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Abstract of the Dissertation

Mercury, polychlorinated biphenyls, and immune respnse indicators

in the National Health and Nutrition Examination Survey (NHANES)
by
Carolyn M. Gallagher
Doctor of Philosophy
in
Ph.D. Program in Population Health and Clinical Outomes Research
(Concentration — Population Health)
Stony Brook University

2012

Autoimmune diseases are among the leadingesaafsdeath among young and middle-aged
women, and prevalence is increasing; however, mumeine etiology is poorly understood. The
need to investigate relationships between enviroahéactors and human autoimmune
responses has been prioritized by the World Héattfanization and the National Institutes of
Health (NIH), yet epidemiologic research is spakercury (Hg) and polychlorinated biphenyls
(PCBs) are ubiquitous and persistent environmeatadlaminants with early evidence of
immunotoxic associations. Immunotoxic responsk®faa continuum, with the normal range
of immune responses at the center, immunostimulaira autoimmunity at one end, and
immunosuppression and infection at the other. Comimmnune response indicators include
antibodies against “self”, that is, the body’s omormal cells, and antibodies against pathogens
such as wild-type or vaccine-type viral antigererug vaccine antibody concentration is an

increasingly recognized parameter of children’s imesystem response to environmental



contaminants in population studies. The NIH andGkaters for Disease Control and Prevention
have prioritized the need to evaluate differentiahune responses to vaccination; and the U.S.
Department of Health and Human Services (DHHS)titled the need to evaluate the
relationships between environmental exposuresm@antlnologic outcomes in susceptible
subpopulations. Further, sex, nutritional deficiea@nd related metabolic cofactors may

represent important immune susceptibility cofactors

The objective of this dissertation reseasctoievaluate the relationships between total blood
Hg and serum PCBs with human immune response itadgcacross the continuum of

immunotoxicology among susceptible subpopulations.

My dissertation research uses cross-sectionaladéaned from U.S. probability samples of
the National Health and Nutrition Examination Syrte address gaps in epidemiologic research
of the relationships between PCBs and Hg and immesygonse indicators in each of four
separate studies A, B, C and D. Study A evalu&tesealationships between total blood Hg,
serum PCBs, and antinuclear antibody (ANA) positivan indicator of systemic autoimmune
response, stratified by sex. Study B evaluatesdlagionship betweenHgand indicators of organ-
specific immune response, specifically, thyroidoantibody positivity, as well as a risk factor
for hypothyroidism, stratified by sex and iodinatas in order to evaluate these recognized
autoimmune thyroid disease susceptibility fact8tsidies C and D evaluate the relationships
between Hg exposure and serum concentrations aflezeantibodies, and between Hg exposure
and serum concentrations of rubella antibodieapimnitionally-susceptible subpopulations of

children.



Key findings are: (A) There were no associaibetween Hg and ANA, or between
nondioxin-like PCBs and ANA, among males or fematesvever, among females, dioxin-like
PCBs were significantly and positively related tNA positivity. (B) Hg was positively
associated with the hypothyroidism risk factor agpéemales with lower iodine and iodine
deficient females, and in these same subsamplegivecassociations were also observed
between Hg and thyroid peroxidase autoantibodresohtrast to females, who showed an
overall pattern of elevated odds ratios for thynmidasures that included autoantibodies, most
consistently among females with lower and deficiedine levels, an overall inverse pattern was
evident among males with higher and excessive elgivels. (C) Positive associations were
observed between Hg and serum measles antibodoeygwith lower folate and B-12, and
higher homocysteine levels, but inverse associgatiegre observed in all other children. (D)
Positive associations were observed between Hgamun rubella antibodies in the same
nutritionally susceptible subset as in study Chwitverse associations among the remaining

subset; however, findings were observed in bottstamg girls, combined.

In this thesis, | present novel findings ospioe associations between (A) dioxin-like PCBS
and ANA positivity in females; (B) Hg exposure aadsk factor for hypothyroidism in women
with lower or deficient iodine levels; and (C) Hgp@sure and elevated serum measles 1gG
antibodies in boys with lower folate and vitamirilB-and higher homocysteine levels, as well as
elevated rubella IgG antibodies in boys and giithwhis same nutritional susceptibility.
Moreover, these are the first studies to show thelationships in a general population with
lower immunotoxicant exposure levels to these ubogg contaminants as compared with
studies in populations with known higher exposuhas to industrial pollution and/or

contaminated dietary sources. Given the divergadirfgs by sex and nutritional cofactors, an



overarching recommendation is for environmentadlemiiology to identify susceptible
subpopulations and to conduct epidemiological nresestratified by these vulnerability subsets.
Taken together, these findings shine the spotbghthe need for prospective studies that take an
integrative approach to evaluate these relatiosshgposs the immunotoxicological continuum,
and have the potential to guide public health decisnaking for the protection of the most

vulnerable.

Vi



Table of Contents

List of Figures... p. ix

List of Tables... p. x

List of Abbreviations... p. xiii
Acknowledgments... p. Xxiv

Publications... p. xv

Introduction to Dissertation Research... p. 1

Chapter 1: Polychlorinated biphenyls, mercury, antinuclear antibody positivity, NHANES
2003-2004...p. 22

Abstract... p. 22
Introduction... p. 23
Methods... p. 25
Results... p. 29
Discussion... p. 31

Chapter 2: Total blood mercury and thyroid autdaodies in U.S. females and males aged 12
years and older, NHANES 2007-2010... p. 42

Abstract... p. 42
Introduction... p. 44
Methods... p. 47

Results for Females... p. 52
Results for Males... p. 55
Discussion... p. 57

Conclusion... p. 64

vii



Chapter 3: Total blood mercury and measles antilbodigentrations in U.S. children aged 6-11
years, NHANES 2003-20004... p. 82

Abstract... p. 82
Introduction... p. 84
Methods... p. 86
Results... p. 90
Discussion... p. 92

Chapter 4: Total blood mercury and rubella antibodiycentrations in U.S. children aged 6-11
years, NHANES 2003-2004... p. 104

Abstract... p. 104

Introduction... p. 106

Methods... p. 109

Results... p. 114

Discussion... p. 115

Dissertation Research Conclusions... p. 127
Recommendations for Future Research... p. 134
Concluding Statement... p. 141

References... p. 143

viii



List of Figures
In Introduction:
Figure 1. Continuum of Immunotoxicology...p. 18
Figure 2: Overview Study Diagram...p. 19
Figure 3: Epidmiologic Knowledge & Gaps...p. 20
Figure 4: Hypotheses... p. 21
In Chapter 3:
Figure 1: Residualized Hg vs. measles antibody eatnation: boys with lower folate, high
MMA, high homocysteine (n=61)... p. 101
Figure 2: Residualized Hg vs. measles antibody eatnation: boys with high folate, low MMA,
low homocysteine (n=119)... p. 102
Figure 3: Residualized Hg vs. measles antibody eaination: all other children with high
golate, low MMA, low homocysteine (n=308)... p. 103
In Chapter 4:
Figure 1. Residualized Hg vs. rubella antibody emiation: Children with lower folate, higher
MMA, and higher homocysteine (n=110)... p. 125
Figure 2. Residualized Hg vs. rubella antibody emiation: All other children... p. 126
In Dissertation Research Conclusions
Figure 1: How might mercury interact with nutritedrstatus to influence immune response?... p.
166

Figure 2: Model for environmental chemical and yadpulation risk assessment... p. 167



List of Tables

In Chapter 1:

Table 1. Sample weighted mean (standard erroresalvequency distributions (#) and weighted
proportions (%) by antinuclear antibody (ANA) posty status, U.S. females aged 12-85 years,
NHANES 2003-2004... p. 38

Table 2. Odds ratios (95% CI) for the relationstbpsveen antinuclear antibody (ANA)
positivity (n=114 affected + 518 unaffected) anthtadioxin-like PCBs, U.S. females aged 12-
85 years, NHANES 2003-2004... p. 39

Table 3. Odds ratios (95% CI) for the relationstbpsveen antinuclear antibody (ANA)
positivity (n=114 affected + 518 unaffected) anthtdioxin-like PCBs, total nondioxin-like
PCBs and total blood mercury (Hg), U.S. femaleslagz 85 years, NHANES 2003-2004... p.
40

In Chapter 2:

Table 1. Weighted sample descriptive statistice-pi@gnant, non-lactating females aged 12 and
older, NHANES 2007-2010 (n=3976)... p. 65

Table 2. Logistic regression results for the reteghip between total blood mercury (Hg) and
thyroid outcome measures; non-pregnant, non-lactdémales aged 12 years and older;
NHANES 2007-2010 (n=3976)... p. 67

Table 3. Logistic regression results for the reteghip between total blood mercury (Hg) and
thyroid outcome measures; non-pregnant, non-lactdémales aged 12 years and older with
urine iodine levels below sample median (143.29 yMHANES 2007-2010 (n=1988)... p. 69

Table 4. Logistic regression results for the relaghip between total blood mercury (Hg) and
thyroid outcome measures; non-pregnant, non-lacfdémales aged 12 years and older with
urine iodine levels above sample median (143.28) /HANES 2007-2010 (n=1988)... p. 71

Table 5. Sensitivity analysis: Multivariable loggstegression results for the relationship
between continuous log-transformed total blood mgr¢Hg) and thyroid outcome measures;
non-pregnant, non-lactating females aged 12 yeat®ller, NHANES 2007-2010, for iodine
deficient (n=1330) and iodine excéssbsamples (n=717)... p. 73

Table 6. Weighted sample descriptive statisticdemaged 12 and older, NHANES 2007-2010
(n=4110)... p. 74



Table 7. Logistic regression results for the retaghip between total blood mercury (Hg) and
thyroid outcome measures; males aged 12 yearsldag NHANES 2007-2010 (n=4110)... p.
76

Table 8. Logistic regression results for the retaghip between total blood mercury (Hg) and
thyroid outcome measures; males aged 12 yearsldadwaith urine iodine levels below sample
median (166.7 pg/L); NHANES 2007-2010 (n=2054)..7p.

Table 9. Logistic regression results for the retaghip between total blood mercury (Hg) and
thyroid outcome measures; males aged 12 yearsldadwaith urine iodine levels> sample
median (166.7 pg/L); NHANES 2007-2010 (n=2056)..79.

Table 10. Sensitivity analysis: Multivariable lotigsregression results for the relationship
between continuous log-transformed total blood mgr¢Hg) and thyroid outcome measures;
males aged 12 years and older, NHANES 2007-2@t0odline deficient (n=1090) and iodine
excesSsubsamples (n=945)... p. 81

In Chapter 3:

Table 1. Sample subset weighted mean (standarg galoes, frequency distributions and
proportions for boys with lower folate and higheM¥ (n=98) and for all other children
(n=594), aged 6-11 years with seropositive meagtatantibody concentrations and reliable
parental dietary recall report (n=692), NHANES 2@®4... p. 98

Table 2. Weighted linear regression coefficien&4CI) for the relationship between
continuous log-transformed total blood mercuyrgnfl/L) and measles virus antibody
concentrations, for overall sample and sample ¢spskildren aged 6-11 years with seropositive
measles viral antibody concentrations and relipbkental dietary recall report, NHANES 2003-
2004... p. 99

Table 3. Weighted linear regression coefficien&49CI) for the relationships between
continuous total blood mercury (Hg), Hg quartil€y &and measles virus antibody
concentrations, for boys with higher MMA, lowerdt¢ and higher homocysteine; all other boys
with lower homocysteine; and all other childrenwlitbwer homocysteine: children aged 6-11
years with seropositive measles viral antibody eatr@tions and reliable parental dietary recall
report, NHANES 2003-2004... p. 100

In Chapter 4:

Table 1. Sample Subset Weighted Mean (Standara)Bfedues, Frequency Distributions (#)
and Weighted Proportions (%) for Subset 1: ChildAéth Lower Folate, Higher MMA, and
Higher Homocysteine Levels, and for Subset 2: Ah€D Children; Aged 6-11 Years With
Seropositive Rubella Viral Antibody Titers and Rblie Parental Dietary Recall Report (n=690),
NHANES 2003-2004... p. 122

Xi



Table 2. Linear Regression Coefficients (95% Chthe Relationships Between Continuous
Log-transformed Rubella Virus Antibody Titers (laid Continuous Log-transformed Total
Blood Mercury tmol/L) and Total Blood Mercury Quatrtiles, for Sub%e Children With Lower
Folate, Higher MMA, and Higher Homocysteine Levalsd for Subset 2: All Other Children;
Children Aged 6-11 Years With Seropositive Rub¥liieal Antibody Titers and Reliable
Parental Dietary Recall Report, NHANES 2003-2004.. 138

Table 3. Linear Regression Coefficients (95% Chthe Relationships Between Continuous
Log-transformed Rubella Virus Antibody ConcentrasdlU) and Continuous Log-transformed
Total Blood Mercury @mol/L) and Total Blood Mercury Quartiles; Overalr8ple: Children
Aged 6-11 Years With Seropositive Rubella Viral dody Concentrations and Reliable
Parental Dietary Recall Report, NHANES 2003-2004680)... p. 124

Xii



List of Abbreviations

ANA antinuclear antibody

B regression coefficient

BMI body mass index

Cl confidence interval

EPA eicosapentaenoic acid

Hg mercury

IFN-a interferon alpha

IFEN-[1 interferon gamma

IgG immunoglobulin G

IU international unit

MMA methylmalonic acid

NHANES National Health and Nutrition Examinationr&ey
PCB polychlorinated biphenyls

RNA ribonucleic acid

SLE systemic lupus erythematosus

SSPE subacute sclerosing panencephalitis
TgAb thyroglobulin autoantibody

TPOAD thyroid peroxidase autoantibody
g/l micrograms per liter

pmol/L micromoles per liter

Xiii



Acknowledgments

| owe many thanks to my advisor, Dr. Jaymié/Rliker. Thank you for teaching me how to
conduct environmental epidemiologic research angdar thoughtful perspectives on how to
interpret and communicate findings. Your insightfeliable and patient guidance on matters
guantitative and qualitative has been much appetiall along the way.

Thank you to Drs. Marc G. Golightly, Anne EcEroy, and Dylan M. Smith for serving on
my committee, with specific thanks to Dr. Golightty enhancing my understanding of the very
complex subject of immunology, to Dr. McElroy fare®uraging me to investigate new
toxicological directions, and to Dr. Smith for yoemthusiastic and clear communications on the
meaning and application of statistics.

To all of you, | feel fortunate to have had benefit of your wisdom, and deeply appreciate
your encouragement and good nature.

*kk

Special thanks to my father, who sparked myngifie curiosity, and to my mother, who told
me to always have a goal.

Xiv



Publications

Gallagher CM, Smith DM, Golightly MG, Meliker JRofal blood mercury and rubella antibody
concentrations in US children aged 6-11 years, NHAN003-2004. Sci Total Environ
2012;442C:48-55. doi: 10.1016/j.scitotenv.2012.892.Jepub ahead of print]

Gallagher CM, Meliker JR. Mercury and thyroid auttlodies in U.S. women, NHANES 2007-
2008. Environ Int 2012;40:39-43.

Gallagher CM, Smith DM, Meliker JR. Total blood roery and serum measles antibodies in US
children, NHANES 2003-2004. Sci Total Environ 204110-411:65-71.

Gallagher CM, Meliker JR. Total blood mercury,gtea homocysteine, methylmalonic acid and
folate in US children aged 3-5 years, NHANES 19994 Sci Total Environ 2011;409:1399-
405.

Gallagher CM, Goodman, MS. Hepatitis B vaccinattbmale neonates and autism diagnosis,
NHIS 1997-2002. J Toxicol Environ Health A 2010;1A&365-77.

Gallagher CM, Chen JJ, Kovach JS. Environmentaingaich and breast cancer risk. Aging
2010;2:804-14.

Gallagher CM, Meliker JR. Blood and urine cadmilohood pressure, and hypertension: a
systematic review and meta-analysis. Environ HeRdttspect 2010;118:1676-84.

Gallagher CM, Moonga BS, Kovach JS. Cadmium, fldistimulating hormone, and effects on
bone in U.S. women age 42 to 60 years, NHANESHviron Res 2009;110:105-11.

Gallagher CM, Goovaerts P, Jacquez GM, Hao Y, J&nkileliker JR. Racial disparities in
lung cancer mortality in U.S. congressional dis$rid 990-2001. Spat Spatiotemporal Epidemiol
2009;1:41-47.

Gallagher CM, Kovach JS, Meliker JR. Urinary cadmiand osteoporosis in U.S women age 50
and older, NHANES 1988-1994 and 1999-2004. Envilealth Perspect 2008;116:1338-1343.

Gallagher C., Goodman M. Hepatitis B triple sekiascine and developmental disability in US
children age 1-9 years. Toxicol Environ Chem 200897-1008.

Gallagher C. ‘Parsimonious’ versus patient-cemteare: quality issues in childhood
immunization. J Healthc Qual 2003;25:28-35.

XV



Introduction to Dissertation Research

Public Health Need

Autoimmune diseases are among the leadingesanf death among young and middle-aged
women (Walsh and Rau, 2000; NIH, 2005); howevemeru International Classification of
Disease and Related Health Problems- ( ICD-9-)dasethodology to establish leading causes
of death underestimates this fact (Walsh and RA@QOR Trend studies show increasing
incidence from 1960-1996 for Type | diabetes worttey(Onkamo et al., 1999), increasing
prevalence from 1965-1995 for multiple sclerosigasthenia gravis, primary billiary cirrhosis,
and scleroderma in the U.S. (Jacobson et al.,)188d an almost 3-fold increase in the
incidence of systemic lupus erythematosus betw®&f and 1992 across two population
cohorts from Rochester, Minnesota (Uramoto etl&99). Yet, autoimmune etiology is poorly
understood (WHO, 2006). The leading working hypsifieaccording to a National Institute of
Environmental Health Sciences expert panel worksbigpes that “autoimmunity results from a
susceptible genetic background and the impactedfip environmental factors” (Selmi et al.,
2012). This is an area of critical public healtlediewhich has seen few investigations into
environmental factors; a need recognized both nalip (Miller, 2011) and worldwide (WHO,

2006).

Immunotoxicants interact with the immune syste induce adverse effects of
immunosuppression, as well as immunostimulationaridimmunity (Klaassen, 2008).
Whereas antibodies against “self”, that is, theyy®dwn normal cells, are indicators of
autoimmune responses, antibodies to pathogensaneliaator of the body’s response to non-
self antigens such as wild-type or vaccine-typalhantigens. Microbial pathogens,

1



environmental toxi cants and host susceptibiligy @factors that may interact to contribute to
disease risk, and therefore, it has recently begpgsed that environmental epidemiological
research integrate toxicological and infectiougas® models to evaluate potential interactions
(Feingold et al., 2010). The National InstitutedHafalth and the Centers for Disease Control and
Prevention recently identified the evaluation dfatential immune responses to vaccination as a
research priority (NIH, CDC, 2011). Serum vaccingk@dy concentration is an increasingly
recognized parameter of immune system responsevimamental contaminants in population
studies (Grandjean et al., 2012; Jusko et al., 22001) and the U.S. Department of Health and
Human Services identified the need to evaluatdioglships between environmental exposures

and immunologic outcomes in susceptible subpomrat{US DHHS, 2011a).

Exposures of Concern for Human Health

Mercury and PCBs are contaminants found in.tt& food supply, particularly fish
(ATSDR, 1999; 2000). The Environmental ProtectiageAcy recently prioritized regulation of
mercury emissions from power plants (US EPA, 20k2a) issued national guidance on disposal
of PCB-containing fluorescent lights (US EPA, 20)l&bprotect Americans from potential
health impacts of current exposure sources. Althde@Bs have not been manufactured in the
U.S. since 1977, U.S. residents may still be expp¢sd*CBs by eating contaminated food,
particularly fish, and breathing contaminated Af$DR, 2000). Healthy People 2020 targets
mercury and PCBs for reduced human exposure, dssvether environmental chemicals with
evidence of immune toxicity, such as arsenic, leadmium, halogenated aromatic
hydrocarbons, perchlorate and pesticides (Klaag$#8; US DHHS, 2011b). Here | focus on

mercury and PCBs, where early evidence existsdgest associations with immunomodulation
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and/or autoimmune-mediated diseases, and suffidetaton exposures and outcomes of interest
are available from the National Health and Nutntiexamination Survey (NHANES), a
nationally-representative sample of the noninstihglized U.S. population (CDC, 2011a). This
dissertation represents some of the first epideagiolstudies of the relationships between these

contaminants and immune response indicators.

The continuum of immunotoxicology

Immunotoxicology is a continuum, with the namange of immune responses at the center,
morbidity and mortality secondary to immunostimigdatand autoimmunity at one end, and
immunosuppression and infection at the other (ledurKlaassen, 2008). Autoimmune diseases
may be systemic, e.g., systemic lupus erythemat@LE), and characterized by non-organ
specific antibodies, such as antinuclear antiboawagch attack normal proteins within the
nucleus of cells, or organ-specific, as in autoimethyroiditis with thyroid-specific antibodies
(Golightly and Golightly, 2002). Elevated thyrogldim autoantibodies (TgAb) and thyroid
peroxidase autoantibodies (TPOAb) have been obdénveatients with other autoimmune
diseases, for example, elevated TgAb in patientis primary biliary cirrhosis and autoimmune
hepatitis, and elevated TPOAD in patients with jryrbiliary cirrhosis (Nakamura et al., 2008).
Further, there may be overlap between infectioestsgand autoimmune disease; for example,
infections with the rubella virus may be comorbidhwautoimmune thyroiditis (Jaume, 2011),
some autoimmune diseases may be triggered by ectimifis agent (NIH, 2006-2007; Munz et
al., 2009), and evidence of an association betwhemnic arthritis after rubella vaccination, as
well as between thrombocytopenic purpura after leeasaccination, is recognized by the
Advisory Committee on Immunization Practices (MiJl2011). Autoimmune diseases have been

3



associated with elevated levels of viral antibatbrs; for example, associations have been
observed between the measles, mumps, and EpstainiBes-1gG antibody levels with multiple
sclerosis (Kinnuen et al., 1990); serum antibotbemeasles and rubella viruses with multiple
sclerosis and rheumatoid arthritis (Shirodarial .etl&87); measles-specific IgG antibody
concentrations and juvenile idiopathic arthritie{jstek et al., 2012); and serum antibodies to
the Measles-Mumps-Rubella-1l vaccine with increasselin basic protein antibodies in
children with autism (Singh et al., 2002), a nedexelopmental disorder of poorly understood
etiology. Autism has more recently been charaatérizy brain-specific autoantibodies (Cabanlit
et al., 2007; Wills et al., 2009; Goines et al.12Pand elevated serum IgG4 antibodies
(Croonenbergs et al., 2002; Enstrom et al., 2008)]atter may indicate an underlying
autoimmune disorder or immunosuppression with apmsiet chronic viral infections
(Croonenberghs et al., 2002). Further, Munz g28l09) reviewed bi-directional aspects of the
immunological continuum, for example, how pathogemght trigger autoimmune disease on
the one hand, yet on the other, how autoimmunityctrigger reactivation of pathogens.
Xenobiotics, including environmental contaminacts) interact with immune function to
exaggerate immune responses, both immunostimulatidnmmunosuppression, and so, induce

autoimmune and infectious diseases, respectivdba@sen, 2008).

Mercury, immunosuppression, and immunostimulation

Mercury is present in the environment in sav@arms. Methyl mercury is an
organomercurial metal that humans are exposed &atiyg contaminated fish (ATSDR, 1999).
Although low amounts of Hg occur naturally in thevigEonment, large releases of elemental Hg
from industrial sources, particularly coal-firedwer plants, are widespread and persistent

4



(ATSDR 1999). Deposition to marine environmentsifeto conversion to methylmercury by
aquatic microorganisms, concentration of Hg inrthescle tissue of fish (USGS, 2009), and
bioaccumulation in the marine food chain (ATSDR93Q9USGS, 2009). Ethylmercury is an
organomercurial metal found in small amounts intrddse vials of medicines and vaccines,
such as some influenza vaccines, and is more yaglidhinated from the body (CDC, 2011b), as
is phenylmercury, an organomercurial which has hessa as a fungicide in paint and as a
preservative in contraceptive and cosmetic prodi&RC, 1993). Mercury released from
dental amalgam fillings or broken fluorescent ligltbs are potential sources of exposure to

metallic, or elemental, Hg.

The specific form of Hg may differentially InEnce the immunologic effects over time by
acting on B cells that make antibodies againsgans, and T cells, important for cell-mediated
immunity. In addition to cytotoxic T cells that kjathogens, T cells include both T helper cells
that assist B cells to mature into plasma cellfhfonoral immunity and other T cells that can
inhibit B cell development (Chin and Alonazi, 201RJsey et al. (1990) showed that repeated
low dose injections of inorganic Hg in rats indugedyclonal activation, whereby multiple
antibodies are produced when different antigensearegnized, with short lived increases in
thyroglobulin autoantibodies and more sustainecegses in total immunoglobulin G (IgG)
antibodies and cellular autoantibodies to singlarsled DNA (ssDNA) and to double-stranded
DNA (dsDNA ). Both methyl mercury and ethylmercirgve immunosuppressive effects, with
subsequent immunostimulation and autoimmune effaatsice (Havarinasab and Hultman,
2005). For example, in genetically susceptible msodcutaneous injections of 540 pg of

methylmercury/kg body weight per day caused a 4&daction of B-cells and a 9% reduction



of T-cells, and a similar dose of thimerosal (ethgtcury) caused a 65% reduction of T- and B-
cells; these reductions were observed five daysgqsosure (Havarinasab et al., 2005). After 9
days of methylmercury exposure, and after 30 dagshymercury exposure, splenic T- and B-
cells showed an increase (Haggqvist et al., 20@%akHnasab et al., 2005). Moreover,
ethylmercury induced strong autoimmunity, e.g.jrardleolar antibody (AN0A) positivity, in

this second phase, which may be due in part tongttabolism of ethylmercury to inorganic Hg
(Havarinasab et al., 2005). Recently, Zhang €fall1) showed that exposure to 50uM
inorganic Hg in drinking water from gestational dato post-natal day 21 induced T-cell
dependent polyclonal B-cell production of brainateae IgG antibodies against nuclear proteins
in male and female mice with known susceptibildyHg-induced nephritis. In a mouse model
absent susceptible genes, Abedi-Valugerdi (2008)eH that long term exposure to inorganic
Hg induced B-cell activation and increased antikpolar autoantibodies with anti-fibrinollarin
specificity, and thus, raised the question of waetnvironmental factors may be more

important than genetic susceptibility for inductioinautoimmunity.

Another type of T cell releases cytokines|-sgjnaling proteins such as interferon gamma
(IFN-y) that can induce inflammation, e.g. in patientdhwvaiutoimmune thyroiditis (Bossowski et
al., 2011), or drive viral clearance, e.g., in nessirus-infected brain tissue (Stubblefield et al
2011). Human cellular studies showed that inorgidlgg@and methyl mercury increased pro-
inflammatory cytokine release, whereas ethyl mgrdacreased the release of the cytokine IFN-
v (Gardner et al., 2010a). Methylmercury was alsseoled to inhibit IFNy in vitro (de Vos et
al., 2007). IFN+ activates phagocytic cells to confer protectioaiasf viruses (Steward-Tharp

et al., 2010). Pellisso and colleagues (2008) skhawat in vitro exposure of bottlenose dolphin



leukocytes to 5 and 10 ppm inorganic Hg signifibadecreased phagocytosis by 20% and 40%,
respectively, and interpreted findings as evideheeéHg exposures reduce host resistance to
disease. Whereas B-cell secretion of IFNkas been linked to the inflammatory cascade of
autoimmunity (Vaughan et al., 2011), an emergirsigint is that IFNy deficiency exacerbates
autoimmunity mediated by IL-17 producing T-cellsg@ard-Tharp et al., 2010). Further,

Nyland et al. (2011) found that, among fish constsne Amazonian Brazil, total blood Hg was
associated with increased antiviral IFNwith this exception: IFN- decreased with
methylmercury exposure in the subpopulation widvated ANA. While there may be
differences from exposure to different forms of Hgth inorganic and organic forms appear to
exert immunological effects that span the immunmimegical continuum, and subpopulation

susceptibility may be an important effect modifier.

Schiraldi and Monestier (2009) suggest thastdglf-hydryl-binding properties, i.e., high
affinity for thiol molecules such as the T-cellratellular tripeptide glutathione, may underlie
the immunological effects of Hg. Glutathione isranye source of intracellular thiols and is
required for induction of IFN4, and therefore, inhibition of IFN+ production by Hg in
susceptible rats may be attributable to Hg-glutatiiinteractions (Schiraldi and Monestier,
2009). Zhu et al. (2000) also suggest that Hg'scttyxis attributable to its sulf-hydryl-binding
capacity, and thus, acts as an enzyme inhibitoergimg evidence from human studies lends
support to this broader mechanism. Gundacker. €@D7) reported increased hair Hg
concentrations, a measure of longer term methylangrexposure, in male and female subjects
with deletion polymorphisms in genes that expréstathione-S-transferase, an enzyme that

catalyzes the binding of glutathione with Hg famsport out of the cell, and consequently,



detoxification. In a more recent study, althouglaiic polymorphisms were inconsistent with
the former study, Goodrich et al. (2011) found thalymorphisms in a gene that expresses
glutathione synthetase, an enzyme that catalyzeathione synthesis, influenced hair Hg levels
following exposure to methylmercury from fish congation. Mechanistic studies have also
shown that methyl- (Smith and Smith, 1990) and leifWaly et al., 2004) Hg inhibit the

enzyme methionine synthase, which converts homeinestnto methionine, a key methyl donor
for biological functions driven by the vitamin B-12nd folate-dependent methylation cycle
(Waly et al., 2004), and that Hg inhibits the conglof iodine-containing thyroid proteins by the
enzyme thyroperoxidase (Kawada et al., 1980; N&bidal., 1986). Thus, Hg's enzyme binding

capacity may relate to nutritional as well as gemnaisceptibility in sensitive subpopulations.

Different human biomarkers of Hg indicate éiffnt forms of Hg exposures. Total blood Hg
is primarily a biomarker of organic Hg exposured afthough it also may reflect exposure to
inorganic Hg, total blood Hg is an established kadker of exposure to methyl mercury over the
past 1.5 to 2 months (EFSA, 2004). Mahaffey e{28l04) showed a significant association
between total self-reported fish intake over thet 38 days and total blood Hg in U.S. women of
childbearing age (adjusted multiple correlationfioent=.54; p<0.0001). Ursinyova et al.
(2012) reported positive correlations between tmalmer of maternal amalgam fillings and total
Hg in maternal blood and cord blood (r=0.460; p€Q.and r=0.460; p<0.001) and between the
number of maternal amalgam fillings and methylmgrén maternal (r=0.476; p=0.005) and
cord (r=0.475; p=0.006) blood in a sample of 75heoichild pairs from Eastern Slovakia. Urine
Hg, rather than blood Hg, is a recognized biomadfdruman exposure to inorganic Hg that is

eliminated over a period of several weeks to mo(iSDR, 1999).



There are few epidemiologic studies that exanaissociations between Hg exposure and
autoantibodies that target the body’s own cellsrgans, or antibodies to infectious agents such
as viruses; however, emerging evidence suggesisiagsns between Hg exposure and immune
response indicators. Specifically, high ANA tit€rd:80 relative to <1:80) showed a significant
positive association with incremental log-transfechthanges in blood Hg in a homogeneous,
riverine population (OR=2.8; 95% CI=1.1, 7.5) (Nyket al., 2011). Moreover, Stern and Korn
(2001) used simulation to show that large-scaldespiologic research often fails to detect a
dose-response relationship between Hg and neurlogienental endpoints if it only exists in
sensitive subpopulations that comprise less tha@%-of the total population (Stern and Korn,
2001). Subgroups with nutritional deficiencies megresent subpopulations susceptible to metal
uptake (Gochfeld, 1997; Gallagher et al., 2011bj.éxample, iron deficiency was associated
with 0.044 ug/g creatinine greater urine cadmiuB?49C1=0.020, 0.069) and 0.162 ug/L greater
blood cadmium (95% CI1=0.132, 0.193) in U.S. wom@allagher et al., 2011b). Further, the
combined methylation cycle/transsulfuration pathwewplving folate, vitamin B12, and
homocysteine is emerging as a biologically plagsibbdifier of the association between

environmental toxicants and immune-related disardérand Khuraran Hershey, 2012).

