 5UTR:Bo
- A . 0.058241 | 7.79E05 o 17 73205302 | DS i
Ccg0528203| 0.0568035| 0.0286835| 0.0849236 0.3248230
- - A o 7.80E05 o 20 35947832
Q1786881 0.0537896| 0.0271521| 0.0804272 0.3248230
: ot . o~ 7.85E05 o 16 81476731
€g1536102) , nse6858| 0.0997155| 0.0336560| 7.87E05 | 0-3248230 6 53658683 | LRRC1 | TSS1500
8 22 66 77 96
Q2592474 0.0752886| 0.0379667| 0.1126106 0.3248688 11043293
. R A o 7.98E05 o 13 : IRS2 Body
] ] ] CNOT7.C | 5UTR55U
92210430 0.3248688 NOT7:VP | TR:TSS15
] 00715211 0.106629874 00360548 802805 " 8 17103213 | SO L ooe
37A 00
0921053676 0.052544817 0.025719575 0.02370058 508505 0.327458688 " 56226834 | CNK2A2 | Body
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PXK:PXK STLF:_TBFggyL_J
cg0102793| 0.0460810| 0.0232187| 0.0689432 0.3248688 :PXK:PX ,50aY;
A 17 e A 8.09E05 . 3 58344148 | | oiin sg?é,ggg
XK:PXK | YiPO%Y:
dy
- - - PPMIAP | -,
°92258675 0.0653297 | 0.0977612| 0.0328983| 8.17E05 0'327458688 14 60720716 | PM1A:PP fﬂ;ﬁfg
97 47 46 M1A Y:
cg0747618| 0.0602165| 0.0303064| 0.0901267 0.3248688
s - a7 o 8.24E05 o 15 78970348
TMEM11
) ) ) 6;,TMEM1 | Body;Bod
€g1921752 0.3248688 11238320 | 16;TMEM | y;Body;5'
. 0.071121330 0.1%614677 0.03;5537982 8.25E05 e 12 5 116TME | UTRSUT
M116:TM R
EM116
€g0198952| , 0570047 | 0.1003065| 0.0337030| 8.32805 | 0-3248688 14 10352201 | CDCA2BP | g4
1 75 2 B
59 12 07
cg2071560| 0.0648549| 0.0326210| 0.0970889 0.3248688 DST:DST; | Body:Bod
. 5 o1 o5 8.33E05 o 6 56679248 | ot v-Body

Urinary selenium was logansformed. Linear regressions were adjusted for sex, age, study center, smoking
(never, former, current), body mass index (kg/m2), education status, study center of recruitment, estimated
glomerular filtration rate (ml/min/1.732), houseman cell proportions (CD8, CD4, natural killece,

monocytes), five principle genetic components, and 12 surrogate variables that captured unmeasured confounding.
CpG sites were annotated using the University of California Santa Cruz (U€68@jheg browser.
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Table A2. Differentially methylated positions selected by elasgt for urinary selenium

(N=425).
Elastic Net

CpG Coefficient chr pos UCSC Gene Name UCSC Gene Group
€g00266715 0.014020572] 17 14204362 HS3ST3B1 TSS200
€g24372299 0.001827003, 1 144533951
€g16991886 -3.52E05 6 11832079
€g18710053 0.001103479 5 126409061| FLJ44606;FLJI44606 5UTR;5'UTR
cg07985116 -1.17E05 11 68204497 LRP5 Body
€g12495559 0.001284907| 17 78415034
€g15084286 0.008266314 11 17036142| PLEKHA7 TSS200
€g19530883 0.005517725 19 5903870 NDUFA11;VMAC;NDUFA11 1stExon;TSS1500;5'UTR
€g15251779 0.000672481 7 150929295| CHPF2 TSS1500
€g20744362 0.001300196 22 50050164 C220rf34 Body
€g13578160 -0.002188757 7 72813978
€g13033070 0.008833177| 5 3188312
€g25663770 -0.002610331 6 41302149| NCR2 TSS1500
€g10755899 0.001308616 4 1772151
€g21136104 0.002457163, 3 142666320
€g01993818 0.00067522 14 34270437 NPAS3;NPAS3;NPAS3;NPAS3 3'UTR;3'UTR;3'UTR;3'UTR
€cg12451436 0.009720904 20 388650 | RBCK1;RBCK1 TSS200;TSS200
€g02569718 -0.000282369 16 85540731
€g24151926 0.001807077, 1 6240455 CHD5 TSS1500
€g24550644 0.000103041 17 30846204 MYO1D Body
€g16911981 0.010647552, 7 70061135 AUTS2;AUTS2 Body;Body
cg12688215 0.00015258 1 52499228| TXNDC12;KTI12 Body;1stExon
€g16056087 -0.001749134 4 120375747
€g24330522 0.005165464 13 36788462 SOHLH2 Body
cg18788741 0.001078652, 8 53476943| FAM150A Body
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cg03175975 0.000983009 2 121105535( INHBB Body

cg05212706 0.001111117 14 100204072

cgl11270656 0.007115942 8 144295139 GPIHBP1;GPIHBP1 5'UTR;1stExon

€gl14684375 -0.007245708| 19 45540895| SFRS16;RELB TSS1500;Body

cg01461254 0.001755944 12 2944306| NRIP2 TSS200

€g19937979 2.96E06 14 70039915

cg16133088 0.000308671 12 3862428| EFCAB4B;EFCAB4B;EFCAB4B TSS200;TSS200;TSS200

cgl12564231 0.010972462 3 195809075 TFRC;TFRC TSS200;TSS200

cg14238081 0.00265825 14 65438743| RAB15 1stExon

cg08170140 0.002196406 22 31090747| OSBP2 TSS200

€g24900923 -0.001757073| 6 30434072

cg07371589 0.002526333 1 151104367 SEMA6C 3'UTR
BRE;RBKS;BRE;BRE;BRE;LOC10| TSS200;TSS1500;TSS200;TSS20

cg03979539 0.006848833 2 28113445 0302650:BRE TSS200;Body; TSS200
MFAP3;MFAP3;MFAP3;MFAP3;F | 1stExon;1stExon;5'UTR;5'UTR;TSY

cg09077340 0.001475741 5 153418539 AM114A2:MFAP3 200;Body

cg09810078 0.003170578 6 30860265| DDR1;DDR1;DDR1 Body;Body;Body

€g19589194 0.014419687 16 1543256| TELO2 TSS200

cg04124316 0.00701107 13 42615242

€g22375826 -0.00778853 15 101606897| LRRK1 Body

cg01283201 0.001066335 5 77806169| LHFPL2 5'UTR

€g22623967 0.00475124 3 16554910 RFTN1 5'UTR

cg17370981 -0.000207235| 13 114311583| ATP4B Body

€g02822958 -0.000845637| 2 46747628| ATP6V1E2 TSS1500

€g23784160 0.00353843 7 2260593| MAD1L1;MAD1L1;MAD1L1 Body;Body;Body
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€g15277378 0.00334798 7 5272208 WIPI2;WIPI2;WIPI2Z;WIPI2;WIPI2 | 3'UTR;3'UTR;3'UTR;3'UTR;3'UTR
€g20805367 -0.009904555| 17 6918952 | C170rf49;C170rf49;C170rf49 Body;Body;Body
€g10580056 0.000233555 15 35086928 ACTC1 Body

cg01588379 -0.001192786 7 151433326] PRKAG2;PRKAG2 Body;Body
€g00491963 0.000493563 11 57335356 UBE2L6;UBE2L6;UBE2L6 1stExon; TSS200;5'UTR
€g10546459 -0.001278298 2 36825355 FEZ2;FEZ2 TSS200;TSS200
€g17543488 0.003845719 5 172672959

cg07525299 0.001346038 11 2293171| ASCL2 TSS1500

€g08527195 0.003918728 1 161442697

€g21191514 0.000792685 11 2187921 TH;TH;TH Body;Body;Body
€g16060664 0.001793384 8 42010866 AP3M2;AP3M2 5'UTR;5'UTR
€g02791338 0.002290104 16 1414422 UNKL 3'UTR

€g01592389 0.006922939 17 7308154 TMEM256;TMEM256PLSCR3 TSS1500;,TSS1500
€g13461718 -0.001435413 9 139802044| TRAF2 Body

€g17998013 0.000925787 3 15643079 HACL1;HACL1;BTD 1stExon;5'UTR;TSS200
€g24576945 0.004156466 3 42743203 HHATL;HHATL 5'UTR;TSS200
€g17266581 -0.000378482 18 74799572 MBP;MBP Body;Body

€g20491446 0.008734942 17 80656612 RAB40B TSS200

€g21352959 0.000328105 17 62340143 TEX2 5'UTR

€g13687313 0.005391929 1 161136664| PPOX;PPOX Body;Body
€g26635824 0.004457172 20 61436007 OGFR TSS200

€g18262852 0.000344063 11 119235181| USP2;USP2 TSS1500;Body
cg07972191 0.005609701 8 99960580 OSR2;0SR2 5'UTR;5'UTR
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cg09150117 0.001866066 7 96653867 DLX5 1stExon

cg07762054 0.006301537 11 75273187 SERPINH1;SERPINH1 5'UTR;1stExon

€Q27244524 0.002385269 3 38494523| LOC100128640;ACVR2B Body;TSS1500

€g14025978 0.008039291, 8 10786150 XKR6 Body

€g01335658 0.000337142, 10 131567534

€g22117062 0.005266686 4 2794231| SH3BP2 TSS1500

€g05634428 0.004476029 5 531052

€g02819828 0.001135164 13 37453855| SMAD9;SMAD9 5UTR;5'UTR

cg00607797 -0.003754895 15 25418880 SNORD1153 TSS1500
5'UTR;5'UTR;5'UTR;5'UTR;5'UTR;

cg01631182 0.001031132 11 82905022| ANKRDA42; 5'UTR;1stExon;1stExon;1stExon;1s
Exon;1stExon;1stExon;Body

€g13204432 0.00248681 2 51074939 NRXNI1;NRXN1 Body;Body

€g19045731 -0.002070824 2 239037533 ESPNL Body

cgl4141741 -0.004701218 7 947428 | ADAP1 Body

€g12609498 -0.00030531 1 158072911

cgl4746884 0.00435252 13 28537233| CDX2 3'UTR

€g00702043 -0.00148956 13 113583686

€g20719607 -0.004346276 7 946806 | ADAPL; Body;Body;Body;Body;Body

€g11687306 -0.001767675 17 75863921

€g26656672 -0.000943081 6 164393351

€g26796341 0.000913546 6 100905691 SIM1 Body

€g00163554 0.00573072 10 375799 | DIP2C Body

€g24967495 -0.003718747 8 48801970 PRKDC;PRKDC Body;Body

€g04864309 0.001828178, 3 18246314
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020094201 -0.000323197 20 44520771 _CI_:'Sl'iA;CTSA;NEURLZ;NEURLZ;C )I?ody;Body;TSSlSOO;TSSlSOO;Boc
€g08597832 0.004459357 8 144416327| TOP1IMT Body
€g20076126 -0.001964401 14 69784107 GALNTLI1;GALNTL1 Body;Body
cg01294194 0.000304071 17 26715208 SARM1 Body
€g12656227 0.008138469 7 157334162| PTPRN2;PTPRN2;PTPRN2 Body;Body;Body
cg02794434 -0.000967018 4 2341196 ZFYVE28 Body
€g19645861 0.001278174 2 16501343

€g20548935 -0.002942469 18 47230704

€g17319891 0.000886339 1 38226240 EPHA10;EPHAL0 3'UTR;Body
€g26373171 7.47E05 1 210001600 Clorfl07 Body
€g15414638 0.002016786 6 28956731

€g00989069 0.002435701 21 47777635 PCNT Body
€g18348318 0.000119974 4 7736837 SORCS2 Body
€g24172054 -0.002933645 12 130496750

€g14584292 9.81E05 11 122063558| MIR100HG Body
€g04084597 0.000100333 11 75479652| DGAT2 TSS200
€g26785823 0.000535866 1 2482001| LOC115110 Body
€g15375596 -0.000796481 15 99434736 IGF1R Body
€g05275468 0.001144229 3 20082916| KAT2B Body
€g00829753 -5.73E05 4 6303534 WFS1;WFS1 Body;Body
€g03896661 -0.003870777 2 197036775| STK17B TSS1500
€g27220932 -1.65E05 6 135545423

€g12156287 0.000915366 11 132662866 OPCML;OPCML Body;Body
€g14650344 0.003655037 3 87276155 CHMP2B TSS1500
€g21113900 0.001996435 5 126409308| FLJ44606;FLJ44606 TSS200;TSS200
€g19078878 0.002080787 6 12324504

cg02726585 0.005615807 9 124984157 LHX6;LHX6;LHX6;LHX6;LHX6 TSS200;Body;Body;Body;Body
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PCDHAG6;PCDHA2;PCDHA1;PCD
HA7;PCDHA1;PCDHAG;PCDHAS5;

Body;Body;Body;Body;Body;Body;

€g11445191 0.000682066 5 140227765 PCDHA9:PCDHAY:PCDHA9:PCD !3593¥;éf5é§>éo.néigTR;1stEx0n;Body
HA3;PCDHAQ;PCDHA4;PCDHAS | - pody.Body

€g01995986 -0.001644472 6 147289366 STXBP5AS1 Body

€g12466556 -0.000178897 22 30443509| HORMAD2-AS1 Body

cg15772506 -0.001062295 11 72466200 STARD10 Body

€g19600682 -0.002182214 6 69344117

€g26201213 0.000609536 10 131265796 MGMT Body

€g02669012 -0.001508194 10 58382013

€g17353846 0.002215779, 17 17724021| SREBF1;SREBF1 Body;Body

€g20134781 9.44E05 19 10628821 S1PR5;S1PR5 TSS1500;TSS200

cg18773851 0.006282587| 12 52605271| C120rf80;LINC00592 TSS1500;Body
PUS7L;PUS7L;PUS7L;IRAK4;IRA | 1stExon;5'UTR;1stExon;TSS1500;]

€g20424530 0.002384162, 12 44152509| K4;PUS7L;PUS7L;IRAK4;IRAK4;l | SS1500;5'UTR;5'UTR;TSS1500;TY
RAK4 S1500;TSS1500

€g10212045 -0.000311056 17 9976506| GAS7 Body

€g14176966 0.001024045] 12 2944286 | NRIP2 TSS200

€g27227029 0.000914266 1 17215834

€g13354523 -0.012371569 12 10251574 CLEC1A;CLEC1A 5'UTR;1stExon

€g01832662 0.001214645) 14 86086389| FLRT2 5'UTR

€g09495717 0.00148169 16 1115209| SSTR5AS1 Body
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923490090 0.004861567, 17 78081364| GAAGAA:GAA Body;Body;Body

cg19673881 0.009003662 4 8477562 | Cdorf23 Body

cg10334976 -0.00252463 10|  135178691| ECHSL1 Body

€g05068202 0.000808494 11 2293074| ASCL2 TSS1500

cg16223190 0.007365964 17 56380051| BZRAP1;BZRAP1;BZRAP1 3UTR;3UTR;3UTR

cg07405083 0.007129024 16 119384 | RHBDF1 5UTR

Cg04439776 0.005730443 10 71907412| TYSNDLTYSND1 TSS1500;TSS1500
EPBA41L1;EPB41LLEPBAILLEPB| o e nr oot iramn v

920355257 -0.000960253 20 sa818105( 1 teee e 3UTR;3UTR;3UTR;3UTR;3UTR
ABLIM2;ABLIM2;ABLIM2:ABLI N

€g05984092 -0.010328887 4 8007014 M2:ABLIM2:ABLIM2 Body;Body;Body;Body;Body;Body

Cg05141217 -0.000197647 8 28491378

cg05151824 -0.002682983 10 43047371| ZNF37B Body

cg15677916 0.003479622 9 3181007

922614759 -0.00234887 12 15113093| ARHGDIB 5UTR

Cg04041654 -0.003260284 1| 183579470

cg13039251 -0.002483585 5 32018601| PDZD2 Body

cg00634187 0.004184733 19 51412739| KLK4;KLK4;KLK4 Body;Body;5'UTR

904945652 0.001902339 7| 156804033| MNX1 TSS1500

cg04068313 0.001530018 7 73304732

€g24342500 -0.003088098 7 73302472

926586027 -0.0001484 18 12068363
IFI27;IF127;IFI27;IFI27;IFI27;IFI27 | 5'UTR;5'UTR;Body;Body;Body;Bod

€g01544075 0.003094147 14 94580560 \£197:1F127:1F127:IF127 y:Body;Body:Body;Body
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€g19546703 -0.001599048| 1 165451588 LOC400794;LOC400794 ExonBnd;Body

921470503 0.000194932 15 29410245| APBA2;APBA2 3UTR;3UTR

909205236 -0.005723211 19 23882562
PCDHAB;PCDHA2;PCDHAL;PCD P .

cg18117367 0.001141752 5 140213783| HA7;PCDHA1:PCDHAG;PCDHAS; SO_CQ’C;S"_‘.’réggg‘ézgiz%ocﬁ"dy'BO
PCDHA7;PCDHA3;PCDHA4 y,Body, pody,Body

926256630 0.008786446 6 30070738 TRIM31 3UTR

cg01646718 0.000975683 8 145580727| FBXL6;GPR172A;FBXL6 Body; TSS1500;Body
UBE2C;UBE2C;UBE2C;UBE2C;U | TSS1500;TSS1500;TSS1500;TSS!

903843031 -0.004606755 20 44440047| e S ipEoS 00TS51800TSS1500

926266429 0.001039458 12 49174651| ADCY6;ADCY6 Body;Body

905062676 0.002014565 2 38304725| CYP1B1 TSS1500

925368591 -0.005718391 1 247243185| ZNF670;ZNF670;ZNF67ENF695 | TSS1500;TSS1500;TSS1500

910501758 -0.002869543 2 128223957

919620758 0.000383597 11 102826565 MMP13 TSS200

923639565 0.002011469 1 40507857| CAP1;CAP1 5UTR;5UTR

cg25717844 -0.00061314 7 99765818 GAL3ST4 5UTR

904290586 0.001272242 12 108168987| ASCL4;:ASCL4 1stExon;5UTR

925755191 0.003479369 1 167013332

911680758 0.002708577 6 28832063

cg00708603 -0.005275855 2 16463534

927107194 0.00220563 10 132010872

cg17075888 -0.010550546 7 95225339 PDK4 Body
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923053921 0.002261886 20 55563274
cg13410002 0.001036788 20 20353861
cg10321146 -0.000834466, 19 6822469 | VAV1 Body
918249108 -0.00301928 16 21222939| zP2 TSS200
cg10451401 0.000930892 7 6414196| RACL:RACL:RACL:RACL 5'UTR:5'UTR;1stExon; LstExon
cg13726191 -0.001337026, 4 15040033 FGFBP1 TSS200
Cg23957084 -0.003344815 22 19418954| MRPLAO;HIRA TSS1500;Body
922390660 0.000590013 3|  189830038| P3H2:P3H2ASLP3H2 TSS200;Body;5'UTR
905902503 -0.001560857, 16 30133175| MAPK3;MAPK3:MAPK3 Body;Body;Body
cg02603284 0.000561503 2 1492017 | TPO;TPO;TPO;TPO;TPO;TPO Body;Body;Body;Body;Body;Body
902364855 0.008563579 8 53361893
904130952 0.003813542 3 51998051| PCBP4;PCBP4 5'UTRTSS1500
cg11730930 -0.002159427 14 75770279
906020352 -0.002407848 16 85931840| IRF8 TSS1500
903122840 -0.001888168 7 84154512
Cg05548190 -0.003855362 5| 176432570| UIMCL 5UTR
902053188 -0.000343685 5|  140105669| VTRNAL-3 TSS200
. . rad
926471020 0.001399443 7| 100200878| MOSPPHMOSPDIMOSPDIMOS 155200;1551500:TS51500,5UTR
cg18454120 0.000833693 3 16460497| RFTNL Body
900114430 0.001449739 2| 231834659
903439559 8.34E05 2| 241203101
914141061 0.005326332 11| 119881616
026942952 -0.004483817, 12| 132675762
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FLJ45513;TAC4;TAC4;TAC4;TAC

TSS1500;Body;Body;Body;Body;B

917939797 0.000963157 17 47922778| . 7pla ody

cg16332047 -0.005509974 4 45352736

900882235 0.006590357 1 180203488| LHX4 Body

16645473 0.006672603 6 28226567 ZKSCAN4;NKAPL 5'UTR;TSS1500
cg08518348 -0.000593096 2 241065665

913456960 0.00131873 19 5139479 KDM4B Body

909381003 0.007208301 19 41082314 SHKBP1;SPTBN4 TSS1500;3'UTR
906203079 0.000537839 20 17633823| RRBP1;RRBP1 Body;Body
cg06887137 -0.00125385 7 80360708

920550154 -0.00151338 14 52487779| NID2 Body

cg06770067 -0.000817602 6 37611948| MDGAL Body

912450149 0.002366427 7 105710597

04332818 0.00314924 4 123747750| FGF2 TSS200
926679958 0.006486194 4 109088573 'iEFl;LEFl;LOCG“‘E’l&LEH;LEF TSS1500;Body; TSS200;Body;Bod)
910227024 -0.00118568 17 11234662| SHISAG Body

cg06744351 0.000780964 2 224681919| AP1S3;AP1S3;AP1S3 Body;Body;Body
905813162 -0.004622143 15 75268583

901999708 -0.00226018 8 139594966

24194912 -0.004040577 17 3493176| TRPVL;TRPVL;TRPVL;TRPV1 Body;Body;Body;Body
cgl17095647 0.003954183 3 148863322 HPS3;HPS3;HPS3;HPS3 ExonBnd;ExonBnd;Body;Body
cg04421151 0.001998501 10 121104204| GRK5 Body

915045292 -0.001236562 17 5403149| LOC728392 3UTR

914643399 -0.01650267 13 44706965

903996020 0.001133843 7 157180124 DNAJB6 Body
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cg11018313 -0.016059156 15 85360052| ALPK3;ALPK3 1stExon;5'UTR
cg15361028 -0.005769112 6 53658683| LRRC1 TSS1500

Q01540595 0.000773441 1 75590960

903870329 0.000901025 7| 155085773

904058169 0.000534578 10|  124913438| BUB3:BUB3 TSS1500;TSS1500
cg11782250 0.001455796 8 3429382| CSMD1 Body

901068691 0.000197789 16 31420927 ITGAD Body

Cg19870743 0.00100522 1 2097158| PRKCZ:PRKCZ;PRKCZ Body:Body;Body
cg11750725 -0.003813387, 19 21203337| ZNF430;ZNF430 TSS200;TSS200
€g03107102 0.000568384 9 3181014| LINC01231 TSS1500

cg10443421 0.001150021 16 56644991

903997643 0.002220021 o|  137030726| RNUBATAC TSS1500

901247891 0.004509535 19 10713543| SLC44A2 Body

Q24947106 0.000233794 5 525233 | SLCOA3;SLCOA3 TSS1500;TSS1500
cg17682316 -0.002779514 17 18760333| gt >/ PAPRPSAPZPRESAPZPY 1551500,T551500,5UTRISUTR
Q24225455 -0.003067422 2| 128350748 Myo7B Body

Cg05654925 0.003310855 1 10752632| CASZ1:CASZ1 Body;Body

cg12742190 -0.002219575 8| 134517748 ST3GALLST3GALL 5UTR:5UTR

cg12426612 0.001830917 17 25005125| KSR1 Body

cg11120684 0.000429509 6 90897267| BACH2;BACH2 SUTR:5UTR

913092527 0.002632857 3| 186242988

€g20665157 0.002676971 7 121969421 CADPS2;CADPS2;CADPS2 Body;Body;Body
cg12031809 0.004630854 5| 132074036 KIF3AKIF3AKIF3A TSS1500;,TSS1500;TSS1500
902493167 0.000230925 5 76935719| OTP TSS1500
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923802768 -0.002251311 20 3741520 fC2270°rf27;C2°°rf273Czoorm;CZOO 5'UTR;5'UTR:5'UTR:Body

02512212 -0.001678039 19 10464100 TYK2 Body

cg12696780 -0.001261297 16 86884410

04377324 -5.58E05 6 46655795 TDRD6:TDRD6;TDRD6;TDRD6 | 1stExon;5'UTR;5'UTR;1stExon
S?EISDTQEQ}AS?ESDF%PR;S?ESDT(@ ExonBnd;ExonBnd;ExonBnd;Exon

€g26117104 -0.000736076 20 31975140 RAP1:CDK5RAP1:CDK5RAP1:CD gn.(é(l)ié(oand,Body,Body,Body,Bo
K5RAP1:CDK5RAP1 y.Body

cg06329606 0.000198644 10 102973678

906408912 0.001906304 10 131567498
CHRM2;CHRM2;CHRM2;CHRM2; | 5'UTR;5'UTR;5'UTR;5'UTR;5'UTR;

€g10276834 -0.002690858 7 136575360 ~1RM2:CHRM2:CHRM2:CHRM? | 5'UTR:5'UTR:5'UTR

cg10270037 -0.000250981 19 50789951 MYH14;MYH14;MYH14 Body;Body;Body

912492496 0.000124892 19 18271859| PIK3R2 Body

cg13054419 -0.000501624 13 31438929

cg09860665 0.002855067, 14 62002351 PRKCH Body

23368159 -0.003822736 6 170768731

cg12899747 -0.001400865 3 25391527

923735405 -0.000144777 9 138341609

908468913 0.001179645 3 122632352| SEMA5B Body
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€g12934079