Homocysteine may represent a susceptibilifgator through several biological mechanisms;
for example, as a consequence of vitamin B12 aladifaeficiency (Schroecksnadel , 2003), as
an indicator of altered amino acid metabolism (Ditfat al., 2012), and as either a cause or
consequence of immune-inflammatory activation ottarsstic of autoimmunity (Lazerini et al.
(2007). Further, experimental research found tbatdtysteine inhibited metallothionein

(Barbato et al., 2007), a protein that reduces Hiavailability (Aschner, 1997; ATSDR, 1999)



and cytotoxicity (Rising et al., 1995; Vitarellaat, 1996; Yao et al., 1999), suggesting the
potential for a Hg-homocsyteine interaction. Myopriesearch showed an inverse relationship
between Hg and homocysteine in boys with lowertéoéand B-12 levels, but not in other
children; however, this subset showed higher hormsteaye levels relative to boys and girls with
higher B vitamin levels (Gallagher and Meliker, 2D1Therefore, studies that evaluate Hg dose-

response in susceptible subpopulations may rediemtfic knowledge regarding Hg toxicity.

In summary, mechanistic evidence indicatesigahas both immunosuppressive and
immunostimulatory effects. Epidemiologic researobvjles evidence to suggest that Hg is
associated with systemic autoimmunity and decreasgdiral interferon in high exposure
populations. Overall, however, epidemiologic stgd®assess the potential role of Hg within the

immunotoxicological continuum, and that stratify d1ysceptible subpopulations, are sparse.

Polychlorinated biphenyls, immunosuppression, amaunostimulation

Less is known about PCBs’ effects on the imensiystem. Cord blood levels of Hg and PCBs
were inversely and weakly correlated with naivepbell-cells, and plasma IgG levels were
higher in newborns from a subsistence fishing salpgicompared to a reference subgroup
(Belles-Isles et al., 2002). Human studies hase shown an inverse relationship between
prenatal PCB exposure and children’s immune resptmsaccines (Heilman et al., 2006), as
well as increased odds for respiratory infectioroaginfants with the highest non-dioxin-like
PCB prenatal exposure and lowest dioxin-like PC&8hptal exposure (Glynn et al, 2008).
Experimental studies have shown that PCBs redugeiime system function by binding to the
aryl hydrocarbon receptor (AhR) (Silkworth and Gatin, 1982; Kerkvliet, 1995; ATSDR,

2000; US EPA, 2012c). Mechanistic evidence algpstts the biological plausibility of aryl
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hydrocarbon receptor (AhR)-mediated xenobiotic-sethautoimmunity (Stockinger et al.,
2011). The AhR is part of a transcription factmmily that senses environmentally induced
changes such as cytokines (immune mediator prgtdinanones and chemicals with
consequent gene expression that can shift immuaed®atowards either immune suppression
by regulatory T cells (Tregs) or autoimmunity bylThcells, a class of T cells that express the
AhR (Stevens and Bradfield, 2008). Experimentataesh showed that dioxin enhanced Treg
activity and suppressed autoimmunity in mouse nwdkeéxperimental autoimmune
encephalitis (Quintana et al., 2008), autoimmureowetinitis (Zhang et al., 2010), and Type 1
diabetes (Kerkvliet et al., 2009); however, the inma effects of dioxin-like and non-dioxin-like
PCBs’ binding with the AhR are uncertain, and epia#ogic studies to evaluate associations
between PCBs and autoimmune function are sparde-médiated proinflammatory response is
another mechanism of action for dioxin-like PCB®fidig et al., 2002; Kim et al., 2012), and
for nondioxin-like PCBs, as suggested by a recetysof children with asthma (Tsuiji et al.,
2012). Further, a National Institute of Environnariealth Sciences expert panel workshop
recently concluded that incomplete knowledge reiggrthe role of environmental contaminants
in promoting Thl7-mediated autoimmunity by ligattenAhR represents an important gap in
scientific understanding (Selmi et al., 2012). Ass-sectional NHANES study reported a
positive association between PCBs and rheumatpi aythritis, an autoimmune disease, in
women (Lee et al., 2007), and a study of highly R&Bosed Taiwanese women showed
increased risk for systemic lupus erythematosugatiiyr(Tsai et al., 2007). Cebecauer et al.
(2009) observed a significant positive associalietween ANA prevalence and higher serum
PCB concentrations among adults from East Slovatistnicts that included one area with

known heavy PCB pollution and two others with backgd PCB pollution. The relationship
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between serum PCB concentrations and ANA prevalbasenot been evaluated in a U.S.
probability sample. Further, although ANA prevalerms higher among women compared to men
(Satoh et al., 2012), associations between PCB&AMdhave not been investigated separately
for males and females. In addition, associatiot&déen ANA and PCBs by congener type, i.e.,
dioxin-like versus nondioxin-like, have not beemlenxated. This represents an important gap in
public health knowledge because, per the Toxic Edency Factor (TEF) model for calculating
PCB risk, the immunotoxicity of dioxin-like PCBsytonot nondioxin-like PCBs, is mediated by
additive congener activation of the aryl hydrocaribeceptor (AhR) (Giesy and Kannan, 1998).
Moreover, nondioxin-like PCBs may antagonize thenimotoxic effects of dioxin-like PCBs
via non-AhR mediated mechanisms (Henry and De\2@®3; Tyrphonas and Feely, 2001).
Therefore, studies to evaluate associations bet&dixprevalence and dioxin-like and
nondioxin-like PCBs, separately, and for males f@naales, separately, may contribute to

scientific knowledge regarding toxicity of this petent pollutant.

Data Source

My dissertation research utilizes publicly daale data from The National Health and
Nutrition Examination Survey (NHANES) to evaluatsaciations between antinuclear
autoantibodies and Hg and PCBs, between thyrombatibodies and Hg, and between serum
measles and rubella virus antibody concentratinsHg These measures were selected in
consideration of their relevance to the proposedarch and are described in greater detail in the
pertinent chapters. Choice of exposure and outcopesures are limited by requirements for
their dual availability in NHANES sample subsetsadéquate sample size with consistent

analyte measurement methods across survey yeasNBE8 uses a complex, multistage,
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probability sampling design to select participaejsresentative of the civilian, non-
institutionalized US population. Each sample pelisassigned a sample weight that reflects
adjustments for complex survey design (includingreampling), survey nonresponses, and
post-stratification, to ensure that calculatednestes are representative of the non-
institutionalized US population (CDC, 2011c). NHES is an unparalleled resource for
environmental epidemiologic investigations becatssdata files contain the exposure and
outcome variables of interest, as well as measfrpstential confounders, effect modifiers and
related covariates. NHANES data is intended foringpidemiologic research to identify

possible risk factors for disease and related onéso(CDC, 2011a).

Overview of Dissertation Research

My dissertation research aims to address ga@gidemiologic research on the relationships
between environmental contaminants and immune rnsgpodicators in each of four studies A,
B, C and D, presented in Chapters 1, 2, 3, ameispectivelyThe primary aims of Study A
are to evaluate the relationships between total btml Hg, seruumPCBSs, and antinuclear
antibody (ANA) positivity , and is the first epidemiologic study to do sangsa large and
diverse US sample and stratifying by males and fesna order to evaluate susceptibility by
sex. Thus, my dissertation research extends kn@wlefithe relationship between Hg and PCBs
and ANA positivity beyond high exposure populatiofgrther, this is the first study to evaluate
PCB congener type-specific associations with ANAifaty. | hypothesize that Hg and PCBs

will be positively associated with ANA positivity.

The primary aim of Study B is to evaluate theelationship between Hg and thyroid

autoantibody positivity, and is the first to do so in US-representativada stratified by sex
13



and iodine status in order to evaluate these razedrautoimmune thyroid disease susceptibility
factors (Baskin, 2002; WHO, 2007)hypothesize that Hg will be positively associatewith
indicators of thyroid autoimmunity in females, andin additional stratification by iodine

status, particularly for females with either iodinedeficiency or iodine excess as defined by

the World Health Organization (2007).

The primary aims of Studies C and D are to evaate the relationships between Hg
exposure and serum concentrations of measles antifies, and between Hg exposure and
serum concentrations of rubella antibodies, in nutitionally-susceptible subpopulations of
children; this study is unique in its assessment of dogesrese for the outcome of IgG
antibodies, measures of T cell-dependent functionadunity (Jusko et al., 2010; Dietert and
Holsapple, 2007) and persistence of viral-speéficell immunity (Haralambieva et al., 2011) in
sensitive subpopulations.hypothesize that Hg will be positively associatedith serum
measles and rubella antibody concentrations in a rittionally susceptible subpopulation of

children.

Figure 2 presents an overview study diagragyrg 3 presents epidemiologic knowledge and
gaps, and Figure 4 presents study hypotheses. Hargétese study aims address the
immunotoxicology continuum, by addressing outcondiaators of both autoimmune and
infectious response, and their relationships withnsical exposures of prime public health
concern. The rationale for the proposed exposutesawe analyses are supported by
experimental studies that support biologically glale mechanisms of action, epidemiologic
studies that suggest relationships in human papuakgtas well as the availability of rigorously
measured biomarkers of exposure and outcome a@taset intended for hypothesis testing

14



(CDC, 2011a). Moreover, the proposed approachesrageie by virtue of utilizing larger,

diverse samples with heterogeneous exposuresuacdible subsets.

Statistical Analysis

Statistical analysis is conducted using SA&YCN.C.) version 9.3 and incorporates primary
sampling units, strata, and appropriate samplesabdample weights in accordance with
complex survey design recommendations (CDC, 201 bgistic regression procedures are
conducted to evaluate dichotomous outcomes andrlnegression procedures are conducted to
evaluate continuous outcomes. Odds ratios andd&@bffidence intervals are reported as
measures of effect for logistic regression and betdficients and 95% confidence intervals are
reported as measures of effect for linear regrastioweighted models are used to assess
robustness of the direction and magnitude of tfeceéstimate. Bivariate linear regression and
residual plots are visually inspected in orderetedmine whether linearity assumptions are met
for linear regression, with re-examination using-toansformations. Results of multiple linear
regression are presented in both tabular and gdlgttgph format; the latter using residualized
exposure variables, as in previous work (Gallaghail., 2011a). Sample weights were plotted
against exposure measures to evaluate outlieliHANES recommended methodology (CDC,
2011d). For both linear and logistic regression et@dmulticollinearity is assessed using
tolerance statistics (Allison, 2006). Exposure ales are entered in the models as both
continuous and categorical variables. A benefiishg continuous exposure variables is that
incremental effects may be estimated in the absehseentific knowledge regarding specific
exposure levels associated with the outcomes efaat; however, a disadvantage is lack of

information regarding dose-response. Thereforegoaical exposure variables were also used
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e.g., quartiles or quintiles, with p-values repdrter trend tests to evaluate dose-response
relationships. In consideration of the reduced pavfenodels that use categorical variables,
continuous measures offer the additional benefgreterving power, as well as the means to
detect possible threshold effects by evaluatingadapes from linearity. Both multivariable-
adjusted and unadjusted models are evaluated.\Mrtilible models are built based upon initial
consideration of candidate covariate’s relationshigth the exposure and outcomes per the
scientific literature, and based upon final consatien of model estimated effects using
backward elimination methods. The rationale foatdied analyses, e.g., sex, nutrient status, is
based upon prior evidence in the literature aniissitzal tests for interactions. Model
performance is compared using the Akaike Infornma@oiterion. Only models demonstrating
adequate fit per the convergence criterion aregptesl. Alpha significance levels are set a priori

at 5 percent.

Public Health Significance

As many as 23.5 million Americans have an iautaune disease according to the National
Institutes of Health (NIH, 2006-2007). The prevakers increasing (US DHHS, 2005) and
women are disproportionately affected (Walsh and, RA00); however, the causes remain
largely unknown (NIH, 2006-2007). Mercury and PGBs environmental contaminants of
concern because of widespread human exposure afthmstic evidence of their association
with immune response (Havarinasab and Hultman, ;28@%arinasab et al., 2005; deVos et al.,
2007; Gardner et al., 2010a, 2010b; Silkworth anab&tein, 1982; Kerkvliet, 1995; US EPA,
2012c), yet epidemiologic studies of their assomnatvith immunity are sparse, particularly in
general populations with background environmemgther than higher exposures from known
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industrial or occupational sources. In recognitidthe threats that these ubiquitous
contaminants pose to human health, the US EPAitues Hg and PCBsfor environmental
regulation, and Healthy People 2020 has targe@&i@ercent reduction in the level of blood Hg
in U.S. children and women of childbearing agewal as a 30 percent reduction in the level of
serum PCBs in the U.S. population ages 12 yearsled (US DHHS, 2011b). By investigating
results separately for women, as well as looking susceptible subpopulations such as children
with nutritional deficiencies, any positive findmgyill shine the spotlight on the need for
prospective studies of these relationships withenilmmunotoxicological continuum, and guide

public health decision-making for the protectiortted most vulnerable.
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Figure 1.
Continuum of Immunotoxicology

o Adverse effects of immunostimulation

= Normal range of immune responses

o Adverse effects of immunosuopression

\)

Adapted with permission of the publisher (McGraw-Hill Companies) and the editor (Klaassen CD ) of Casarett & Doull’s
Toxicology: The Basic Science of Poisons; McGraw-Hill Medical , copyright 2008 by the McGraw-Hill Companies
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Overview Study Diagram:
Mercury, PCBs, and immune response indicatorsin NHANES

STUDY A

STUDY B

STUDY C

STUDY D

Figure 2.
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Figure 3

Hg, PCBs and immune response indicators: Epidemiologic Knowledge & Gaps

STUDY A

STUDY B

STUDY C

STUDY D

What we know

* In high Hg exposed riverine populations, high ANA\

associated with blood Hg (Nyland et al., 2011)

* In Slovakian residents of areas including those with

known PCB pollution, ANA prevalence associated with

serum PCB concentrations (Cebecauer etal., 2009)

* In US women, PCBs associated with rheumatic

arthritis (Lee et al., 2007), and with SLE mortality in
ighly exposed Taiwanese women (Tsai et al., 2007) j

What we don’t know

s

\'ﬁ* By susceptible subgroup, e.g., sex?

<+ In lower exposure US population, is Hg

associated with ANA prevalence?

+* By susceptible subgroups, e.g., females,

higher homocysteine?

<+ In general U5 population, are dioxin-like and

nondioxin-like PCBs associated with ANA?

~N

f
* In US women, Hg significantly positivelvassociate?:l‘
with thyroglobulin autoantibody positivity, using
NHANES 2007-2008 (Gallagherand Meliker, 2012)

. 7

(’- Hair mercury was nonsignificantly inversely
associated with serum antibodies against
tetanus and diphtheriavaccinations in children
(Heilmann etal., 2010)

* The methylation cycle/transsulfuration
pathway involving folate, B12 and
homocysteine is emerging as a modifier of

associations between environmental toxicants
\ and immune responses (Ji and Hershey, 2012)

.

f@ Are associations between Hg and TgAb,

TPOAb, elevated thyrotropin, and/or a
hypothyroid risk factor evidentinan expanded
NHANES 2007-2010 sample?

++ Stratified by susceptibility subgroups, e.g., sex,

iodine status?

b
<

.

+ Is Hg associated with measles antibody
concentrations in U.S. children?
<+ By susceptible subgroups, e.g., stratified by sex,

higher MMA, lower folate, and
higher homocysteine?

S
~

/

'/_- Total blood mercury was positively associated
with serum measles antibodies in boys with lower
folate, lower B-12, and higher homocysteine, but
negatively associated in all other children
(Gallagher etal., 2011)

* Higher % of serum rubella antibody variabiity

\ attributable to environment (Tan et al, 2001)
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Figure 4

Hg, PCBs and immune response indicators: Study Hypotheses

Autoimmunity

STUDY A

STUDY B

STUDY C

STUDY D

Hypotheses

{;g and PCBs will show positive

associations with ANA in susceptible
subgroups, e.g., Hg and PCBs in females,
and Hg in subjects with higher
homocysteine.

.

J

( Stratification by iodine status will show
positive associations between Hg and
thyroid antibody positivity and between
Hg and hypothyroid risk factorin
ksusceptihle subgroup, e.g., females.

~

J/

( Hg will be positively associated with
measles antibody concentrationsin
susceptible children, e.g., boys

with higher MMA, lower folate, and
G higher homocysteine

~

J

ng will be positively associated with
rubella antibody concentrations in
susceptible children, e.g., boys with
higher MMA, lower folate, and higher

\homocvsteine

)

J
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Chapter 1
Polychlorinated biphenyls, mercury, and antinuclearantibody positivity,
NHANES 2003-2004

Abstract

Serum antinuclear antibody positivity (ANA)dhlaeen associated with elevated serum PCBs
among residents in PCB-polluted areas; howeveocassons in general populations have not
been reported by congener type or with adjustr@amitij. Cross-sectional data on serum PCBs,
total blood Hg, ANA, and potential confounders agee, body mass index, menopausal status,
and dietary eicosapentaenoic acid (EPA) were obdairom the 2003-2004 National Health and
Nutrition Examination Survey (NHANES) for males aedhales aged 12-85. PCB congeners
were summed separately for dioxin-like and nondidiie PCBs; the former were weighted for
toxic equivalent factors. Total PCBs by congeneetand Hg were analyzed as both continuous
log-transformed variables and as categorical damtlLogistic regression models were stratified
by sex. There were no associations between nomdliea PCBs or Hg and ANA among males
or females. Among females (n=114 affected and Si8fected), adjusting for potential
confounders, the prevalence odds for ANA postitiwere significantly elevated per
incremental increase in log-transformed dioxin-eéBs (Odds Ratio {OR}=1.66; 95%
Confidence Interval {Cl}=1.24, 2.23); the highesbxin-like PCB quintile (>0.00425 - 0.04339
ng/g) was significantly associated with 4.04 (95%2Z°43, 6.70) greater prevalence odds for
ANA positivity relative to the lowest quintile ¢£+<0.001). We present novel findings of an
association between low-level dioxin-like PCBs &MA among women. No associations were

observed between Hg and ANA at Hg levels commahedJS population.
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Introduction

Autoimmune diseases are common, of incregsiegalence, and are characterized by
antibodies that attack the body’s own normal q@JISDHHS, 2005). Antinuclear antibodies
(ANA) are antibodies directed against proteins imithe cell nucleus, and are indicators of
systemic autoimmunity in humans (Golightly and @btly, 2002), as well as higher mortality
risk (Chou et al., 2011). Polychlorinated biphengi® persistent environmental contaminants.
Higher serum dioxin-like chemical concentrationguising PCBs have been associated with
increased mortality risk in the U.S. populationn(let al., 2012). Although PCBs have not been
manufactured and used in the U.S. since 1977,rds&lents may still be exposed to PCBs by
eating contaminated food, particularly fish (ATSD®R00). Contaminated air is another
important exposure source (ATSDR, 2000); for examiple United States Environmental
Protection Agency issued guidelines for the safieoneal and disposal of PCB-containing
fluorescent light ballasts because leaks may exgdseol-children, teachers, and other school
personnel to unsafe levels of PCBs in the air tiresathe (US EPA, 2012b). Immunosuppression
and immunostimulation are recognized biologica¢etf of PCB exposure (Kramer et al., 2012;
Strauss and Heiger-Bernays, 2012). Experimentdiestihave shown that PCBs reduce immune
system function by binding to the aryl hydrocarbeceptor (AhR) (Silkworth and Grabstein,
1982; Kerkvliet, 1995; ATSDR, 2000; US EPA, 2008 &inger et al., 2011). AhR-mediated
proinflammatory response is another mechanisactwbn for dioxin-like PCBs ( Hennig et al.,
2002; Kim et al., 2012), and for nondioxin-like P&Bs suggested by a recent study of children
with asthma (Tsuiji et al., 2012). Human studiesehstvown an inverse relationship between

prenatal PCB exposure and children’s immune resptmsaccines (Heilman et al., 2006), as
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well as increased odds for respiratory infectioroaginfants with the highest non-dioxin-like
PCB prenatal exposure and lowest dioxin-like PC&hptal exposure (Glynn et al, 2008). A
cross-sectional NHANES study reported a positigmeaiation between PCBs and rheumatoid
type arthritis, an autoimmune disease, in wome @teal., 2007), and Tsai et al. (2007)
reported higher death rates caused by systemis legthematosus among females exposed to
PCBs by consuming contaminated rice; both of tlaegeimmune diseases are characterized by
detectable antinuclear antibodies (Chellingworthlgt1984; Golightly and Golightly, 2002).
Cebecauer et al. (2009) observed a significantigesassociation between ANA prevalence and
higher serum PCB concentrations among adults frast Slovakian districts that included one

area with known heavy PCB pollution and two otheith background PCB pollution.

The relationship between serum PCB conceantratand ANA prevalence has not been
evaluated in a U.S. probability sample. Furtheéhalgh ANA prevalence is higher among
women compared to men (Satoh et al., 2012), asgm@ebetween PCBs and ANA have not
been investigated separately for males and femidl@shave associations between ANA and
PCBs by congener type, i.e., dioxin-like versusdioxin-like, been evaluated. This represents
an important gap in public health knowledge becapsethe Toxic Equivalency Factor (TEF)
model for calculating PCB risk, the immunotoxiaitfydioxin-like PCBs, but not nondioxin-like
PCBs, is mediated by additive congener activatiath@ aryl hydrocarbon receptor (AhR)
(Giesy and Kannan, 1998). An additional considerai$ that nondioxin-like PCBs may
antagonize the immunotoxic effects of dioxin-likeBs via non-AhR mediated mechanisms

(Henry and DeVito, 2003; Tyrphonas and Feely, 200hgrefore, the primary aim of this study
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is to evaluate associations between ANA prevalamckedioxin-like and nondioxin-like PCBs,

separately, and for males and females, separatdlye general U.S. population.

Total blood Hg, a biomarker of methylmercuryrh dietary fish consumption, may
potentially confound the relationship between P@Bd ANA, or be associated with ANA
independent of PCBs. Among fish consumers in AmezoBrazil, high ANA titersX1:80,
relative to <1:80) were positively associated veithincremental increase in log-transformed
blood Hg (OR=2.8; 95% CI=1.1, 7.5) (Nyland et aD11). Therefore, the primary analysis of
the relationship between ANA prevalence and didike-and nondioxin-like PCBs considers
total blood Hg as a potential confounder, and amsgary aim is to evaluate associations between

total blood Hg and ANA prevalence.

Methods

Study design

Cross-sectional, secondary data on serum mtitbodies to human cellular antigens , serum
polychlorinated biphenyl (PCB) concentrations, tbtaod Hg, 24-hour estimated dietary intake
of EPA, body mass index, menopausal status and giayploic data were obtained from the
2003-2004 National Health and Nutrition Examinatiurvey (NHANES), a stratified

multistage probability sample of the civilian norsiitutionalized population of the U.S.

Analytic sample

A one third subsample of NHANES 2003-2004 ipgrants aged 12 years and older in the
subsample with serum measures of dioxin-like antlioxin-like PCBs had stored sera used for

testing of antinuclear antibody positivity (ANA)aa on these measures were not available in
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other years of data with the exception of the 12002 NHANES datasets; however, serum PCB
data from these years were limited by considerhlgiier limits of detection, so were not
included in the current study. The analytic sangxeluded pregnant or lactating women in order
to minimize potentially related hormonal influen@exl was limited to survey participants with
data on the variables described in the precedictpseon study design. The analytic sample

domain was stratified by sex yielding 632 femaled 70 males.

Outcome measure

Testing of IgG autoantibodies to human caHlaintigens was performed by the HEp-2 cell
immunofluorescence assay (CDC, 2012a). Antinudesibody (ANA) positivity was defined as

intensities of 3 and 4 (Satoh et al., 2012).

Exposure measures

PCBs were measured in serum by high-reswligas chromatography/isotope dilution high-
resolution mass spectrometry (CDC, 2008). Valueséoum PCB concentrations below the
limit of detection were calculated by dividing tetection limit by the square roof of 2 (CDC,
2008).This study used values reported on a lipjdsadd basis. Serum lipid-adjusted PCB levels
are recognized biomarkers of body burden and/oosx, with half-lives greater than one week
(ATSDR, 2000). Exposure source and amount influesecem half-life. For example, for large

exposures to PCBs in river waters, the estimatéeifeais 8-9 months (ATSDR, 2000).

Dioxin-like PCBs included the following PCB congesiewith corresponding ( toxic
equivalency factor {Van den Berg et al., 2006}) dinahit of detection {CDC, 2009}]: PCB 81
(0.0003) [13.1 pg/g]; PCB 105 (0.00003) [0.4 ngR(:B 118 (0.00003) [0.6 ng/g); PCB 126
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(0.10) [13.9 pg/g]; PCB 156 (0.00003) [0.4 ng/gT;B>157 (0.00003) [0.4 ng/g]; PCB 167
(0.00003) [0.4 ng/g]; PCB 169 (0.03) [15.9 pg/gl;B>189 (0.00003) [0.4 ng/g]. After applying
the toxic equivalency factors, toxic equivalent&(@s) of dioxin-like PCBs were summed and
log-transformed to address skewness in order @tei@e continuous measure of total dioxin-like
PCBs. Nontransformed total dioxin-like serum PCBJBEwere grouped into quintiles based
upon the analytic sample frequency distributionrider to create a categorical variable for

evaluating dose-response.

Nondioxin-like PCBs included the following PCB camgrs, with corresponding [limits of
detection {CDC, 2009}]: PCB 28 [1.7 ng/g]; PCB 434 ng/g]; PCB 49 [0.4 ng/g]; PCB 52 [0.8
ng/g]; PCB 87 [0.4 ng/g]; PCB 99 [0.6 ng/g]; PCBLY0.6 ng/g]; PCB 110 [0.8 ng/g]; PCB 128
[0.4 ng/g]; PCB 138 [0.4 ng/g]; PCB 146 [0.4 ng/BB 149 [0.4 ng/g]; PCB 151 [0.4 ng/g];
PCB 153 [1.1 ng/g]; PCB 170 [0.4 ng/g]; PCB 172[0g/g]; PCB 177 [0.4 ng/g]; PCB 178 [0.4
ng/g]; PCB 180 [0.4 ng/g]; PCB 183 [0.4 ng/g]; PC® [0.4 ng/g]; PCB 187 [0.4 ng/g]; PCB
194 [0.4 ng/g]; PCB 195 [0.7 ng/g]; PCB 196&2034[@g/g]; PCB 199 [0.4 ng/g]; PCB 206
[0.7 ng/g]; PCB 209 [0.7 ng/g]. Nondioxin-like PC&re summed and log-transformed to
address skewness in order to create a continuoasuresof total nondioxin-like PCBs.
Nontransformed total nondioxin-like serum PCB caniaions were grouped into quintiles
based upon the analytic sample frequency distohuti order to create a categorical variable for

evaluating dose-response.

Covariates

Satoh et al. (2012) observed that, in additiofemale sex, other factors associated with ANA

prevalence in a U.S. representative sample weexr alge, African American race and normal
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weight. Therefore, these factors were considergmbential confounders in statistical models.
Body mass index (BMI) was calculated as weighogdiams) divided by height (meters
squared). For adults, standard BMI cut points weet to define underweight (BMI <18.5),
normal weight (referent; 182BMI< 25), overweight (BMI 25-BMI <30, and obese (BNH30).
For adolescents, corresponding sex-specific BMHaige weight status categories were used
(CDC, 2000). Age was measured in years as a canighaovariate. Race/ethnicity was
categorized into three groups: nonHispanic whigéefent), nonHispanic black and other.
Eicosapentaenoic acid (EPA), an n-3 polyunsaturaiiig acid derived from fish oil, is another
potential confounder, as a recent review interpret@entific findings to suggest that induction
of Tregs by EPA may inhibit autoimmune responseafhwet al., 2011). Dietary intake of EPA
was estimated by trained NHANES interviewers bagsxh 24-hour recall of respondents, and
was limited to participants with reliable recals@as determined by trained NHANES
interviewers (CDC, 2007). A categorical variablesvadgveloped for EPA using the following
groupings: none (referent), above sample medt@roQ09 gm), and below sample median. Whole
blood Hg concentrations were measured using ingdelgtcoupled plasma mass spectrometry
(CDC, 2006b), with a lower detection limit of 0.8/L.. A continuous measure of total blood
Hg was log-transformed to address skewness; Hgaisasgrouped into quintiles based on the
frequency distribution to address dose-responseolptusal status was also included as a
covariate in order to control for the potentialgnéounding effect of related hormonal status
(Deng and Liu, 2009; Lahita et al., 1979; Lahitalet1981; Lahita et al., 1982; Weidler et al.,
2004); a woman was considered menopausal if shenetaan adolescent, not pregnant or

lactating, and reported not having menstruated theepast 12 months.
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Statistical Analysis

Statistical analysis was conducted using SB&Y, N.C.) version 9.3. Primary sampling
units, strata, and dioxin subsample weights wererporated in accordance with complex
survey design recommendations for hypothesis gpstird the generation of U.S. population-
representative statistics (CDC, 2011c). In the pryranalysis, logistic regression analysis was
used to evaluate the relationships between diakenadnd non-dioxin-like PCBs and ANA
positivity, stratified by sex. In the secondary lgess, relationships between total blood Hg and
ANA positivity were similarly evaluated. Odds ragiand 95% confidence intervals were
reported as measures of estimated effects, botijustad and adjusted for covariates. Simple
and multiple logistic regression were used to ea&@associations between the binary outcome
measure of ANA positivity and dioxin-like and nomxin-like PCBs and Hg, as both
continuous log-transformed measures and categayigatiles, with p-values reported for trend
tests to evaluate dose-response relationshipsngitsaty analysis was conducted using
unweighted measures of association by omitting §ampeights from the model but
incorporated sample strata and primary samplimtg o account for the complex, multistage,
probability sampling design (CDC, 2011c). Multico#arity was assessed using tolerance
statistics, with a value of <0.40 considered intiNeaof collinearity (Allison 2006). Additional
sensitivity analysis was conducted to assess aIntuateomitted a covariate with a borderline
tolerance statistic. Adequacy of model fit was aa#td using the convergence criterion; alpha

significance levels were set a priori at 5 percent.

Results
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There were no statistically significant asations between PCBs or Hg and ANA among
males; results are presented in Tables for fematdg, Analyte concentrations did not differ
between ANA positive and ANA negative females. Meagugsal status was the only significantly
different covariate between ANA positive and ANAgasve females, with a greater proportion

of ANA negative females menopausal (39%) relatovANA positive females (29%) (Table 1).

There were no statistically significant asations between nondioxin-like PCBs and ANA in
females; results are presented in Table 2 for diiike PCBs, only. Multicollinearity diagnostics
for the fully-adjusted Model 4 indicated tolerarc®.40 for age (0.23), log-transformed dioxin-
like PCBs (0.30) and log-transformed nondioxin-Ik€Bs (0.20). Model 5 omitted collinear
variables age and nondioxin-like PCBs, and shativat] per unit increase in log-transformed
total dioxin-like PCBs, the odds for ANA positivitlg women were significantly increased by
66%, adjusted for total blood Hg, race, body madex, menopausal status and dietary EPA
(OR=1.66; 95% Cl=1.24, 2.23) (Table 2). In the ynatbd Model 1, the odds for ANA
positivity per unit increase in log-transformedaiadioxin-like PCBs was 1.17 (95% CI=0.91,
1.52), but increased by 32% to 1.54 (95% CI=0.880Rwhen log-transformed total nondioxin-
like PCBs were added in Model 2. Nondioxin-like P&C#howed a nonsignificant inverse

relationship with ANA in the model with both dioxlike and nondioxin-like PCBs (Table 3).