0.000712124

15527599 TMEM51, TMEM51; TMEMS51; TME

5'UTR;5'UTR;5'UTR;5'UTR

M51
€g08119252 -0.000283477 5 64482825 ADAMTS6 Body
€g11813073 0.005737763 19 6481540 DENND1C Body
€g22325186 -3.98E05 12 133158791 FBRSL1 Body
€g17223645 -0.00168829 10 465844 | DIP2C Body
€g11793977 0.002919338 6 168045662
€g25956223 -0.001845911 11 130418248
€g05643503 4.09E05 1 3713094 LRRC47 TSS200
cg06708789 0.000293402 16 86333959
€g22412649 0.0033785 13 24736569 SPATA13;MIR2276;SPATA13 5'UTR;Body;5'UTR
€g20755820 0.003487495 2 230578770 DNER Body
€g15842366 -0.000101017 6 74364533 SLC17A5 TSS1500
cg06030290 -0.00247237 16 66747163
€g26319641 0.01128072 19 18807941| CRTC1;,CRTC1 Body;Body
€g26326160 0.000441885 20 41921081
€g22025859 0.001665991 11 120800542| GRIK4;GRIK4;GRIK4 Body;Body;Body
cg08785007 -0.008558021 19 56196667 EPN1;EPN1;EPN1 Body;Body;Body
€g12462101 0.001451794 5 140937302| LOC100505658;DIAPH1;DIAPH1 | TSS1500;Body;Body
€g09929819 0.002040159 22 42311321
€g14943796 -0.003590226 17 79377272 BAHCC1 Body
€g24315855 -0.006069885 10 125686221
€g25010500 -0.002291603 5 140619586| PCDHB19P TSS200
€g19865748 -0.00145286 12 123187073| GPR109A 1stExon
€g10064585 -0.001002342 8 142186995| DENND3 Body
€g01913188 0.000636103 2 44223249| LRPPRC TSS200
€g23121615 0.004420647 8 144176359
cg00474031 0.007146517 8 133494101| KCNQ3 TSS1500
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€g18638998 0.000326438 15 47656820 SEMAGD 5'UTR

cg08801971 -0.001132724 2 148531301

901027932 0.000116013 3 58344148 EXK;PXK;PXK;PXK;PXK;PXK;PX 3;;’5}/5 UTR;Body;Body;Body;Bod
€g25507767 -0.004040121 7 138483143| TMEM213;ATP6VOA4;ATP6V0A4 | Body;TSS1500;TSS1500
€g02010152 0.000296275 6 32782617 HLA-DOB Body

€g27535305 0.005378645 1 53392650 SCP2;SCP2 TSS1500;TSS1500
€g27088038 0.000269843 14 92959927 SLC24A4;SLC24A4;SLC24A4 Body;Body;Body
cg01378515 0.004273075 3 124773106| HEG1 Body

€g18505959 -0.009486591 6 31670195 BATS Body

€g16829244 0.000134012 10 134491593| INPP5A Body

cg08791563 -0.000207117 2 66736054 MEIS1 Body

€g14489205 -1.64E05 1 165414701 RXRG;RXRG;RXRG TSS200;TSS200;TSS200
€g06647001 0.003164975 20 23077908

€g13727629 0.005778949 1 2232469| SKI Body

€g08195842 -0.004104791 13 21278118( IL17D 5'UTR

€g23149300 -0.004469265 10 36958940

€g09351859 0.002055339 5 49962613 PARPS8 TSS200

€g21422742 0.000298083 20 18005014| OVOL2 3'UTR

€g20274430 0.000413723, 22 41075992 MCHR1 Body

€g16386036 -0.001851206 3 196437942| CEP19;PIGX;PIGX 5'UTR;TSS1500;TSS1500
€g02139293 0.002299627 2 119312574

€g21190361 -0.001725211 9 34459060 DNAI1;C9orf25 Body; TSS1500
€g19513207 0.001612468 3 142666476

€g17584196 0.00304723 11 82445114 FAM181B TSS1500

€g20249511 -0.000449846 1 58148920| DAB1 5'UTR

€g24945657 0.00201394 17 43044484| C1QL1 Body
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cg15833579 0.000756042 16 67679164| RLTPR 1stExon
916967065 -0.000220358 2 88742161
cg10890277 0.000936897 14 24950825| LOC101927045 Body
924403959 0.003489274 11 46260412
910497897 0.001008515 16 81875718 PLCG2 Body
901265281 0.001468113 3 53881270| CHDH;IL17RB TSS1500;Body
cg17594004 0.001012054 4| 183247132| ODZ3 Body
cg00816083 -0.000209426, 14 52642761
STRIPL;STRIPL;STRIPL;STRIP1;q ExonBnd:ExonBnd;ExonBnd;Body:
920094736 0.00119205 1| 110500471 SRR CSTRE oy By
921953146 0.015027652 17 aa061258| VAP TMAPTMAPTMAPTIMAP | 8ody:Body:Body:Body:Body:Body
cg12780863 0.001868408 2| 236817725| AGAPLAGAPL Body;Body
Q05254922 0.00116708 10 76860057 o> HPUSPASDUSPIIDUSPY 1551500,3UTR:Body:Body
AHSALVIPAS39:VIPAS39:VIPAS | TSS1500;TSS200;TSS200:TSS20
cg01846723 0.00099858 14 77924136 | B0 e TeS200 752200
902071825 0.001082332 17 56833006| PPM1E TSS200
Cg27588974 0.001033016 10|  135164283| PRAPL;PRAP1 Body;Body
cg17819168 -0.000299553 15 23807180
Q08905567 0.000319471 14 76777176
902002551 -1.33E05 8 24772878| NEFM;NEFM 5'UTR:Body
Q01414567 0.000941254 12 82204306
Q04044936 -0.002281614 10 731292 | DIP2C Body
cg05082312 -0.003291342 17 47783458| SLC35B1;SLC35B1 Body;Body
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€g20067471 0.001979896 6 32765281

€g24630826 0.000829315 16 8755076

€g08207707 0.007450009 11 124630919| ESAM Body

€g18212762 0.014504714 11 64556654 MAP4K2 3'UTR

€g12957817 -0.000908853 2 69253198 ANTXR1;,ANTXR1;ANTXR1 Body;Body;Body

€g06660976 0.001711813 16 86767566

cg00577375 0.004882059 7 151458795| PRKAG2;PRKAG2 Body;Body

€g04074153 -0.000234331 12 29568207

€g14458315 0.008126274 9 101079307| GABBR2 Body

€g11413657 0.000315821 1 29138434 OPRD1 TSS1500

€g22438640 -0.000648734 6 29759543 HCG4;L0C554223;L0C554223 Body;TSS200;TSS200

€g10651600 -0.000707591 8 57906543 IMPAD1 TSS200

€g18165248 0.000595574 1 161087322| PFDN2;NIT1 Body;TSS1500

€g18663670 -0.001910862 14 105931534| MTAL1;MTAL;MTAL;MTA1 3'UTR;ExonBnd;ExonBnd;Body
MENZ1;MEN1;MEN1;MEN1;MEN1 | Body;Body;Body;Body;Body;Body;

€g10821722 0.003911865] 11 64571899 ‘MEN1:MAP4K2:MEN1 TSS1500;Body

€g22446784 2.34E05 15 89613560

€g06470943 -0.000111844 1 40839093 SMAP2 TSS1500

€g05194726 0.001192858 12 2944480( NRIP2 TSS1500

€g00328720 -0.000289419 8 28562890 EXTL3 5'UTR

€g10938600 -0.001538118 5 57137590

167




CACNAILC;CACNALC;CACNALC,;
CACNAILC;CACNALC;CACNALC;
CACNAILC;CACNALC;CACNALC,;
CACNAILC;CACNALC;CACNALC,;

Body;Body;Body;Body;Body;Body;
Body;Body;Body;Body;Body;Body;

€g22804770 -0.001247801 12 2786316 CACNAILC;CACNALC;CACNALC; | Body;Body;Body;Body;Body;Body;
CACNAILC;CACNALC;CACNALC; | Body;Body;Body;Body;Body
CACNAILC;CACNAILC;CACNALC;
CACNA1C;CACNA1C

€g16538682 0.001214122 7 122083059| CADPS2;CADPS2;CADPS2 Body;Body;Body

€g23436746 0.002491902 7 49815938 vwC2 Body

€g20137415 -0.001073754 10 133945044| JAKMIP3 Body

€g14180581 0.007484101 11 82746478 RAB30;RAB30;RAB30;RAB30 TSS1500;5'UTR;5'UTR;5'UTR

€g04492769 -0.003174301 7 157314300

cgl7632777 -0.006914274 17 73402767 GRB2;GRB2 TSS1500;TSS1500

€g12267016 5.91E05 5 180645317

€g05274172 0.002671865 2 120980565 TMEM185B;TMEM185B 5'UTR;1stExon

€g13500354 0.007402405 6 168617491

€g22370005 5.71E06 7 89749098 DPY19L2P4 Body
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917629264 0.001144985 22 51043395| MAPKSIP2:MAPKSIP2 Body:Body
cg18189063 -0.00536481 19 49122916| RPL18:SPHK2 TSS1500;5'UTR
910250355 0.000403002 22 43045158| CYB5R3 Body
00907200 -0.000390983 2 239037422| ESPNL Body
cg08246447 0.004090681, 20 49232374 | MIR1302 TSS1500;Body;Body:Bod
9 : 5;FAMB5C;FAMB5C;FAMB5C :pody;Body;body
cg09115423 -0.002456864 7 131243075
09196863 -0.001030051 4 187014072
ABCG1;ABCG1:ABCGL:ABCGLA e
913505691 0.001480552 21 43665609| 5 c 1 ABCGL Body:Body:Body;:Body:Body:Body
€g27152128 -8.74E05 7 5269245( WIPI2;WIPI2;WIPI2;WIPI2;WIPI2 | Body;Body;Body;Body;Body
cg01149154 -0.000551429 11 70858899| SHANK2 5UTR
cg18557149 -0.002145532 7 56515666| LOC650226 Body
cg24299074 0.001509543 11 15133087| INSC TSS1500
920739510 0.003638137, 1 10534809| PEX14 TSS200
927304020 0.001128844 6 28956327
cg04368076 0.000795214 2 3776067
26312463 -0.000856385 14 91224003| TTC7B Body
cg01000953 -0.002567469 4 122386465
€g25946681 0.007415109 12 120654588 PXN;PXN;PXN Body;Body;Body
922913462 0.006286986 3 123135950 ADCY5;ADCY5 TSS1500;Body
915336438 0.008531328 10 76993893| comTD1 Body
cg08167638 -2.46E05 7 79281930
906623390 0.008677564 22 37262766| NCF4;NCF4 Body:Body
923193320 0.006347324 3 11608514| VGLL4:VGLL4:VGLL4:VGLL4 Body:Body:Body;Body
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cg19541202 0.015453981 3 72391048
927200949 0.000450925 1 65312353 JAK1 Body
Cg00615172 -0.00202015 22 20073233 o R OOMIRSBIEDECREDECR| 1561500, T552005UTRIBUTR
Cg26944080 0.001483166 9 5321358
Cg22778145 7.03E05 5|  178054469| CLk4 TSS1500
Q05067377 0.004136019 16 88330053
cg17488353 0.001975843 2| 241264786
LIPTLLIPTLTSGALOLIPTLLIPT | TSS1500,TSS1500;,TSS200;TSS2
€g15496985 0.002411469 2 99771231 4\ |bT1.LIPTL.LIPTL TSS200:TSS200;TSS200;TSS200
cg10231675 0.004656686 12 2944493| NRIP2 TSS1500
€g00764210 -0.000598715 1| 202317663 ﬁgfé?zlée‘;PPPlRlZB?PPPlRlZB TSS200;TSS200;TSS200;TSS200
cg12725240 0.001358233 19 56825874
903211864 -9.99E05 10|  124060833| BTBD16 Body
cg11460509 0016201201 21 15445421
900758961 0.001757513 4 9929384| SLC2A9;SLC2A9 Body;Body
cg12998151 0.00058947 19 42776766| CIC Body
cg02879453 0.002501392 16 50321818| ADCY7 TSS200
Q00644416 0.007525414 13| 114762257| RASA3 Body
907603045 -0.001644913 7 98088550
cg15599795 -8.99E05 7 55545188 VOPP1 Body
902629603 -0.000353846, 2| 241172200
Cg20674725 -0.003554394 3 47020919| NBEAL2 TSS1500
cg12627844 -0.005589826 2 64245000| VPS54;VPS54 SUTR:5UTR
918184092 0.008942247 1 8412759| RERE;RERE;RERE 3UTR:BUTRBUTR
£g20236484 -0.000293141 8 95487561| RAD54B;RAD54B TSS1500;TSS1500
922163856 0.00285047 3| 126877786
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€g16497828 -0.002984116 22 39053541 FAM227A;FAM227A;CBY1;,CBY1 | TSS1500;TSS1500;5'UTR;5'UTR
€g19998012 0.000571001 10 118923959

€g14497869 0.001001335] 2 73297631| SFXN5 Body

€g13574883 -0.004482825| 7 1705861

€g00986762 0.00096042 1 36107072 PSMB2;PSMB2 1stExon;5'UTR

€g04008954 0.003024111 9 86154173| FRMD3;FRMD3 TSS1500;TSS1500
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Table A3. CpGs present in selenoprotein ge(ié¢s662).