Relative to the lowest dioxin-like PCB quistithe highest dioxin-like PCB quintile showed
significantly increased odds for ANA positivity women in Model 2 that adjusted for
nondioxin-like PCBs (OR=3.83; 95% CI=1.12, 13.06)Model 3 that additionally adjusted for
total blood Hg (OR=4.30; 95% CI=1.32, 14.04); indéb 4 that additionally adjusted for age,
race, body mass index, menopausal status, andaydieRa (OR=5.36; 95% CI=1.55, 18.54);
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and in Model 5 that omitted collinear covariatéage and non-dioxin-like PCBs (OR=4.04;
95% Cl=2.43, 6.70). Corresponding p-values fordriar these adjusted models were 0.047,

0.021, 0.021, and <0.001, respectively (Table 2).

In the secondary analysis, log-transforméal food Hg was nonsignificantly inversely
associated with ANA in women in unadjusted (OR=09&0 Cl=0.42, 1.30), fully adjusted
(Model 4: OR=0.69; 95% CI=0.42, 1.12), as wellrathie analysis that omitted collinear
variables (Model 5: OR=0.63; 95% CI=0.40, 1.01)d@ementary Table). There was no
evidence of a statistically significant trend i timnodels using Hg quintiles; however, the odds
ratios comparing Hg quintiles to the lowest quantlecreased as the Hg quintiles (Q) increased.
For example, in Model 5: Q2: OR=2.15; 95% CIl=14046, Q3. OR=2.04; 95% CI=0.71, 5.88,

Q4: OR=1.50; 95% CI=0.90, 2.52; Q5: OR=0.95, 95%034, 1.39) (Supplementary Table).
Discussion

We report the novel finding of a positive asation between dioxin-like PCBs and ANA in
U.S. females, but not males, consistent with tleaigr prevalence of ANA positivity among
women (Satoh et al., 2012). Previous researcheofelationship between non-TEF-weighted
total serum PCB concentrations of dioxin-like awaaioxin-like PCBs, combined, i.e., PCBs
28, 52,101, 105, 114, 118, 123, 138, 153, 156, 167, 170, 180, and 189) and ANA in East
Slovakian adults from regions with both known aadkground PCB pollution reported an
approximate twofold greater prevalence of ANA pogit among males and females, combined,
with PCB levels in the"(1,517-2,734 ng/qg lipid) and"§2,740-32,273) highest quintiles
relative to the lowest PCB quintile (149-679 ngpd) (Cebecauer et al., 2009). Comparable

lipid-adjusted serum PCB exposure levels in th®. dre substantially lower. In the current
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NHANES study, we conducted a supplemental frequelstyibution analysis, without TEF
weighting, in males and females, combined, limitethese same PCBs, with the exception of
PCBs 114 and 123 which were not included in the GDNational Exposure Report, and the
addition of PCB 158, which is co-reported with PCE (CDC, 2010). Corresponding U.S.
upper quintile limits for the 1st™and 8" quintiles were 31.01 ng/g, 176.0 ng/g, and 1624.3
ng/g, respectively. Therefore, we show for thstfirme a positive association between ANA

positivity and lower background environmental expes to dioxin-like PCBs in U.S. women.d

Evidence of a suppressive confounding effiel@gKinon et al., 2000) on the estimate for
dioxin-like PCBs was observed for nondioxin-like B this is consistent with scientific
knowledge regarding the apparent antagonistic &sflgicsome nondioxin-like congeners on the
immunotoxic effects of dioxin-like congeners, pautarly through non-AhR mediated biological
mechanisms (Henry and DeVito, 2003; Tryphonas aely-2001), although statistical
influences also merit consideration. Specificallg, considered the statistical influences of
multicollinearity among independent variables aossible explanation for the observed
elevated risk from dioxin-like PCB exposure. Usihg 0.40 cutoff tolerance statistic suggested
by Allison (2006), multicollinearity diagnosticsditated multicollinearity between log-
transformed dioxin-like PCBs (Tolerance=0.30), toasformed nondioxin-like PCBs
(Tolerance=0.20), and age in years (Tolerance=pv#8) approximately twofold inflation of
standard errors. Among females, log-transformedidilike PCBs were significantly correlated
with log-transformed nondioxin-like PCBs (r=0.8liyiting our ability to adequately tease out
dioxin-like effects independent of non-dioxin-likffects. However, it is notable that Glynn et

al. (2008) also reported strong correlations andiogin-like and nondioxin-like PCBsX%0.93)
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in infants, as well as differential effects on immeuwesponse, although in an opposite direction
with increased risk for respiratory infections asated with nondioxin-like PCB exposures, and

protective association with dioxin-like PCB expasir

In the current study, age in years was algoifscantly correlated with dioxin-like PCBs
(r=0.68) and nondioxin-like PCBs (r=0.80). Thisding is consistent with work from others
(Cebecauer and et al., 2009; Lee et al., 2007¢t.al., 2012) suggesting multicollinearity and
difficulty statistically adjusting for age. Nonetless, age is a possible confounder for many
outcomes hypothesized to be associated with P@Bgefbre most investigators choose to adjust

for age.

In light of possible multicollinearity for ginly correlated covariates age, nondioxin-like
PCBs, and dioxin-like PCBs , we chose to presesultg both with and without adjustment for
these covariates. Model 5, with dioxin-like PCBsl avithout correlated nondioxin-like PCBs
and age variables, generated results similar téutheadjusted Model 4, with slightly attenuated
estimates and more stable confidence intervalss mbdel included the menopause covariate in
order to control for the statistically indicatedddsiologically plausible confounding effects of
estrogen-related influences (Deng and Liu, 2009jtazet al., 1979; Lahita et al., 1981; Lahita et

al., 1982; Weidler et al., 2004).

Results presented use data weighted in accoedaith complex survey design so that
estimates would be representative of the U.S. @tjonl (CDC, 2011c). In sensitivity analyses,
we also examined robustness of results without Bagwweights; in Model 5, the estimate for
associations between the continuous measure oindie PCBs and ANA was attenuated (OR

per unit increase in log-transformed total dioxkelPCBs=1.34 (95% CI=1.12, 1.61). The odds
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ratio comparing the highest to the lowest PCB dleintas similarly attenuated (OR=2.04; 95%
Cl=1.29, 3.22; Rene<0.001) (results not shown in tables). The attaonaif the relationship
between dioxin-like PCBs and ANA in the unweighteddel suggests the potential for
underestimating associations in the absence of lexnspirvey weighting and reveals the

influence of several heavily weighted data points.

Menopause showed statistically significartigélweaker, correlations with log-transformed
dioxin-like PCBs ( r=0.49), log-transformed nondim¥ke PCBs (r=0.61), and age (r=0.76).
Sensitivity analysis was also conducted using @kted model that, in addition to omitting age
and nondioxin-like PCBS, omitted the menopause iateg which showed a borderline
tolerance statistic of 0.42. Observed associatigre attenuated for continuous log-transformed
dioxin-like PCBs (OR=1.31; 95% CI=1.01, 1.71). Relato the lowest dioxin-like PCB
quintile, the highest dioxin-like PCB quintile’ssaiation with ANA was also attenuated

(OR=2.23; 95% CI=1.37, 3.644&+0.015).

Inclusion of highly correlated variables inb@ same regression model has been shown to
cause unstable results that may result in incoo@atlusions (Allison, 2006; Steinmaus et al.,
2009); therefore, consideration of multicollinewiit epidemiologic studies of PCBs is critical.
Weighted Model 5 balanced controlling for confourgdlby menopause with minimizing
multicollinearity, and generated stable and eleVai#ds ratios for the relationship between
dioxin-like PCBs and ANA positivity. Further reselrns merited to confirm dioxin-like PCB

effects on human immune responses.

The aryl hydrocarbon receptor (AhR) is pdra eranscription factor family that senses

environmentally induced changes such as cytokingsgne mediator proteins), hormones and
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chemicals with consequent gene expression thasltiémmmune balance either towards
immune suppression or autoimmunity (Stevens amadfield, 2008). Our findings of a positive
association between dioxin-like PCBs and ANA pwogitiin females, together with other human
studies that report associations between PCB exg®sind cellular autoimmunity (Cebecauer et
al., 2009) and autoimmune disease (Lee et al.,;ZI¥A et al., 2007) lend support to
mechanistic evidence of dioxin-like PCB proinflantorg effects via the Aryl hydrocarbon
receptor (Hennig et al., 2002; Kim et al., 2012gdWanistic research indicates that the direct
association of the AhR with estrogen or androgeep®rs mediates the modulation of
estrogen/androgen signaling by dioxins (Ohtakd.e2@08; 2011), and that the dioxin-like PCB
congener 126 exerts estrogenic effects (MortenadrAaukwe, 2008). Further, the AhR also
mediates estrogen signaling through the ubiquitgtesn, which senses environmental stressors
such as dioxin (Ohtake et al., 2011), and may plegle in preventing systemic autoimmunity
(Tavares et al., 2010; Kool et al., 2011) with dettation of this system linked to autoimmune
diseases (Fierabracci, 2012). Additional mechanisearch is warranted to elucidate how
PCBs might differentially affect immune responsenales and females via the aryl hydrocarbon

receptor.

Inclusion of total blood Hg in the models diot appreciably alter the effect estimates for
dioxin-like PCBs; therefore, there was a lack aflemce for confounding. Moreover, total
blood Hg was not associated with ANA in the secop@aalysis. This is in contrast to findings
of Nyland et al. (2011) in a higher methylmercurpesed riverine population. The authors
noted that, although the range of values of blogdeyels in their population included the range

of values reported in the U.S. population, the getoimmean in the riverine population (42.5
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pa/L) was significantly higher compared to the Up8pulation (1.02 pg/L) (Mahaffey et al.,
2004; Nyland et al., 2011). The upper quintile of iH our study population begins at 1.8 pg/L.
Therefore, we interpret the current null findingsiadicative of the absence of a Hg-ANA

association at lower levels of Hg exposure chargtie of the U.S. population.

A major strength of the current study is tise of a U.S. probability sample to generate
prevalence odds ratios that are generalizablegt®tB. population of women, thus enhancing
external validity. Moreover, restricting analysisthe NHANES dataset with the most sensitive
serum PCB detection enhances internal validityimportant limitation is that, as in any cross-
sectional epidemiologic study, causality cannotiérmined in the absence of an established
temporal association. Further, this study has éthfgjower given reliance on only 2003-2004
data; moreover, attenuation in unweighted analgsesn analyses without age or menopause
adjustment suggests the possibility of chance fiigslicannot be ruled out. Residual
confounding also may have influenced our findiregough potential confounders were
identified from the scientific literature and maoslstatistically adjusted for their possible
influences. We were not able to include serum nreasiUEPA; however, our variable for
estimated 24 hour dietary EPA intake was signifigalbeit weakly, correlated with serum
EPA in a small subsample of 194 NHANES 2003-2004i@pants with serum EPA measures
within the dioxin subsample (r=0.30). Given recimdings that ANA positivity was associated
with a higher mortality risk among children and Edoents (Chou et al., 2011) and their
potential for exposure in school environments (WPRAE2012b), further research is warranted to
address potential health risks among this vulnerabbpopulation. Future studies of PCBs also

warrant special consideration of multicollinearity.
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In conclusion, using a U.S. probability sampler findings suggest a positive association
specific to dioxin-like PCBs and ANA positivity women, but do not lend support to previous
findings of associations between ANA positivity adg at levels of exposure common in the
U.S. Results do, however, lend support to U.S.iputdalth objectives for the reduction of
human exposure to PCBs (US DHHS, 2011b). Prospestiwdies using larger sample sizes are

called for to validate our findings, and to furtlmvestigate PCBs and autoimmune diseases.
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Table 1. Sample weighted mean (standard error) values, frequency distributions (#) and weighted

proportions (%) by antinuclear antibody (ANA) positivity® status, U.S. females aged 12-85 years, NHANES

2003-2004.

ANA positive (n=114)

ANA negative (n=518)

Mean (SE) total serum dioxin-like PCBs® (ng/g)
Min/max

3.61x107 (0.4x10°)
0.44x103/43.39x10°

3.58x10-3 (0.2x10°)
0.44x10%/30.73x10°

Mean (SE) total serum nondioxin-like PCBs (ng/g)*
Min/max

143.24 (15.84)
14.53/1411.68

150.87 (7.24)
11.94/1032.36

Mean (SE) total blood mercury (ug/l) 1.30(0.13) 1.47 (0.09)
Min/max 0.10/8.9 0.10/24.20
Mean (SE) age (years) 39 (2) 39 (1)
Min/max 12/85 12/85
# (%) with:
No reported EPA intake® 31(28) 153 (30)
EPA intake below the sample median 41 (33) 181 (33)
EPA intake above the sample median 42 (39) 184 (37)
#(%):
NonHispanic white 51(72) 247 (73)
NonHispanic black 31(12) 122 (12)
Hispanic and other 32 (16) 149 (15)
#(%):
Normal weight 55 (51) 215 (40)
Underweight 2 (2) 7 (3)
Overweight 26 (21) 128 (26)
Obese 31(27) 168 (31)
# (%) Menopausal 32°(29) 181 (39)

a. ANA positivity defined as intensity 2 3 (Miller et al., 2012).
Sum of lipid-adjusted serum dioxin-like PCBs weighted per World Health Organization toxic

equivalent factors (WHO 2005).

c. Sum of lipid-adjusted serum nondioxin-like PCBs

24 hour intake of dietary eicosapentaenoic fatty acid (EPA) (gm) estimated by trained NHANES

interviewers

e. Statistically significant difference at a=0.05 level
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Table 2. Odds ratios (95% Cl) for the relationships between antinuclear antibody (ANA) positivity” (n=114 affected
+ 518 unaffected) and total dioxin-like PCBs®, U.S. females aged 12-85 years, NHANES 2003-2004.

Model 1: Model 2: Model 3: Model 4: Model 5: Omit
Unadjusted Adjusted for Additionally | Additionally | covariates
NonDioxin- adjusted for | adjusted for | with
Like PCBs Hg age, race, tolerance<0.40
body mass (age and non-
index, dioxin-like
menopausal | PCBs)
status, and
estimated
24-hour
dietary
intake of
EPA°
Per unit increase log-transformed 1.17 1.54 1.61 1.82 1.66
total dioxin-like PCBs (0.91,1.52) | (0.88, 2.70) (0.92, 2.83) (0.93, 3.54) (1.24, 2.23)
Dioxin-like PCB quintiles (ng/g):
Q1:<0.00117 Referent Referent Referent Referent Referent
Q2:0.00117 <PCB<0.00165 0.88 1.02 1.06 1.06 0.99
(0.38, 2.05) (0.42, 2.48) (0.44, 2.58) (0.43, 2.63) (0.41, 2.36)
Q3: 0.00165<PCB<0.00245 1.78 2.59 2.67 2.62 2.19
(0.97, 3.26) (1.08, 6.18) (1.10, 6.46) (0.90, 7.63) (1.03, 4.68)
Q4: 0.00245<PCB<0.00425 1.15 1.97 2.18 2.18 1.79
(0.68, 1.97) (0.82, 4.76) (0.90, 5.26) (0.88, 5.41) (1.01, 3.17)
Q5: >0.00425 1.72 3.83 4.30 5.36 4.04
(1.00,2.94) | (1.12,13.06) | (1.32,14.04) | (1.55,18.54) | (2.43, 6.70)
Pireng=0.117 | Pyeng=0.047 Pireng=0.021 | Pyeng=0.021 | Pyeng<0.001

ANA positivity defined as intensity = 3 (Miller et al., 2012).

Dioxin-like PCBs weighted per World Health Organization toxic equivalent factors (WHO 2005).

c. 24 hour intake of dietary eicosapentaenoic fatty acid (gm) estimated by trained NHANES interviewers

(none, below and above sample median)
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Table 3. Odds ratios (95% Cl) for the relationships between antinuclear antibody (ANA) positivity” (n=114 affected
+ 518 unaffected) and total dioxin-like PCBsb, total nondioxin-like PCBs and total blood mercury (Hg), U.S. females
aged 12-85 years, NHANES 2003-2004.

Model 1% Model 2°: Model 3% Model 4°; Model 5%: Omit
Unadjusted Dioxin-like Dioxin-like Additionally covariates with
PCBs and PCBs, adjusted for tolerance <0.40'
NonDioxin- NonDioxin- age, race, BMI,
Like PCBs Like PCBs, and | menopause,
Hg est. 24-hr EPA®
Per unit increase log-transformed 1.17 1.54 1.61 1.82 1.66
total dioxin-like PCBs (0.91, 1.52) (0.88, 2.70) (0.92, 2.83) (0.93, 3.54) (1.24, 2.23)
Dioxin-like PCB quintiles (ng/g):
Q1:<0.00117 Referent Referent Referent Referent Referent
Q2:0.00117 <PCB<0.00165 0.88 1.02 1.06 1.06 0.99
(0.38, 2.05) (0.42, 2.48) (0.44, 2.58) (0.43, 2.63) (0.41, 2.36)
Q3: 0.00165<PCB<0.00245 1.78 2.59 2.67 2.62 2.19
(0.97, 3.26) (1.08, 6.18) (1.10, 6.46) (0.90, 7.63) (1.03, 4.68)
Q4: 0.00245<PCB<0.00425 1.15 1.97 2.18 2.18 1.79
(0.68, 1.97) (0.82, 4.76) (0.90, 5.26) (0.88, 5.41) (1.01, 3.17)
Q5: >0.00425 1.72 3.83 4.30 5.36 4.04
(1.00, 2.94) (1.12, 13.06) | (1.32, 14.04) (1.55, 18.54) (2.43, 6.70)
Pireng=0.117 Pirend=0.047 Pirend=0.021 Pireng=0.021 Pirenq<0.001
Per unit increase log-transformed 1.02 0.73 0.74 0.62 1.39
total nondioxin-like PCBs (0.82, 1.26) (0.44, 1.20) (0.45, 1.23) (0.26, 1.48) (0.96, 2.00)
NonDioxin-like PCB quintiles (ng/g):
Q1:<40.46 Referent Referent Referent Referent Referent
Q2: 40.46 <PCB<66.31 1.16 0.99 1.04 0.89 1.23
(0.48, 2.82) (0.41, 2.39) (0.41, 2.60) (0.35, 2.26) (0.50, 3.04)
Q3: 66.31<PCB<124.36 1.23 0.87 0.95 0.66 1.54
(0.42, 3.64) (0.25, 3.03) (0.26, 3.41) (0.15, 2.95) (0.43,5.51)
Q4: 124.36<PCB<237.68 1.31 0.69 0.77 0.59 2.29
(0.52,3.32) (0.24,1.99) (0.27, 2.21) (0.14, 2.43) (0.76, 6.88)
Q5: >237.68 0.86 0.29 0.30 0.19 1.65
(0.33, 2.30) (0.06, 1.33) (0.06, 1.44) (0.03, 1.43) (0.53,5.11)
Pirenq=0.892 Pireng=0.163 Pireng=0.199 Pireng=0.211 Pireng=0.165
Per unit increase log-transformed Hg | 0.74 -- 0.69 0.69 0.63
(0.42,1.30) (0.39,1.21) (0.42,1.12) (0.40, 1.01)
Hg quintiles (ug/l):
Q1l:<0.3 Referent - Referent Referent Referent
Q2: 0.3 <Hg<0.6 1.92 2.01 2.12 2.15
(1.05, 3.53) (1.02, 3.96) (1.01, 4.47) (1.04, 4.46)
Q3: 0.6<Hg<1.0 1.90 1.92 1.99 2.04
(0.80, 4.54) (0.75, 4.92) (0.66, 5.99) (0.71, 5.88)
Q4: 1.0<Hg<1.8 1.49 1.46 1.46 1.50
(0.96, 2.31) (0.91, 2.33) (0.84, 2.54) (0.90, 2.52)
Q5:>1.8 1.07 1.01 1.05 0.95
(0.61, 1.87) (0.58, 1.73) (0.70, 1.58) (0.64, 1.39)

Pirend=0.565

Pureng=0.384

Pyreng=0.411

Pirend=0.243

a.  ANA positivity defined as intensity > 3 (Miller et al., 2012).

b.  Dioxin-like PCBs weighted per World Health Organization toxic equivalent factors (WHO 2005).
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Model 1 presents unadjusted odds ratios and 95% Cls for each analyte as generated by separate logistic regression models that
exclude the other analytes

Models 2 = 5 present adjusted odd ratios and 95% Cls for each analyte as generated by separate logistic regression models that
adjust for other analytes using their log-transformed continuous values.

24 hour intake of dietary eicosapentaenoic fatty acid (gm) estimated by trained NHANES interviewers (none, below and above
sample median)

In Model 5, variables omitted due to multicollinearity: for dioxin-like PCBs, age and nondioxin-like PCBs were omitted. In Model 5
for nondioxin-like PCBS, age and dioxin-like PCBs were omitted. In Model 5 for mercury, age and non-dioxin-like PCBs were omitted.
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Chapter 2

Total blood mercury and thyroid autoantibodies in US. females and males aged 12 years

and older,

NHANES 2007-2010

Abstract

Mercury (Hg) accumulates in the thyroid glaadd prior research suggests a positive
association between higher Hg exposures and thoaih autoantibody positivity in U.S.
women. lodine deficiency and excess are risk fadmrautoimmune thyroid disease; however,
the relationships between Hg and thyroid autoadigmhave not been examined in models that
stratify by iodine status. Further, although autoiome thyroid disease shows a clear sex-bias,
findings of sexual dimorphism have not been regbrégarding associations between Hg and

thyroid autoimmunity.

Data on total blood Hg, urine iodine, thyrdgitin autoantibody positivity (TgAb), thyroid
peroxidase positivity (TPOADb), and thyrotropin weld#ained from the 2007-2010 National
Health and Nutrition Examination Survey for femadesl males aged 12 years and older.
Multiple logistic regression was used to evaluasoaiations between Hg and TgAb, TPOAD,
elevated thyrotropin, a risk factor for hypothyism that included each of these measures, and
dual thyroid autoantibody positivity. Models weteasified by sex and median-cut urine iodine

levels, and by World Health Organization iodindstacategories.

Mercury was positively associated with the dtjayroidism risk factor among females with
lower iodine and iodine deficiency, who also showeditive associations between Hg and
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thyroid peroxidase autoantibodies, but not thyrbglm autoantibodies. Hg was positively
associated with dual thyroid autoantibody posiivit females with iodine excess. An overall
inverse pattern for the relationship between Hgthgobid autoantibody-containing measures
was evident among males with higher and excessdiae levels. Among iodine deficient
subjects, Hg and elevated thyrotropin showed aigoificant positive relationship in females

and a significant positive association in males.

Study findings provide novel evidence to sigj@ interaction between sex and Hg-
associated thyroid autoimmune response indicatonsiimans. Higher Hg exposures are a
potential risk factor for thyroid autoimmune resperindicators in females with either deficient

or excessive iodine levels. Longitudinal studiesgi$arger sample sizes are merited.

Note: This chapter represents a substantially @odetrsion of a study results previously
published:

Gallagher, CM, Meliker JR. Mercury and thyroid aarttibodies in U.S. women, NHANES
2007-2008. Env Int 2012;40:39-43.
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Introduction

Environmental toxicants may trigger autoimmtmgoid disease in susceptible individuals
(Brent, 2010) and there is emerging evidence tlteheavy metal Hg, a ubiquitous
environmental contaminant, may play a role. Meraggumulates in the human thyroid gland,
as shown in studies of occupationally exposed wesriealnoga et al., 2000; Nylander and
Weiner, 1991) and industrially exposed residentdn@ga et al., 2000). Higher levels of blood
and hair Hg, indicators of organic Hg exposure (BRS 1999), have been associated with
detectable antinuclear autoantibodies (ANA) andhateolar autoantibodies (ANO0A),
respectively, biomarkers of cellular autoimmunitynon-occupationally-exposed human
subjects (Silva et al., 2004; Nyland et al., 2014 addition, removal of inorganic Hg-containing
dental amalgams resulted in significantly decredeseels of the thyroid autoantibodies
thyroglobulin antibody (TgAb) and thyroid peroxigaasntibody (TPOAb{Sterzl et al., 2006)
suggesting a positive association between Hg agkthntibodies. Pusey et al. (1990) showed
that repeated low dose injections of inorganic Rrggits induced polyclonal activation with

increases in thyroglobulin autoantibodies.

Thyroglobulin autoantibodies (TgAb) and thytpieroxidase autoantibodies (TPOADb) are
recognized markers of thyroid autoimmunity (McLashbnd Rapoport, 2004; Baskin, 2002).
Thyroglobulin antibody is an antibody against thgroid protein thyroglobulin, and thyroid
peroxidase antibody is directed against thyroidyielase, a thyroid enzyme. Elevated levels of
these thyroid autoantibodies have been observpdtiants with autoimmune thyroiditis
(Baskin, 2002), and in patients with other autoimendisorders: TgADb in patients with systemic
lupus erythematosus (Lu et al. 2006; Parente @089; Porkodi et al., 2004) and both TgAb
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and TPOAD in patients with rheumatoid arthritisZéui et al., 2008; Porkodi et al., 2004),
pernicious anemia (Chan et al., 2009), fiboromya(Bi@azzichi et al., 2007; Pamuk and Cakir,
2007) and diabetes (Prazny et al., 2008pmen are at increased risk for autoimmune disease
(Dunaif, 2010) and mortality (Walsh and Rau, 2084] therefore, represent a susceptible

subpopulation.

We recently reported findings of a positive@sation between total blood Hg and
thyroglobulin autoantibodies in U.S. women (Gallaghnd Meliker, 2012). Using data on 2,047
women aged 20 years and older from the NHANES 208 dataset, we observed that,
relative to women with the lowest blood Hg levgl8.40 pg/L), women with Hg >1.81 pg/L
(upper quintile) showed 2.24 (95% CI=1.22, 4.12ager odds for thyroglobulin autoantibody
positivity (pren=-032), but not TPOAD positivity) (Gallagher andIMer, 2012). This original
analysis used dietary sample weights as this sawgmeestricted to survey participants with
data on NHANES-estimated 24 hour intake of the fieiaéfatty acid eicosapentanoic acid, a
potential confounder (Mahaffey et al., 2008; Maketal., 2001). Although iodine status, both
deficiency and excess, plays a role in autoimmbmgeotd disease (Baskin, 2002; WHO, 2007;
Brent, 2010), sample size was not sufficient in gna@vious study to stratify by this potential
susceptibility cofactor (Gallagher and Meliker, 2D1Therefore, to increase power for iodine-
stratified analysis, the first aim of the currenidy is to examine the relationships between total
blood Hg and TgAb and TPOADb in US females usingetkiganded sample for NHANES 2007-
2010 that also includes younger ages 12-19 yeamseh as survey participants without dietary

data..
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Studies have also shown that thyroid autoadtés TgAb and TPOAD are prognostic
indicators for long-term risk of hypothyroidism (tless et al., 2011; Li et al., 2008;
Vanderpump et al., 1995; Walsh et al., 2010), arder of thyroid hormone deficiency more
prevalent in women and most commonly caused byirantane thyroiditis (NIH, 2011). The
measurement of thyroid stimulating hormone, oralyapin, is the most valuable test to
diagnose hypothyroidism and subclinical hypothyisiid or mildly elevated thyrotropin
(Baskin, 2002). Walsh et al. (2010) showed thaprgnvomen with baseline thyrotropin levels
above 4.QulU/ml coincident with TgAb or TPO positivity, thegvalence of hypothyroidism
after 13 years was 85.7%. Although we previousported an elevated odds ratio for the
association between total blood B#.81 pg/L and thyrotropin >4plU/mL coincident with
thyroid autoantibody positivity (OR=1.35; 95% CI88, 3.09), findings were not statistically
significant. Therefore, the second aim of the auretudy is to evaluate the associations between
total blood Hg and elevated thyrotropin coincidetth thyroid antibody positivity, in the
expanded 2007-2010 sample of US women, with gtratibn by iodine status. Consistent with
our previous study, associations between Hg andtd thyrotropin will be similarly re-

examined.

Further, Pedersen et al. (2003) observed hitjlyeoid antibody concentrations in the
presence of simultaneous thyroglobulin and thypsbxidase autoantibody positivity, and
interpreted this as an indication that thyroid lamdy positivity represents general immune
system activation, consistent with Pusey and cgllea’ observation of polyclonal activation of
thyroglobulin autoantibodies in rats exposed togaoic Hg (1990). Thus, the third aim of this

study is to evaluate the association between bddald Hg, an indicator of exposure to both
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organic and inorganic Hg, and the additional oute@hcoincident thyroglobulin autoantibody
and thyroid peroxidase autoantibody positivitythe overall sample and stratified by iodine

status.

Sexual dimorphism in the endocrine-immune oesp, particularly autoimmunity, is
unequivocal (Da Silva, 1995, 1999; Gaillard andn®di, 1998; McCombe et al., 2009; Lee and
Chiang, 2012, Pennell et al., 2012, Quintero e8&l12). Although mechanistic evidence
supports Hg's endocrine disruptive effects (Zhale000) and epidemiological studies link
high Hg exposures with cellular autoimmune respgB8dea et al., 2004; Nyland et al., 2011),
there is no clear evidence of an interaction betvssx and Hg-induced autoimmunity in

humans (Pollard, 2012).

Autoimmune thyroid disease shows a clear seg-{6saillard and Spinedi, 1998). The female:
male prevalence ratio for Grave’s disease, or liggasidism, is 3.5:1 and, for Hashimoto’s
thyroiditis, or hypothyroidism, is 5.2:1 (McCombeat., 2009). We previously examined cross-
sectional associations between total blood Hg adtators of thyroid autoimmune response in
females (Gallagher and Meliker, 2012), but not mles; therefore, the fourth aim of the current

study is to evaluate these same relationships lasna

Methods

Study design

Cross-sectional data on total blood Hg , secontentrations of thyroglobulin antibody
(TgAb), thyroid peroxidase antibody (TPOADb), angrtitropin, and urine iodine concentrations
were obtained from the 2007-2010 National Healtth Idatrition Examination Survey
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(NHANES) files (CDC, 2012b,c). This study is an arged version of the study we previously

conducted using NHANES 2007-2008 data (Gallaghdr\aeliker, 2012).

Analytic sample

For females, the analytic sample subpopulatias restricted to females aged 12 years and
older without missing values for Hg, TgAb and TPQA&kyrotropin and urinary iodine, as iodine
excess and deficiency have been linked with autaimarthyroid disorders (Powell et al., 1999;
WHO, 2006). In consideration of pregnancy (Baskib)2) and estrogen (Klecha et al., 2008) as
potential influences with regard to thyroid functigregnant or lactating women were excluded
from the analytic sample domain. For males, théyinasample subpopulation was restricted to
males aged 12 years and older without missing gdlueHg, TgAb and TPOAD, thyrotropin
and urinary iodine. A difference from the origirsailidy is that this expanded study did not

restrict subjects to those with dietary measuresafsapentaenoic acid.

Outcome measures

Dichotomized variables were created for pesitaboratory results for thyroglobulin
antibody £4.0 IU/mL) and for thyroid peroxidase antibodh@(IU/mL) using CDC definitions
for normal laboratory values derived from the NHABIEample, per National Academy of
Clinical Biochemists criteria for establishing amal reference range for thyroid antibody
testing (CDC, 2009). In addition, a dichotomousdalale was created for coincident
thyroglobulin antibody and thyroid peroxidase aoti positivity. A dichotomous variable was
also created for thyrotropin >4.0U/mL, as well as for hypothyroid risk, definedtagrotropin

> 4.0ulU/mL with either thyroglobulin antibody4.0 IU/mL or thyroid peroxidase antibod$
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IU/mL, per longitudinal study findings of Walshat (2010). Data on other thyroid

autoantibodies were not available from NHANES.