CpG
cg04787675 ¢g26973714] cgl8398505 cg02609127] cg25497959 cg11051022( ¢g01228352
€g13394083| cg10548272| cg05057777| cg06564500( cg16229180 cg13303186] 926918679
€g16349585 cg06224613] cg04125099] cgl19168575| cg07352544] cg07726808 cgl6473116
€g26749361] cgl3750850] cg25867694] cg22221330| cg20454517| cg15341124 cg07022554
€g08192891] cg01371233| cgl5274047| cg02262247] cg06458732 cg06846055| ch.12.2061504H
€g21582973] ¢g21039410| cgl2457376] cgl4947787| cgl7517002f cgl5065877| ¢g22799420
€g05316612| cg14933812 cg25274376 cg20013563| cg10881887| cg00886598( cg22177364
€g01633693| cg07953015| cgl4975009 cg09060914] cg02459648 cgl0572274] c¢g12397981
€g24070636| cg23196538] cg22005145] cg01995821] cgl4237894] cg09594698 901848457
€g25713558] ¢g10781048] cg27564043] cg21071670] cg00584995( cg15079869| 923876599
€gl16781205 cg24545927| cgl7072503] cg04486485| cg09087777| cg06801544( cgl10880599
€g03132679 cg09418354] cgl18050233] cg08355316| cgl2598554] cg01952742( ¢g01810763
€g20055940] cg06812356| cgl12175949| cgl0173182| cgl0732871| cg03922340[ ¢g06351425
cg03750909| cg01355753| cg14201782 cg16336056( cg07798595 cgl17832450, ¢g21504918
€g06530725 ¢g15994744) cg27322371] cg09268480| cgl7784863| cg25948075 ¢g23105185
€g11581417 cg23931558] cg01664864] cg09841361] cg00905101 cg00946245 cg10621017
€g17395064] cg11032634] cg20725915] cgl15945047| cg25273343| cg01800262 ¢g23970189
€g02403412| cg10775141] cg25081135 cg07981822 cg15900980 cg00217795( cg07366553
€g08388882| cg03275274] cg22917209 cg01084722 cg09884423[ cg05343289 ¢g04482075
€g15364335 cg07955370] cg07227926] cgl7810098| cg23354716| cg03196381 cg07274523
cg04201367| cg19964470| cg04623955( cg02040083( cg13335813| cg27194081] cg16814023
cg07790947| cg04779597| cg20635595( cg04972384] cg08212821] cg07031794] ¢g18105279
€cg08575697| cg12603582 cg20485042] cgl13081720] cg21007213| cgl11133495 cg26155983
€g24164157| cg17820459 cg14802400 cg08825848 cg25540845( cg00401233( ¢g20711382
€g19722698| cg27205904] cg17465939 cg21187265( cg21736108| cgl3652556( cg25380400
€g10253022 cg25504086] cg05546013] cg15459780| cg10202693| cg18506744 ¢g02991995
€g18642234| cgl7476193| cg09255748| cg02576601f cg12684668 cg20294640 cgl0472244
€g05125558| cg21234561| cg19401969| cg12427404] cg02759005 cg14894245 cg18097850
€g02793507| cg22522875| cg13704930] cg05055782| cg21226225( cg21536925( ¢gl15886728
€g21704228| cg10131972 cg00107488 cg04736260f cg09633209 cg09790614{ cg24860215
€g21361322| cg00529946| cg13458720 cg13470658 cg26638444| cg15238382( ¢g15102118
€g13285934] cg03010761] cg03101178 cg23766094 cg08065092 cg20245822( ¢g18890830
€g16674006| cg09477407| cg01414357| cg01169008 cg22039275 cg06673170] cg04045549
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€g16254394| cg24011261| cg03205258| cg25229856 cg20764656 cg22688428 cg04446470
€g20928447 cg01693026| cg25684105 cg07793095| cg21985120| cg26410840( cg22272956
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7.1 Abstract

Chronic lead exposure is associated with both subclinicatlamndal cardiovascular
disease. We evaluated if declines in blood lead were associated with changes in systolic and
diastolic blood pressure in adult American Indian participants from the Strong Heart Family
Study (SHF$ Lead in whole blood was measured in 285 SHFS patrticipants in1%¥¥¥ and
2006:2009. Blood pressure and measures of cardiac geometry and furgcti@ne obtained in
20012003 and 2002009. We used generalized estimating equations to evaluate the association
of declines in blood lead Wi changes in blood pressure; cardiac funatigand geometry
measures were considered secondary. Mean blood lead was 2.04 ug/dL at baseline. After
approximately 10 years, mean decline in blood lead was 0.67 pg/dL. In fully adjusted models,
the mean difference in systolic blood pressure comparing dginesti to lowest tertile of decline
(>0.91 vs. <0.27 pg/dL) in blood lead was08 mmHg (95% Ci13.16,-1.00). A significant
nontlinear association between declines in blood lead and declines in sysiolicdoessure was
detected, with significant linear associations where blood lead decline was 0.1 pg/dL or higher.
Declines in blood lead were naignificantly associated with declines in diastolic blood
pressure, and significantly associated with declinésterventricular septum thickned3eclines
in blood lead levels in American Indian adults, even when small(0.fug/dL), were associated
with reductions in systolic blood pressure. These findings suggest the need to further study the
cardiovasculaimpacts of reducing lead exposures and the importance of lead exposure

prevention.
7.2 Introduction

Changes in U.S. regulatory and public health policies, including banning lead in

gasoline, residential paint, plumbing components, and food cans, as well as regulating lead in
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public drinking water and air emissions, have reduced lead exposures natf8fittide a
result, adult and child blood lead levels have decreased substantially, although lead remains
ubiquitous in the U.S. and major racial/ethnic inequities in lead exposure &8st

Lead is an independent risk factor for cardiovascular di&asé%34 In the National
Health and Nutrition Examination Surv@yHANES), declines in blood lead levels in the U.S.
population over several decades were associated with subsequent reductions in cardiovascular
disease mortalifif*. Experimental models and epidemiologic studies also support the causal
association of lead with higher blood pressure, through oxidative stress, altered vascular
reactivity, angiotensin system dysfunction, and vasomodulator imb&t&#te®° Lead
exposure has also been associated with measures of left ventricular fogaiwhstructure,
including left ventricular hypertrophy, independent of blood presstffeMost studies on the
associations of lead exposure with blood pressure and left ventricular fumgtol structure
have been conducted at high blood lead levels (>20 ug/dL), and epidemiologic evidence at
currently low blood lead levels (<3 pg/dL) is limité8

American Indian (Al) communities experience both a higinevalancef cardiovascular
disease and elevated chronic metal exposures compared to the general U.S. gdgtldtien
Strong Heart Study (SHS) and the Strong Heart Family Study (SHFS, its-tzemsiyl cohort
extension) are the largest epidemiologic cohorts of Al adults followed specifically to study
cardiovascular disease. Using blood lead data available in a stils$€fS participants from
two study visits occurring from 1991099 and 200@009*3 we recently estimated that mean
within-person blood lead declined by 23% over this period (mean 2.5% yearly dé¢line)
similar to populatioflevel declines estimated in NHANES. These data provide the opportunity

to evaluate shoiterm changes in blood pressure and left ventricular furintyaand structure in
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relation to declines in blood lead levels. If present, steonh cardiovascular benefits of reduced
lead exposure could explain at least part of the-tengm benefit on cardiovascular mortality
observed in NHANES?,

Our primary objective was to evaluate if declines in blood lead concentrations, even at
low levels, were associated with changes in systolic and diastolic blood pressure, and
secondarily, metrics of cardiac geometry and funatigover time in the SHFS. Our primary
outcomes were changes in systolic and diastolic blood pressure, with secondary analyses
considering metrics of cardiac geometry and funatigmeasured via transthoracic
echocardiograms. We hypothesized that declines in blood lead would be&sbwith declines
in both systolic and diastolic blood pressure over time, and with improvements in measures of

cardiac geometry and function.

7.3 Methods
7.3.1Study population

The data underlying this article cannot be shared publicly in an unrestricted manner due
to limitations in the consent forms and in the agreements between the Strong Heart Study tribal
communities and the Strong Heart Study investigators. The data charbd t external
investigators following the procedures established by the Strong Heart Study, available at

https://strongheartstudy.orgfhe SHS is an ongoing, prospective, populatiased cohort of

4,549 Al adults from more than ten tribes and communities in Arizona, Oklahoma, North
Dakota, and South Dakota, originally developed to evaluate cardiovascular disease and its risk
factors. Al adults 45-74 years of age at baseline were invited to participate in the Phase 1

baseline exam (1989991)7275 The participation rate was 63% Participants were fe
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evaluated at Phase 2 (199895) and Phase 3 (199999) study visits. To extend the SHS into
a multigenerational cohort derived from the original SHS families, the SHFS was initiated with a
pilot study conducted during SHS Phase 3 (19999) and reevaluated at Phase 4 (20@D03)
and Phase 5 (20a8009). Families were eligible if they had a core sibship consisting of 3
original SHS participants and at least 5 additional living family merSefsiditional SHS
cohort family members 15 years of age and older were enrolled during the first exclusively
SHFS visit at Phase 4 (20@003). The SHS protocol was approved by institutional review
boards (IRBs), participating tribes, and the respective ladian Health Service IRBs. All
participants provided informed consent. This analysis used the STROBE cohort reporting
guidelines®

In our current analysis, participants were eligible for inclusion if they had whole blood
samples available during both Phase 3 and Phase 5 visitsulrstudy funded by a National
Institute for Environmental Health Sciences pilot award at Columbia UnivetSi@yparticipants
with whole blood samples collected at both Phase 3 and Phase 5 were selected via blocked
random sampling to ensure an approximately equal number of male and female participants from
each study centeBecause the remaining bloodgale volume was inadequate for 25 samples
collected during Phase 3, only 125 of these 150 participants had blood lead measured in whole
blood at Phase 3. For an additional-stildy conducted by the Centers for Disease Control /
Agency for Toxic Substancesd Disease Registry (CDC/ATSDR), 2,014 participants with
sufficient volume of blood sample available at Phase 3 were selected to study blood metals and
cardiovascular disease. Among those, 176 participants also had blood samples with sufficient
guantityat Phase 5. We combined participants from bothssutlies (N=125 and N=176, with

16 overlapping participants who were included in bothsubies), for a total of 285
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participants withblood lead measurements from both Phase 3 and Phase 5 for the current
analysis The 16 participants with blood metals measured by botistuties allowed for direct
measurement comparisons between both participating laboratories (i.e., the Columbia University
Trace Metals Core Laboratory and afhDC’ s Nati on
Laboratory).

7.3.2Blood leadmeasurements

In both substudies, whole blood samples from Phase 3 and Phase 5 were shipped from
Medstar Health Research Institute in Hyattsville, MD on dry ice to the respective laboratory,
where samples were stored &b °C to-80 °C before analysis. Blood lead wasasured at the
Columbia University Laboratory using inductively coupled plasnass spectrometry with
dynamic reaction cell (IGIMS-DRC) and at the CDC laboratory using inductively coupled
plasma triple quadrupole mass spectrometry {fEFQ-MS)343344 The limit of detection was
0.04 pg/dL at the Columbia University Laboratory and 0.049 ug/dL at the CDC laboratory, and
no values were measured below the limit of detection at either laboratory. Using blood metal
measurements for a total of 32 samplesuished in both sustudies (N=16 participants), we
evaluated agreement in measured blood lead concentrations between the two laboratories using
linear regression, scatterplots, and Bl&itnan plots (Tukey mean difference). We found no
evidence of systematdifferences between the two laboratories (Bland Altman bias = 0.02 (95%
Cl: -0.16, 0.20), regression coefficient 1.05 (95% CI: 0.87, 1Ri8ufe A1 and FigureA2)
and proceeded by pooling all blood lead measurements together.
7.3.3Blood pressure measures

Centrally trained SHS nurses and medical assistants measured systolic and diastolic

blood pressure (mmHg) during physical examinations, as previously des$efiespecifically,
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three consecutive measurements of blood pressure (systolic and diastolic) were performed on

seated participants after 5 minutesfest Measur ements were taken on
arm with a mercury sphygmomanometer. The mean of the last two measurements was used to
estimate systolic and diastolic blood pressures. Various quality control measures were

performed, including repeateneasures, observation of data collection by supervisors,

simultaneous Mube observation by each technician, and a sphygmomanometer maintenance
progrant®. Further, the Strong Heart Study Coordinating Center reviewed blood pressure data

and compare blood pressure measures across technicians and study centers. We defined
hypertension as systolicl ood pressure = 140 mmHg, di astol i«

reported use of antihypertensive medication.
7.3.4Echocardiographic measures of cardiac geometry and functioning

Expert sonographers performed transthoracic echocardiograms on participants during the
Phase 4 and Phase 5 study visits, according to standardized and previously describeé’nethods
Briefly, echocardiograms were reviewed by two readers and approximately 97% of
echocardiograms were finally interpreted by a single highly experienced investigator as
recommended by the American Society of Echocardiogfpi§ardiac geometry and
functioning were assessed by phaaewy echocardiographs with-Mode, 2dimensional and
Doppler capabilities. At least 10 consecutive beatsdifrfiensional and Mnode recordings of
cardiac geometry parameters were recorded ipdnasternal acoustic window at or just below
the tips of the mitral leaflets in both long and steodis views. We used the following
parameters of cardiac geometry at the end of diastole: left ventricular (LV) internal diameter, and
in systole: intervenicular septum, LV posterior wall thickness, and relative wall thickness. LV

mass was calculated by a necropajidated formula and normalized for body surfaceaté&
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Ejection fraction (calculated from LV linear dimensidfiswas used to assess left
ventricular systolic function. We used the following parameters of cardiac diastolic function:
transmitral early (E) and late (A) filling velocities (measured at the annular level), and early peak
rapid filling velocity to peak atal filling velocity (measured as the E/A ratio). Because of the
small sample size, we did not assess categorical or binary outcomes (e.g., LV hypertrophy,

hypertension, etc.).
7.3.50ther variables

Centrally trained SHS nurses and medical assistants collected participant information
from a standardized interview, physiexlamination, medication review, and biospecimen
collection at each study visit. The measurements, protocols, central trainings, and operating
procedures did not differ across study visits and were collected under a standardized
methodology®. Sociodemographic and lifestyle information was collected from standardized
SHS guestionnaires, including age, sex, years of schooling/education, whether household income
met needs (“yes”/ “no” [/ "“unsure”),mokigposur e
status (never/ former/ current), and alcohol drinking status (never/ former/ current). Never
smoking was defined as reporting never smoking regularly, or never smoking more than 100
cigarettes in lifetime; former smoking was defined as smokingaat 0 cigarettes in lifetime,
but not smoking currently; current smoking was defined as smoking at least 100 cigarettes in
lifetime and currently smoking. Never drinking was defined as never consuming alcoholic
beverages; former drinking was defined esvpusly consuming alcoholic beverages, but not
within the past 12 months; current drinking was defined as having consumed an alcoholic

beverage in the past 12 months.