Exposure measures

Whole blood Hg concentrations were measuratyusductively coupled plasma mass
spectrometry (CDC, 2012b,c). Total blood Hg isratily a biomarker of organic Hg exposure,
and though it may also reflect exposure to inorg#tg, total blood Hg is an established
biomarker of exposure to methylmercury Hg overghst 1.5 to 2 months (EFSA, 2004).
Mahaffey et al. (2004) showed a significant asdamebetween total self-reported fish intake
over the past 30 days and total blood Hgin U.S. @mwof childbearing age (adjusted multiple
correlation coefficient=.54; p<0.0001). More redgnhowever, Ursinyova et al. (2012) showed
that total blood Hg and methylmercury in matermad aord blood also correlate with the
number of dental amalgams, with correlation coeadfits>0.46, among residents of Eastern
Slovakia where ambient air exposure to Hg levetgpgeal for the European Union. A
continuous measure of total blood Hg was log-trammséd to address skewness. In the overall
female sample, Hg was also grouped into the folgvguintiles (Q) based on the frequency
distribution to address dose-response: Q1<Hg37 pg/L, Q2: 0.37<H.62 ug/L, Q3:
0.62<Hg<1.00 pg/L, Q4: 1.05<H¥L.92 pg/L, Q5: Hg>1.92 pug/L. In the iodine-stnatf
subsamples, Hg was grouped into the followingles{T): T1: Hg0.53 pg/L, T2:
0.53<Hg1.15 pg/L, T3: Hg>1.15 ug/L. In the overall malengde, Hg was grouped into the
following quintiles (Q) based on the frequency mlsttion to address dose-response: Q1<Hg

0.38 ug/L, Q2: 0.38<HgN.65 pg/L, Q3: 0.65<HYL.05 pg/L, Q4: 1.00<HgL.73 ug/L, Q5:
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Hg>1.73 pg/L. In the iodine-stratified subsampldg,was grouped into the following tertiles

(T): T1: Hg0.54 ng/L, T2: 0.54<Hgl.24 pg/L, T3: Hg>1.24 pg/L.

Covariates and Modifiers

Dichotomous variables were created for rabeleity (non-Hispanic white relative to non-
white), self-reported current hormone (including o$ birth control pills and hormone therapy)
and self-reported menopausal status. Age was mezhBuyears as a continuous variable.
Multicollinearity diagnostics indicated menopause age were collinear; therefore, a
categorical variable for age was created for 13d#&s, 20-49 years (referent), and 50 years and
older, the latter was considered a reasonable dgmxyenopausal status. For females, a
categorical variable was created for NHANES-estad&4 hour dietary intake of
eicosapentaenoic acid (EPA) (CDC, 2012d,e) (norerart, < median cutpoint=0.008 g, and
median cutpoint=0.008g, and a category that indwtddjects for whom dietary intake was not
ascertained; the latter was included to presemgpkasize). For males, the median cut-point for
EPA was 0.010 g. For females and males, a catejeaciable was created to measure urine
iodine (UI) status per the World Health Organizataefinitions of iodine deficient (Ul <100
pg/L), iodine sufficient (108UI<300 pg/L) (referent), and iodine excessX800 ug/L) (WHO,
2006). In addition, for females, a dichotomous afalle was created to stratify the analytic
sample into women with urine iodine < aathe sample median (143.25 pg/L), and for males,

the median cut-point for urine iodine was 166.7L119/

Statistical analysis
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Statistical analysis was conducted using S&Sign 9.3 (Cary, NC). Primary sampling
units, strata, and medical examination sample weigicluding an environmental subsample
weight for the one-third subsample with urine i@measured in the NHANES 2009-2010 data
file were incorporated in accordance with complesey design recommendations for
hypothesis testing and the generation of U.S. @djmul-representative statistics (CDC, 2011c).
Logistic regression analysis was used to evallmegedlationships between Hg and thyroid
outcomes, in the overall sample and stratified legian cut urine iodine; the latter was
supported by a marginally statistically significameraction term for the hypothyroid risk factor
outcome in the female subsample. Axtell et al. @@&howed that use of a smoothed continuous
measure of Hg can increase power to detect thrégfects that outweigh the beneficial effects
of eicosapentaenoic acid (EPA) (Makino et al., 2@das et al., 2002); therefore, this study
used both log-transformed and untransformed tataidoHg variables to evaluate departures
from linearity. Odds ratios and 95% confidencenveés were reported as measures of estimated
effects, both unadjusted and adjusted for covai@emple and multiple logistic regression were
used to evaluate associations between the bingrgithoutcomes and Hg; the latter as both
continuous log-transformed exposure measures dadarécal exposure measures, with P-
values reported for trend tests to evaluate dosgerese relationships. A sensitivity analysis was
conducted using unweighted measures of associagi@mitting weights from the model but
incorporating sample strata to account for thegtesifects of sample stratification and primary
sampling units to account for the design effectslagtering (CDC, 2011c). Additionally, a
sensitivity analysis using the continuous log-tfamased Hg variable in models stratified by

World Health Organization iodine status (2007) wasducted, and findings are presented for
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iodine deficient and excess subsamples. Adequanyodkl fit was evaluated using the

convergence criterion. Alpha significance levelsevget a priori at 5 percent.

Results for Females

Descriptive statistics

The overall sample was comprised of 3976 fes)@8% were thyroglobulin antibody positive,
14% were thyroid peroxidase antibody positive, 7&h whyrotropin levels > 4 plu/mL, 3%
with the hypothyroid risk factor identified by Walgt al. (2010), and 5% with dual thyroid
antibody positivity (Table 1). Mean total blood Ms greater for cases than controls for thyroid
outcomes that included measures of autoantibod@sever, findings were not statistically
significant. Mean thyroglobulin antibody concentwatwas significantly greater among cases for
all outcomes except thyrotropin > 4 plU/mL, and m#ayroid peroxidase antibody
concentration was significantly greater among céseall outcomes. Mean concentrations of
each thyroid antibody was greatest among casesdwdhthyroid antibody positivity, compared
to cases for all other thyroid outcomes, consistettt findings of Pedersen et al. (2003). A
greater percentage of cases were comprised of spahkic white females compared to nonwhite
females, for each of the thyroid outcomes, andfth@ing was statistically significant with the
exception of the dual thyroid antibody positivitytoome. The differential distribution of cases
and noncases by WHO iodine status subgroups wististdly significant only for the outcome
of thyrotropin > 4 plU/mL. For each of the thyramdtcomes, the distribution of cases and
noncases by age group showed statistically sigmfidifferences, with a greater percentage of
cases than controls comprised of females aged &@ yad older. The distribution of cases and

noncases by hormone use was significantly diffeoaht for thyroglobulin antibody positivity
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and thyroid peroxidase antibody positivity, witlgr@ater percentage of noncases currently using
birth control pills or hormone therapy. The distition of cases and noncases was not

significantly different by dietary eicosapentaenaoid subgroups.

Nonstratified models

Statistically significant positive associasomere observed in nonstratified, unadjusted
models for the relationships between log-transfaricmntinuous Hg and thyroid peroxidase
antibodies (OR=1.32; 95% CI=1.05, 1.66) and elel/#tgrotropin coincident with thyroid
antibody positivity (OR=1.38; 95% CI=1.01, 1.88pwever, estimates were attenuated and lost
statistical significance in the adjusted models {0DR6; 95% CI=0.99, 1.62) and (OR=1.30;
95% CI=0.94, 1.81), respectively (Table 2). A déya from our previous findings is that total
blood Hg was not significantly associated with tigiobulin antibody positivity, although
multivariable-adjusted odds were 49% higher forhighest Hg quintile compared to the lowest
(OR=1.49) and the 95% confidence interval of 0517 included the original estimate of
OR=2.24. This null finding was confirmed in a sagfflat evaluated women aged 20 and older,
as in the original study design. Nonsignificantlgvated odds for the highest versus lowest Hg
quintiles were also observed in nonstratified mraltiable models for thyroid peroxidase
antibody positivity (OR=1.15; 95% CI=0.80, 1.69&ated thyrotropin coincident with thyroid
antibody positivity, or hypothyroid risk factor, &31.43; 95% CI=0.67, 3.08); and dual thyroid
antibody positivity (OR=1.56; 95% CI=0.79, 3.09pple 2). Sensitivity analysis using
unweighted models that incorporated complex sustgta and clusters showed similar results
(not shown in tables). A term for the interacti@iveeen log-transformed, continuous total blood

Hg and median-cut iodine status indicated marggtetistical significance in the model for the
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hypothyroid risk factor (P=0.07). In light of thesatistical finding, and in consideration of both
iodine excess (Baskin, 2002) and deficiency (WH@7) as risk factors for autoimmune

thyroid disease, the sample was further stratifigibdine status.

Urine iodine < sample median

Among females with urine iodine below the ptarmedian (Table 3), for the outcomes of
thyroid peroxidase antibody positivity and the hiypooidism risk factor, associations with the
continuous, log-transformed Hg variable were diaaly significant in both unadjusted
(OR=1.66; 95% CI=1.17, 2.34 and OR=1.88; 95% CI51285, respectively) and adjusted
models (OR=1.66; 95% CI=1.19, 2.32 and OR=1.76; €9¢4.18, 2.62, respectively). In
multivariable models, the highest relative to tvést Hg tertile was elevated for all thyroid
outcomes; however, only the model for the hypotldyrisk factor was statistically significant

(OR=2.37; 95% CI=1.20, 4.71;&+0.01).

Urine iodine> sample median

Among women with urine iodine levels above shenple median (Table 4), no statistically
significant associations between total blood Hg #aydoid outcomes were observed. Compared
to women with urine iodine levels below the sampledian, there was a change of direction for
the relationship between the continuous Hg variahkkthe two outcomes that included
measures of thyrotropin. With the exception oflilgpothyroid risk factor, the relationship
between all other thyroid outcomes and the higHegstertile relative to the lowest tertile also

changed direction in multivariable models.

Stratification by WHO (2007) iodine categories
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Sensitivity analysis of subsets by WHO iodiledicient and excess categories (Table 5)
revealed statistically significant positive asstioi@s between continuous Hg and thyroid
peroxidase antibody positivity among iodine defitilemales (OR=1.69; 95% CI=1.15, 2.49),
the hypothyroidism risk factor among iodine defitieemales (OR=2.03; 95% Cl=1.24, 3.32),
and dual antibody positivity among females withimedexcess (OR=2.88; 95% CI1=1.28, 6.49).
Elevated thyrotropin was inversely associated withtinuous Hg among females with excess
urine iodine (OR=0.39, 95% CI=0.20, 0.78). With thxeeption of the hypothyroid risk factor
among females with excess urine iodine, the remgirelationships were positive, albeit

nonsignificant.

Results for Males

Descriptive statistics

The overall sample was comprised of 4110 m&swere thyroglobulin antibody positive,
7% were thyroid peroxidase antibody positive, 5%hwhyrotropin levels >4 plU/mL, 1% with
the hypothyroid risk factor identified by Walshagt (2010), and 3% with dual thyroid
autoantibody positivity. Mean total blood Hg levelsre nonsignificantly higher in cases for the
outcomes of thyroid peroxidase antibody positivibyrotropin > 4 plU/mL, and the
hypothyroid risk factor, and were nonsignificarityer for the outcomes of thyroglobulin
autoantibody positivity and dual autoantibody pegit (Table 6). Mean thyroglobulin
autoantibody concentrations were highest amongswaith dual thyroid autoantibody positivity
(171.64 1U/mL) and mean thyroid peroxidase autdematy concentrations were highest among
males with the hypothyroid risk factor (183.25 IWmA greater percentage of cases were

comprised of nonHispanic white males compared touate males, and this finding was
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statistically significant with the exception of ttig/roglobulin autoantibody positivity outcome.
The differential distribution of cases and noncdse8VHO iodine status subgroups was
statistically significant only for the outcome bfytotropin > 4 plU/mL. For each of the thyroid
outcomes, the distribution of cases and noncaseg®ygroup showed statistically significant
differences, with a greater percentage of casesdbatrols comprised of males aged 50 years
and older. The distribution of cases and noncasessignificantly different by eicosapentaenoic
acid subgroups for the outcomes of thyroglobulitoantibody positivity and dual autoantibody

positivity, but not for the other thyroid outcomes.

Nonstratified models

Statistically significant inverse associatiovexe observed in nonstratified, multivariable
models for the outcomes of thyroglobulin autoardijppositivity (OR, continuous Hg=0.62;
95% CI=0.42, 0.91; OR, highest Hg quintile relativghe lowest Hg quintile=0.40; 95%
Cl=0.21, 0.76; R:n<0.01) and dual thyroid autoantibody positivity (QRntinuous Hg=0.41,
95% CI=0.18, 0.90; OR, highest Hg quintile relativehe lowest Hg quintile=0.25; 95%
Cl=0.10, 0.61; Rn<0.01) (Table 7). A term for the interaction betwéeg-transformed,
continuous total blood Hg and median-cut iodineéustaid not indicate statistical significance
for any of the outcomes; the lowest P-values weré¢he interaction between Hg and

thyroglobulin autoantibody positivity (P=0.09) afwd the hypothyroid risk factor (P=0.11).

Urine iodine < sample median

Among males with urine iodine below the sampkxian (Table 8), there were no significant

findings in multivariable models.
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lodine> sample median

Among males with urine iodirrethe sample median (Table 9), in multivariable nmiede
significantly inverse associations were observadéen thyroglobulin autoantibody positivity
and continuous Hg (OR=0.29; 95% CI=0.11, 0.76) @atégorical Hg tertiles 2 (T2) and 3 (T3)
relative to the lowest tertile (T2 OR=0.49; 95% Q.I25, 0.96; T3 OR=0.24; 95% CI=0.10, 0.57;
Prene<0.01), and between dual thyroid autoantibody pasitand continuous Hg (OR=0.20;
95% CI1=0.05, 0.77) and categorical Hg tertiles OR=0.34; 95% CI=0.14, 0.83; T3 OR=0.21;
95% CI1=0.09, 0.49; R.<0.01). A general pattern of nonsignificant inveassociations was
otherwise observed, although the continuous Hg ureas the thyroid peroxidase autoantibody

model showed virtually a null odds ratio.

Stratification by WHO (2007) iodine categories

Sensitivity analysis of subsets by WHO iodiiedicient and excess categories using
multivariable models (Table 10) showed a signiftbapositive association between continuous
Hg and thyrotropin > 4 plU/mL among iodine-defidiamales (OR=1.89; 95% CI=1.05, 3.42)
and a significantly inverse association betweeninaaus Hg and thyroglobulin autoantibody

positivity among males with excessive iodine le@&=0.21; 95% CI=0.05, 0.94).

Discussion

We report significant positive associationsagen total blood Hg and a risk factor for
hypothyroidism, i.e., elevated thyrotropin coinaiteith thyroid autoantibody positivity (Walsh
et al., 2010), among females, particularly thost wawer iodine levels, with evidence of
increasing dose-response. Sensitivity analysisuawalg this relationship in females who are
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iodine deficient per the WHO (2007) definition sops this finding, with robust dose-response
findings (OR for the highest Hg tertile=2.75; 95%C03, 7.34; Ren=0.03), and thus, provides
evidence to suggest that females with iodine daficy represent a susceptible subgroup.
Females with iodine deficiency also representegsaeptible subgroup for increased risk for
thyroid peroxidase antibody positivity associatathwlg exposure, and females with excessive
iodine levels may represent a susceptible subgnatiprespect to Hg and dual thyroid antibody
positivity. Further, by removing the influenceiofline sufficiency, sensitivity analysis revealed
the relevance of the thyrotropin > 4 plU/mL outcor8pecifically, the unique finding of an
inverse relationship between Hg and thyrotropinpld/mL among females with excess iodine,
together with findings of an elevated, albeit ngngicant, risk among females with iodine
deficiency, raises the question of a possible gyatc effect of Hg with iodine deficiency on

thyrotropin, and consequently, the elevated rigktie hypothyroid risk factor.

The potential influence of the essential traleenent selenium on thyroid autoimmunity
(Duntas, 2006) was also considered. A variablestimated 24 hour selenium intake showed a
weak positive correlation with total blood Hg, amds significantly positively associated with
the elevated thyrotropin outcome measure, onljusien of the median-cut selenium measure
in the models for the relationship between totabdl Hg and thyrotropin > 4 plU/mL slightly
strengthened effect estimates; however, resultaalidhange substantially. Inclusion of the

selenium covariate in the models for the hypothd/r@k factor also yielded similar results.

In males, a contrasting pattern was evidenvédcome measures that included thyroid
autoantibodies. Findings showed statistically digant inverse associations between total blood
Hg and dual thyroid autoantibody positivity andridbglobulin autoantibody positivity; both of
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these findings were robust in the subset with uiodine levels above the sample median, and
Hg's inverse association with thyroglobulin autobodly positivity was also robust in the subset
with excessive iodine per the WHO designation (208ong iodine-deficient males, however,
thyrotropin > 4 plU/mL was positively associatedhwiotal blood Hg, a finding that parallels the
weaker relationship observed among iodine-defidiemiales (OR=1.34; 95% CI1=0.85, 2.13),
and suggests a positive relationship between Hgebawhted thyrotropin regardless of sex.
Another parallel finding is that inclusion of a nea-cut selenium covariate in the models for

elevated thyrotropin and the hypothyroid risk faatm not appreciably alter findings.

Further comparisons of these relationshiph thibse observed in females reveals several
interesting contrasts. First, in the overall sarmpéanong females, Hg showed positive, albeit
nonsignificant, associations with thyroid measuhes included autoantibodies, whereas an
inverse pattern was evident among males. Secormh@females, positive associations between
Hg and measures that included thyroid autoantilsodiere evident in those with lower and
deficient iodine levels, whereas among males, sevassociations between Hg and measures
that included thyroid autoantibodies were evidarthbse with higher and excessive iodine
levels. Thus, sexual dimorphism was suggested Hythe direction of the association and the
iodine subgroup of influence. Finally, an importdifterence was the finding that Hg was
positively associated with a risk factor for hypgthidism, i.e., elevated thyrotropin coincident
with thyroid autoantibody positivity (Walsh et &010), in females, but not in males. Therefore,
Hg exposure may be a risk factor for autoimmuneotiygroidism in females, particularly those
with lower iodine levels; however, at the populatlevel, males do not appear to share this

potentially synergistic environmental susceptifpilit
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Epidemiologic Consistency/Biological Coherence

Compared to our previous findings regardingpamtions between Hg and thyroglobulin
autoantibody positivity (OR, continuous Hg: 1.8899CI=1.21, 2.78 and OR, highest quintile
Hg: 2.24; 95% CI=1.22, 4.12;8+0.03) in women aged 20 and older (Gallagher anlikite
2012), findings in the current study regardingdlsociation between the highest Hg quintile
and thyroglobulin antibody positivity among femadgged 12 and older (OR=1.49; 95%

Cl=0.61, 2.77), as well as in females aged 20 daek OR=1.24; 95% CI=0.75, 2.03),were
attenuated and did not reach statistical signifieatherefore, our earlier findings may have been
due to chance. A different sample weighting metinay have also influenced results. In a
supplemental analysis using an NHANES sample exgrhtalinclude survey year 2009/2010, as
well as 2007/2008, but limited as in the first gtio women aged 20 and older with dietary data
and using dietary weights, the association betweermighest Hg quintile and TgAb was
statistically significant, albeit attenuated, ahd 5% CI included the original estimate
(OR=1.58; 95% CI=1.02, 2.46). Regardless, theaason between TgAb and Hg is not
interpreted as robust. In the current nonstratifiedlysis using the 2007-2010 sample not limited
to those with dietary data, however, among fematgsl 12 years and older, a general pattern of
increased odds for thyroid autoimmune-related augononsignificantly associated with
elevated Hg levels was observed, particularly atrtighest Hg quintile, ranging from 15% to
56% higher odds compared to the lowest Hg quimileonstratified analysis. Of note, in a
sensitivity analysis that applied the dietary weiggt to the subset of this 2007/2010
nonstratified sample with dietary data, statisticalgnificant positive associations were

observed for the relationships between Hg and tyreroxidase autoantibodies and the
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hypothyroid risk factor; however, this finding wast robust in unweighted analyses of the
subsample limited to subjects with dietary datayel as the unrestricted sample. Similarly, the
main study findings of associations between Hglaott thyroid peroxidase autoantibody
positivity and the hypothyroid risk factor in ferealwith lower iodine levels were robust using
dietary subsample weights, yet attenuated in urivtethgmodels. Sample weights were selected
and combined across survey years in accordanceNHIINES analytic guidelines (CDC,
2011d); however, given the differences observediden unweighted, dietary-weighted, and
laboratory-weighted results, the effects of usiiffigcent sample weights merit considerable
future investigation. Although we cannot rule ob&ce findings or attribute a mechanism of
action, in light of the original finding of a sidgimant positive association between Hg and
TgADb, together with the current finding of signdiat positive associations between Hg and TPO
and the hypothyroid risk factor among the lowernnedsubgroup, it is reasonable to consider
these findings consistent with Pedersen and calkesig2003) interpretation that thyroid
autoimmune positivity develops secondary to geratafations in the immune system, rather
than specific antigenic mechanisms; the authorschhtat both antibody concentrations were
higher when dual antibody positivity was preseahsistent with our findings. Further, this
interpretation is coherent with mechanistic evigeatpolyclonal IgG activation by Hg (Pusey
et al., 1990; Abedi-Valugerdi, 2009). Several hurobservational studies have reported higher
TgAb and TPOADb prevalence among subjects with neddeelative to mild iodine deficiency
(Fenzi et al., 1986; Laurberg et al., 1998; Pedeetal., 2003), and Li et al. (2008) found that
high iodine intake was a risk factor for hypothgiesm among thyroid antibody positive
subjects; therefore, both iodine deficiency andegganay represent susceptibility cofactors.

Kawada et al. (1980) observed that Hg-exposed stiowved reduced uptake of iodine by the
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thyroid gland. lodine bound to thyroglobulin, a @ia synthesized by thyroid follicular cells,
forms monoiodotyrosine (MIT) and diiodotyrosine {Pwhich are combined by
thyroperoxidase, a “coupling” enzyme, to form thgroid hormones T4 (thyroxine) and T3
(triiodothyronine) (Klassen, 2008). In the hypotralc-pituitary-thyroid axis, T4 and T3
provide negative feedback to the hypothalamusheiinhibition of thyrotropin release
(Klaassen, 2008). Mercury inhibited this couplinggess in mice, reducing iodine uptake and
altering thyroid hormone levels (Kawada et al.,@;98ishida et al., 1986). Using U.S.
population-based data, Christensen et al. (20J®)rted an inverse association between total
blood Hg and the thyroid hormones T3 and free Tigéimales and males with urinary iodine
below the sample median. This supports the custely findings of elevated thyrotropin in
subjects with lower iodine levels, as its releasmlibited by these hormones; however,

definitive biological explanations for interactiowgh iodine status in humans are lacking.

Differing associations between Hg and thyioidhune markers by sex might be expected
based on several lines of reasoning. Mechanitiies indicate that sex hormones interact with
cells of the immune system that are also affecyeddp Estrogens induce Th2 cell development
to activate antibody-producing B-cells, whereasotggrone can affect Thl cell development
leading to local inflammatory response (Lee anda@fj 2012). Mercury’s sulf-hydryl binding
capacity facilitates its binding to glutathionepimmote Th2 cells, and thus, similar to estrogen,
activates antibody-producing B-cells (Shiraldi andnestier, 2009). Androgens suppress B-cell
immune responses, whereas estrogens (Da Silva) 4883Hg (Pusey et al., 1990; Abedi-
Valgerdi,2009) activate B-cells to stimulate antiipgroduction. Mechanistic, as well as

epidemiological, evidence is lacking, however, sifegen-Hg synergy in autoimmune disease.

62



Sexually dimorphic effects on the immune systeay also act through the hypothalamic-
pituitary-adrenal (HPA) axis. The HPA axis showSedential hormonal response to stress; for
example, glucocorticoid response to stress, suammsine challenge, is inhibited by androgens
and enhanced by estrogens (Da Silva, 1999). Anstoigies showed that Hg accumulates in the
adrenal gland, which produces glucocorticoids; haxehow Hg might interact with the HPA
axis in humans is poorly understood (Zhu et al0@ORecent research, however, observed that
levels of cortisol, a prime glucocorticoid in hunsamwere inversely associated with blood levels

of Hg in children, both male and female (Gump et2012).

Within the hypothalamic-pituitary-thyroid axidg-iodine interaction may influence thyroid
function via inhibition coupling enzyme functiontiviconsequent disruption of the uptake of
iodine (Kawada et al., 1980; Nishida et al., 1988)previously described. Although Hg
accumulates in the human pituitary and thyroid déarepidemiological evidence fails to show
adverse effects on endocrine function; therefone &hal. (2000) suggest that Hg's toxicity is
attributable to its sulf-hydryl binding propertyydathus, has broader effects as an enzyme
inhibitor. Questions are raised as to whetherpghigess underlies the positive association
between Hg and thyrotropin among iodine-deficieaten and females by inhibiting negative

feedback for thyrotropin release.

Strengths and Limitations

An overall advantage of using NHANES dataaseyalizability of findings to the U.S.
population regarding associations between conctlyreallected and rigorously measured
biological markers of possible risk factors and ioma indicators. In addition, Gonzales et al.

(2002) observed a low within-subject variabilityTaAb and TPOAb measurements overtime.
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Repeated measurements, however, are needed tatevassociations that account for intra-
individual variability in blood Hg measurements otiee, as recently shown by Tsuchiya et al.,
2012. Further, in light of the small number of cagéth the hypothyroid risk factor, as well as
the inconsistent results using different sampleghvesets, we cannot rule out chance findings.
Therefore, the cross-sectional study design presledusal determinations, and our findings
merit cautious interpretation as a snapshot in birtbe possible physiological relationship
between Hg exposure and autoimmune thyroid outsam#e.S. females and males aged 12

years and older.

Conclusion

We present novel evidence to suggest an ttterabetween sex and Hg-associated thyroid
autoimmunity in humans. Mercury is a ubiquitousteomnant, and higher exposures may be a
potential risk factor for thyroid autoimmune-reldt@utcomes in nutritionally susceptible
females, specifically, those with either deficieniexcessive iodine levels. Autoimmune diseases
are among the leading causes of death among youhmaldle-aged women (Walsh and Rau,
2000; NIH, 2005). Therefore, longitudinal studieghwarger sample sizes are merited to
validate our findings, which may be used to guidelg design and shed light on public health
knowledge for the protection of females, as weNaserable males, with respect to both Hg

exposure and iodine nutrient status.
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Table 1. Weighted® sample descriptive statistics, non-pregnant, non-lactating females aged 12 and older, NHANES
2007-2010 (n=3976)

Thyroglobulin
antibodies >4
IU/mL

Thyroid
peroxidase
antibodies >9
IU/mL

Thyrotropin > 4
pU/mL

Thyrotropin > 4
plU/mL coincident
with thyroid
antibody positivityb
(hypothyroidism
risk factor)

Both thyroglobulin
antibody positivity
and thyroid
peroxidase
antibody positivity

# cases (%)
# noncases

321 (8%)
3655

551 (14%)
3425

268 (7%)
3708

124 (3%)
3852

183 (5%)
3793

Mean total blood
mercury {ug/L}
(SE):

Cases

Noncases

1.54 (0.16)
1.45 (0.08)

1.73 (0.19)
1.41 (0.07)

1.44 (0.17)
1.46 (0.08)

1.61 (0.15)
1.46 (0.08)

1.66 (0.18)
1.45 (0.07)

Mean
thyroglobulin
antibody
concentration
{lu/mL} (SE):

d

d

Cases 135.32 (22.26) 46.33 (10.55)d 56.25 (23.64) 106.93 (38.28) 145.90 (29.16)d
Noncases 0.72 (0.01) 6.38 (2.16) 9.45 (1.81) 9.17 (1.75) 5.81(1.93)
Mean thyroid

peroxidase

antibody

concentration
{lu/mL} (SE):

d

d

d

Cases 118.82 (15.29) 181.08 (12.60) 113.25 (15.10)° 215.47 (23.61) 216.69 (23.22)°
Noncases 19.72 (2.32) 1.12 (0.05) 22.57 (2.50) 21.90(2.39) 19.00
% cases/noncases | 75%/68%" 77%/67%" 82%/67%" 85%/68%" 75%/68%
comprised by
nonHispanic
white females
% cases/noncases
by lodine status®: d

Sufficient 44%/48% 49%/47% 45%/47% 46%/47% 43%/47%
Deficient 36%/35% 35%/35% 30%/36% 33%/35% 40%/35%
Excess 21%/17% 16%/18% 25%/17% 21%/17% 17%/17%
% cases/noncases
b . d d d d d

y agegroup:
12-19 years 9%/13% 7%/13% 6%/13% 4%/13% 10%/12%
20-49 years 35%/49% 46%/49% 41%/49% 44%/48% 40%/49%
50+years 55%/38% 47%/38% 53%/39% 53%/39% 50%/39%
% cases/noncases | 5%/12%" 8%/12%"° 12%/11% 9%/12% 4%/12%
currently using
birth control pills
or hormone
therapy
% cases/noncases
by estimated 24
hr EPA intake:
None 19%/18% 18%/18% 21%/18% 16%/18% 18%/18%
Below median 36%/38% 37%/38% 38%/38% 37%/38% 33%/38%
Above median 40%/41% 42%/41% 39%/41% 45%/41% 43%/41%
Not ascertained 5%/3% 2%/3% 2%/3% 2%/3% 5%/3%
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Do o0 T o

Weighted for NHANES complex survey design.