Detailed methods on the collection of anthropometric measurements and biospecimens
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(e.g., blood, urine), and the laboratory measurements of relevant biomarkers in biospecimens

have been described previodsif® We calculated estimated glomerular filtration rate (eGFR)

using age, sex, and urinary creatinine (mg/dL) via the 2009 Chronic Kidney Disease

Epidemiology Collaboration formula (CKBEpi)**>. We defined dyslipidemia as total cholesterol

> 200 mg/ dL, | ow density | ipoprotein = 130 mg
triglycerides = 150 mg/ dL, or reported use of
glucose was definedasfas ng bl ood glucose = 100 and <126 r
defined as fasting blood glucose <100 mg/dL. Hypertension treatment was defined as taking
antihypertensive drugs, diuretics, bétackers, or cardiac or vasodilators, AND having a

recordel history of hypertension.
7.3.6 Statistical analysis

All analyses were conducted in R version 4.1.1. The decline in blood lead concentrations
(Phase 5 blood leambncentration minus Phase 3 blood lead concentration) was normally
distributed and modeled in the original sc&i@(re A3). We first compared baseline (Phase 3)
participant characteristics overall and stratified by tertile of decline in blood lead. We then
calculated the Spearman correlation coefficients between decline in blood lead (from Phase 3 to
Phase 5) and change s#olic blood pressure, diastolic blood pressure, and other metrics of
cardiac geometry and functioning (from Phase 4 to Phase R)e¥evaluated the mean change
in systolic blood pressure and other metrics of cardiac geometry and functioning per decline in
blood lead concentration corresponding to the interquartile range (0.94 ug/dL) in linear
generalized estimating equation (GEE)dals to account for the clustering of participants within
families. All model adjustment variables were measured at Phase 3 (baseline) except education

measured at Phase 4. Model 1 was adjusted for age, sex, study center, body mass index, and
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education (<12 yearg/ 1 2 .Wedal 2 was further adjusted for smoking status
(never/former/current) and eGFR. Model 3 (the main model of interest) was further adjusted for
baseline antihypertensive medication and systolic blood pressure (in models evaluating the
change in diastoliblood pressure, we instead adjusted for baseline diastolic blood pressure).
Finally, Model 4 further adjusted for fasting glucose (continuous) and dyslipidemia (yes/no). To
evaluate the potential dose response relationgl@pepeated these analyses evaluating the mean
change in outcomes across tertiles of decline in blood lead (with the first tertile as the reference)
using GEE models. Finally, we used flexible natural cubic spline models to evaluate potential
nonlinearityin the associations between decline in blood lead and blood pressure, cardiac
geometry, and cardiac functioning. We included knots at the 50th (0.53 pg/dL) and 90th (1.87
pg/dL) percentiles of the decline in blood lead distribution, and set the refeoethes10th

percentile {0.43 pg/dL).

To further evaluate the impact of interlaboratory measurement agreement on our findings,
we repeated our analysis of the mean difference in systolic and diastolic blood pressure per
decline in blood lead corresponding to the interquartile range, restiocbéaod lead
measurements taken at Columbia University (N=125). We also repeated our flexible spline
analyses evaluating the change in systolic and diastolic blood pressure measured from Phase 3 to
Phase 5 (rather than from Phase 4 to Phase 5). Wetdigriorm stratified subgroup analyses

given the small sample size and exploratory nature of thetsudlies.

7.4 Results

A total of 285 participants had blood lead measured at both Phase 3 and Phase 5 and were

included in our analyses. Participants included in our analytic sample were similar to the all
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participants at Phase 3 by sex (60.5% female versus 59.6% female), systolic blood pressure
(mean 127.3 mmHg versus 124.9 mmHg), BMI (mean 30.8%ggnsus 31.9 kg/A), and

smoking status (33.5% current smokers versus 34.5% current smokers). The mean (SD) age of
participants was 51.5 (16.3) years and all participants were >18 years old at Phase 3. Participant
characteristics overall and stratified by tertile of dedimiklood lead are presentedTiable 1

For all participants, mean blood lead was 2.04u@t Phase 3 (baseline). Mean baseline blood
lead concentrations were 1.33 pg/dL for participants in the lowest tertile of decline in blood lead
and 3.21 ug/dL for participants in the highest tertile of decline in blood lead. Changes in blood
lead from Pase 3 to Phase 5 ranged from a decline of fg@_ (reported as a decline of 7.58
pg/dL) to an increase of 5.26 pg/dL (reported as a declirg. 6 pg/dL, i.e., an increase in

blood lead). Those in the highest tertile of decline in blood lead (>L@/@IL) experienced a

mean decline of 1.78 pg/dL over time. At baseline, 32.9% of participants (n=93) had
hypertension. Participants in the highest tertile of decline in blood lead were more likely to be
male, less likely to have hypertension at baseling,hed lower fasting glucose levels at

baseline. The Spearman correlation between decline in blood lead and change in outcomes was
statistically significant for the change in systolic blood pressure (FBdl2, p<0.05)Kigure

A4, Figure A5).
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Table 1.Participant characteristics at Phase 3 (19999), stratified by tertile of decline in

blood lead (pg/dL) from Phase 3 (192999) to Phase 5 (20a09)(N=285). Tertile 1

represents the smallest blood lead deckeZ7ug/dL decline), and tertile 3 represents the
largest blood lead declirie0.91ug/dL decline). Negative values of the decline in blood lead
represent increases in blood lead over time.

Overall Tertile 1 Tertile 2 Tertile 3
526-7.58 g/l <027pg/dL 027-091pg/dL > 0.91 pg/dL
decline decline decline decline Pvalue N

Blood lead (ug/dL) at Phase 3 (baseline), mean (SD) 2.04(1.32) 1.33 (0.64) 1.58(0.65) 3.21(1.52)
Decline in blood lead (ug/dL), mean (SD) 0.67 (1.19) -0.33 (0.89) 0.55 (0.18) 1.78 (1.06)
N (%) 285 (100) 95 (333) 95 (33.3) 95 (33.3)
Center, 11 (%0):

Arizona 39 (13.7) 16 (16.8) 15 (15.8) 8 (8.4) 0398 285

Oklahoma 146 (51.2) 47 (49.5) 50 (52.6) 49 (51.6)

North & South Dakota 100 (35.1) 32(33.7) 30 (31.6) 38 (40.0)
Female, n (%): 170 (59.6) 69 (72.6) 58 (61.1) 43 (45.3) <0.001 285
Age (years), mean (SD) 51.5(16.3) 52.7(17.2) 47.7(16.1) 53.9(152) 0.613 285
Education* (vears), n (%):

>12 206 (73.6) 71(77.2) 69 (74.2) 64 (69.6) 0498 280

<12 74 (26.4) 21(22.8) 24 (25.8) 28 (30.4)
Income met needs n (%):

Yes 117 (73.6) 37 (69.8) 47 (75.8) 33 (75.0) 0.744 159

No/Unsure 42 (26.4) 16 (30.2) 15 (24.2) 11 (25.0)
Smoking status, n (%):

Former 65(23.0) 20(21.3) 19 (20.0) 26 (27.6) 0179 283

Never 123 (43.5) 49 (52.1) 40 (42.1) 34 (36.2)

Current 95 (33.5) 25 (26.6) 36 (37.9) 34 (36.2)
Secondhand smoke exposure (hrs/week) mean (SD) 19(3.5) 13(2.4) 25044 19(3.3) 0325 158
Alechol consumption status, n (%0):

Former 114 (40.3) 33 (35.1) 36 (37.9) 45 (47.9) 0258 283

Never 49 (17.3) 21 (22.3) 14 (14.7) 14 (14.9)

Current 120 (42.4) 40 (42.6) 45(474) 35(372)
Body mass index (kg/m?), mean (SD) 30.8 (6.8) 31.1(64) 31.6(8.1) 29.8(5.4) 0173 282
Hypertension, n (%): 93 (32.9) 41 (43.6) 24(253) 28 (29.8) 0.020 283
Hypertension treatment, n (%): 64 (22.5) 32(33.7) 17 (17.9) 15 (16.0) 0.006 284
Fasting glucose, mean (SD) 113.2 (48.2) 122.4 (56.9) 111.7 (49.2) 1054 (34.6)  0.015 284
Impaired fasting glucose, n (%): 20(8.7) 4(6.1) 10(12.2) 6(7.3) 0361 230
Dyslipidemia, n (%): 197 (78.2) 63 (78.8) 68 (76.4) 66 (79.5) 0875 252
eGFR (CKD-Epi), mean (SD) 106 (21.8) 103.5(25.6) 109.5 (20) 105(19) 0660 284
Systolic blood pressure, mean (SD) 127.3(162) 130 (16.5) 124.5 (14.8) 1272(168) 0241 283
Diastolic blood pressure, mean (SD) 75(8.7) 74.8(9.3) 75.7(8.5) 745(8.2) 0.805 284

*Assessed at Phase 4

List of abbreviations: hrs = hours; egfr = estimated glomerular filtration rate-Bfdk Chronic Kidney Disease

Epidemiology Collaboration.
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Declines in blood lead from Phase 3 to Phase 5 were associated with declines in systolic
blood pressure from Phase 4 to Phasgablg 2). In Model 3, the mean difference in the change
in systolic blood pressure comparing participants in the highest tertile of decline in blood lead
(>0.91pug/dL) to those in the lowest tertile (reference) of decline in blood lead (<0.27 pg/dL)
was-7.08 mmHg (95% C1i13.16,-1.00). The magnitude of this effect estimate slightly
increased after further adjustment for basdiasting glucose and dyslipidemia, although this
change was not statistically significant (Model 4, mean differe®idd mmHg, 95% Cl14.59,-
1.75). In linear models decline in blood lead corresponding to the interquartile range (0.94
pg/dL) was associated with a nsignificant mean change in systolic blood pressur2.db
mmHg (95% CF4.45, 0.15) (Model 3). However, declines in blood lead were not linearly
associated with mean difference in systolic and diastolic blood presdlasilite cubic pline
models Figure 1). There was no evidence of an association when there was no dedine
associations became apparent when declines in blood lead ex6ekegdgdlL. Similar to our
findings from tertile models, the association between decline in blood lead and the mean
difference in systolic blood pressure was statistically significant and apparent in flexible spline
models when declines in blood lead wereager than 0.1 pg/dL. Flexible splines modelling
decreases in blood lead and changes in diagtieessure followed similar trends as for systolic
blood pressure, but were not statistically significant. In sensitivity analyses restricted to blood
lead measurements made at the Columbia University Laboratory, effect estimates were similar to
those inour main analysisTable A1). Associations were attenuated in sensitivity analyses
considering changes in systolic blood pressure from PhaBé&se 5, potentially reflecting
differences in the halife of lead in bone (decades) versus blood (mon#rg),the significant

contribution of bone lead to blood lead leveétgy(re A6). While declines in blood lead reflect
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declines in recent/ongoing exposures, declines in bone lead reflect declines in total body burden
of lead, which may be more relevant for blood presstinanges in both blood lead and blood
pressure outcomes across Phase 3 and Phase 5 relative to Phase 3 concentrations are depicted in
FiguresA7-A9. In sensitivity analyses restricted to participants without hypertension at baseline
(n=192) and without adjustment for baseline hypertension treatment, we observed similar effect
estimates of the associationtween declines in blood lead and changes in both systolic and
diastolic blood pressure, although associations were not statistically signifiede A2). In

sensitivity analyses adjusting for income needs measured at baseline (n=154), we observed
stronger effect estimates of the association between declines in blood lead and changes in both
systolic and diastolic blood pressure, although sample sizémited (Table A3). In sensitivity
analyses removing those with declines/increases in lead valupg/dld(n=274), effect

estimates of the association between declines in blood lead and changes in both systolic and
diastolic blood pressure were similar to the main mobiable A4). In a sensitivity analysis we

added 10 mmHg to systolic blood pressure values and 5 mmHg to diastolic blood pressure values
for those receiving hypertension treatment, as a way to correct for their lower levels because of
treatment, following the approlaof Balakrishnan et al 2042 (Table A5). The strength and

direction of relationships between changes in lead and blood pressure outcomes were similar to

those observed in main models.

Flexible spline models of the mean difference in other metrics of cardiac fungtsard
geometry per decline in blood lead are presenté&dguare 2 andFigure 3. Declines in blood
lead were significantly associated with decreases in interventricular septum thiékgaess 2).
Declines in blood lead were also associated with increases in transmitral early filing velocity (E

velocity, Figure 3), but only at the highest ends of the decline in blood lead distribution where
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the sample size was very small.

Table 2.Mean difference in the change in systolic and diastolic blood pressure (mmHg) from
Phase 4 (2002003) to Phase 5 (20a#)09) across tertiles of blood lead decline from Phase 3
(19971999) to Phase 5 (20a09) and by decline in blood lead correspondintié

interquartile range (IQR) (N= 278)egative values represent declines in blood pres$eréle 1 represents

the smallest blood lead decline, and tertile 3 represents the largest blood lead decline. Model 1 was adjusted for sex,
age, cente body mass index, and education (<12 years/1 2 .¥edal 2 ways further adjusted for smoking

status (never/former/current) and estimated glomerular filtration rate (calculated via the Chronic Kidney-Disease
Epidemiology Collaboration formula). Model 3 was further adjusted for hypertension treatmeratioadiad

baseline systolic blood pressure. Model 4 was further adjusted for fasting glucose and dyslipidemia. All model
adjustment variables were measured at Phase 3 (baseline) except for edueasiored at Phase 4. Model 3 and

Model 4 considering diastolic blood pressure adjusted for diastolic blood pressure at baseline instead of systolic
blood pressuréd.ist of abbreviations: sbp = systolic blood pressure; dbp = diastolic blood pressure.

Tertile 1 Tertile 2 Tertile 3 Per IQR decrease
<0.27 pg/dL 0.270.91 pg/dL >0.91 pg/dL (0.94 pg/dL)

Systolic blood pressure (SBP)
Model 1 reference -2.13 €7.00, 2.74) -6.6506715).51,- -2.00 €4.11, 0.12)
Model 2 reference -1.78 €6.68, 3.11) OGSAg; €12.30,- -2.07 €4.25, 0.11)
Model 3 reference -2.51 €7.38, 2.35) -7.08163(%.16,- -2.15 (4.45, 0.15)
Model 4 reference -2.48 (7.66, 2.70) -8.17167154359,- -2.28 €4.72, 0.16)
Diastolic blood pressure (DBP)
Model 1 reference 1.11¢1.82,4.04) -1.06 ¢4.15,2.04) | -0.51(-1.41, 0.39)
Model 2 reference 1.35¢1.58, 4.28) -0.97 €4.10, 2.16) | -0.62 ¢1.60, 0.36)
Model 3 reference 1.51¢1.46,4.49) -0.86¢4.03,2.31)| -0.59 ¢1.59, 0.42)
Model 4 reference 0.95¢2.18,4.08) -1.87 ¢5.38,1.64)| -0.82 ¢1.94, 0.31)
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Figure 1. Restricted cubic spline models of the mean difference in the change in systolic and
diastolic blood pressure (mmHg) from Phase 4 (2B0Q3) to Phase 5 (20809) by declines

in blood lead from Phase 3 (192999) to Phase 5 (20€#09) (N= 278)Negative values represent
declines in blood pressure. Analysis was restricted to N=278 participants without missing covariMedidtaare
adjusted for sex, age, study center, body mass index, education (<12 yedrsd , gneoking status
(never/former/cuent), estimated glomerular filtration rate (calculated via the Chronic Kidney Disease
Epidemiology Collaboration formula), hypertension medication/treatment, and baseline systolic blood pressure. All
model adjustment variables were measured at Phase 3 (baseline) except for education measured at Phase 4. The
reference is set to the LPercentile of the change in decline in blood lead distributi@48ug/dL), with knots at

the 50" and 90 percentiles. Diastolic blood pressure models adjusted fdotitaklood pressure at baseline instead

of systolic blood pressure.
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Figure 2. Restricted cubic spline models of the mean difference in the change in cardiac
geometry measures from Phase 4 (200Q3) to Phase 5 (20€#09) by declines in blood lead

from Phase 3 (1997999) to Phase 5 (20a®09) (N= 278)Models are adjusted for sex, age, study
center, body mass index, education (<12 years/l 2 , gneoking status (never/former/current), estimated
glomerular filtration rate (calculated via the Chronic Kidney DiseBpa&emiology Collaboration formula),
hypertension medation/treatment, and baseline systolic blood pressure. All model adjustment variables were
measured at Phase 3 (baseline) except for education measured at Phase 4. The reference is S@ietadingil20
of the change in blood lead distributief.¢3ug/dL), with knots at the 30and 98 percentiles.
List of abbreviations: LV = left ventricular; Pb = lead.
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Figure 3. Restricted cubic spline models of the meééference in the change in cardiac
functionng measures from Phase 4 (268003) to Phase 5 (20€#09) by declines in blood

lead from Phase 3 (1991P99) to Phase 5 (20#09) (N= 278)Models are adjusted for sex, age,
study center, body mass index, education (<12 yearsl 2 , gneoking status (never/former/current), estimated
glomerular filtration rate (calculated via the Chronic Kidney DiseBp@&emiology Collaboration formula),
hypertension medication/treatment, and baseline systolic blooslipeed\ll model adjustment variables were
measured at Phase 3 (baseline). The reference is set td'therdéntile of the change in blood lead distribution (
0.43ug/dL), with knots at the 80and 90" percentiles. List of abbreviations: MAE =V&locity (cm/s). MAA = A
velocity (cm/s). MAEA =E/A ratio. Pb = lead.
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7.5 Discussion

This study evaluates the impact of blood lead declines over time on blood pressure and
measures of left ventricular geometry and function. It is one of the few longitudinal studies of
changes in blood pressure related to declines in low levels of bladdDeclines in blood lead
in this sample of adults from the SHFS were associated with decreases in systolic blood pressure,
while associations for decreases in diastolic blood pressure were not significant. The reductions
in systolic blood pressure werbserved with lead declines greater than@/AL. Declines in
blood lead were associated with Aorear changes in measures of cardiac geometry and

function, including statistically significant decreases in interventricular septum thickihess
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associations and the reductions in lead exposure observed in our population could help explain
improvements in cardiovascular morbidity and mortality reported across the entif® SHS

In this study, blood lead levels were similar in magnitude to those reported for the general
U.S. populatioff. Across NHANES data, the geometric mean of blood lead levels declined
from 2.76 {@OdL tion 11 $82BOFY and tb 1.121y/dLY(19161914) in
2009201044, The decline in blood lead levelstime SHFS is likely for similar reasons as in the
general US population, including bans of lead in gasoline in the 1970s, the phasing out of lead
based paint products, and specific policy to reduce exposures to consumer products (including
use of lead soldeng in canned foods, which are commonly consumed in American Indian
reservations) and from plumbing within the hoté#**® These coordinated public health efforts
and policies and their loAgrm impacts are likely responsible for the substantial declines in
blood lead observed for SHFS participants during the time frame of this study. Despite the
decline observed in the SHHABad exposure remains an important concern in American Indian
communitie4*®. Prior research in the SHS identified that participants in North Dakota/South
Dakota have higher blood lead levels compared to Arizona and OkléRoRersistent lead
exposure has also been documented in both private and public water &fst@ther relevant
sources of exposure include herbal supplements, spices, tobacco products, and other products,
similar to other US communiti€s¥=>’

The current study complements available evidence on the relationships between blood
lead and blood pressure reported in the general U.S. population. In NHANES6 to 1980),
blood lead (mean ~15 pg/dL) was positively associated with systolic andlidibébod pressure
in men after adjustmefit#°2 In NHANES 19992016, where mean blood lead levels were <5

ug/dL), higher blood lead levels were also associated with higher risk of hyperféhdibe
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findings reported here at mean blood lead concentrations of ~2 pg/dL provide important
evidence of the benefits of reducing blood lead even at these lower Faytele work should
consider additionally evaluating bone lead, which reflects cumulative expSsure
contributes substantially to blood lead le¥#Sor studying longterm reductions in blood
pressure.

The present study also identified a reduction in interventricular septum thickness, which
is a surrogate for LV hypertrophy as well as for heart failure with preserved ejection fraction. An
increased interventricular septum thickness can indicate hypertansdiated target organ
damage in the heart, and is a commonly reported outcome in clinical pfaéitahe
European Society of Cardiology/European Society of Hypertension recommends the assessment
of interventricular septum thickness in hypertensive patients, as a reduction in blood pressure
levels leads to a regression of interventricular septum thiskares LV hypertrophy, with a
consecutive decrease in cardiovascular diseasé€®ibkthe current analysis, the extensive
reduction in systolic blood pressure could help explain the significant decrease in interventricular
septum thickness; however, the decrease in interventricular septum thickness appears to be
independent of blood pssure or antihypertensive medicatibig(ire 2). We did not observe a
significant association between LV mass index and blood lead declines, and this study is likely
underpowered to detect a significant association.

This study builds on prior research on metals exposure and cardiovascular disease from
across the broader literature and within the SHISlings from the general U.S. population
utilizing NHANES data have reported associations between increasing blood lead and
subclinical myocardial inju?®. Various studies performed in occupationaiposed

populations have also identified a variety of cardiovascular measures associated with blood
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leac’?, including increased prevalence of left ventricular hypertrtiShigigher left ventricular

mass, and lower ejection fracti8h Previous indings from the SHFS identified the association

of higher urinary arsenic levels with higher levels of left ventricular wall thickness and left
ventricular hypertrophif®. The current paper additionally focusesevaluating the impact of
reducing blood lead levels on blood pressure levels, with potentiatéomgimplications for
cardiovascular health. In the Trial to Assess Chelation Therapy (TACT), repeated infusions with
disodium edeate, a chelating agerit thrimarily removes lead from the body, found a marked
benefit in preventing clinical cardiovascular outcomes among participants with a prior
myocardial infarction (hazard ratio [HR] 0.82, 95% confidence inte@&l(.69-0.99), with a

stronger benefit for those who also had diabetes (HR 0.59, 95% G0.JYPP*362, To further
investigate the impact of chelation on cardiac events among diabetic patients, the Trial to Assess
Chelation Therapy 2 (TACT2) is currently ongoing, and will provide more information about the
effects of lead removal from botté Blood pressure endpoints were not assessed in TACT;
however, the potential cardiovascular benefits of lead removal from bone merits further
consideration, both in populations with diabetes where managing hypertension is paramount, as

well as in the genat population.

The main limitation of this analysis is the relatively small sample of SHFS participants
with blood lead measured (N=285). Studies with larger sample sizes could better define-the dose
response relationship between declines in blood lead and blood passs®the entire SHFS,
in particular by evaluating associations across subgroups by study center, sex, age groups,
diabetes status, glycemic control, and other characteristics. Previous studies have also reported
nonsignificant associations between deesi in blood lead and diastolic blood pressure; larger

sample sizes are likely needed to detect a statistically significant assGéf&fitsi In the
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SHFS, declines in blood lead and changes in blood pressure over time could be related to
differences in access to healthcare, which is not well captured in SHFS data. Changes in blood
lead and blood pressures were both weakly correlated with their waitieds, which could affect

the model between blood lead and blood pressure changes, although this would be better
evaluated with larger sample sizes. Further, there are many factors that influence the distribution
of lead in the bod¥ that could not be captured with available SHFS data but could partially
explain observed declines in blood lead over time, including calcium deficiency, pregnancy, and
menopause. It is also possible that participants who initiated hypertensive tredten¢hea

baseline visit experienced larger declines in blood pressure over time. In this analysis, there were
135 participants with hypertension treatment (47.4%) at Visit 5. However, our main models of
interest adjusted for both baseline blood pressuiiébageline hypertensive medication use, and

we also observed consistent but nonsignificant associations between declines in blood lead and

blood pressure in sensitivity analyses restricted to participants free from hypertension at baseline.

7.6 Conclusion

In a sample of SHFS participants, declines in blood lead levels occurring between 1997
1999 and 2002009 wereassociated with marked reductions in systolic blood pressure levels
and decreases in interventricular septum thickness. These results were obtained at a time when
lead exposure was already relatively low in the SHFS and are consistent with other U.S.
popuhtions. Together, these findings further highlight the important cardiovascular benefits of
further reducing lead exposure, the importance of assessing clinical interventions and secondary
prevention measures, and the critical need for further assessimglétionship in other

subgroups of the US population with higher blood lead levels.
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7.7 Appendix

Table Al. Mean difference in the change in systolic and diastolic blood pressure (mmHg) (from
Phase 4 [2002003] to Phase 5 [2068009]) by declines in blood lead (from Phase 3 [1997
1999] to Phase 5 [2068009]) by decline in blood lead corresponding to the ini@rie range,
restricted to participants with blood lead measured from the Columbia Universisyuglybonly
(N=125).Negative values represent declines in blood presblogel 1 was adjusted for sex, age, center, body
mass index, and educati¢<12 yeard 1 2 .Wedal 2 was further adjusted for smoking status
(never/former/current) and estimated glomerular filtration rate (calculated via the Chronic Kidney Disease
Epidemiology Collaboration formula). Model 3 was further adjusted for hypertension treatment/medication and
baseline systolic blood pressure. Model 3 considering diastolic blood pressure adjusted for diastolic blood pressure
at baseline instead of systblood pressure. All model adjustment variables were measured at Phaseli®¢)

except education measured at Phase 4.