Either thyroglobulin antibodies > 4 IU/mL or thyroid peroxidase antibodies > 9 IU/mL

Walsh et al. 2010

Significant difference between cases/noncases at P<0.05 using complex survey design

World Health Organization (2007) definitions for iodine sufficient based upon urine iodine concentrations (Ul): sufficient:
100<U1<300 p/L; deficient: Ul<100 pg/L; excess: UI>300 pg/L

Eicosapentaenoic acid dietary intake estimated by NHANES, median=0.008 g
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Table 2. Logistic regression results for the relationship between total blood mercury (Hg) and thyroid outcome measures; non-pregnant, non-

lactating females aged 12 years and older; NHANES 2007-2010 (n=3976)

Outcome measure No. cases Unadjusted odds ratio (95% Cl) | Adjusted® odds ratio
(95% Cl)

Thyroglobulin antibodies >4 1U/mL:

(n=321 cases and 3655 non-cases)

Continuous, log-transformed Hg (ug/L) 1.20 (0.89, 1.60) 1.13 (0.82, 1.55)

Hg quintiles:

Ql: Hg <0.37 pg/L 60 1.00 1.00

Q2: 0.37<Hg< 0.62 pg/L 67 1.32(0.87, 2.00) 1.31(0.84, 2.03)

Q3: 0.62<Hg< 1.00 pg/L 69 1.64 (1.05, 2.54) 1.58 (0.99, 2.53)

Q4: 1.00<Hgs< 1.73 ug/L 51 1.01 (0.68, 1.50) 0.97 (0.61, 1.54)

Q5: Hg>1.73 74 1.60 (0.93, 2.76) 1.49(0.61, 2.77)

{P-value for trend} {0.25} {0.46}

Thyroid peroxidase antibodies >9 1U/mL:

(n=551 cases and 3425 non-cases)

Continuous, log-transformed Hg (ug/L) 1.32(1.05, 1.66) 1.26 (0.99, 1.62)

Hg quintiles:

Q1: Hg <0.37 pg/L 111 1.00 1.00

Q2: 0.37<Hg< 0.62 pg/L 104 0.84 (0.53, 1.33) 0.80 (0.50, 1.27)

Q3: 0.62<Hg< 1.00 pg/L 116 1.20(0.80, 1.82) 1.11(0.74, 1.69)

Q4: 1.00<Hgs< 1.73 pg/L 97 0.85 (0.57, 1.27) 0.78 (0.50, 1.22)

Q5: Hg>1.73 123 1.28(0.93, 1.78) 1.15 (0.80, 1.65)

{P-value for trend} {0.15} {0.46}

Thyrotropin >4 plU/mL:

(n= 268 cases and 3708 non-cases)

Continuous, log-transformed Hg (ug/L) 1.05 (0.74, 1.48) 1.02 (0.72, 1.44)

Hg quintiles:

Q1l: Hg <0.37 pg/L 57 1.00 1.00

Q2: 0.37<Hg< 0.62 pg/L 59 1.04 (0.62, 1.75) 1.01 (0.61, 1.66)

Q3: 0.62<Hg< 1.00 pg/L 50 1.06 (0.60, 1.86) 0.97 (0.57, 1.67)

Q4: 1.00<Hg< 1.73 pg/L 57 1.45 (0.89, 2.35) 1.35(0.81, 2.26)

Q5: Hg>1.73 45 1.10(0.57, 2.14) 1.02 (0.54, 1.96)

{P-value for trend} {0.45} {0.62}

Thyrotropin > 4 pulU/mL coincident with thyroid antibody

positivityb

(hypothyroidism risk factor®):

(n=124 cases and 3852 non-cases)

Continuous, log-transformed Hg (ug/L) 1.38(1.01, 1.88) 1.30(0.94, 1.81)

Hg quintiles:

Ql: Hg <0.37 pg/L 26 1.00 1.00

Q2: 0.37<Hg< 0.62 pg/L 22 0.79 (0.41, 1.53) 0.72 (0.37,1.39)

Q3: 0.62<Hg< 1.00 pg/L 21 1.12 (0.54, 2.34) 0.97 (0.48, 1.95)

Q4: 1.00<Hg< 1.73 pg/L 29 1.43(0.91, 2.25) 1.25(0.79, 1.96)

Q5: Hg>1.73 26 1.66 (0.78, 3.52) 1.43(0.67, 3.08)

{P-value for trend} {0.06} {0.12}

Both thyroglobulin antibody positivity and thyroid peroxidase

antibody positivity

(n=183 cases and 3793 non-cases)

Continuous, log-transformed Hg (ug/L) 1.39(0.98, 1.84) 1.27 (0.90, 1.80)

Hg quintiles:

Q1l: Hg <0.37 pg/L 33 1.00 1.00

Q2: 0.37<Hg< 0.62 pg/L 36 1.06 (0.63, 1.78) 1.06 (0.63, 1.77)

Q3: 0.62<Hg< 1.00 pg/L 41 1.67 (0.84, 3.30) 1.63(0.81, 3.26)

Q4: 1.00<Hg< 1.73 pg/L 28 0.92 (0.52, 1.62) 0.90 (0.49, 1.64)

Q5: Hg>1.73 45 1.67(0.89, 3.13) 1.56 (0.79, 3.09)

{P-value for trend} {0.18} {0.32}

a.  Statistically adjusted for race/ethnicity (honwhite=referent), urine iodine status (WHO definition of sufficient=referent), age group
(20-49 years=referent; 12-19 years; 50 + years), hormone use (not currently using hormones=referent), and NHANES-estimated 24
hr dietary intake of eicosapentaenoic acid (referent=none; below sample median; above sample median; not ascertained).

b.  Either thyroglobulin antibodies > 4 IU/mL or thyroid peroxidase antibodies > 9 IU/mL
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Table 3. Logistic regression results for the relationship between total blood mercury (Hg) and thyroid outcome

measures; non-pregnant, non-lactating females aged 12 years and older with urine iodine levels below sample

median (143.25 pg/L); NHANES 2007-2010 (n=1988)

Outcome measure No. Unadjusted odds ratio Adjusted® odds ratio
cases (95% Cl) (95% CI)

Thyroglobulin antibodies >4 IU/mL:

(n=145 cases and 1843 non-cases)

Continuous, log-transformed Hg (ug/L) 1.23 (0.86, 1.76) 1.20(0.81, 1.77)

Hg tertiles:

T1: Hg <0.53 pg/L 45 1.00 1.00

T2:0.53<Hg<1.15pg/L 42 0.95 (0.52, 1.73) 0.98 (0.55, 1.75)

T3: Hg>1.15 pg/L 58 1.38 (0.80, 2.38) 1.37(0.77, 2.44)

{P-value for trend} {0.23} {0.26}

Thyroid peroxidase antibodies >9 IU/mL:

(n=252 cases and 1736 non-cases)

Continuous, log-transformed Hg (ug/L) 1.66 (1.17, 2.34) 1.66 (1.19, 2.32)

Hg tertiles:

T1: Hg <0.53 pg/L 75 1.00 1.00

T2:0.53<Hg<1.15pg/L 73 0.77 (0.53, 1.12) 0.75 (0.52, 1.08)

T3: Hg>1.15 pg/L 104 1.34(0.95, 1.89) 1.25(0.85, 1.83)

{P-value for trend} {0.09} {0.19}

Thyrotropin > 4 plU/mL:

(n=112 cases and 1876 non-cases)

Continuous, log-transformed Hg (ug/L) 1.30(0.89) 1.22 (0.85, 1.75)

Hg tertiles:

T1: Hg <0.53 pg/L 38 1.00 1.00

T2:0.53<Hg<1.15ug/L 36 1.23(0.71, 2.13) 1.19 (0.68, 2.08)

T3: Hg>1.15 pg/L 38 1.58 (0.83, 3.01) 1.39 (0.74, 2.62)

{P-value for trend} {0.18} {0.32}

Thyrotropin > 4 plU/mL coincident with thyroid

antibody positivityb

(hypothyroidism risk factor®):

(n=52 cases and 1936 non-cases)

Continuous, log-transformed Hg (ug/L) 1.88 (1.25, 2.85) 1.76 (1.18, 2.62)

Hg tertiles:

T1: Hg <0.53 pg/L 13 1.00 1.00

T2:0.53<Hg<1.15ug/L 14 1.11 (0.45, 2.76) 1.13 (0.48, 2.63)

T3: Hg>1.15 pg/L 25 2.71(1.20, 6.10) 2.37(1.20, 4.71)

{P-value for trend} {0.01} {0.01}

Both thyroglobulin antibody positivity and

thyroid peroxidase antibody positivity

(n=86 cases and 1902 non-cases)

Continuous, log-transformed Hg (ug/L) 1.42 (0.96, 2.09) 1.46 (0.91, 2.33)

Hg tertiles:

T1: Hg <0.53 pg/L 26 1.00 1.00

T2:0.53<Hg<1.15ug/L 24 0.96 (0.45, 2.06) 1.02 (0.48, 2.15)

T3: Hg>1.15 pg/L 36 1.55 (0.76, 3.18) 1.60 (0.72, 3.56)

{P-value for trend}

{0.21}

{0.23}
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Statistically adjusted for race/ethnicity (nonwhite=referent), age group (20-49 years=referent; 12-19 years; 50 + years), hormone use

(not currently using hormones=referent), and NHANES-estimated 24 hr dietary intake of eicosapentaenoic acid (referent=none;
below sample median; above sample median; not ascertained).

Either thyroglobulin antibodies > 4 IU/mL or thyroid peroxidase antibodies > 9 IU/mL
Walsh et al. 2010
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Table 4. Logistic regression results for the relationship between total blood mercury (Hg) and thyroid outcome
measures; non-pregnant, non-lactating females aged 12 years and older with urine iodine levels above sample
median (143.25 pg/L); NHANES 2007-2010 (n=1988)

Outcome measure No. Unadjusted odds ratio Adjusted® odds ratio
cases (95% Cl) (95% CI)

Thyroglobulin antibodies >4 IU/mL:

(n=176 cases and 1812 non-cases)

Continuous, log-transformed Hg (ug/L) 1.18 (0.78, 1.79) 1.11 (0.68, 1.80)

Hg tertiles:

T1: Hg <0.53 pg/L 63 1.00 1.00

T2:0.53<Hg<1.15pg/L 56 1.29 (0.84, 1.98) 1.17 (0.70, 1.95)

T3: Hg>1.15 pg/L 57 1.06 (0.67, 1.69) 0.93 (0.53, 1.66)

{P-value for trend} {0.82} {0.76}

Thyroid peroxidase antibodies >9 IU/mL:

(n=299 cases and 1689 non-cases)

Continuous, log-transformed Hg (ug/L) 0.96 (0.61, 1.52) 0.89 (0.53, 1.51)

Hg tertiles:

T1: Hg <0.53 pg/L 104 1.00 1.00

T2:0.53<Hg<1.15pg/L 103 1.26 (0.82, 1.92) 1.15(0.75, 1.74)

T3: Hg>1.15 pg/L 92 0.96 (0.59, 1.58) 0.86 (0.51, 1.47)

{P-value for trend} {0.85} {0.54}

Thyrotropin > 4 plU/mL:

(n= 156 cases and 1832 non-cases)

Continuous, log-transformed Hg (ug/L) 0.88 (0.47, 1.65) 0.85(0.43, 1.67)

Hg tertiles:

T1: Hg <0.53 pg/L 60 1.00 1.00

T2:0.53<Hg<1.15ug/L 52 0.99 (0.65, 1.50) 0.93 (0.63, 1.38)

T3: Hg>1.15 pg/L 44 0.98 (0.53, 1.83) 0.92 (0.50, 1.71)

{P-value for trend} {0.96} {0.80}

Thyrotropin > 4 plU/mL coincident with thyroid

antibody positivityb

(hypothyroidism risk factor®):

(n=72 cases and 1916 non-cases)

Continuous, log-transformed Hg (ug/L) 0.95 (0.54, 1.68) 0.89 (0.46, 1.72)

Hg tertiles:

T1: Hg <0.53 pg/L 27 1.00 1.00

T2:0.53<Hg<1.15ug/L 23 1.07 (0.57, 2.01) 0.96 (0.49, 1.87)

T3: Hg>1.15 pg/L 22 1.19 (0.61, 2.33) 1.08 (0.53, 2.21)

{P-value for trend} {0.61} {0.83}

Both thyroglobulin antibody positivity and

thyroid peroxidase antibody positivity

(n=97 cases and 1891 non-cases)

Continuous, log-transformed Hg (ug/L) 1.24 (0.74, 2.06) 1.12 (0.62, 2.02)

Hg tertiles:

T1: Hg <0.53 pg/L 34 1.00 1.00

T2:0.53<Hg<1.15ug/L 31 1.29 (0.73, 2.28) 1.17 (0.61, 2.23)

T3: Hg>1.15 pg/L 32 1.02 (0.60, 1.73) 0.88 (0.48, 1.61)

{P-value for trend} {0.96} {0.61}
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Statistically adjusted for race/ethnicity (nonwhite=referent), age group (20-49 years=referent; 12-19 years; 50 + years), hormone use

(not currently using hormones=referent), and NHANES-estimated 24 hr dietary intake of eicosapentaenoic acid (referent=none;
below sample median; above sample median; not ascertained).

Either thyroglobulin antibodies > 4 IU/mL or thyroid peroxidase antibodies > 9 IU/mL
Walsh et al. 2010
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Table 5. Sensitivity analysis: Multivariable® logistic regression results for the relationship between

continuous log-transformed total blood mercury (Hg) and thyroid outcome measures; non-pregnant,
non-lactating females aged 12 years and older, NHANES 2007-2010, for iodine deficient” (n=1330) and

iodine excess* subsamples (n=717)

lodine deficient:
Urine iodine <100 pg/L

lodine excess:
Urine iodine >300 pg/L

Odds ratio (95% Cl)
{# cases + # noncases}

Odds ratio (95% Cl)
{# cases + # noncases}

Thyroglobulin antibodies >4 IU/mL

1.10 (0.69, 1.75)
{107 cases + 1223 noncases}

1.28 (0.61, 2.69)
{58 cases + 659 noncases}

Thyroid peroxidase antibodies >9 IU/mL

1.69 (1.15, 2.49)
{171 cases + 1159 noncases}

1.79 (0.68, 4.73)
{101 cases + 616 noncases}

Thyrotropin > 4 plU/mL

1.34(0.85, 2.13)
{67 cases + 1263 noncases}

0.39(0.20, 0.78)
{66 cases + 651 noncases}

Thyrotropin > 4 plU/mL coincident with
thyroid antibody positivityd
(hypothyroidism risk factor®)

2.03 (1.24,3.32)
{33 cases + 1297 noncases}

0.84 (0.47, 1.52)
{23 cases + 694 noncases}

Both thyroglobulin antibody positivity
and thyroid peroxidase antibody
positivity

1.34 (0.74, 2.46)
{63 cases + 1267 noncases}

2.88(1.28, 6.49)
{31 cases + 686 noncases}

a.  Statistically adjusted for race/ethnicity (nonwhite=referent), age group (20-49 years=referent; 12-19 years; 50 + years), hormone use
(not currently using hormones=referent), and NHANES-estimated 24 hr dietary intake of eicosapentaenoic acid (referent=none;

below sample median; above sample median; not ascertained).

A

Walsh et al. 2010
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Table 6. Weighted® sample descriptive statistics, males aged 12 and older, NHANES 2007-2010 (n=4110)

Thyroglobulin Thyroid Thyrotropin > 4 Thyrotropin > 4 Both thyroglobulin
antibodies >4 peroxidase plu/mL plU/mL coincident antibody positivity
IU/mL antibodies >9 with thyroid and thyroid
IU/mL antibody positivityb peroxidase
(hypothyroidism antibody positivity
risk factor®)
# cases (%) 199 (5%) 275 (7%) 206 (5%) 60 (1%) 104 (3%)
# noncases 3911 3835 3904 4050 4006
Mean total blood
mercury {ug/L}
(SE):
Cases 1.51(0.19) 1.77 (0.22) 2.24(0.37) 2.10(0.47) 1.22 (0.25)
Noncases 1.73 (0.11) 1.72 (0.10) 1.70 (0.10) 1.71 (0.10) 1.73 (0.11)
Mean
thyroglobulin
antibody

concentration
{lu/mL} (SE):

d

d

d

Cases 115.82 (15.28) 63.18 (12.94) ¢ 50.47 (11.78) 130.54 (33.12) 171.64 (31.59) ¢
Noncases 0.67 (0.01) 1.70 (0.39) 4.19 (0.83) 4.09 (0.80) 1.66 (0.37)
Mean thyroid

peroxidase

antibody

concentration
{lu/mL} (SE):

d

d

d

Cases 101.63 (18.20) 142.74 (12.23) 71.10 (16.79) 183.25 (38.66)d 179.63 (24.59)d
Noncases 7.12 (1.22) 1.08 (0.04) 8.88 (1.28) 8.66 (1.24) 7.02 (1.18)
% cases/noncases
comprised by d d d d
nonHispanic
white males 73%/68% 78%/67% 78%/67% 90%/67% 82%/67%
% cases/noncases
by lodine status®: d
Sufficient 44%/50% 47%/50% 43%/50% 34%/50% 43%/50%
Deficient 30%/28% 27%/28% 23%/28% 30%/28% 29%/28%
Excess 25%/22% 26%/22% 33%/22% 36%/22% 27%/22%
% cases/noncases
by agegroup: d d d d d
12-19 years 7%/13% 7%/14% 5%/13% 2%/13% 4%/13%
20-49 years 41%/51% 46%/51% 43%/51% 48%/51% 40%/51%
50+years 52%/35% 48%/35% 51%/35% 50%/36% 55%/36%
% cases/noncases
by estimated 24 d
hr EPA' intake: ¢
None 13%/17% 15%/17% 22%/16% 19%/16% 12%/17%
Below median 51%/35% 43%/35% 33%/36% 35%/36% 51%/36%
Above median 34%/44% 38%/44% 41%/44% 46%/44% 36%/44%
Not ascertained 2%/4% 3%/4% 3%/4% <1%/4% 1%/4%

a.  Weighted for NHANES complex survey design.

b Either thyroglobulin antibodies > 4 IU/mL or thyroid peroxidase antibodies > 9 IU/mL

c Walsh et al. 2010

d.  Significant difference between cases/noncases at P<0.05 using complex survey design

e World Health Organization (2007) definitions for iodine sufficient based upon urine iodine concentrations (Ul): sufficient:

100<U1<300 pg/L; deficient: Ul<100 pg/L; excess: UI>300 pg/L
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f. Eicosapentaenoic acid dietary intake estimated by NHANES, median=0.010 g
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Table 7. Logistic regression results for the relationship between total blood mercury (Hg) and thyroid outcome measures; males aged 12 years

and older; NHANES 2007-2010 (n=4110)

Outcome measure No. cases Unadjusted odds ratio (95% Cl) | Adjusted® odds ratio
(95% Cl)

Thyroglobulin antibodies >4 1U/mL:

(n= 199 cases and 3911 non-cases)

Continuous, log-transformed Hg (ug/L) 0.68 (0.47, 1.00) 0.62 (0.42,0.91)

Hg quintiles:

Q1l: Hg <0.38 pg/L 46 1.00 1.00

Q2: 0.38<Hg< 0.65 pg/L 45 1.22 (0.68, 2.20) 1.00 (0.56, 1.79)

Q3: 0.65<Hgs< 1.05 pg/L 40 0.71(0.41, 1.21) 0.58 (0.34, 1.00)

Q4:1.05<Hg< 1.92 pg/L 37 0.79 (0.44, 1.43) 0.63 (0.34, 1.15)

Q5: Hg>1.92 31 0.51(0.27,0.97) 0.40 (0.21, 0.76)

{P-value for trend} {<0.01} {<0.01}

Thyroid peroxidase antibodies >9 1U/mL:

(n= 275 cases and 3835 non-cases)

Continuous, log-transformed Hg (ug/L) 0.90 (0.64, 1.27) 0.86 (0.59, 1.25)

Hg quintiles:

Q1l: Hg <0.38 pg/L 62 1.00 1.00

Q2: 0.38<Hg< 0.65 pg/L 55 0.98 (0.55, 1.73) 0.85 (0.50, 1.44)

Q3: 0.65<Hgs< 1.05 pg/L 47 0.75(0.43,1.31) 0.63 (0.34, 1.09)

Q4:1.05<Hg< 1.92 pg/L 53 0.96 (0.65, 1.44) 0.80 (0.53, 1.23)

Q5: Hg>1.92 58 0.73 (0.40, 1.30) 0.61 (0.35, 1.06)

{P-value for trend} {0.25} {0.09}

Thyrotropin >4 plU/mL:

(n= 206 cases and 3904 non-cases)

Continuous, log-transformed Hg (ug/L) 1.22 (0.90, 1.64) 1.18(0.82, 1.68)

Hg quintiles:

Q1l: Hg <0.38 pg/L 56 1.00 1.00

Q2: 0.38<Hg< 0.65 pg/L 40 0.59 (0.33, 1.05) 0.53 (0.28, 0.98)

Q3: 0.65<Hgs< 1.05 pg/L 30 0.54 (0.25,1.17) 0.44 (0.20, 0.95)

Q4:1.05<Hg< 1.92 pg/L 34 0.82 (0.47, 1.45) 0.67 (0.38,1.17)

Q5: Hg>1.92 46 0.92 (0.56, 1.50) 0.76 (0.43, 1.32)

{P-value for trend} {0.80} {0.72}

Thyrotropin > 4 pulU/mL coincident with thyroid antibody

positivityb

(hypothyroidism risk factor®):

(n= 60 cases and 4050 non-cases)

Continuous, log-transformed Hg (ug/L) 1.00 (0.59, 1.68) 0.91 (0.50, 1.67)

Hg quintiles:

Q1l: Hg <0.38 pg/L 16 1.00 1.00

Q2: 0.38<Hgs 0.65 pg/L 12 0.50 (0.17, 1.47) 0.41 (0.14, 1.25)

Q3: 0.65<Hgs< 1.05 pg/L 5 0.12 (0.03,0.47) 0.10 (0.03, 0.36)

Q4: 1.05<Hg< 1.92 pg/L 11 0.96 (0.38, 2.47) 0.72(0.27, 1.90)

Q5: Hg>1.92 16 0.62 (0.23, 1.64) 0.46 (0.17,1.25)

{P-value for trend} {0.73} {0.44}

Both thyroglobulin antibody positivity and thyroid peroxidase

antibody positivity

(n=104 cases and 4006 non-cases)

Continuous, log-transformed Hg (ug/L) 0.48 (0.23, 1.03) 0.41 (0.18, 0.90)

Hg quintiles:

Q1l: Hg <0.38 pg/L 27 1.00 1.00

Q2: 0.38<Hg< 0.65 pg/L 22 0.95 (0.46, 1.97) 0.74 (0.35, 1.57)

Q3: 0.65<Hgs< 1.05 pg/L 18 0.50(0.21, 1.21) 0.39 (0.16, 0.92)

Q4:1.05<Hg< 1.92 pg/L 19 0.53(0.22, 1.24) 0.40(0.17,0.91)

Q5: Hg>1.92 18 0.34(0.13,0.87) 0.25 (0.10, 0.61)

{P-value for trend} {0.01} {<0.01}

a. Statistically adjusted for age, race/ethnicity (nonwhite=referent), urine iodine status (WHO definition of sufficient=referent), and
NHANES-estimated 24 hr dietary intake of eicosapentaenoic acid (referent=none; below sample median; above sample median; not
ascertained).

b.  Either thyroglobulin antibodies > 4 IU/mL or thyroid peroxidase antibodies > 9 IU/mL

c.  Walshetal. 2010
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Table 8. Logistic regression results for the relationship between total blood mercury (Hg) and thyroid outcome

measures; males aged 12 years and older with urine iodine levels below sample median (166.7 pug/L); NHANES

2007-2010 (n=2054)

Outcome measure No. Unadjusted odds ratio Adjusted® odds ratio
cases (95% Cl) (95% Cl)

Thyroglobulin antibodies >4 IU/mL:

(n=92 cases and 1962 non-cases)

Continuous, log-transformed Hg (ug/L) 0.88 (0.56, 1.40) 0.84 (0.54, 1.31)

Hg tertiles:

T1: Hg <0.54 pg/L 35 1.00 1.00

T2: 0.54<Hg<1.24ug/L 30 0.74 (0.38, 1.42) 0.67 (0.35, 1.25)

T3: Hg>1.24 pg/L 27 0.66 (0.34, 1.25) 0.58 (0.32, 1.05)

{P-value for trend} {0.21} {0.08}

Thyroid peroxidase antibodies >9 IU/mL:

(n=124 cases and 1930 non-cases)

Continuous, log-transformed Hg (ug/L) 0.79(0.51, 1.23) 0.75(0.47,1.18)

Hg tertiles:

T1: Hg <0.54 pg/L 45 1.00 1.00

T2: 0.54<Hg<1.24ug/L 38 0.83(0.51, 1.37) 0.79 (0.46, 1.36)

T3: Hg>1.24 pg/L 41 0.71(0.41, 1.21) 0.64 (0.37,1.11)

{P-value for trend} {0.21} [0.11}

Thyrotropin > 4 plU/mL:

(n=82 cases and 1972 non-cases)

Continuous, log-transformed Hg (ug/L) 1.56 (1.01, 2.42) 1.48 (0.90, 2.45)

Hg tertiles:

T1: Hg <0.54 pg/L 29 1.00 1.00

T2: 0.54<Hg<1.24pg/L 19 0.53 (0.24, 1.17) 0.48 (0.20, 1.11)

T3: Hg>1.24 pg/L 34 1.25(0.71, 2.18) 1.08 (0.55, 2.09)

{P-value for trend} {0.32} {0.61}

Thyrotropin > 4 plU/mL coincident with thyroid

antibody positivityb

(hypothyroidism risk factor®):

(n=22 cases and 2032 non-cases)

Continuous, log-transformed Hg (ug/L) 1.60 (0.80, 3.19) 1.47 (0.61, 3.54)

Hg tertiles:

T1: Hg <0.54 pg/L 5 1.00 1.00

T2: 0.54<Hg<1.24ug/L 5 0.58 (0.15, 2.33) 0.48 (0.10, 2.26)

T3: Hg>1.24 pg/L 12 1.31(0.59, 2.94) 0.99 (0.37, 2.67)

{P-value for trend} {0.40} {0.83}

Both thyroglobulin antibody positivity and

thyroid peroxidase antibody positivity

(n=44 cases and 2010 non-cases)

Continuous, log-transformed Hg (ug/L) 0.68 (0.29, 1.59) 0.59 (0.25, 1.41)

Hg tertiles:

T1: Hg <0.54 pg/L 16 1.00 1.00

T2: 0.54<Hg<1.24ug/L 14 0.58 (0.20, 1.66) 0.53(0.20, 1.43)

T3: Hg>1.24 pg/L 14 0.63 (0.25, 1.64) 0.53(0.22, 1.28)

{P-value for trend}

{0.38}

{0.19}

a.  Statistically adjusted for race/ethnicity (nonwhite=referent), age group (20-49 years=referent; 12-19 years; 50 + years), and

NHANES-estimated 24 hr dietary intake of eicosapentaenoic acid (referent=none; below sample median; above sample median; not

ascertained).

77




b.  Either thyroglobulin antibodies > 4 IU/mL or thyroid peroxidase antibodies > 9 IU/mL
c.  Walshetal. 2010
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Table 9. Logistic regression results for the relationship between total blood mercury (Hg) and thyroid outcome
measures; males aged 12 years and older with urine iodine levels > sample median (166.7 pg/L); NHANES 2007-

2010 (n=2056)

Outcome measure No. Unadjusted odds ratio Adjusted® odds ratio
cases (95% Cl) (95% CI)

Thyroglobulin antibodies >4 IU/mL:

(n=107 cases and 1949 non-cases)

Continuous, log-transformed Hg (ug/L) 0.38 (0.16, 0.88) 0.29 (0.11, 0.76)

Hg tertiles:

T1: Hg <0.54 pg/L 41 1.00 1.00

T2: 0.54<Hg<1.24ug/L 39 0.61(0.30, 1.21) 0.49 (0.25, 0.96)

T3: Hg>1.24 pg/L 27 0.31(0.14, 0.70) 0.24 (0.10, 0.57)

{P-value for trend} {<0.01} {<0.01}

Thyroid peroxidase antibodies >9 IU/mL:

(n=151 cases and 1905 non-cases)

Continuous, log-transformed Hg (ug/L) 1.08 (0.68, 1.70) 1.02 (0.60, 1.73)

Hg tertiles:

T1: Hg <0.54 pg/L 51 1.00 1.00

T2: 0.54<Hg<1.24pg/L 47 0.75 (0.41, 1.39) 0.60 (0.32, 1.14)

T3: Hg>1.24 pg/L 53 0.79 (0.44, 1.45) 0.66 (0.34, 1.28)

{P-value for trend} {0.45} {0.23}

Thyrotropin > 4 plU/mL:

(n=124 cases and 1932 non-cases)

Continuous, log-transformed Hg (ug/L) 1.02 (0.60, 1.72) 0.96 (0.53, 1.74)

Hg tertiles:

T1: Hg <0.54 pg/L 57 1.00 1.00

T2: 0.54<Hg<1.24ug/L 34 0.89 (0.40, 2.00) 0.76 (0.34, 1.69)

T3: Hg>1.24 pg/L 33 0.83 (0.46, 1.49) 0.70(0.38, 1.27)

{P-value for trend} {0.53} {0.25}

Thyrotropin > 4 plU/mL coincident with thyroid

antibody positivityb

(hypothyroidism risk factor®):

(n=38 cases and 2018 non-cases)

Continuous, log-transformed Hg (ug/L) 0.55(0.18, 1.71) 0.46 (0.13, 1.59)

Hg tertiles:

T1: Hg <0.54 pg/L 20 1.00 1.00

T2: 0.54<Hg<1.24ug/L 10 0.72 (0.20, 2.66) 0.61(0.17, 2.18)

T3: Hg>1.24 pg/L 8 0.41(0.12, 1.45) 0.34(0.10, 1.11)

{P-value for trend} {0.16} {0.08}

Both thyroglobulin antibody positivity and

thyroid peroxidase antibody positivity

(n= 60 cases and 1996 non-cases)

Continuous, log-transformed Hg (ug/L) 0.29 (0.10, 0.88) 0.20 (0.05, 0.77)

Hg tertiles:

T1: Hg <0.54 pg/L 25 1.00 1.00

T2:0.54<Hg<1.24ug/L 19 0.43 (0.18, 1.09) 0.34(0.14, 0.83)

T3: Hg>1.24 pg/L 16 0.26 (0.11, 0.61) 0.21 (0.09, 0.49)

{P-value for trend}

{<0.01}

{<0.01}
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Statistically adjusted for race/ethnicity (nonwhite=referent), age group (20-49 years=referent; 12-19 years; 50 + years), and

NHANES-estimated 24 hr dietary intake of eicosapentaenoic acid (referent=none; below sample median; above sample median; not
ascertained).

Either thyroglobulin antibodies > 4 IU/mL or thyroid peroxidase antibodies > 9 IU/mL
Walsh et al. 2010
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Table 10. Sensitivity analysis: Multivariable® logistic regression results for the relationship between

continuous log-transformed total blood mercury (Hg) and thyroid outcome measures; males aged 12
years and older, NHANES 2007-2010, for iodine deficient® (n=1090) and iodine excess subsamples

(n=945)

lodine deficient:
Urine iodine <100 pg/L

lodine excess:
Urine iodine >300 pg/L

Odds ratio (95% Cl)
{# cases + # noncases}

Odds ratio (95% Cl)
{# cases + # noncases}

Thyroglobulin antibodies >4 IU/mL

0.99 (0.50, 1.95)
{56 cases + 1034 noncases}

0.21 (0.05, 0.94)
{59 cases + 886 noncases}

Thyroid peroxidase antibodies >9 IU/mL

0.83(0.42, 1.63)
{73 cases + 1017 noncases}

1.09 (0.49, 2.41)
{73 cases + 872 noncases}

Thyrotropin > 4 plU/mL

1.89(1.05, 3.42)
{45 cases + 1045 noncases}

0.51(0.18, 1.48)
{71 cases + 874 noncases}

Thyrotropin > 4 plU/mL coincident with
thyroid antibody positivityd
(hypothyroidism risk factor®)

1.92 (0.78, 4.74)
{16 cases + 1074 noncases}

0.22(0.03, 1.87)
{24 cases + 921 noncases}

Both thyroglobulin antibody positivity
and thyroid peroxidase antibody
positivity

0.75(0.26, 2.21)
{29 cases + 1061 noncases}

0.15(0.01, 1.88)
{33 cases + 912 noncases}

a.  Statistically adjusted for race/ethnicity (nonwhite=referent), age group (20-49 years=referent; 12-19 years; 50 + years), and
NHANES-estimated 24 hr dietary intake of eicosapentaenoic acid (referent=none; below sample median; above sample median; not

ascertained).

N

Walsh et al. 2010
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Chapter 3

Total blood mercury and measles antibody concentratns in US children aged 6-11 years,
NHANES 2003-2004

Abstract

Environmental toxicants, pathogens and hostequtibility cofactors may interact to
contribute to disease. In vitro Hg exposure inkithiantiviral cytokines in human cells; however,
little is known about the relationship between hg &iruses in children. Children are vulnerable
to Hg toxicity; lower vitamin B-12 and folate legednd higher homocysteine levels may
represent susceptibility cofactors. This study aineeevaluate associations between total blood

Hg and measles antibodies in children, and theenite of these susceptibility cofactors.