Per IQR decrease
(0.66 pg/dL)

Systolic blood pressure

Model 1 -3.05 ¢€6.51, 0.42)
Model 2 -2.82(-6.27, 0.62)
Model 3 -3.19 ¢6.66, 0.27)
Diastolic blood pressure

Model 1 -0.45 €2.43, 1.53)
Model 2 -0.26 €2.05, 1.52)
Model 3 -0.22 €1.87, 1.42)

Table A2. Mean difference in the change in systolic and diastolic blood pressure (nffrothg)
Phase 4 [2002003] to Phase 5 [2068009]) by declines in blood lead (from Phase 3 [1997
1999] to Phase 5 [2068009]) restricted to participants without hypertension at baseline

(N=192).Negative values represent declines in blood presklodel 1 was adjusted for sex, age, center, body

mass index, and education (<12 years/1 2 . Wedal 2 was further adjusted for smoking status
(never/former/current) and estimated glomerular filtration rate (calculated via the Chronic Kidney Bisease
Epidemiobgy Collaboration formula). Model 3 was further adjusted for baseline systolic blood pressure. Model 4
was further adjusted for fasting glucose and dyslipidemia. Model 3 and Model 4 considering diastolic blood pressure
adjusted for diastolic blood pressatebaseline instead of systolic blood pressure. All model adjustment variables
were measured at Phase 3 (baseline) except education measured at Phase 4.

Tertile 1 Tertile 2 Tertile 3

<0.27 pg/dL 0.270.91 pg/dL >0.91 pg/dL
Systolic BloodPressure
Model 1 reference -1.60 £6.88, 3.67) -5.11 €11.02, 0.81)
Model 2 reference -1.92 €7.11, 3.26) -4.99 €10.81, 0.83)
Model 3 reference -2.14 €7.36, 3.09) -5.29 €11.02, 0.43)
Model 4 reference -1.91 €7.49, 3.68) -5.54 €11.79,0.72)
Diastolic Blood Pressure
Model 1 reference 1.49 €1.94, 4.92) -0.56 £4.23, 3.10)
Model 2 reference 1.68 €1.74, 5.10) -0.52 €4.17, 3.12)
Model 3 reference 1.67 €1.77,5.10) -0.53 £4.18, 3.11)
Model 4 reference 1.95 €1.60, 5.50) -0.57 €4.53, 3.40)
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Table A3. Mean difference in the change in systolic and diastolic blood pressure (mmHg) (from
Phase 4 [2002003] to Phase 5 [2068009]) by declines in blood lead (from Phase 3 [1997

1999] to Phase 5 [20e8009]) adjusting fomcome (N=154)Negative values represent declines in

blood pressuréModel 1 was adjusted for sex, age, center, body mass index, household income met needs (Yes /
No/Unsure), and education (<12 years/ 1 2 . Wedal 2 was further adjusted for smoking status
(never/former/current) and estimated glomerular filtration rate (calculated via the Chronic Kidney-Disease
Epidemiology Collaboration formula). Model 3 was further adjusted for hypertension treatmentfioedind

baseline systolic blood pressureotiél 4 was further adjusted for fasting glucose and dyslipidemia. Model 3 and
Model 4 considering diastolic blood pressure adjusted for diastolic blood pressure at baseline instead of systolic
blood pressure. All model adjustment variables were measuRdthaé 3 (baseline) except education measured at
Phase 4.

Tertile 1 Tertile 2 Tertile 3
<0.27 pg/dL 0.2710.91 pg/dL >0.91 pg/dL

Systolic Blood Pressure

Model 1 reference -2.69 €9.65, 4.28) -9.95 €18.59,-1.32)
Model 2 reference -2.54(-9.62, 4.55) -9.43 €17.92,-0.94)
Model 3 reference -3.63 £10.67, 3.41) -10.66 €20.19,-1.12)
Model 4 reference -4.31 €11.35, 2.72) -11.83 €21.36,-2.30)
Diastolic Blood Pressure

Model 1 reference -0.73 €4.57,3.12) -3.33 £7.30, 0.64)
Model 2 reference 0.10 ¢3.85, 4.05) -3.21 ¢7.19, 0.77)
Model 3 reference 0.26 €3.83, 4.35) -3.17 €7.27,0.93)
Model 4 reference -0.37 €4.39, 3.65) -4.30 €8.49,-0.12)

Table A4. Mean difference in the change in systolic and diastolic blood pressure (mmHg) (from
Phase 4 [2002003] to Phase 5 [206B009]) by declines in blood lead (from Phase 3 [1997

1999] to Phase 5 [20e8009]), removing declines/increases in lead valuegig/dL (N =274.
Negative values represent declines in blood pressiodel 1 was adjusted for sex, age, center, body mass index,
and education (<12 years/ 1 2 .WMedal 2 ways further adjusted for smoking status (never/former/current) and
estimated glomerular filtration rate (calculated via the Chronic Kidney Didgaidemiology formula). Model 3

was further adjusted for baseline systolic blood pressure. Modas 4urther adjusted for fasting glucose and
dyslipidemia. Model 3 and Model 4 considerifigstolic blood pressure adjusted for diastolic blood pressure at
baseline instead of systolic blood pressure. All model adjustment variables were measured at Phase 3 (baseline)
except education measured at Phase 4.

Tertile 1 Tertile 2 Tertile 3

<0.27 pg/dL 0.270.91 pg/dL >0.91 pg/dL
Systolic Blood Pressure
Model 1 reference -2.24 €7.15, 2.67) -6.89 £12.83,-0.94)
Model 2 reference -1.88 £6.83, 3.07) -6.63 £12.59,-0.67)
Model 3 reference -2.63 £7.55, 2.29) -7.24 €13.41,-1.08)
Model 4 reference -2.54 €7.80, 2.71) -7.30 €13.46,-1.13)
Diastolic Blood Pressure
Model 1 reference 1.29 €1.63, 4.22) -0.87 £4.01, 2.26)
Model 2 reference 1.55 €1.36, 4.47) -0.77 €3.94, 2.39)
Model 3 reference 1.70 €1.26, 4.66) -0.71 €3.90,2.48)
Model 4 reference 1.19 €1.91, 4.30) -1.69 £5.23, 1.85)

197




Table A5. Mean difference in the change in systolic and diastolic blood pressure (mmHg) (from
Phase 4 [2002003] to Phase 5 [2068009]) by declines in blood lead (from Phase 3 [1997
1999] to Phase 5 [2068009]), with estimated blood pressure corrections amarggttvith

hypertension treatment (N=278)odel 1 was adjusted for sex, age, center, body mass index, and education
(<12yearss 12 .Wedal 2 was further adjusted for smoking status (never/former/current) and estimated
glomerular filtration rate (caldated via the Chronic Kidney DiseaBpidemiology formula). Model 3 was further
adjusted for baseline systolic blood pressure. Model 4 was further adjusted for fasting glucose and dyslipidemia.
Model 3 and Model 4 considering diastolic blood pressurestatjufor diastolic blood pressure at baseline instead of
systolic blood pressure. All model adjustment variables were measured at Phase 3 (baseline) except education
measured at Phase 4.

Tertile 1 Tertile 2 Tertile 3
<0.27 pg/dL 0.270.91 pg/dL >0.91 pg/dL

Systolic Blood Pressure

Model 1 reference -1.65 £6.49, 3.20) -6.40 €12.23,-0.58)
Model 2 reference -1.32 (6.17, 3.53) -6.12 €11.93,-0.30)
Model 3 reference -2.25 £7.08, 2.58) -7.12 €13.14,-1.10)
Model 4 reference -1.72 (6.86,3.42) -7.68 €14.01,-1.36)
Diastolic Blood Pressure

Model 1 reference 1.35 €1.54, 4.25) -0.93 €4.01, 2.14)
Model 2 reference 1.58 €1.34, 4.50) -0.81 €3.95, 2.34)
Model 3 reference 1.63 €1.35, 4.61) -0.88 €4.07, 2.30)
Model 4 reference 1.32 €1.83, 4.48) -1.63 €5.15, 1.89)
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Figure Al. Scatterplot of blood lead concentrations measured by the Columbia University (CU) Trace

Metals Core Laboratory in New York, NY and the Centers for Disease Contr®lanevent i on ( CDC)
National Center for Environmental Health Laboratory in Atlanta, GA (N= 32 total samples) from both

Phase 3 (19971999) and Phase 5 (20@609).The solid blue line represents the slope of the linear regression

line. The dotted red line represents the line of agreement (slope= 1 and intercept= 0). Circles represent Phase 3

samples and triangles represent Phase 5 sarhpesf abbreviations: Pb = lead. CDC = Centers for Disease

Control and Prevention. CU: Columbia University.

Pb Both Phases

5-

2 3
CU Trace Metals

Figure A2. Bland-Altman (Tukey mean difference) plot displaying blood lead concentrations measured

by both the Columbia University (CU) Trace Metals Core Laboratory in New York, NY and the Centers
for Disease Control and Pr ev e nentabHealth lGo@joryim Nat i on:
Atlanta, GA (N= 32 total samples) from both Phase 3 (1P®99) and Phase 5 (20@609).The xaxis

displays the mean of the two laboratory measurements of the same blood sample, @xisthesglays the

absolute dierence in concentration between the two measurements. The mean difference (systematic bias) and
corresponding 95% confidence intervals are indicated by the dashed lines and purple boxes. The limits of agreement
(mean difference +2*the standard deviath of the difference) and corresponding 95% confidence intervals are
indicated by the dashed lines and red and green boxes. The slope of the linear model regressing the CDC sample
measurement on the CU sample measurement is listed in the plot titleHfanetat. Slopes less than 1 indicate
systematically lower concentrations measured by CU compared to concentrations measured by CDC.

List of abbreviations: Pb = lead. CDC = Centers for Disease Control and Prevention. CU: Columbia University.

Pb (Both Phases) slope: 1.05
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Figure A3. Distribution of change in blood lead concentrations (ug/dL) from Phase 3-[1997
1999] to Phase 5 [20€8009]. Calculated as blood lead measured at Phase 3 minus blood lead measured at
Phase 5

Distribution of the change in blood lead concentrations (ug/dL) from Phase 3 to Phase 5
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Figure A4. Spearman correlation coefficieriistween decline in blood lead (from Phase 3
[1997-1999] to Phase 5 [2068009]) and change in metrics of cardiac functioning (from Phase 4
[2001-2003] to Phase 5 [2068009]).* indicates pvalue <0.05; ** indicates{value < 0.01; *** indicates
p-value <0.001. Correlation coefficients greater than 0.5 are bolded. Inverse correlations are listed in red and
positive correlations are listed in green. List of abbreviations: SB&teligyblood pressure. DBP = diastolic blood
pressure. StVol= stroke volume. EFejection fraction (%). MidShort = midwall shortening. IVRT = isovolumic
relaxation time (ms). MAE = Helocity (cm/s). MAA = Avelocity (cm/s). MAEA =E/A ratio. HR = heart rate

(beats per minute). MVATRIF = atrial filling fraction. MADECT = deceleratiiome (ms).
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Figure A5. Spearman correlation coefficients between decline in blood lead (from Phase 3
[1997-1999] to Phase 5 [2068009]) and change in metrics of cardiac geometry (from Phase 4

[2006-2009] to Phase 5 [2068009]).* indicatesp-value <0.05; ** indicates{value < 0.01; *** indicates
p-value <0.001. Correlation coefficients greater than 0.5 are bolded. Inverse correlations are listed in red and
positive correlations are listed in green. List of abbreviations: LVMI = left vefarienass index. LASD = left

atrium diameter (cm). LVIDD = left ventricular diameter at diastole/height (cm/m). IVSS = inter ventricular septum

in systole. LVPWT = left ventricular posterior wall thickness in systole. RWT = relative wall thickness

Correlations between blood lead decline and change in cardiac geometry outcomes
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Figure A6. Restricted cubic spline models of the mean difference in the change in systolic blood
pressure (mmHg) from Phase 3 (199909) to Phase 5 (20a09) by declines in blood lead

from Phase 3 (1997999) to Phase 5 (20€#)09) (N=278)Negative values represent declines in blood
pressureModels are adjusted for sex, age, study center, body mass index, education (<2 ydags/ ,y e ar s )
smoking status (never/former/current), estimated glomerular filtration rate (calculated via the Chronic Kidney
DiseaseEpidemiology Collaboration formula), hypertension medication/treatment, and baseline systolic blood
pressure. All model adjustment \atrles were measured at Phase 3 (baseline) except education measured at Phase 4.
The reference is set thet 10" percentile of the change in blood lead decline distribution, with knots at ‘fren80

90" percentiles.
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Figure A7. Change in blood lead concentrations (ug/dL) from Phase 3 [199P99] to Phase
5 [20062009] relative to Phase 3 blood lead concentrationsolid lines are fitted regression lines for
tertiles of lead declines.
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Figure A8. Change insystolic blood pressureconcentrations (nmHg) from Phase 3 [1997

1999] to Phase 5 [200@009] relative to Phase 3ystolic blood pressureoncentrations Solid
lines are fitted regression lines for tertiles of systolic blood pressure declines.
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Figure A9. Change indiastolic blood pressureconcentrations (nmHg) from Phase 3 [1997

1999] to Phase 5 [200@009] relative to Phase 8liastolic blood pressureconcentrations
Solid lines are fitted regression lines for tertiles of diastolic blood pressure declines.
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Chapter 8: Conclusions

Overall conclusions

This dissertation evaluatdasomarkers ofead, uranium and selenium and their
relationships with cardiovasculautcomes in a sample of American Indians. Our findings
suggest that it is possible to predict urine uranium concentrateftecting total internal dose,
from uranium levels present in drinking watand that urine uranium was associated with
distinctmeasures of left ventricular geometry and functioning. We further repogadtadalished
biomarkersand epigenetic biomarkeo$ lead exposurean capture increased risk of CVD
incidence and CVD mortality. Although epigenetic biomarkers must be further validated in
different populations, distinct epigenetic changes associated with both lead and selenium provide
a foundation to further studire epigenetic impacts of thesgetalexposures and inform
biomarker creatiomwith relevance to diseas€his dissertation concludes witeportingthat a
decline in blood lead over tinveas associated witlmprovements in systolic blood pressure,
encouraging the need for interventions to further reduce lead exposure that can translate into
immediate benefits for cardiovascular hedfthture work should utilebiomarkers to reflect
acuteandchronicexposures in relation to shedand longterm health outcome$hese different
biomarkers of exposumust alsde interpretedn the context oenvironmental exposures, and

measures of these exposures reflected in total internal dose, that change over time.