Cross-sectional data on serum measles anébodg, homocysteine, methylmalonic acid
(MMA, indicator of B-12 deficiency), and folate weobtained from the 2003-2004 NHANES
for children aged 6-11 years with measles seropidgi{n=692). We used linear regression to
evaluate relationships between measles antibodek$lg, stratified by sex, MM, folate<,
and homocysteine sample medians, adjusted for demographic, nutatiand environmental

cofactors.

Hg (range: 0.10-19.1@y/L) was inversely associated with measles antés(tiange: 1.00-
28.24 units) in non-stratified analysis (n=692}, gesitively associated among the subset of
boys with higher MMA and lower folate (n=98). Amotigs subset with higher homocysteine
levels (n=61), correlations were positive acrossiglquartiles relative to Q1 (H.20ug/L):
Q2:8=6.60 (3.02, 10.19); QB=8.49 (6.17, 10.81); Q4 (H§.80ng/L):p=4.90 (2.12, 7.67)

(Ptrend=0.077).
82



Stratification by susceptibility cofactors reveatggposing directionality for correlations
between Hg and measles antibodies, with positilezeéstimates at lowest exposures only

among boys with higher MMA, lower folate and high@mocysteine levels.

Note: This chapter completely represents the caigiblished study, with regression
coefficients and additional methods details addetth¢ residual graph captions:

Gallagher, CM, Smith, DM, Meliker, JR. Total blootercury and serum measles antibodies in
US children, NHANES 2003-2004. Sci Total Envirori28; 411:65-71.
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Introduction

Environmental toxicants, microbial pathogend host susceptibility are cofactors that may
interact to contribute to disease risk, and theggfib has recently been proposed that
environmental epidemiological research integraxgctdogical and infectious disease models to
evaluate potential interactions (Feingold et &1®.In vitro exposures of human peripheral
blood mononuclear cells (PBMCs) to organic Hg coomuts inhibited type Il interferon (IFN)-
(de Vos et al., 2007; Gardner et al., 2010a), aiviead cytokine that protects against persistent
measles-virus infection of the central nervousays{CNS) (Finke et al., 1995; Patterson et al.,
2002; Reuter and Schneider-Schaulies, 2010).leligtknown, however, about the potential for

Hg to interact with the measles virus in hunmanivo studies.

Findings from experimental studies of the tieteships between Hg and viruses are mixed. 2-
Furylmercury chloride, an organic Hg derivative sWaund to inhibit human rhinovirus
(Verheyden et al. 2004). Mice infected with coxsackus B3 showed increased Hg in brain
tissue and decreased Hg in serum relative to comiicee (llback et al. 2007), heart viral titers
were elevated in coxsackievirus B3 infected micenvfirst exposed to mercuric chloride
(inorganic Hg) compared to unexposed infected riioaith et al., 2001), and liver viral titers
were increased in herpes simplex virus type 2 tefémice when first exposed to mercuric
chloride compared to unexposed infected mice (@&hrgen et al., 1996). The relationship
between Hg exposures and serum viral antibodystitthumans, however, has not been

previously investigated.

Feingold et al. (2010) specifically identifiadyap in research using the US National Health

and Nutrition Survey (NHANES) concerning interaodetween environmental toxicants such
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as Hg and viral pathogens. Mercury is a known rnexroant to which children are particularly
susceptible (ATSDR 1999). As a sulfhydryl metal,$Hgeneral mechanism of toxicity is to bind
with thiols of exposed cysteine residues on pratéifiaassen, 2008), and has been shown to act
as an immunotoxicant by dysregulating immune respd@ardner et al., 2010a). NHANES uses
a cross-sectional study design to collect interyiewdical examination and laboratory data from
a probability sample of the U.S. population. Messlatibodies were measured in serum of
children aged 6-11 years, along with total bloodléigels for NHANES 2003-2004 (CDC, 2003-
2004). Other years did not contain these data.alineof the current study was to investigate
whether there is a correlation between total bldgdevels and measles antibody titers in

children.

Our previous findings suggested that boys &Bdvith lower folate and higher
methylmalonic acid (MMA, an indicator of B-12 da&acy) levels may be susceptible to Hg-
associated alterations in amino acids, specificdigreases in homocysteine levels (Gallagher
and Meliker, 2011) potentially indicative of a méic disruption hypothesized to underlie
cellular hypomethylation (Deth et al., 2008; Lealket 2009). Persistent infection of rat glioma
cells with measles virus (subacute sclerosing peg@malitis, SSPE strain) has also been
reported to induce hypomethylation (Munzel and Ke$c1982). Therefore, to integrate
possible host susceptibility cofactors with toxicand pathogen exposures, our primary
objective was to evaluate the relationship betwetal blood Hg and serum measles antibodies
stratified by these same susceptibility factorg, 88MA and folate levels. Because we
previously found that boys with higher MMA and lawelate had higher homocysteine levels

(Gallagher and Meliker, 2011) and experimental kssuggested that homocysteine inhibits
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metallothionein (Barbato et al., 2007), a protéiat reduces Hg’s bioavailability (Aschner,
1997, ATSDR, 1999) and cytotoxicity (Rising et 4995; Vitarella et al., 1996; Yao et al,
1999), a secondary objective was to evaluate tieetedf additional stratification by

homocysteine levels.

Methods

We conducted a secondary data analysis o$@estional data on serum measles antibodies,
total whole blood Hg, plasma methylmalonic acid (M)yiserum folate, and plasma
homocysteine from the 2003-2004 National Healtth Idatrition Examination Surveys
(NHANES) (CDC 2003-2004) for children aged 6-11rgeaho tested seropositive for measles
antibodies (CDC 2006a) and whose parents dietaalln@as categorized as reliable by
NHANES (CDC 2007). NHANES uses a complex, multistggrobability sampling design to
select participants representative of the civilimon-institutionalized US population (CDC
2011d). Each sample person is assigned a sampidtibat reflects adjustments for complex
survey design (including oversampling), survey esponses (with adjustments for age and
race), and post-stratification, in order to ensbeg calculated estimates are US population
representative (CDC 2010a). Whole blood Hg measenesnwvere performed by the Division of
Laboratory Sciences, National Center for EnvirontakeHealth, of the Centers for Disease
Control and Prevention using inductively coupleaspha mass spectrometry (CDC 2006b).
Although total blood Hg is a biomarker of both iganic and organic Hg exposure over the past
several weeks to months (ATSDR 1999), it is pritgaaimeasure of organic Hg (CDC, 2010).
Levels of measles IgG antibody were measured byreezmmunoassay that used a lysate of
measles virus-infected human fetal diploid lundsc@iFDL) as the viral antigen and a lysate of
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uninfected HFDL as the control antigen, with a eatdi> 1 representing seropositivity
(McQuillan et al. 2007; CDC 2006a; CDC 2011e). Messaccination status was not recorded,
however, it is likely that the measles titers favghchildren in this study represent vaccination

rather than wild type virus exposures (CDC 200485).

Increased MMA levels in serum are considereectdimeasures of vitamin B-12 tissue stores
and the first indication of B-12 deficiency (Moelbyal. 1990). Blood samples from children
were non-fasting samples (CDC 2004b). Because hamdmnimal studies indicate that omega-
3 polyunsaturated fatty acids (PUFAs) can have immmodulatory effects (Ergas et al., 2002;
Simopoulos, 2002), for example, eicosapentaenat(&FPA) (Makino et al., 2001; Ergas et al.,
2002; Simopoulos, 2002) and docosahexaenoic adihjdErgas et al., 2002; Simopoulos,
2002), and certain fish are high in both PUFAs Hgd Oken et al., 2005; Mahaffey et al.,

2008), it is important to control for possible conhding effects of PUFAs (Grotto et al., 2010).
In consideration of scientific findings that DHA ynbe less specific to fish than EPA due to the
presence of DHA in eggs (Beynen, 2004), we createariable for EPA dietary intake using
NHANES estimated 24-hour dietary EPA intake bagaohureliable parental recall of their
child’s intake of specific foods over the past 2uts (CDC, 2007), i.e., reference group=none;
above and below the median of 0.007 gm for the $asubset of children aged 6-11 years. For
this same sample subset, dichotomous variablesaveated using median cut-points for
homocystein& 4.66umol/L, MMA > 0.108umol/L and folate< 14.8 ng/mL. Additionally, the
following median-cut dichotomous variables wereatee per scientific findings regarding

associations with immune function: serum vitamia R4 ng/mL (Arnson 2007), serum cotinine

> 0.080 ng/mL (Avanzini et al., 2006) and whole lWdead> 1.4 ug/dL (Mishra, 2009).
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Because cadmium has been associated with suppre$simamediate hypersensitivity immune
response in children (Ritz et al., 1998), we alsated a dichotomous variable for whole blood
cadmium; however, the smallest cutoff point betwieerest and higher exposures was greater
than the median, i.e20.20ng/L, and therefore, this dichotomous variable repngs a
frequency distribution of 64% 0.20ug/L and 36%> 0.20ug/L. A dichotomous variable was

created to adjust for below and above the povedgx ratio.

Our objective was to evaluate the relationg@fween Hg and measles virus antibodies in
children with laboratory confirmed measles virup@sure, and therefore, the analytic sample
domain was restricted to survey participants agéd gears with measles seropositivity (
unit) and without missing values for data on blétg cadmium and lead, plasma homocysteine
and methylmalonic acid, serum folate and cotinargl the poverty index ratio. Subjects were
further restricted to those with reliable statupafental 24-hour dietary recall (n=692). There
were 702 observations with both Hg and measlebaahyilevels measured; of these, 10
observations were excluded due to measles seraviggdor an overall sample of 692 children.
Continuous blood Hgufmol/L) measures were log-transformed, and scatiexind residual
plots visually inspected for linearity of the rétaitships between Hg and measles antibodies.
Based upon weighted frequency distributions forsihiesample of children aged 6-11 years, the

following categorical variables were created fdatdlood Hg quartiles (Q): Q1: H.20ug/L;

Q2: 0.2&Hg<0.40pg/L; Q3: 0.4&Hg< 0.80ug/L; Q4: Hg-0.80ug/L.

We used linear regression analyses to evathateelationships between continuous and
categorical Hg and measles antibodies, stratifieddx, MMA> and folate< sample medians,

as well as homocysteinethe sample median, fully adjusted for continuoges, aace (non-
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Hispanic white compared to non-white), poverty, ypathss index, serum vitamin D, and
NHANES-estimated 24-hr dietary intake of EPA ani@isiem. Bivariate regression analysis was
used to evaluate each covariate’s relationship misles antibody levels in each of the
following subgroups: boys with high MMA and low &€, all other boys, girls with high MMA
and low folate, and all other girls. Only the cotmcovariate showed no statistical evidence of
association, so was omitted from all models. Vdeslletermined a priori for model inclusion
because of their potential relationships with mesmsaintibody titers and Hg levels included age
(CDC 20044a, 2005) and body weight (Ball et al. 200dspectively; we used body mass index to
proxy the latter as there was evidence of multicedrity between body weight in kilograms and
age in years. EPA was also determined a prionrfodel inclusion because of its relationship
with Hg (Oken et al., 2005; Mahaffey et al., 20@8ptto et al. 2010). A test for interaction
between Hg, homocysteine and measles titers wakucted by entering a statistical interaction
term for the interaction between homocysteine agdntb the model with all covariates except
cotinine. We used backwards elimination to identibyariates without evidence of a statistical
correlation with measles. As a result, the fullysated models presented do not include blood
lead and cadmium. Statistical analysis was condugseng SAS version 9.2. Primary sampling
units, strata and dietary intake survey subsampights were incorporated to calculate sample
means and 95% confidence intervals, to determatessitally significant differences among
subset sample means and distributions of sampladieaistics, and to perform linear regression
procedures in accordance with complex survey dassgrg the Taylor linearization procedure,
which is robust against the likelihood of correthegrors and heteroscedasticity (Kott 1991). A
separate analysis was also conducted using unweeigbbust regression in order to evaluate

robustness of results in unweighted analysis whiéntaining stability against
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heteroscedasticity (Carroll and Ruppert 1982). Aiddally, the relationship between Hg,
adjusted for covariates, and measles titers wexghgrally depicted by plotting a residualized
Hg variable by measles titers. The plotted Hg \deavas comprised of the residual values
generated by modeling log-transformed Hg as them@gnt variable and the remaining
covariates as independent variables.The Rao-Stesdliare test used to determine statistically
significant differences in proportions for weightemimple characteristics among subsets, and
95% confidence intervals were calculated for tHfecBnce between weighted means to
determine statistical significance. To convert ldgarted agimol/L to pg/L, umol/L were

divided by 4.99 (CDC, 2006b). Statistical significe was defined as an alpha le¥€l.05.

Results

We show in Table 1 that measles antibody eotrations for the overall sample ranged from
1.00-28.24 units, and that Hg ranged from 0.10-A8d/L. Mean measles antibody levels were
not statistically different between boys with higiMA and low folate (9.83; SD=0.88) and all
other children (10.60; SD=0.33). Mean Hg levelsewent statistically different between boys
with high MMA and low folate (0.64kg/L; SD=0.11) and all other children (0.G6/L;

SD=0.08). Hg levels were similar for excluded olbiagons. Boys with higher MMA and lower
folate had significantly higher mean homocystem&9umol/L; SD=0.24) compared to all

other children (4.74umol/L; SD=0.04).

Table 2 presents linear regression resultthrelationship between continuous log-
transformed Hgmol/L) and measles virus antibody concentratioossitie overall sample

(n=692), and for the following subsets: boys withhhMMA and low folate (n=98), all other
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boys (n=231), girls with high MMA and low folate£89), all other girls (n=274), and for the
overall sample less boys with high MMA and low tel&all other children, n=594). There were
no statistically significant associations betweanand measles antibodies in unadjusted
analysis; however, in multivariable analysis, bayth higher MMA and lower folate showed a
positive associatiorfE1.62; 95% CI=0.06, 3.19), whereas the overall darsipowed an inverse
associationf{=-0.87; 95% CI=-1.70, -0.03), as did the overathpke less boys with higher
MMA and lower folate [§=-1.14; 95% CI=-1.88, -0.39), as well as all otheys (3=-1.39; 95%
Cl=-2.74, -0.04). Although continuous Hg was pgsily associated with measles antibodies
among boys with higher MMA and lower folate, retatships were not statistically significant

comparing higher Hg quartiles to the lowest Hg tjlear

We also examined the possibility of interactbetween homocysteine and Hg. A covariate
for the interaction between continuous Hg and horsieine above/below the sample median
was statistically significant in the multivariabteodel for the overall sample (p=0.043), thus
supporting stratification by the dichotomous honsteine covariate. Table 3 presents linear
regression results for only those sample subseltsevidence of a statistically significant
relationship between measles virus antibody comagonhs and Hg, stratified by higher and
lower homocysteine levels. Subsets shown includdetsdor boys with higher MMA, lower
folate and higher homocysteine (n=61), all otheysbwith lower homocysteine (n=119), and all
other children, both boys and girls, with lower famysteine (n=308). Using a continuous
measure of Hg, in unadjusted models, none of thpkasubsets showed a statistically
significant relationship between measles antibazhcentrations and Hg; however, multivariable

regression results showed a positive associatiangrboys with higher MMA, lower folate and
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higher homocysteing€1.67; 95% CI=0.39, 2.95), whereas inverse assonmivere evident
among all other boys with lower homocysteifie-1.87; -3.22, -0.52) and among all other
children with lower homocystein@£-1.85; -3.06, -0.65). Figures 1, 2, and 3 defhiese
relationships graphically using a residualized ldgable adjusted for covariates. Using Hg
guartiles, in unadjusted analysis, the latter twlogsoups showed inverse associations, with
statistically significant relationships evident fég quartiles 2 and 4 (relative to the first quajti
among all other boys with lower homocysteine, ardtie 4" Hg quartile among all other
children with lower homocysteine; these inversatrehships were consistent with multivariable
results (p-value for trend=0.001 and 0.015, re$pelg). Among boys with higher MMA, lower
folate and higher homocysteine, although Hg quesrtilid not show evidence of a statistically
significant relationship with measles antibody camtcations in unadjusted analysis, in the
statistically-adjusted model, relative to the lotMdg quartile, each of the higher Hg quartiles
showed a significantly positive association withasies antibody levels (p-value for

trend=0.077).

In unweighted multivariable analysis, the pesiassociations between Hg and measles
antibody concentrations were robust among boys mgher MMA, lower folate and higher
homocysteine, as were the inverse associationseketig and measles antibody titers among
all other boys with lower homocysteine; howevesutes were not robust for all other children
with lower homocysteine. Also in unweighted anaysi statistically significant trend (p=0.006)

was evident only for boys with higher MMA, loweldite and higher homocysteine.

Discussion
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This research presents one of the first ingagons of the relationship between Hg and
measles antibodies in a human population. Oveaatipte findings suggest an inverse
relationship between Hg and measles antibodieseteryamong boys with higher MMA and
lower folate a positive relationship was observEdrther, among boys with higher MMA, lower
folate and higher homocysteine, this positive reteghip was also evident using both continuous
and categorical Hg measures, and showed stabiliiypweighted analysis. Unadjusted analyses
did not consistently show significant associatibaveen Hg and measles antibody
concentrations. Including age, BMI and the potémimafounding variable EPA in the model,
however, resulted in stronger and more consistsudaations between Hg and measles titers.
Investigations such as this one into the relatignbbtween Hg and viral antibodies are needed
as we begin to learn how Hg can induce both suppesind stimulating effects on the immune
system (Havarinasab and Hultman 2005; Havarinatsab 2005; de Vos et al. 2007; Gardner et

al. 2010a).

The findings of a positive association betweentinuous Hg and measles virus antibodies
only among boys with lower folate and higher MMA,waell as an association present at very
low Hg levels among the subset with higher homaagstlevels, suggests a subpopulation that
may be uniquely susceptible to Hg immunomodulabipwvirtue of their MMA, folate and
homocysteine levels; an interpretation further sufgal by similar mean Hg levels in these
children compared to all other children. A biolaglg plausible mechanism of action underlying
a positive association between Hg and measlesaali among boys with higher MMA and
lower folate might be suggested by in vitro finding human PBMCs of the inhibitory effects of

both subcytotoxic doses of ethylmercury (Gardned.e2010a) and higher doses of

93



methylmercury (de Vos et al., 2007) on IFFNa cytokine required to overcome persistent
measles virus-induced CNS infection (Reuter anch8ider-Schaulies, 2010). On the other
hand, IFNy is also considered a proinflammatory cytokine, entro studies indicate variable
IFN-y levels over time in ethylmercury-treated mice.d&vice is not currently available in
support of or against these biological mechanisnahildren. Further, in the current study, the
strength of the positive Hg effect estimate wasaohat attenuated at the highest Hg quatrtile,
and confidence intervals overlapped among mid-hagldest quartiles, leaving open questions
about dose-response effects among boys with higi, lower folate and higher

homocysteine.

Among all children with lower homocysteine, itgs inversely associated with measles
antibody levels, particularly at the highest Hg@sgre. One interpretation is that the highest Hg
levels inhibited measles virus replication, analogto Verheyden and colleagues’ (2004)
experimental findings that 2-furylmercury, an origadg derivative, inhibited late, but not early,
human rhinovirus RNA synthesis. Reverse causaldy also play a role, as higher levels of
measles antibodies may reduce levels of blood Hgnduction of metallothionein (MT). MT is
known to bind with Hg to minimize its cellular bigalability (Aschner, 1997; ATSDR, 1999)
and protect against cytoxicity (Rising et al., 1998arella et al., 1996; Yao et al., 1999).
Although it is unknown whether the measles viruduces MT production, findings from a study
of HIV+ subjects during chronic viremic episodedigated a positive relationship between
sustained HIV virus replication and increased MMaexpression; the latter finding was absent
in healthy, uninfected controls (Raymond et al. @OMT induction was found in mice infected

with coxsackievirus B3, with subsequent decreaseahs Hg and increased brain Hg (llback et
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al., 2007). Thus, a biologically plausible mechanfsr the inverse association between measles
virus and total blood Hg may be MT induction ankdtigely unimpeded MT function with
resultant decreased bioavailability of total bldtglas measles antibody levels increase. Among
all other boys with lower homocysteine, howevee, #f Hg quartile also showed a statistically
significant inverse association with measles ailydevels, but only the highest Hg quatrtile’s
inverse correlation with measles antibodies wasisblm unweighted analysis, suggesting a
possible threshold, rather than a dose-respongseTtypothesized mechanisms
notwithstanding, the cross-sectional study desmitd interpretations of causality in either

direction.

Additionally, a broader perspective that cdess epigenetic effects is merited in light of
Hg'’s inhibitory effects on methionine synthase (Wet al., 2004) and hypothesized DNA
hypomethylation (Deth et al., 2008) with consequatdrations in gene expression (Lee et al.,
2009). For example, Toker and Huehn (2011) reviesradrging scientific knowledge regarding
the role of epigenetics in controlling expressidfroxp3 which is required for regulatory T cell
(Treg development and immune function. Further, Satial. (2009) showed that measles virus
affects Foxp3E&ghomeostasis in mice, and speculated that the Iateh@tween measles virus
and Tegcells may play a role in persistent measles vinéesctions in subacute sclerosing
panencephalitis (SSPE). Future research regardogeatial relationship between Hg and

Foxp3Teg may yield additional insights.

This study is limited by lack of data on spiecsources, forms, tissue distributions and timing
of Hg exposures in the study children. Methylmeyasran organic Hg compound found in fish
(Oken et al., 2005; Mahaffey et al., 2008) and letleycury is an organic Hg compound found in

95



the vaccine preservative thimerosal. Thimerosalnma$een used in the measles vaccine, and
has been removed from most vaccines (US FDA, 201®.current study measured total blood
Hg, which includes primarily organic Hg and, in thejority of the population, undetectable
levels of inorganic Hg (CDC 2010b); however, thisasure does not differentiate between
different forms of organic mercurials, and conseyeinterpretations are limited regarding
sources of exposures. Because the clearance ma&feti organic mercurials in the blood is
relatively brief (< 3 months) (ATSDR 1999; Burbacle¢ al. 2005), Hg represents recent, but not
historical exposures. Additional studies are neddadase out the relative importance of

different organo-mercurial exposures in relatiomteasles virus antibody levels.

The cross-sectional study design hinders adetstanding of the dynamics between Hg and
measles virus antibodies and how other factors, gegetic, epigenetic, metallothionein,
nutrients, amino acid metabolism, might influentzis telationship. As in any epidemiologic
study, the presence of additional unmeasured codfes or cofactors is a possibility; however,
every effort was made to account for potential oantling variables. For example, in the
adjusted model for boys with higher MMA, lower ftdaand higher homocysteine levels, adding
estimated beneficial fish nutrient intake (EPAYpitthe model resulted in an increased effect
estimate for each Hg quartile by more than 75%eauth of these estimates was statistically
significant, whereas without EPA-adjustment, théand 4' quartiles showed borderline
significance. These results suggest that includiren a crude estimate of EPA from a 24-hour

dietary intake survey helped control for confourgai Hg by beneficial aspects of fish intake.

In summary, using a U.S. representative sawipttildren aged 6-11 years, we present early
evidence of an association between levels of Hgaod and measles antibodies. Novel findings
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are reported of a positive association between havyevels of Hg exposure and measles
antibodies among boys with lower folate, higher Mi#d higher homocysteine, but inverse
associations between higher levels of Hg exposudengeasles antibodies among all other
children. These findings highlight the importanée€ansidering dynamics between toxicant
exposures, pathogens and host susceptibility. Eurédsearch is warranted to discern sources
and timing of concurrent Hg and measles virus expess biological interactions with nutritional
and metabolic factors, related epigenetic processescorrelations with immune and neurologic

endpoints among susceptible infants and children.
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Table 1. Sample subset weighted mean (standarg ealoes, frequency distributions and
proportions for boys with lower folate and higheM¥ (n=98) and for all other children
(n=594), aged 6-11 years with seropositive meagtasantibody concentrations and reliable
parental dietary recall report (n=692), NHANES 2Z0®4.

Boys with high MMA and low| All other children
folate
Total blood mercuryy(g/L)** | 0.64 (0.11) 0.69 (0.08)
Overall sample min, max:
0.10, 19.10
Measles antibody titér 9.83 (0.88) 10.60 (0.33)
Overall sample min, max:
1.00, 28.24 units
Homocysteinemol/L)* 5.39 (0.24) 4.74 (0.04)
Overall sample min, max:
2.07,24.51
Methylmalonic acid 0.15 (0.007) 0.12 (0.004)
(umol/L)3¢
Overall sample min, max:
0.04, 0.53
Folate (ng/mLj* 11.99 (0.29) 16.80 (0.32)
Overall sample min, max:
3.10, 58.10
Vitamin D (ng/mLJj* 26.87 (0.97) 26.32 (0.68)
Overall sample min, max:
3.00, 44.00
Selenium(mcg) 110.39 (6.22) 92.31 (3.22)
Overall sample min, max:
10.90, 326.40
EPA' estimated dietary intake]
past 24 hrs:
None 29 (30%) 199 (34%)
<0.007 gm 28 (29%) 202 (34%)
>0.007 gm 41 (42%) 193 (32%)
Overall sample min, max:
0, 0.82
Age (years) 8.48 (0.23) 8.63 (0.12)
Body mass index (kg/fh 18.43 (0.43) 18.83 (0.25)
Non-Hispanic white 24 (24%) 154 (26%)
Below poverty index 26 (27%) 221 (37%)

a. Non-fasting blood sample.
b. Whole blood.

c. Serum.

d. Plasma.

e. Statistically significant difference a+0.05 level, calculated based upon weighted comglexey design.
f. NHANES-estimated 24-hr dietary intake of seleniand eicosapentaenoic acid (EPA) based upon pagahhr

recall.
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Table 2. Weighted Linear regression coefficien&43CI) for the relationship between
continuous log-transformed total blood mercurgnfl/L) and measles virus antibody
concentrations, for overall sample and sample ¢spskildren aged 6-11 years with seropositive
measles viral antibody concentrations and relipblental dietary recall report, NHANES 2003-
2004.

Overall Boys with | All other Girls with | All other Overall
sample high MMA | boys high MMA | girls sample less
(n=692) and low (n=231) and low (n=274) boys with
folate folate high MMA
(n=98) (n=89) and low
folate
(n=594)
Unadjusted | -0.55 0.95 -1.53 -1.82 0.01 -0.84
Model : (-1.47, (-1.33, (-3.26, (-5.07, (-1.70, (-1.78,
continuous | 0.36) 3.24) 0.20) 1.43) 1.73) 0.10)
mercury R%<0.01 R?*=0.01 R?=0.03 R=0.03 | R%<0.01 R°<0.01
Fully -0.87 1.62 -1.39 -1.76 -1.27 -1.14
Adjusted (-1.70, (0.06, (-2.74, (-4.84, (-2.88, (-1.88,
Model: -0.03) 3.19) -0.04) 1.32) 0.62) -0.39)
continuous | R*=0.12 R*=0.21 R=0.30 |R=0.20 |R*=0.13 |R*=0.16
mercury

a. Statistically adjusted for age, body mass indexANIHS-estimated dietary intake of
eicosapentaenoic acid (EPA) and selenium, serumminit D, poverty, race/ethnicity, and
plasma homocysteine. (Models for overall sampleamedall sample less boys with high
MMA and low folate also adjusted for sex, MMA araddte.)

b. p<0.05

c. p<0.01
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Table 3. Weighted linear regression coefficien&49CI) for the relationships between
continuous total blood mercury (Hg), Hg quartil€y &and measles virus antibody
concentrations, for boys with higher MMA, lowerdté and higher homocysteine; all other boys
with lower homocysteine; and all other childrenwlitwer homocysteine: children aged 6-11
years with seropositive measles viral antibody eotr@tions and reliable parental dietary recall

report, NHANES 2003-2004.

Boys with higher
MMA, lower folate
and higher
homocysteine
(n=61)

All other boys with
lower homocysteine

(n=119)

All other children with
lower homocysteine

(n=308)

Unadjusted, continuous
log-transformed Hgug/L)

1.23 (-1.21, 3.68)
R?=0.03

-1.72 (-4.12, 0.67)
R?=0.06

-1.56(-3.13, 0.02)
R?=0.03

Fully-adjusted continuous
log-transformed Hgu(g/L)

1.67°(0.39, 2.95)
R’=0.41

-1.87 (-3.22, -0.52)
R?=0.35

-1.85 (-3.06, -0.65)
R?=0.19

Unadjusted,

Hg Quartiles:

Q1: Hg0.20ug/L

Q2: 0.26Hg<0.40ng/L
Q3: 0.46Hg<0.80ng/L
Q4: Hg>0.80ug/L

Reference

0.89 (-3.36, 5.14)
3.04 (-0.59, 6.66)
1.36 (-4.38, 7.10)

Reference

-5.20 (-8.98, -1.42)
-1.89 (-5.86, 2.08)
-4.81° (-9.57, -0.06)

Reference

-2.34 (-5.84, 1.17)
-0.81 (-4.06, 2.43)
-3.61° (-7.06, -0.17)

R? (p value for trend) 0.03 (0.586) 0.20 (0.096) 0.05 (0.093)
Fully-adjusted,

Hg Quartiles:

Q1: Hg0.20ug/L Reference Reference Reference

Q2: 0.26Hg<0.40ug/L
Q3: 0.46Hg<0.80ug/L
Q4: Hg-0.80ug/L

R? (p value for trend)

6.60 (3.02, 10.19)
8.49'(6.17, 10.81)
4.90 (2.12, 7.67)
0.56 (0.077)

-4.17 (-6.63, -1.61)
-0.24 (-2.42, 1.94)
-4.90' (-7.32, -2.49)
0.44 (0.001)

-1.87 (-5.02, 1.28)
-0.37 (-3.10, 2.35)
-3.8% (-6.30, -1.35)
0.20 (0.015)

a. Statistically adjusted for age, body mass inbBXANES-estimated dietary intake of eicosapentaenoi

acid (EPA) and selenium, serum vitamin D, poveaty] race/ethnicity. (Models for all other boys #od
all other children also adjusted for MMA and fotea@d model for all other children also adjusted fo

sex.)

b. <0.05
c. <0.01
d. <0.001

Note: Sample size by Hg quartiles (Q):

() Boys with higher MMA, lower folate and higheoimocysteine- Q1, n=16; Q2, n=20; Q3, n=10; Q4,

n=15

(ii) All other boys with lower homocysteine- Q1, 32; Q2, n=40; Q3, n=30; Q4, n=17
(i) All other children with lower homocysteine-1Qn=80; Q2, n=79; Q3, n=86; Q4, n=63
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224 units

Measles antibody concentration

1.68 units

Figure 1. Residualized Hg vs. measles antibody concentration:
boys with low folate, high MMA, high homocysteine (n=61)
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*B=1.78 (P=0.069); Log-transformed and adjusted for age, BM|, EPA, selenium, vitamin D, poverty, race/ethnicity;
complex survey design not incorporated into residualized plot.
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Figure 2. Residualized Hg vs. measles antibody concentration:
boys with high folate, low MMA, low homocysteine (n=119)
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*B=-1.89 (P=0.012); Log-transformed and adjusted for age, BMI, EPA, selenium, vitamin D, poverty, race/ethnicity.;
Complex survey design not incorporated into residualized plot.
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Figure 3. Residualized Hg vs. measles antibody concentration:
all other children with high folate, low MMA,
low homocysteine (n=308)
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*B=-0.98 (P=0.080); Log-transformed and adjusted for age, BMI, EPA, selenium, vitamin D, poverty, race/ethnicity;
Complex survey design not incorporated into residualized plot.
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Chapter 4

Total blood mercury and rubella antibody concentratons in US children aged 6-11 years,

NHANES 2003-2004

Abstract

Children are susceptible to mercury (Hg) tdayjand Hg has immunomodulatory effects.
Lower folate and B-12, and higher homocysteine negyesent susceptibility cofactors. A large
proportion of variability in rubella immune respens attributable to environmental factors.