Water uranium, urine uranium, and subclinical cardiovascular metrics
In Chapter 2, weleveloped prediction models to estimate urinary concentrations of
uranium from uranium levels in water among subsets of SHFS participants. These models

identified the influence of other contaminants measured in water, such as arsenic and selenium,
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on accurately predicting urine uranium. This supports the importance of comprehensively
understanding the geology, hydrology, and geochemical processes occurring in a given area in
order to accurately make predictions. These models also demonstrate thatesmisal in

leveraging existing data to make predictions about urine metals that are relevant for disease risk
and exposure prevention. While these prediction models come with aforementioned limitations,
the future collection of drinking water samplaken from SHS participant homes will provide

the most accurate measures of uranium in water informing modelling efforts.

In Chapter 3, widentified that urinaryraniumlevelswere adverselgssociated with
measures of cardiac geometry andfunctioning including increases in pulse pressure and LV
hypertrophy These findings were limited by the availability of urine uranium only at the
baseline study visit, not at the folleup visit. However, we were able to investigate prospective
associations between baseline uranium and metrics assessed atfpl@w findings support
the need taletermine the potential lortgrmsuoclinical andclinical cardiovascular effects of
chronic uanium exposure the general population, and the need for future strategies to reduce

exposure.

Blood lead and clinical cardiovascular disease

In Chapter 4, we reported thalbod leadevels wereassociated increased risk of CVD
and CHD incidence and mortalitidotably, this highlighted the impact of blood lead on clinical
CVD outcomes at low levels of exposure, and the increased risk of those with levels above the
CDCreference value @5 pg/L This work emphasizes tlewidence of lead as a CVD risk
factor anddemonstratethe importance of further reducing lead exposure in communities across

the United States, including American Indian comrtiagi
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In Chapter 5, we leveraged novel epigenetic biomarkers of lead exposure and reported
tibia and blood epigenetigiomarkersvereassociatedavith increased risk o£VD mortality.
This work emphasized that epigenetic biomarkerspoaentially reflecthe cardiovascular
impact ofcumulativeand recenteadexposurs. We also reported the association of eTibia and
eBlood lead biomarkers with CVD mortality was modified by sex, which was likely explained
by the creation of these epigenetic biomarkers in amd# population. This underscores the
need to further validate these biomarkers in separate populations, and the potential of epigenetic

biomarkers to capture disease risk.

Epigenome wide association study of selenium and DNAmM

In Chapter 6, wenvestigatel the associatiorbetweerurinary seleniumlevelsand
DNAm. Across 788,368 CpG sites, we reported five DMPs were significantly associated with
selenium, including the topssociated DMP (cg0016355)notated to thBisco Interacting
Protein 2 Homolog @DIP2C) gene Future analyses should explore these relationships
prospectivelyandinvestigate the potential role of differentially methylated sites with disease
endpoints. While this study has limitations, including the presence of unmeasured confounding,
the goal of this studwasinvestigating the relationshigetweerseleniumand DNAmand
providing an important starting point for future studiesadverse health outcomes. As suitlg

important to replicate these findings in additional cohorts.

Declines in blood lead and declines in blood pressure
In Chapter 7, wperformed one of the few longitudinal studesluaing if declines in

blood lead were associated with changes in systolic and diastolic blood priksalsy, we
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found that declines in blood were associated with decreases in systolic blood pressure, with
reductions in systolic blood pressure observed with lead declines greater thgrdQ. I his
identifies the cardiovascular benefits of reducing blood lead levels, even at loevels@nd

with small declines. This provides evidence for further reducing exposure acrosstedwe U
Statesand globally, as well as the need &tinical and public health interventions to prevent

lead exposure and reduce exposurevéieer, this analysis was limited by the relatively small
sample size of SHFS participants used in the analysis, and calls for larger efforts to study how

declines in blood pressure influence cardiovascular health.

Informing individual treatment

While reducing metal concentrations in the air, soil, and veathe mosfprimary
prevention strategide prevent human exposure, this dissertation underscores the need for
further research on individusdvel treatments to reduce the adverse effects of metals. Previous
work from the Trial to Assess Chelation Therapy (TACT) highlightedréyaated infusions
with disodium edeateesulted in improvements gardiovascular outcomes among participants
with a prior myocardial infarctioand those thataddiabetes. However, preliminary results from
TACT2 did not report that chelation was associated aihatistically significanteduced risk of
cardiovascular events or cardiovascular mortality. Despite mixed findings, thipromikes a
foundation for chelation to be incorporated as a therapeutic option for those aritllisease
and to inform guidelines for treating patier@aur research highlights the intricacies of how
metals influence healtbver time This understanding, coupled with further treatment strategies,
become more relevant given an aging populatidideragecanreflect a lifetime ocumulative

exposureincludingliving through periods where metals were more commonly used in
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infrastructure and consumer products. Interdisciplinary efforts between environmental health
scientists andeyontologistshould be pursued to inform exposure assessment and treatment in

aging populations.

Metal mixtures

While this dissertation has focused on lead, uranium, and selenium, future research needs
to study the impacts of metal mixtures on cardiovasddalth Although not the primary focus
of this dissertation, we have attempted to account for the effects of additional metals, including
arsenic. However, this is separate froppothesesndanalysedo account for mixtures. Future
work concerning both clinical and subclinical CVD could expand on the work of Pang ebal 201
investigating metal mixtures across the SHS andv/ihi -Ethnic Study of Atherosclerosis
(MESA)®. This research could be useful for identifying common sources of exposure in a given
population and the health impactsesfoosurdo multiple metals simultaneously. Ultimately,
efforts on metal mixtures should be performed with the goal of reducing exposure in

communities affected by these metals, as wetb @agform treatment.

Exposomiaesearch

Understanding the health effects dfiltiple metals is a naturatansitionto incorporating
exposomic research into future metals and health research. Broadly, the expfsosrtethe
totality of one’'s exposures acr r*dEBExposiamice | i fesp
relies on various methods of exposure assessment, including genomics, metabolomics, and

transcriptomics, as well as reliance on biomarkers. If we consider the importance of multiple

metals in influencing disease, it is vital to integratalyzing metals as a complex mixtwrigh
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future exposomic work. Ideally, this dissertation measuring metals in both established and
epigenetic biomarkers can be useful for future efforts in assessing exposures in drinking water

and the environmenthis includes our epigenetic work around lead and selenium. Capturing the
long-term effects of a given exposure is difficult as a single measurement only reflects a

snapshot of an exposdfé However, we can leverage epigenetics and DNAm, which reflect
environmental exposures and are stable over time. This can be used for studies on how exposures
early in life can influence disease later in the life coufée have shown that both lead and

selenium are associated with distinct changes in DNAm. These epigenetic biomarkers of lead
measured in bone and blood can capture CVD risk. For selenium, is it possible that epigenetic
changes that results from exposursdtenium, at both low and high camtrations influence

disease, and it is necessary to more fully investigate these outcomes over time.

Public healthimplications

These findings have broader public health implicatfon®oth the SHS and the general
population.Prior work has established thaterican Indians experience chronic metal
exposuresand arelevatedorevalenceCVD of and CVD risk factors. We report here that metals
such as legawith well-established linkto adverse health outcomes are still relevant for CVD
risk, even at low levels. While blood lead has bdedliningin the general US populatiolead
still remainsa CVD risk factor atheselow levels, and there is need torfber redue lead
exposure in communities across the. Additionally, our results emphasize that declines in
blood lead can provide shedrm benefits for cardiovascular health. As such, it is vital for

public health agencies to recognize that remediation of environmental lead and reduittiens
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body burden of lead can translate into improved CVD health and provide additional societal
benefits that follow from a healthy population.

We identifed that uranium is widespread in public drinking water systems, including in
SHS communities. Predictions of urine uranium from water uranium concentrations provide
important information for exposure assessment and environmental monitoring. Specifically,
accurately estimatingl@omarker reflectingnternal dose fronenvironmental monitoring data
can provide a neimvasive method testimate the internal dose of uraniufhese estimations
can be useful for not only the entire SHS cohort, but can be applieel general population.
Further, prediction methods for uraniumay translatéo other metals to estimate exposure.
These prediction models also have implications for health risk assessment and public health
interventions. Relationships between water and urine uranium can help drfokimg water
standardshatcorrespond to urine measures that have implications for health. In other words,
combining predictive modeling with the health impacts of urine uranium can inform safe
drinking water standards. This can also be used to identify populations at risk otdubadth
outcomes based on an assessment of uranium in drinking water. These implications are further
highlighted as we report a connection between urine uranium and subclinical measures of cardiac

geometry and function.

Integrating traditional biomarkers and epigenetic biomarkers into environmental health

This work emphasizes the benefits of utilizing both traditional biomarkers and epigenetic
biomarkers of metals exposure to detect relationships with CVD outctmpastantly,
epigenetic biomarkers allow us to assess exposures that may not otherwise be possible to capture

in traditional biomarkers. They further provide a reflection of cumulative total exposure, as
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opposed to a snapshot of exposure, due to the stability of epigenetic changes over time.
However, combining these biomarkers can provide a more comprehensive assessment of metals
exposure in a population. This includes identifying thresholds of exposure that result in
epigenetic or biological changes that have relevance to diggagenetic biomarkers may be

able to reflect early responses to metal exposures, that when com@asdrements in

traditional biomarkers, can provide insight into clinical manifestations of QW3 is further
highlighted by incorporating echocardiographic measures of cardiac geometry and left
ventricular function, which are useful for capturing risk, subclinical disease, and progression to
clinical CVD outcomeskurther, this provides the opportunity to discover mechanisms behind
disease onset, especyadit low levels and across different stages of disease progrdssibe

future, it would be valuable to study metal concentrations in traditional biomarkers that
correspond to epigenetic changes, and rely on epigenetic biomarkers as additional means to
assess implications for healffhis is particularly relevant for selenium, as we have established
that selenium is associated with distinct changes in DNAm, but the connections to health
outcomegemain unclear. Despite this, as evidence suggests thaleligls of urine selenium

are associated with increased risk of incident CVD, it is important to underscore the potential
epigenetic mechanisms that play a rol€WD. Looking forward it is possible that epigenetic
biomarkers can even inform personalized clinical treatmeaxtute and chronienvironmental
metals exposurédowever, it is important to acknowledge the challenges of integrating
cumulative and crossectional biomarkers, as well as uncertainty in the timing of exposure,

latency to disease, and mechanisms underscoring disease

Futuredirections
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This work underscores thazard posed bgnvironmental metalfor American Indian
communities, and the need for additional funding and research that idfomasy, secondary,
and tertiary preventioBroadly, it is important to assess the changpatialdistributiors and
concentrationef metals that populations are exposed to gfuture dimate change scenarios.
In a warming world with both changing patterns in environmental varididesprecipitation as
well as social variableske human mobility, humans will be exposed to different concentrations
of metals in drinking water armlr environmentAdditional investmergin metal mining
operationsandtransitions taelectric vehioksand renewable energpurces supports theality
that pgulationswill be further exposedtb toxic metals. Therefordt is vital to integrate a
climate change perspective into future assessments of metal exgosgesrately understand
and prevenadverse health outcomad/ith overarchingelevane to the United Nations
Sustainable Development Goals and redutiregncreasing burdesf chronic diseasg we must
acknowledge how a changing climatél ultimately alter ourexposure to metals améalize this

threat to edue the global burden of CVD.
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