This study aimed to evaluate the interaction betwetal blood Hg and nutritional and
homocysteine status on rubella virus antibody cotragons. Cross-sectional data on rubella

lgG antibody concentrations, Hg, homocysteine, giethlonic acid (MMA, an indicator of B-

12 deficiency), and folate were obtained from 2@084 NHANES for children aged 6-11 years
with rubella seropositivity (n=690). Linear regresswas used to evaluate relationships between
log-transformed rubella concentrations and Hgtifted by sex, MMAz, folate <, and

homocysteineesample medians, adjusted for demographic and iouit cofactors.

Hg was significantly positively associatedhwitibella antibody concentrationg=0.24;
95% confidence interval (Cl)=0.11, 0.38) in chddrwith higher MMA, lower folate and higher
homocysteine (n=110), yet inversely associated gnatirother childrenf{ =-0.18; 95% ClI=-
0.34, -0.03) (n=580). Among the former, estimafsmere positive across all Hg quartiles
relative to the lowest (Q1) (Hg<0.30ug/L): @2:0.23 (-.10, 0.56); QFP=0.35 (0.13, 0.57); Q4:

=0.53 (0.21, 0.84Pyen<0.01. Conclusion: Findings are consistent withvjanesly reported
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associations between Hg and measles antibody ctvatiens, and highlight the importance of

considering dynamics between toxicant exposurgbpgans and host susceptibility.
Note: This study completely represents the origatadly:

Gallagher CM, Smith DM, Golightly MG, Meliker JRofal blood mercury and rubella antibody
concentrations in US children aged 6-11 years, NE&S&N003-2004. Sci Total Environ 2012;

442C:48-55. doi: 10.1016/j.scitotenv.2012.09.0¢dup ahead of print]
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Introduction

The integration of toxicological and infectsodisease models to evaluate potential
interactions is an emerging area of environmergalamiological research need (Feingold et al.,
2010). Serum vaccine antibody concentration isxareasingly recognized parameter of immune
system response to environmental contaminantspalpton studies (Grandjean et al., 2012).
Further, the U.S. Department of Health and Humawi&ss prioritized the evaluation of
relationships between environmental contaminandsimmunologic outcomes in susceptible
subpopulations (US DHHS, 2011a); however, epidergiclstudies stratified by susceptible

subgroups are lacking.

Previously, we evaluated associations betwgeand measles antibody concentrations by
nutritionally susceptible subpopulations in a USkability sample of measles IgG seropositive
children aged 6-11 years using data from the 2@IBtNational Health and Nutrition Survey
(NHANES) (Gallagher et al., 2011a). Similar to Heéinn and colleagues’ finding of a
nonsignificant inverse association between contisuneasures of serum antibodies against
tetanus and diphtheria vaccinations and hair Hgeomations (2010), we observed significant
inverse associations in the overall sample; howeviken we stratified the analysis by
nutritionally susceptible subgroups, we also obsgthat total blood Hg was positively
associated with measles antibody concentrationsigrboys with higher methylmalonic acid, an
indicator of B-12 deficiency, lower folate, and heg homocysteine levels, but was inversely
associated with measles antibodies in all othdd@m (Gallagher et al., 2011a). This

preliminary evidence suggests that Hg exposurese@ated with heterogeneity in
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immunological responses in subsets of childreredifitiated by higher versus lower folate,

vitamin B12 and homocysteine levels.

Scientific evidence supports the biologicaysibility that folate, vitamin B12, and
homocysteine may modify the relationship betweerahg immune function. In the
methionine-methylation cycle, the enzyme methiorsyiethase interacts with folate and vitamin
B12 to regenerate methionine, an essential amiigoaac methyl-donor for DNA, RNA and
other methylation reactions, from homocysteinepa-essential amino acid (James, 2010).
Methylation regulates gene expression that magpgansible for heterogeneity in
immunological responses (Poland et al., 2007).heuytin vitro findings indicate that Hg inhibits
the function of methionine synthase (Waly et @04), a major driver of the functioning
methionine-methylation cycle in conjunction withfactors vitamin B12 and folate. Finally,
homocysteine is integral to the methionine-methgtatycle, both a substrate for and by-

product of methionine metabolism.

The most common cause of moderate hyperhost&iagmia is folic acid and vitamin B12
deficiency (Schroecksnadel et al., 2003), and aearse correlation between total plasma
homocysteine and both folate and vitamin B12 leiretshildren has been consistently observed
(Bjorke Monson and Ueland, 2003); however, much isknown about the relationship
between homocysteine, folate, vitamin B12, andandibodies in children. Yet, research does
suggest possible relationships between homocységidémmune function. Plasma
homocysteine was elevated in children with systdapas erythematosus (SLE) relative to
healthy controls (Do Prado et al., 2006) and, mlta8LE patients, elevated plasma
homocysteine was positively correlated with antirdinocysteine-albumin antibodies (Padjas et
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al., 2007). Human cellular studies also indicapmssible role for T cell immune activation in
the development of hyperhomocysteinemia (Schroededret al., 2003). Fuchs et al. (2001)
describe a model in which immune activation driggglative stress with consequent folate and
vitamin B12 depletion, leading to homocysteine acglation. Further, mechanistic evidence
suggests that homocysteine inhibits metallothiofBarbato et al., 2007), a protein that reduces
the bioavailability of Hg (Ascher, 1997; ATSDR, )9and that Hg also inhibits antiviral
interferon (de Vos et al., 2007; Gardner et al1@0, cytokines that induce immunity to viruses
by restricting viral spread (Stetson and Medzhi2806). Homocysteine also serves as a bridge
to the transsulfuration pathway for the synthesiglatathione (GSH). Agrawal et al. (2007)
showed that the organomercurial ethylmercury irtatbantiviral interferon by depleting
glutathione. Another consequence of glutathiondediem is impaired methylation
(Lertratanangkoon et al., 1997). The combined niation cycle/transsulfuration pathway
involving homocysteine, folate, and vitamin B-12imerging as a biologically plausible
mediator of the association between environmentatants and immune-related disorders (Ji

and Khurana Hershey, 2012).

Environmental factors might influence rubetgibody concentrations variability in children.
Tan et al. (2001) compared post-vaccination measidsubella antibody levels of monozygotic
with dizygotic healthy twins in order to controkfenvironmental factors, and therefore, estimate
the heritability of immunogenicity. Results suggekthat while measles had a heritability of
88.5%, only 45.7% of the variability in rubella grady levels was attributed to genetic effects.
Yet, despite Tan et al.’s (2001) finding that ohlly5% of measles titer variability was

attributable to environmental factors in healthitdren, our previous findings suggested an
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association between Hg and measles concentratiamsubpopulation with possible B-12 and
folate deficiencies and higher plasma homocystieinels (Gallagher et al., 2011&).light of
the potentially greater environmental influenceraipella concentrations, the objective of the
current study was to evaluate the interaction betweg exposure and nutritional and

homocysteine status on rubella virus antibody cotragons in U.S. children aged 6-11 years.

Methods

Study design

Cross-sectional data on serum rubella antésydotal whole blood Hg, plasma
methylmalonic acid (MMA), serum folate, plasma haysieine, and covariates were obtained
from the 2003-2004 National Health and NutritioraBExnation Surveys (NHANES) for children
aged 6-11 years whose parents dietary recall ategjorized as reliable by NHANES (CDC,

2007). Blood samples were non-fasting samples (CZDC1f).

Outcome measure

Levels of rubella IgG antibody were measurg@nzyme immunoassay and reported in
Rubella International Units (IU), with a value>®fl0 considered seropositive for rubella (CDC,
2006a). Rubella vaccination status was not recordegever, in the sample of children aged 6-
11 years from the NHANES 2003-2004 birth cohorgager than 10 units of rubella 1IgG
antibodies most likely represent exposure to tloeina-strain of the rubella virus and resultant
vaccination-induced immunity, rather than pastetiten with the wild-type virus, given
historical data on U.S. vaccine coverage pertitefitie study cohort (CDC, 2004a; CDC, 2005).

In addition to “seronegative” and “seropositive’teae responses, a “serohyperpositive”
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vaccination response was identified by Poland.gRal02) in their study of measles titer
variability among school children. Therefore, viaatibody concentrations may be meaningful
across a continuum from lowest to highest lev®l& used a continuous measure of rubella
antibody concentrations as the study outcome measith log-transformation to address

skewness.

Exposure measure

Whole blood Hg measurements were performeith@yivision of Laboratory Sciences,
National Center for Environmental Health, of then@es for Disease Control and Prevention
using inductively coupled plasma mass spectrom{@&BC, 2011g). Total blood Hg is primarily
a biomarker of organic Hg exposure, and thoughaiy miso reflect exposure to inorganic Hg,
total blood Hg is an established biomarker of exp@so methyl mercury over the past 1.5 to 2
months (EFSA, 2004). Mahaffey et al. (2004) showetgnificant association between total
self-reported fish intake over the past 30 daystatal blood Hg in U.S. women of childbearing
age (adjusted multiple correlation coefficient=.p40.0001). Ethylmercury is an
organomercurial metal previously found in unexpiceddhood vaccines through January, 2003
(CDC, 2012f) and is currently found in small amauint multi-dose vials of vaccines such as
some influenza vaccines. Due to the greater frequehdietary exposures relative to vaccine
exposures, and the more rapid elimination of etleybary from the body compared to
methylmercury (CDC, 2011b), total blood Hg moreelikrepresents exposure to methylmercury
in the current study. A continuous measure ofl totzod Hg (umol/L) was log-transformed to

address skewness. A categorical variable for tadd Hg quartiles (ug/L) was created based
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upon the sample frequency distribution. To coniAgtreported agmol/L to ug/L, pmol/L was

divided by 4.99 (CDC, 2006b).

Covariates and Modifiers

The same covariates and modifiers as usedriprevious study regarding associations
between Hg and measles antibody concentrations(@air et al., 2011a) were relevant to the
current study. Therefore, the following covariatese evaluated for inclusion in multivariable
models: age (years), body mass index, eicosapentaaeid (EPA), selenium, serum vitamin D,
serum cotinine, poverty and race/ethnicity. Multighle models were built based upon
consideration of candidate covariate’s relationshifth the exposure and outcomes per the
scientific literature, and consideration in multiadle models of stabililty of estimates. Because
human and animal studies indicate that omega-upsbturated fatty acids (PUFAS) such as
eicosapentaenoic acid (EPA) can have immunomodylaféects ( Iwami et al., 2011), and
certain fish are high in both PUFAs and Hg (Okealgt2005; Mahaffey et al., 2008), we
controlled for the possible suppressive confoundfigence of PUFAs (Grotto et al., 2010).

We created a variable for EPA dietary intake udittANES estimated 24-hour dietary EPA
intake based upon reliable parental recall of tbkild’s intake of specific foods over the past 24
hours (CDC, 2007), i.e., reference group=none; alamd below the median for the sample
subset of children aged 6-11 years. Estimate@njiéntake of selenium and serum vitamin D
measures was evaluated for linear relationshipgs mibella concentrations in order to determine
assessment as either continuous or categoricalumesa#\ dichotomous variable was also
created to adjust for below and above the povedgx ratio. The rationale for stratified analyses
by nutrient and homocysteine status built on oevjmus study of associations between measles

111



virus antibodies and total blood Hg (Gallagherlgt2911a), and considered prior evidence in
the literature, as well as results from statistieats for interactions. Increased MMA levels in
serum are considered direct measures of vitami@ Bs$ue stores and the first indication of B-
12 deficiency (Moelby et al., 1990); serum folaaireliable indicator of dietary folate intake
and is a suitable biomarker of general folate statypopulation surveys (Green, 2011); and
plasma homocysteine concentration remains relgto@hstant over a single month’s duration
(Garg et al., 1997), making these analytes useduhérkers for cross-sectional analysis. To
create covariates for stratified analyses, dichotsnvariables were created using sample

median cut-points for homocysteine, MMA and folate.

Analytic sample

Subjects were restricted to children aged. édars seropositive for rubella antibodies, i.e.,
rubella antibody levels 10 IU, without missing values for Hg, covariatesl anodifiers.
Trained NHANES interviewers conducted in persorhddr dietary recall interviews for a
subsample of participants. The current study samvpkelimited to this NHANES subsample

(n=690).

Statistical analysis

All statistical analysis was conducted usidgSCary, N.C.) version 9.2. Bivariate linear
regression and residual plots were visually insggzbat order to determine whether linearity
assumptions were met for linear regression, wiexa@mination using log-transformations.

Multicollinearity was assessed using tolerancasties (Allison, 2006).
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Primary sampling units, strata, and dietatyssunple weights were incorporated in
accordance with complex survey design recommenaa{GDC, 2011d) for hypothesis testing
and the generation of U.S. population-represergaististics. Linear regression analysis was
used to evaluate the relationships between conimaad categorical Hg and rubella antibodies,
for the overall sample and stratified by sex, MMANd folatex sample medians, as well as
homocysteine the sample median. To preserve power, and bedfaaksegs were similar for
boys and girls, statistical results are presergethiese two subsets that each include both boys
and girls. Subset 1 was comprised of children vatrer folate, higher MMA, and higher
homocysteine levels, a susceptible subset idemtdreviously from investigation of measles
concentrations (Gallagher et al., 2011a). Subsecomprised of all other children. Linear
regression coefficients and 95% confidence interwadre reported as measures of association,
both unadjusted and adjusted for covariates. Siapdemultiple linear regression were used to
evaluate associations between the continuous oatcoeasure of log-transformed rubella
concentrations and total blood Hg, as both a canotis log-transformed measure and categorical
quartiles, withP-values reported for trend tests to evaluate despemse relationships. Both
weighted (NHANES dietary subsample weights) andeighted models were evaluated and,
since results were similar, weighted results aesgmted in the tables and results section in order
to provide findings that are generalizable to th8.yopulation of children aged 6-11 years. In
the models using continuous natural log-transfakidg, because the outcome is also natural
log-transformed, linear regression coefficientsiaterpreted as the percentage increase or
decrease in the average value of rubella antibqu#e4 % increase in Hg, and in models using
untransformed Hg quartiles, linear coefficientsiaterpreted as the percentage increase or

decrease in the average value of rubella antibguiesinit increase of Hg (Vittinghoff et al.,
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2005), i.e., change from first to fourth Hg quatias reported in the Discussion section.
Adequacy of model fit was evaluated using the cogemce criterion, and alpha significance

levels were set a priori at 5 percent (2-sided).

The relationship between Hg, adjusted for cates, and rubella antibody concentrations was
graphically depicted by plotting a residualized ¥ygiable by untransformed rubella antibody
concentrations; complex survey design weights, @rynsampling units and strata were not
incorporated into these plots. The plotted Hg \@eavas comprised of the residual values
generated by modeling log-transformed Hg as themiggnt variable and the remaining
covariates as independent variables; sample wergtns incorporated into this calculation, but
not primary sampling units or strata. Figure capgipresent regression coefficients for both
untransformed (depicted in figures) and log-trarmefd (not depicted in figures) rubella

antibodies as the dependent variable.

Sensitivity analyses were conducted usingrate/e low folate cut-points of 12.9 ng/mL
(bottom one-third of sample) and 13.8 ng/mL (midpgercentile between bottom one-third and
median-cut folate levels). In addition, separatelels were run evaluating each combination of
median-cut folate and homocysteine subset and @aubination of median-cut MMA and

homocysteine subset.

Results
In Subset 1 there were 110 children with lofatate, higher MMA and higher homocysteine,
and in Subset 2, there were 580 children withoeséhsusceptibility cofactors (Table 1). Other
than the modifier variables used to define thesseats, there were no statistically significant

differences between subset means and proportiotsvafiates.
114



Among children with lower folate, higher MMAd higher homocysteine, in both unadjusted
(=0.25; 95% CI=0.12, 0.38) and adjustgd.24; 95% CI=0.11, 0.38) models, log transformed
continuous Hg (umol/L) was significantly positivedgsociated with log-transformed rubella
virus antibody concentrations (IU) (Table 2). Amalgother children, however, an inverse
association was evident in both unadjusfizd@.12; 95% CI=-0.28, 0.04) and adjustgd-0.18;
95% CI1=-0.34, -0.03) models. A similar pattern veaglent using the following categorical Hg
guartiles (ng/L) as the exposure variables: Quatti{Q1, Referent): Hg<0.30 pg/L; Q2:
0.30xHQg<0.50 pg/L; Q3: 0.56Hg<0.80 ug/L; Q4: Hg0.80 pg/L. In multivariable analysis,
among children with lower folate, higher MMA andjher homocysteine, relative to Q1,
increasing positive estimates were observed frar?ththrough the highest Hg quartiles (Q2:
$=0.23; 95% CI=-0.10, 0.56; QB=0.35; 95% CI=0.13, 0.57; QB=0.53; 95% CI=0.21, 0.84)
(Prene<0.01). Among all other children, however, an irpeerelationship was observed,
particularly at the highest Hg quartile ((2-0.21; 95% CI=-0.58, 0.16; QB=-0.15; 95% Cl=-

0.47, 0.18; Q4B=-0.34; 95% CI=-0.67, -0.00P{en=0.07).

Discussion
Interpretation of key findings
Children with nutritional susceptibility, i,elower folate and higher MMA levels, as well as
higher homocysteine levels, showed a significasitp@ association between Hg and rubella
antibody concentrations, whereas all other childteowed an inverse, albeit variable,
relationship. Among the susceptible subgroup, ari&ease in total blood Hg was associated
with a 0.24% increase in average rubella antibadhcentration; whereas among all other

children, a 1% increase in total blood Hg was assed with a 0.18% decrease in average
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rubella antibody concentration. Further, amongsilmceptible subgroup, an increase in the total
blood Hg level from the first to the fourth quagtivas associated with a 70% increase in average
rubella antibody concentration. On the other hamaong all other children, an increase in total
blood Hg from the first to the fourth quartile wassociated with a 40% decrease in average
rubella antibody concentration. These associatieere shown at levels of Hg exposure well
below established safety levels. Findings are cdimpavith previously reported associations
between Hg and measles antibody concentrationsa(@ar et al., 2011a) and therefore add
weight to the likelihood that Hg may influence vimectype viral antibody levels among
susceptible subgroups. Measles and rubella antibodgentrations were only moderately
correlated (Spearman rho=0.40), so it is unlikebt associations between Hg and rubella
antibodies were confounded by the coincident preseih measles antibodies. Further,
sensitivity analysis (results not shown in tablespg alternative folate cut-points showed
similar associations . In addition, analyses usigarate combinations each of median-cut
MMA and homocysteine subsets and median-cut faatehomocysteine subsets resulted in
patterns similarly suggestive of positive relatioips between Hg and rubella antibody
concentrations among children with lower B vitari@wels coincident with higher homocysteine
levels, but inverse relationships in the remairgnfgset combinations (results not shown in

tables).

In contrast to our previous study regardingpagations between Hg and measles antibody
concentrations (Gallagher et al., 2011a), in threecul study, positive associations between Hg
and rubella antibody concentrations were not lichiteboys. This disparity lends support to

Poland and colleagues’ conclusion that it is imguarto address sex-based differential immune
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responses (2008). Umlauf et al. (2012) measureakings secreted by peripheral blood
mononuclear cells following in vitro stimulationtilive measles virus and showed that girls
secreted significantly more of the antiviral inegdn alpha than boys. On the other hand,
Ovsyannikova et al. (2004) observed significantihler antibody responses to rubella vaccine
antigen among females. Studies using larger sasigas are merited to evaluate sex-Hg

interactions among susceptible subgroups.

Biologically plausible mechanisms of action

Mechanistic evidence supports the biologitaligibility of nutrition-related effect
modification of the relationship between Hg and inma response indicators. Organomercurial
exposure, i.e., ethylmercury, in human neuronds ¢els been shown to inhibit methioinine
synthase, a driver of the methionine-methylatiocle&ya metabolic process involving vitamins
B-12 and folate (Waly et al., 2004). Further, expental research found that homocysteine
inhibited metallothionein (Barbato et al., 2007pratein that reduces Hg's bioavailability
(Aschner, 1997; ATSDR, 1999) and cytotoxicity (Rgpiet al., 1995; Vitarella et al., 1996; Yao
et al., 1999). Therefore, nutritional cofactorsl wwmocysteine may interact with
organomercurials to disrupt essential human bickddunctioning. RNA methylation is one
metabolic function supported by the methionine eydames, 2010) and is also an antiviral
mechanism of interferons, cytokines with known rai actions (Mandell et al., 2009). For
example, type Il interferon (IFM} protects against persistent measles-virus irdecif the
central nervous system (Reuter and Schneider-SekadD10). Gardner et al. (2010) showed
that in vitro exposures of human peripheral bloathonuclear cells (PBMCs) to subcytotoxic

doses (up to 200 nM) of the organic mercurial ketieycury, but not methylmercury or
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inorganic Hg, inhibited IFNy release (Gardner et al., 2010a). De Vos et a0{péxposed
human PBMCs to increasing doses of methylmercudyimorganic Hg, and observed that
methylmercury concentrations of 2 uM and inorgaihgcconcentrations of 50 uM significantly
decreased IFN-production. Interferon has also been shown tdvibhubella virus replication in
vitro (Wong et al., 1971), although it is unknowhether Hg disrupts this specific immune

regulatory mechanism.

While minimum levels of viral antibody conceattons are established biomarkers of
seropositivity, there is currently no standardidedinition of excessive vaccine-type measles or
rubella antibody levels in the general populatibaken together with findings of EEG
abnormalities and elevated levels of wild-type nesaand rubella antibodies in cerebrospinal
fluid, however, elevated serum levels of wild-typeasles and rubella antibodies are diagnostic
indicators of rare viral infections of the centnarvous system, i.e., subacute sclerosing
panencephalitis (SSPE) and progressive rubellanuapbalitis, respectively (Ziola et al., 1983).
Although the etiology of these conditions is incdetgly understood, a possible mechanism of
action is inadequate clearance of viral infectiBogper and Samuels, 2009), a mechanism
consistent with the known protective influence ity against SSPE (Reuter and Schneider-
Schaulies, 2010). Ziola et al. (1983) found thaaMtlearance was prolonged in some measles
and rubella patients, and suggested that whetlugrirad naturally or through administration of
attenuated vaccines, viral persistence could hawubtle long term effects on human health”,
e.g., persistent subclinical infections. Thereforge possible interpretation of the higher rubella
antibody levels associated with increasing Hg eMpesamong nutritionally susceptible children

is lesser viral clearance and extended viral perste. Marchant et al. (2006) showed that
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environmental factors predominantly influence tetatoxoid antibody persistence rather than
initial vaccine response; therefore, among themesitive children in the current study, a
consistent interpretation is that relationshipsMeein Hg exposures and rubella IgG antibody
concentrations similarly represent vaccine antibpelsistence. Mechanistic and longitudinal
studies are needed to build evidence-based setemtiflerstanding, particularly with regard to
developmental immunotoxicology and vulnerable p#siof early immune development (Dietert,

2008).

Epidemiologic design considerations

Stern and Korn (2001) used simulation to shmat large-scale epidemiologic research often
fails to detect a dose-response relationship betwigeand neurodevelopmental endpoints if it
only exists in sensitive subpopulations. Of natethie current overall study sample (Subsets 1
and 2 combined) a non-significant inverse relatigméetween Hg and rubella antibody
concentrations was observed (Table 3), lending@tpp the compromised sensitivity of
epidemiologic studies absent the identification andlysis of susceptible subgroups. Figures 1
and 2 illustrate the opposing directionality of timear relationships between Hg and rubella
antibody concentrations comparing children withéowolate, higher MMA, and higher
homocysteine to all other children, as also preslypshown with regard to measles antibody
concentrations in boys (Gallagher et al., 2011aghS:learly divergent bimodal patterns are
likely to mask statistical associations in epiddogic research that fails to stratify by
susceptible subpopulations. Children with lowerrieuat levels may represent subpopulations
susceptible to metal uptake (Gochfeld, 1997; Ghkagt al., 2011b), metabolic (Gallagher and
Meliker, 2011) and immune influences (Gallaghealet2011a).
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An important limitation of the current studythe cross-sectional study design and,
consequently, our inability to establish a tempsegjuence. Biotransformation of organic to
inorganic Hg (Havarinasab and Hultman, 2005) andhisée blood to tissue distributions of
methyl- compared to ethyl-mercury (Burbacher et2405) add to the challenges in using total
blood Hg as a biomarker of exposure. The unavdithaloif data on immune-related conditions
pertinent to determinations of adverse outcomesi@her limitation, as is the lack of data on
cell-mediated immune responses, such as antivitatferons, for example, interferon-gamma,
the principal cytokine produced after MMR immuniratin infants (Pabst et al., 1997). Further,
without data on individual immunization status alades of immunization, interpretations of
rubella antibody concentrations as immune resptimagbella vaccination are limited, as wild-

type exposures, although less likely, may have atsoirred.

An overall advantage of using NHANES datagseyalizability of findings to the U.S.
population regarding associations between conctlyreallected and rigorously measured
biological markers of possible risk factors and ioma indicators. Repeated measurements,
however, are needed to evaluate associationsdbatiat for intra-individual variability over
time, as recently shown with blood Hg (Tsuchiyalet2012). Therefore, our findings merit
interpretation as a snapshot in time of the posghlsiological relationship between organic Hg
exposure and rubella antibody variability amongitiahally susceptible subgroups of children.
Cohort studies are merited to evaluate temporalcéstsons between exposures to environmental
contaminants, humoral and cell-mediated immunearesgs to vaccination, susceptibility
cofactors, and associated adverse and protecticermes. Future studies that evaluate

associations between Hg exposure and immune responsccinations among the susceptible
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subgroups identified in this study may inform “atb@mics: the emerging field of vaccine
adverse event immunogenetics” (Poland et al., 2088)ncorporating both environmental and
susceptibility cofactors. Although evidence on shéety and effectiveness of MMR vaccine
supports current global public health immunizagaticies, the Cochrane Collaboration found
no studies assessing the effectiveness of MMRaranting rubella, determined that the design
and reporting of safety outcomes were inadequagen{Eneli et al., 2012), and did not identify

studies of susceptible subpopulations.

Public Health Significance

Healthy People 2020 targeted a 30 percenttextuin the level of total blood Hg in U.S.
children and women of childbearing age (US DHHS,121). Yet, historically, safe limits have
been set based upon associations with neurodevetdphrendpoints, rather than immunologic
indicators that mediate the cross-talk, or bi-dice@l interaction, between the brain and the
immune system (Elenkov et al., 2000; Kerschenstaihal., 2009; Buch, 2011). Our findings
suggest immune variability at levels well belowremt safety thresholds. Environmental
considerations may be particularly relevant foremsthnding biologically meaningful variability
in response to vaccines among vulnerable subsetsildfen (US DHHS, 2011a; IOM, 2008).
By investigating indicators of immune response agnsusceptible subpopulations, our findings
shed light on the need for prospective studiesutdegpublic health decision-making for the

protection of the most vulnerable.
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Table 1. Sample Subset Weighted Mean (Standard Error) Values, Frequency Distributions (#) and
Weighted Proportions (%) for Subset 1: Children With Lower Folate, Higher MMA, and Higher
Homocysteine Levels, and for Subset 2: All Other Children; Aged 6-11 Years With Seropositive Rubella
Viral Antibody Titers and Reliable Parental Dietary Recall Report (n=690), NHANES 2003-2004.

Subset 1: Children With Lower Folate, Higher
MMA, and Higher Homocysteine (n=110)

Subset 2: All Other Children (n=580)

Total blood mercury
(ng/L)>"

Overall sample

Min, max: 0.10, 19.10
Rubella antibody level
(lU)a,c

Overall sample

Min, max: 10, 297
Homocysteine (umol/L

Overall sample

Min, max: 2.07,24.51
Methylmalonic acid
(umol/L)*

Overall sample

Min, max: 0.04, 0.53
Folate (ng/mL)**

Overall sample

Min, max: 3.10, 58.10
Selenium® (mcg)

Overall sample

Min, max:10.90, 326.40
EPA® estimated dietary
intake past 24 h # (%):

None

<0.007 g

>0.007 g

Overall sample

Min, max: 0, 0.82
Age (years)

Overall sample

Min, max: 6,11
Body mass index (kg/m?)

Overall sample

Min, max: 12.4, 45.13
Males # (%)
NonHispanic white # (%)

)a,d

0.72 (0.13)

65.93 (4.01)

5.74° (0.13)

0.16" (0.01)

11.65 (0.20)

104.42 (7.79)

31 (37%)

29 (26%)
50 (37%)

8.86 (0.25)

19.23 (0.68)

59 (52%)
34 (66%)

0.68 (0.08)

65.89 (4.68)

4.62 (0.04)

0.12 (0.00)

17.04 (0.38)

92.52 (3.31)

197 (45%)

203 (31%)
180 (24%)

8.57 (0.12)

18.75 (0.23)

267 (50%)
141 (60%)

MMA Methylmalonic acid
Non-fasting blood sample.

a.
b. Whole blood.
c. Serum.

d. Plasma.

e.

24-h recall

* P<0.05
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Table 2. Linear Regression Coefficients (95% Chthe Relationships Between Continuous
Log-transformed Rubella Virus Antibody Titers (land Continuous Log-transformed Total
Blood Mercury (imol/L) and Total Blood Mercury Quatrtiles, for Subge Children With Lower
Folate, Higher MMA, and Higher Homocysteine Levelsd for Subset 2: All Other Children;
Children Aged 6-11 Years With Seropositive Rub®liaal Antibody Titers and Reliable

Parental Dietary Recall Report, NHANES 2003-2004.

Subset 1: Children With Lower
Folate, Higher MMA, and Higher
Homocysteine (n=110)

Subset 2: All Other Children
(n=580)

Unadjusted R°=0.09 R°=0.01

Model : 0.25 -0.12
Continuous (0.12, 0.38) (-0.28, 0.04)
mercury

Fully Adjusted | R>=0.21 R?=0.09

Model: 0.24 -0.18
Continuous (0.11, 0.38) (-0.34, -0.03)
mercury

Unadjusted

Model,

Mercury (Hg) | R*=0.13 R?=0.02
quartiles (Q):
Hg <0.30 pg/L | Referent Referent

0.3<Hg<0.50
0.5(<Hg<0.80
Hg>0.80 pg/L

Fully Adjusted

Model,

Mercury (Hg)
quartiles (Q):
Hg <0.30 pg/L
0.3<Hg<0.50
0.50<Hg<0.80
Hg>0.80 pg/L

0.19 (-0.19, 0.57)
0.36 (0.10, 0.62)
0.5Z (0.22, 0.81)
I:)trend<o-0:|-

R’*=0.25

Referent

0.23 (-0.10, 0.56)
0.35 (0.13, 0.57)
0.53 (0.21, 0.84)
I:)trend<o-0:|-

-0.17 (-0.53, 0.19)
-0.12 (-0.45, 0.21)
-0.25 (-0.60, 0.11)
I:)trend:o-]-8

R?=0.09

Referent

-0.21 (-0.58, 0.16)
-0.15 (-0.47, 0.18)
-0.34 (-0.67, -0.00)
I:)trend:o-07

CI Confidence interval
Hg total blood mercury
MMA Methylmalonic acid

Q Quartile

*P<0.05

a. Statistically adjusted for age, body mass indexANIHES-estimated 24-hr dietary intake
of eicosapentaenoic acid (EPA; no intake, abovebatalv sample median) and
selenium, race/ethnicity (nonHispanic white; refér@monwhite), and sex.
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Table 3. Linear Regression Coefficients (95% Chthe Relationships Between Continuous
Log-transformed Rubella Virus Antibody ConcentraiqlU) and Continuous Log-transformed
Total Blood Mercury @imol/L) and Total Blood Mercury Quartiles; Overalr8ple: Children
Aged 6-11 Years With Seropositive Rubella Viral hody Concentrations and Reliable
Parental Dietary Recall Report, NHANES 2003-2004680).

Unadjusted Model :
Continuous mercury -0.05(-0.21, 0.11)

Fully Adjusted Model:
Continuous mercury -0.10 (-0.26, 0.06))

Unadjusted Model,
Mercury (Hg) quartiles (Q):

Hg <0.30 pg/L Referent
0.36<Hg<0.50 -0.12 (-0.41, 0.18)
0.56<Hg<0.80 -0.05 (-0.35, 0.24)
Hg>0.80 pg/L -0.12 (-0.41, 0.18)
Pirend=0.63

Fully Adjusted Model,
Mercury (Hg) quartiles (Q):

Hg <0.30 pg/L Referent
0.3(xHg<0.50 -0.15 (-0.45, 0.16)
0.5(<Hg<0.80 -0.07 (-0.37, 0.22)
Hg>0.80 pg/L -0.18 (-0.48, 0.13)
Puend=0.32

CI Confidence interval

Hg total blood mercury

MMA Methylmalonic acid

Q Quartile

*P<0.05
a. Statistically adjusted for age, body mass in#*ANES-estimated 24-hr dietary intake of
eicosapentaenoic acid (EPA; no intake, above almigample median) and selenium,
race/ethnicity (nonHispanic white; referent=nonwhisex, and variables used for sample
stratification in main analysis: median cut seratate, MMA and plasma homocysteine
levels.
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Figure 1. Children With Lower Folate, Higher MMA, and Higher Homocysteine (n=110)

297 1U *

Rubella antibody levels

101U

Residualized total blood mercury (Hg) *
* Hg log-transformed and statistically adjusted for age, BMI, EPA, selenium, race, sex; complex survey design not incorporated into residualized plot; =
12.75 (P=0.063) for untransformed rubella antibodies as dependentvariable (shown); f= 0.22 (P=0.021) for log-transformed rubella antibodies as
dependentvariable (not shown).
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Figure 2. All Other Children (n=580)

2641U + @

Rubella antibody levels

101U

-2 -1 o 1 2 3 4

Residualized total blood mercury {Hg) *
* Hg log-transformed and statistically adjusted for age, BMI, EPA, selenium, race, sex; complex survey design not incorporated into residualized plot. p=

8.12 (p=0.006) for untransformed rubella antibodies as dependentvariable (shown); f=-0.10 (p=0.024) for log-transformed rubella antibodies as
dependent variable (not shown).
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Dissertation Research Conclusions

The investigations reported in this dissestatire among the first to examine associations
between upstream biological indicators of human imeresponse and Hg and PCB exposures
at lower environmental levels commonly found in ¢femeral population. This is also one of the
first studies to examine environmental contamiriamtiune associations in susceptible
subpopulations. In U.S. females, ANA positivity wassociated with serum PCB exposures at
levels of exposure common in the U.S. populatiath substantially lower than exposure levels
in another industrial-exposed populations (Cebecaual., 2009); in U.S. females with lower
urinary iodine levels, a risk factor for hypothyt@m was associated with total blood mercury
exposure at levels a fraction of the average bloeccury concentrations of riverine populations
who showed associations between mercury and systartvimmune response (Nyland et al.,
2011); and in nutritionally and metabolically setible U.S. children, measles and rubella IgG
antibodies were positively associated with totabll mercury exposures at levels well below the
5.8 ug/L prenatal exposure level associated with adveéesenstream neurodevelopmental
endpoints (US EPA, 2012d). Further, by virtue @itipotential to indicate early manifestations
of biological disturbances, these upstream immespanse indicators may represent more
sensitive endpoints of the adverse effects of enwirental toxicants than downstream endpoints

such as autoimmune disease and other disordersctéazed by immune dysregulation.

The novelty of the approach and the findingsuithstanding, as in any cross-sectional study,
causal determinations are precluded and, as isiagle observational study, chance findings
and residual confounding cannot be ruled out. bhitawh, it is also important to note several
specific study limitations. First, the outcomes ax@osures studied are not a comprehensive
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representation of pertinent human immune respaasg@&xposures. Second, the outcome
measures used in this dissertation research ahagptostic of disease or direct measures of
immune system response caused by Hg or PCBs sudgdquexposure; rather, they are
considered as indicators of immune system respa@ssexiated with these contaminants. Third,
to evaluate associations over time, repeated measfiexposure and outcome would be
warranted. Finally, findings merit confirmationstudies with larger sample sizes. Because
NHANES is intended for hypothesis testing to idgmnpiossible risk factors using a U.S.
probability sample, any positive findings may simagortant insights useful to guide further
research. My synthesized interpretation of studglifigs will be presented in three sections
pertinent to the type of immune response indichiethe outcome measure: (1) systemic
autoimmune-related response; (2) thyroid autoimrmeteed response; and (3) viral-related

immune response.

(1) Systemic Autoimmune-related Response

The positive association between dioxin-likeB3 and ANA positivity in U.S. women
suggests that exposure to environmental levelsisfersistent pollutant may be sufficient to
induce a systemic autoimmune response in thismmaone-susceptible subpopulation, whereas
Hg exposure levels in the U.S. are not. Null firgh for an association between Hg and ANA
were also observed using an expanded sample wdiicathl NHANES survey years 1999-2000
and 2001-2002, including a model that stratifiedrmdian-cut homocysteine level in order to
explore the potentially increased bioavailabilifyHy associated with homocysteine’s inhibition
of metallothionein, as suggested by experimeesllts (Barbato et al., 2007). My null findings

are inconsistent with findings in riverine popubsis in Amazonian Brazil (Nyland et al., 2011),
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and might be explained by the lower Hg exposurel&efound in the U.S. sample, e.qg., levels
that are insufficient to induce a systemic autoimetesponse. In addition, although females
are a susceptible subpopulation with regard toiaumwne disease, animal studies suggest that
genetic susceptibility plays a role in Hg-inducetioammunity; however, the current study did
not subset the analysis by potential effect modifigith previously shown genetic associations
with Hg susceptibility in humans, such as glutatiei@nd related enzymes known to bind with
Hg (Gundacker et al., 2007; Goodrich et al., 20D19xin-like PCBs, on the other hand, may
interact with the AhR by mediating hormone-relasedceptibility according to several lines of
research. Specifically, mechanistic evidence suppmR-mediated proinflammatory effects of
dioxin-like PCBs (Hennig et al., 2002; Kim et &Q12), the dioxin-like PCB congener 126 also
exerts estrogenic effects (Mortenson and Arukw@820and the AhR mediates estrogen
signalling through the ubiquitin system (Ohtakalet2011), which may be protective against
systemic autoimmunity (Tavares et al., 2010; Kobéle 2011), whereas its disruption has been
linked to autoimmune diseases (Fierabracci, 2Q1&though further research is needed to
elucidate AhR-mediated dioxin-like PCB immunotogydn females, findings of the current
study add weight to previously reported associatimetween PCB exposure and ANA positivity
(Cebecauer et al., 2009 )and autoimmune morbitg et al., 2007) and mortality (Tsai et al.,

2007) in humans.

(2) Thyroid Autoimmune-related Response

Among females with iodine deficiency, totabll Hg was positively associated with a risk
factor for hypothyroidism (Walsh et al., 2010),andition primarily caused by autoimmune
thyroiditis (Baskin, 2002). One possible explamatior the association between Hg and target
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organ autoimmune response, but not systemic autoimemesponse, is thatHgaccumulates in the
human thyroid gland (Falnoga et al., 2000; Nylaratet Weiner, 1991) with consequent
concentrated Hg exposures. Further, whereas trenH@\NA study did not evaluate effect
modification of a known susceptibility factor, thig and thyroid autoantibody study did stratify
by iodine status. Zhu et al. (2000) suggest thas lgxicity is attributable to its sulf-hydryl-
binding capacity, and thus, broad effects as agreaanhibitor. Consistent with this
interpretation, Hg exposure in mice was shown kabith the coupling of iodine-containing
thyroid proteins by the enzyme thyroperoxidaseycety iodine uptake and altering thyroid
hormones (Kawada et al., 1980; Nishida et al., 1886wn to have inhibitory effects on
thyrotropin release in humans. This suggests iodé@ieiency as an effect modifier, consistent
with dissertation study findings of positive assticins between Hg and the hypothyroid risk
factor in iodine-deficient females, and betweenand elevated thyrotropin among iodine-
deficient females and males. Further, whereas Hgpaaitively associated with thyroglobulin
autoantibodies in the NHANES 2007-2008 sample|atger 2007-2010 sample showed instead
positive associations between Hg and thyroid pelase autoantibodies among iodine deficient
females, and between Hg and dual thyroid autoadyilpositivity among females with excessive
iodine levels. Although chance findings cannotilded out, these findings suggest that Hg-
associated thyroid autoimmune response is notamsgecific, but instead, may be polyclonally
activated, consistent with mechanistic researchindportant consideration is the inconsistent
effect sizes and mixed findings of statistical #figance as a consequence of the different weight
sets used in the original compared to the cureeger study. The NHANES analytic guidelines
and tutorial (CDC, 2011d) recommend that reseaschse the appropriate weights of the

smallest subsample; an approach used in both ii@arand current thyroid studies; however,
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given the unique 2009/2010 subsample weights ®sthallest subset with urinary iodine
measured, and the dietary sample weights usetiéasrmallest subset with dietary data in
NHANES 2007/2008 datafiles, sample weight subset®wot the same across these two
studies. This poses a challenge to reconciliatrmhiaterpretation of findings across these
studies, and methodologic studies are indicatetitivess this discrepancy. For the current study,
however, our approach of using dietary subsampight®in a sensitivity analysis provides a
useful point of comparison. Moreover, it may be mormative to consider overall patterns of
association which displayed a consistent posigationship between Hg and thyroid
autoimmune response indicators in females althowglalways statistically significant across

the weighted and unweighted analyses.

The contrasting pattern in males, particularith regard to thyroid outcomes including
autoantibody measures, but not for the elevatestiopin outcome, suggests a sexual
dimorphism with regard to both the direction of #ssociation and the iodine susceptibility
group of influence. One possible interpretatiothat, since androgens inhibit hypothalamic-
pituitary-adrenal (HPA) glucocorticoid responsestieess such as immune challenge (Da Silva,
1999), an immunosuppressive response is triggeyéahimune challenge by Hg exposure in
males, but not in females, for whom estrogen endmtite HPA stress response (Da Silva,
1999). The potential for hormonal-immune synergieay further potentiate these effects, as
estrogens induce Th2 cell development to activatidady-producing B cells, and testosterone
instead can affect Thl cell development leadinig¢al inflammatory response (Lee and Chiang,
2012).Whereas estrogens (DaSilva, 1999) and me(Pursey et al., 1990; Abedi-Valgerdi,

2009) polyclonally activate B-cells to stimulatd@antibody production, androgens suppress B-
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cell immune responses (DaSilva, 1999; Lee and @hiah12), and might contribute to the
sexually dimorphic associations observed betweercumgand thyroid autoimmune-related

measures.

(3) Viral immune-related Response

Dissertation research findings of significpositive associations between total blood Hg and
measles antibodies in boys with lower folate ant?2Band higher homocysteine, and between
Hg and rubella antibodies in boys and girls, coraljrwith these same susceptibility cofactors,
lend support to an interpretation consistent wigisHaffinity for thiols (organic compounds that
contain sulfur and hydrogen, i.e., sulf-hydryl caupds), and consequently, broader enzyme
effects. The combined methylation cycle/transsalion pathway involving homocysteine,
folate, and vitamin B-12 is emerging as a biololijycplausible modifier of the association
between environmental toxicants and immune-reldigearders (Figure 1; Ji and Khurana
Hershey, 2012). Methylation regulates gene exprassin epigenetic effect that may be
responsible for heterogeneity in immunological ceses (Poland et al., 2007), and
environmentally induced changes in DNA methylatme an epigenetic effect identified by a
National Institute of Environmental Health Scienea&pert panel workshop that may contribute
to the induction of autoimmunity (Selmi et al., 2021Mechanistic evidence supports Hg's
interference with the methylation cycle/transsudfion. First, the organomercurials methyl-
(Smith and Smith, 1990) and ethyl- (Waly et al.020Hg inhibit the function of the enzyme
methionine synthase. Second, methyl- (Kaur eR8D6) and ethyl- (James et al., 2005; Agrawal
et al., 2007) Hg deplete the tripeptide glutathjaghe most abundant intracellular source of
thiols. Third, methyl- (de Vos et al., 2007) anldyd (Agrawal et al., 2007; Gardner et al.,
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2010a) Hg inhibit antiviral interferon; specificalinterferon gamma, which is recognized as
necessary to overcome persistent measles virusé@adcentral nervous system infection
(Reuter and Schneider-Schaulies, 2010) and aldtegwinciple cytokine produced after the
MMR vaccination in infants (Pabst et al., 1997 hytnercury may inhibit interferon gamma by
depleting glutathione (Agrawal et al., 2007), ahdaghione depletion may lead to impaired
methylation (Lertratanangkoon et al., 1997), a kn@ntiviral mechanism of interferons
(Mandell et al., 2009), thus highlighting the intetatedness of the methylation

cycle/transsulfuration pathway (Figure 1).

Vaccine responses such as IgG antibodiesomsdered measures of T cell-dependent
functional immunity (Jusko et al., 2010; Dietertladfiolsapple, 2001), as well as indicators of
persistence of viral-specific B cell immunity (Henabieva et al., 2011). Therefore, one
biologically plausible consideration is that orgarercurials, shown to have immunosuppressive
and immunostimulation effects on T cells and Bx@Havarainsab and Hultman, 2003), might
also potentially alter immune responses via théhgiation cycle/transsulfuration pathway by
inhibiting antiviral interferon with consequent texd viral clearance, increased viral antigen
load, and viral persistence. Differential findingfsan association between Hg and measles
antibodies in susceptible boys, only, yet an asgioti between Hg and rubella antibodies in
susceptible boys and girls, may lend support tousvand sex-dependent antibody response; an
interpretation that also may be indicated by o#tedies. For example, Umlauf et al. (2012)
measured cytokines secreted by peripheral bloodbmastear cells following in vitro
stimulation with live measles virus and showed tiids secreted significantly more of the

antiviral interferon alpha than boys, and Ovsyaoniet al. (2004) observed significantly
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higher antibody responses to rubella vaccine antageong females. Accordingly, one possible
interpretation is that, in children, associatioesA®een Hg and measles antibodies are only seen

in boys, whereas associations with rubella anté®dre seen in both boys and girls.

The possibility of reverse causation also teansideration, particularly with regard to the
inverse relationships observed between Hg exp@uaneasles and rubella IgG antibodies in
children with higher folate, higher vitamin B-12dalower homocysteine levels. Metallothionein
(MT) is known to bind with Hg to minimize its bioaNability (Aschner, 1997; ATSDR, 1999)
and cytotoxicity (Rising et al., 1995; Vitarellaat, 1996; Yoa et al., 1999), and experimental
research suggests that homocysteine inhibits M€tiom (Barbato et al., 2007). Further, viral
induction of MT gene expression was observed anttiNg subjects during chronic viremic
episodes (Raymond et al., 2010). Therefore, itakpically plausible that viruses induce MT
with consequent reductions in Hg levels in the absef MT inhibition by higher homocysteine
concentrations; however, it is unknown whether fesaand rubella viral antigens induce MT,
and the findings of Barbato et al. (2007) requoefocmation. Mechanistic studies may shed

additional insights.

Recommendations for Future Research

Given the divergent findings by sex and nigmidl susceptibility cofactors, an overarching
recommendation is for environmental epidemiologiydentify susceptible subpopulations
pertinent to the outcomes and exposures of intemastto conduct epidemiological research
stratified by these vulnerability subsets. An intpat consideration is that stratification reduces
sample size and power to detect statistically ficant findings. Yet, without stratification, even

a small sample might generate chance findingsgeedhe to random noise, or as yet unidentified
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and unmeasured influences on these upstream ioBaatimmune response endpoints.
Therefore, prospective studies with sample sizégmntly large to stratify by susceptibility
cofactors are merited to confirm these findingsegithe potential implications for public health.
In accordance with recommendations of an NIH- aRAHunded workshop on risk assessment
(Woodruff et al., 2008), prospective studies shals aim to identify periods of susceptibility
by evaluating environmental chemical effects ondgiwal upstream end points, as well as
disease downstream end points (Figure 2). Fuasearch should also include coincident
measures of both autoimmune and immunosuppresgiv@ators in order to integrate
knowledge of the relationships within the immunato¥ogical continuum and the potential
impacts on human disease. Longitudinal studiegguaiger sample sizes obtained from existing
cohorts such as the National Children’s Study (N26f1.2), which follows children from before
birth until aged 21 years recruited from multipdeations across the U.S., as well as new multi-
center U.S. cohorts that include adults beyond2fggears, are merited to validate the findings
reported in this dissertation research and to gskatemporality of associations. Additional
information is warranted on sources and pathwayxpbsure in order to mitigate human risk.
Further, experimental studies are needed to entsmeetific understanding of biological

mechanisms of action.

The following specific recommendations foraas<h are organized by the previously

presented categories related to this dissertagisgarch:

(1) Systemic Autoimmune-related Response

To evaluate longitudinal associations betwdgnPCBs and ANA positivity, panel studies

that analyze Hg and dioxin-like and non-dioxin-lIREBs measured at multiple points in time,
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separately for males and females, are warranted,special consideration to multicollinearity in
models that adjust for the potentially confoundinftuences of age, menopause, and nondioxin-
like PCBs. Further, serum measures of benefictgl tcids would enhance internal validity with
regard to the potentially protective effects ofosi@pentaenoic acid on autoimmune response
(lwami et al., 2011), possibly through DNA-proteetj anti-inflammatory effects (Grotto et al.,
2011). Pertinent disease outcomes such as systgmie erythematosis and rheumatoid arthritis
should also be assessed, as well as more spadificranune indicators, e.g., cellular
autoantibodies to ssDNA and dsDNA, and total IgGbadies, and inflammatory/antiviral
cytokines such as IFN- In addition, in light of recent findings that ANgositivity was
associated with greater mortality risk among cleildand adolescents (Chou et al., 2011), future
epidemiologic studies should oversample this sugdegopulation in order to conduct

stratified analyses. Experimental studies are n&alelucidate the mechanisms of action for
dioxin-like and nondioxin-like PCBs on immunosumgsi®e and immunostimulatory responses.
In light of associations between Hg exposure and\AWsitivity in higher exposure populations,
possible susceptibility factors for Hg-induced gkt autoimmunity in lower exposure
populations also merit investigation, for examplg;susceptible genes and/or related

phenotypes (Gundacker et al., 2007; Goodrich gp@l1).

(2) Thyroid Autoimmune-related Response

To evaluate longitudinal associations betwdgrand thyroid autoimmunity, these same
epidemiologic studies would also merit measurerétityroid autoantibodies and thyrotropin,
as well as thyroid hormones and related diseasmogs such as autoimmune thyroiditis,

hypothyroidism and hyperthyroidism in order to assgertinent health outcomes. To address
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nutritionally susceptible subpopulations, urineimedlevels would be another important measure,
with sufficient sample sizes to evaluate WHO iodstetus. Additional mechanistic studies have

the potential to shed insights on Hg-iodine intaoes.

Recent research also addresses the potegiiibnships between prenatal Hg exposure
(Boucher et al., 2012; Ursinyova et al., 2012; Sa&gial., 2012), PCB exposures (Parham et al.,
2012; Wise et al, 2012; Leijs et al., 2012; Sagiale 2010)), thyroid hormone disruption
(Ursinyova et al., 2012; Parham et al., 2012; Wisal., 2012; Leijs et al., 2012) and childhood
neurodevelopmental outcomes (Boucher et al., 2042¢e et al., 2012; Sagiv et al., 2010, 2012),
and therefore, it is important that the approacememended above also include a cohort of
pregnant women with follow-up of their childrendealuate these relationships. The current
research finding of an association between Hg exgasnd a risk factor for hypothyroidism
among females, taken together with observationseafropathological similarities between
hypothyroidism and methylmercury toxicity and thgplications for neurodevelopmental
disorders (Soldin et al., 2008), lends supporniaternal-child cohort studies to evaluate the
effects of upstream Hg exposures to downstreanoitthynd neurological disorders. The links
between methylmercury exposure in utero and nexiwtp (NRC, 2000) and between maternal
hypothyroidism and adverse effects on infant neewetbpment (Haddow et al., 1999; Pop et al.,
2003) are widely recognized. Further, rat studies that perinatal thimerosal exposure
resulted in impaired motor learning and a significdecrease in cerebellar type 2 deiodinase
(D2) necessary for thyroid hormone production i Ibinain (Sulkowski et al., 2012), as well as
increased cerebellar expression of a gene negategllated by thyroid hormone in thimerosal-

treated male rat pups (Khan et al., et al., 2018), studies that investigate Hg’s upstream
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effects on indicators of maternal thyroid functgmospectively with downstream effects of
infant neurodevelopment are lacking. The Genand®d&tudy, a population-based cohort study
conducted in Rotterdam, The Netherlands, sampladrmal blood at less than 18 weeks
gestation, and reported 77% greater odds for atedeficit/hyperactivity problems in children
at 3 years of age associated with TPOADb positi@gassabian et al., 2012). Incorporation of
assessments of the influences of environmentalsxps into existing studies such as the
Generation R study may shed important insightgjquaarly for attention deficit/hyperactivity
disorder (ADHD), the most prevalent developmenisbdler in the U.S. (Boyle et al., 2011), yet
of unknown etiology. Of note, Boucher et al. (20483 Sagiv et al. (2010) did not evaluate
thyroid outcomes, but reported positive associatinetween prenatal methylmercury exposure
(Boucher et al., 2010; Sagiv et al., 2012) and R@Bosure (Sagiv et al., 2010) and ADHD-
related behavior. Further, Dorea et al. (2012) mgygoan inverse association between
neurodevelopment at 6 months of age and postriatdheercury exposure from vaccines, but
not prenatal methylmercury exposure from fish comstion. Therefore, prospective cohort
studies that assess both pre- and postnatal exgsoand sources are important to inform

scientific knowledge about susceptible windows @felopment.

(3) Viral immune-related Response

Along these lines of research, expansion @dtiexy cohort studies such as the National
Children’s Study (NIH, 2012), as well as case-aolngtudies of immune response to
vaccination (Autism Speaks, 2012) are also metitezlaluate the relationships between Hg and
other contaminant exposure and immunological respoito MMR vaccination in infants, e.g.,

serum measles and rubella IgG antibodies, IFNthe principal cytokine produced after MMR
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immunization in infants (Pabst et al., 1997; Ovsykova et al., 2003), as well as downstream
neurological disorders and related immune respomBeators. For example, higher levels of
serum lgG4 antibodies were reported by Croonenhetrgk (2002) and Enstrom et al. (2009) in
children with autism compared to typically develaprcontrols. Elevated 1gG4 antibodies are an
immune regulatory response to chronic exposura afactious agent (Enstrom et al., 2009)
and may indicate an underlying autoimmune disood@mmunosuppression with consequent
chronic viral infections (Croonenbergs et al., 200&dditional autoimmune indicators observed
in children with autism include brain-specific aamtibodies (Cabanlit et al., 2007; Wills et al.,
2009; Goines et al., 2011). Children with autissoahow altered T-cell responses indicative of
immune dysregulation (Ashwood et al., 2011). Inthicsiof epigenetic-related heterogeneity in
immunological response may also be important (Rb&ral., 2007), particularly in light of
findings that blood Hg levels were correlated viith expression of genes representing antigen
presentation and amino acid metabolism in boys autism but not in typically-developing

boys (Stamova et al, 2011). Therefore, in the psedastudies, it would be informative to
include these measures, as well as the outcomgtisfrg another developmental disability of
unknown etiology, yet characterized by the mosidigpncreasing prevalence in the U.S. (Boyle
et al., 2011). Itis important to note that a Cacie Database Systematic Review concluded that
exposure to the MMR vaccine was unlikely to be aisded with autism, yet also described the
design and reporting of safety outcomes as inadedDemicelli et al., 2012), and addressed
neither co-exposures to immunotoxicants nor sugdesubpopulations. Children with lower
folate and vitamin B-12 levels, and higher levdlf@mocysteine driven by these nutritional
deficiencies (Schroecksnadel et al., 2004) mayesspt a subpopulation susceptible to

disruptions in the methylation cycle/transsulfuratpathway, and thus, share a pathophysiology
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relevant to autism. Specifically, researchers rigggbmetabolic and genetic factors pertinent to
alterations in the methylation cycle/transsulfuratpathway in children with autism (James et
al., 2008); epigenetic alterations, i.e., DNA hymthylation, were also observed in autistic
children, but not in unaffected siblings or condgr@ilelnyk et al., 2012); and clinical trial
findings demonstrated that treatment with folatd anethylcobalamin (vitamin B-12) led to
improved levels of metabolites of the methylatigule/transsulfuration pathway (James et al.,
2009). Findings of metabolic profiles indicativeretluced methylation capacity and DNA
hypomethylation pertinent to folate metabolismmathers of children with autism, but not in
controls (James et al., 2010), suggest the potemjortance of maternal-child epigenetic
modifications, as well. Therefore, conducting thepmsed research with stratification by the
susceptibility cofactors identified in this dissgion research would be consistent with the
following short-term objective of the U.S. Departthef Health and Human Services, as stated
in the 2011 Interagency Autism Coordinating ComeatStrategic Plan for Autism Spectrum
Disorder Research (US DHHS, 2011): “Support attleas studies to determine if there are
subpopulations that are more susceptible to enwiemal exposures (e.g., immune challenges
related to infections, vaccinations, or underlyangoimmune problems) by 2012.” A pertinent
line of scientific inquiry might be whether envirentally-related immunodeficiencies warrant
contraindication of live vaccines in vulnerableldhren, with potential expansion of currently
accepted categories of immune deficiency contreatins, e.g., “T-lymphocyte (cell-mediated
and humoral)” (CDC, 2012g). A vulnerable group idfeed by an NIH- and EPA-funded
toxicology workshop are newborns due to the immigtorf their immune systems (Woodruff et
al., 2008); therefore, in consideration of ethgroury’s inhibition of antiviral interferon

(Gardner et al., 2010a), the Cochrane Collaboraticonclusion that MMR safety studies are
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inadequate (Demicelli et al., 2012), and recerdifigs of an inverse association between infant
neurodevelopment and postnatal ethylmercury expdsom vaccines (Dorea et al., 2012),
vaccine safety studies of infants exposed to beémMaccines and ethylmercury-containing
vaccines in countries still utilizing the latteeararranted. In addition, assessment of potential
effect modification by DNA hypomethylation, for erale, postnatally, as measured in children
with autism by Melnyk et al. (2012), and prenatalg measured in the mothers of autistic
children by James et al. (2010), would be cohenrgtht the National Institute of Environmental
Health Sciences expert panel's determination thahges in DNA methylation are an important
epigenetic effect that may contribute to the inducbf autoimmunity (Selmi et al., 2012). Sex is
another important potential effect modifier witlgaed to both the 4.68 times greater prevalence
of autism in boys than girls (CDC, 2012h) and tbetmuum of developmental
immunotoxicology, characterized by immunotoxicardticed susceptibility to infections with
subsequent autoimmunity (Dietert and Holsapple,/208inally, emerging scientific knowledge
of the bi-directional interaction between the brand the immune system (Elenkov et al., 2000;
Kerschensteiner et al., 2009; Buch, 2011) andittkebletween neuropsychiatric illness and
autoimmunity (Kayser and Dalmav, 2011) highlighd treed to evaluate the relationships
between environmental exposures, biological upsti@amune endpoints, and disease
downstream endpoints that integrate physical wathavioral outcomes by including both

immune and neurodevelopmental and neuropsychdisarders (Figure 2).

Concluding Statement

| present novel findings of positive associas between (A) dioxin-like PCBs and ANA
positivity in females; (B) Hg exposure and a rigktbr for hypothyroidism in women with lower
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or deficient iodine levels; and (C) Hg exposure aelevated serum measles IgG antibodies in
boys with lower folate and vitamin B-12 and highemocysteine levels, as well as (D) elevated
rubella IgG antibodies in boys and girls with te@ne nutritional deficiency. Taken together,
these findings point to the possibility of assacias between relatively low levels of
environmental contaminants and immune responsehightight the need for prospective
studies that take an integrative approach to etali@se relationships across the
immunotoxicological continuum. Further researchuti@lso aim to enhance scientific
understanding of the links between environmentialtitced early biological disruptions and
downstream overt disease in order to address tymqath and behavioral domains of health
throughout the life course. This recommended rebearay help to guide early population risk
assessment and public health decision-making #optbtection of the most vulnerable,

particularly during periods of susceptibility.
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Figure 1

How might mercury interact with nutritional status to influence immune response?
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Figure 1. How might mercury interact with nutritional status to influence immune response? The
combined methylation cycle/transsulfuration pathway involving homocysteine, folate and vitamin B-
12 is emerging as a biologically plausible modifier of the association between environmental toxicants
and immune-related disorders. Folate and vitamin B-12 are cofactors needed for the
biotransformation of homocysteine to methionine by methionine synthase. Methionine is needed to
synthesize S-Adenosyl methionine (SAM), a key methyl donor for cellular methylation reactions.
Methylation regulates gene expression that may be responsible for heterogeneity in immunological
responses. Homocysteine also serves as a bridge to the transsulfuration pathway for the synthesis of
glutathione. Mercury might affect this biological pathway in two ways pertinent to its broad enzyme-
and thiol-binding capabilities. First, the organomercurials methyl- and ethyl-mercury inhibit the
function of the enzyme methionine synthase. Second, these organomercurials deplete glutathione,
the most abundant source of intracellular thiols, and inhibit antiviral interferon; specifically,
interferon gamma, which is required to overcome persistent measles virus-induced central nervous
system infection, and is also the principle cytokine produced after MMR vaccination in infants.
Methylation is a known antiviral mechanism of interferons. Glutathione depletion impairs
methylation, highlighting the inter-relatedness of the methylation cycle/transsulfuration pathway.
Therefore, mercury may potentially alter immune responses via the methylation
cycle/transsulfuration pathway by inhibiting antiviral interferon, with consequent
immunosuppression, and there is biological plausibility that folate, vitamin B-12 and homocysteine
may modify the association between mercury and immune responses.
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Figure 2: Model for environmental chemical and early population risk assessment
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“Toxicology assays identifying early biological changes from chemical exposure are increasing our ability to evaluate links
between early biological disturbances and subsequent overt downstream effects.” -Moving Upstream:
A Workshop on Evaluating Adverse Upstream endpoints for Improved Decision Making and Risk Assessment, 2007

| propose this framework for research and highlight a model of environmental chemical and early
population risk assessment that builds upon conclusions of an NIH- and EPA-funded workshop
(Woodruff et al., 2008). Prospective studies are merited to identify periods of susceptibility for
increased risk of upstream endpoints that represent early biological disturbances associated with
chemical exposures, as well as downstream endpoints such as infections and neurodevelopmental
morbidity. A prime example of a susceptibility period would be newborns with their unique
vulnerability to chemical exposures due to an immature immune system. Examples of pertinent
upstream endpoints are cytokines and IgG antibodies, as well as potential effect modifiers, such as
susceptibility cofactors of the methylation cycle/transsulfuration pathway (Figure 1). The
incorporation of autoimmune indicators into this model would be coherent with both the National
Institute of Environmental Health Sciences’ determination that epigenetic effects such as DNA
hypomethylation may contribute to autoimmunity (Selmi et al., 2012) and with Dietert and
Holsapple’s (2007) concept of the continuum of developmental immunotoxicology, characterized by
immunotoxicant-induced susceptibility to infections with subsequent autoimmunity. The inclusion of
both upstream immune endpoints and downstream neurodevelopmental endpoints is important in
light of emerging scientific knowledge about neuro-immune cross-talk within the central nervous
system and comorbid immune dysregulation, both immunosuppression and immunostimulation, in
children with neurodevelopmental disorders, e.g., autism.
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