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Abstract

Mercury is a pollutant of global concern and is considered a priority compound
to many organizations, including the Agency for Toxic Substances and Disease Registry
(ATSDR), the US Environmental Protection Agency (USEPA), the World Health
Organization (WHO), and the United Nations Environment Programme (UNEP), due to
mercury’s toxicity profile and the potential for human exposure (ATSDR, EPA, WHO,
UNEP) (ATSDR, 2015; USEPA, 2014). Toxic outcomes depend greatly on the chemical
compound, as adverse nervous system impacts are associated with organic mercury
exposures and renal system impacts with elemental and inorganic mercury exposures
(Drake, Rojas, Reh, Mueller, & Jenkins, 2001; Jarosinska et al., 2008; Lebel et al., 1996). In
particular, developmental delays and nervous system impacts occur at low dose
exposures (Grandjean et al., 1997; NRC, 2000). Chronic exposure has broad impacts from
disrupting many cellular processes, including genotoxic and immunomodulatory
impacts (Asmufs, Mullenders, & Hartwig, 2000; C. M. Gallagher, Smith, & Meliker,
2011), however, the extent of impacts from chronic low-dose exposures is not well
understood. Understanding the impacts of chronic low-dose exposures is important
because globally many populations, including US coastal populations, have this type of
exposure from regularly consuming seafood contaminated with methylmercury and

because in some regions the risk for this type of exposure is increasing. Populations near

iv



artisanal and small-scale gold mining (ASGM), which uses mercury in the process to
retrieve gold, have increased risk for chronic exposure. In some regions ASGM is rapidly
expanding (Emel, Plisinski, & Rogan, 2014; Snapir, Simms, & Waine, 2017; Swenson,
Carter, Domec, & Delgado, 2011), further increasing the concern for human health risks.
The goals of this dissertation were to investigate mercury’s influence on
mitochondrial toxicity, focusing on genotoxic and immunotoxic endpoints, and
determine the extent that co-exposures, including selenium and other dietary factors,
modify exposure and adverse outcomes. Mercury has the potential to induce DNA
damage indirectly through inducing reactive oxygen species (ROS) that damage DNA
(Ni et al., 2010; Yee & Choi, 1996) and impair DNA repair enzymes (Crespo-Lopez et al.,
2009). Studies to date have primarily assessed nuclear DNA damage, and though
mitochondrial damage is plausible, it has not been directly measured. Concerning
immune impacts, in both laboratory and field animal studies, mercury exposure induces
T-cell mediated immunosuppression and reduced antibody titers (Fallacara, Halbrook,
& French, 2011a, 2011b; Hawley, Hallinger, & Cristol, 2009; Koller, 1973; Snoeijs, Dauwe,
Pinxten, Vandesande, & Eens, 2004). There is also evidence for immunomodulation in
humans including altered innate and adaptive immune responses, but this data has not
been consistent between studies (C. M. Gallagher et al., 2011; Renee M. Gardner et al.,
2010; Carsten Heilmann et al., 2010). Diet and nutritional status appear to be important

modifying factors to neurotoxic and immune outcomes. Omega-3 fatty acids have



beneficial impacts on neurological development and mitigate mercury induced
neruotoxicity to an extent (Oken et al., 2005). When nutritional status was considered in
a US population, mercury significantly reduced measles and rubella antibody
concentrations in the majority of children and was associated with an increase in
antibodies in a nutritionally deficient subpopulation (vitamin B12, folate) (C. M.
Gallagher, Smith, Golightly, & Meliker, 2013; C. M. Gallagher et al., 2011).

In order to address these goals, laboratory and human studies were conducted.
Laboratory studies using Caenorhabditis elegans were utilized to test the hypothesis that
mitochondrial DNA (mtDNA), and thus mitochondria in general, may be more
susceptible to damage from being spatially closer to ROS production and from having
different DNA repair pathways from nuclear DNA repair. To test this hypothesis DNA
damage and repair, and mitochondrial parameters such as DNA copy number and
steady-state ATP levels were measured. Results suggested that co-exposures to stressors
including H202 and UVC are important to DNA damage and mitochondrial impacts.
Though exposure to MeHg and HgClz increased nuclear and mitochondrial DNA
damage, mtDNA damage was particularly increased with MeHg and H202 co-exposure.
MeHg co-exposures with both DNA damage agents also decreased mtDNA copy
number by approximately 40%. Species dependent impacts were also observed with
ATP levels, with reduced steady state ATP levels with HgClz. For the hypothesis that

innate immune signaling may be altered, experiments focused on PMK-1, a p38
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mitogen-activated protein kinase that has a protective role in infection and is required
for immune induction, and measured the survival of immunocompetent nematodes
(pmk-1) and expression of genes involved in the PMK-1 pathway. I observed that both
MeHg and HgClz impact this pathway through reducing pmk-1 expression.
Cross-sectional human studies were used to identify factors important to
mercury exposure and determine the influence of nutritional status and mercury
exposure on child immune response to immunization. These human studies were
conducted in communities located near ASGM in Madre de Dios, Peru. Important
findings included that reduced mercury exposure, using hair mercury content as a
proxy, was associated with frequent consumption of antioxidant-rich dietary items
including quinoa, kiwicha, and some fruits. Similar to co-exposures, co-morbidity was
also important to child immune response to routine vaccinations, though the direction of
impact was not identical for all antibodies analyzed. For children with low hemoglobin
(anemia) elevated mercury exposure was associated with increased antibodies in some
cases (total IgG and measles) and reduced antibodies for others (hepatitis B, Hib, and
pertussis). These observations indicate that while mercury has impacts on adaptive
immunity and disease susceptibility, the impacts may not be the same for all diseases.
In conclusion, I observed that mitochondrial toxicities are dependent on mercury
species, that frequent consumption of antioxidant rich dietary items is associated with

lower mercury exposure, and that nutritional status can influence mercury related
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immune outcomes. This work demonstrated the importance of considering co-exposures
and co-morbidities when assessing mercury exposure impacts and highlights potential

health hazards that include mitochondrial and immune system impacts.
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1. Introduction

1.1 Mercury sources and exposures

Mercury is a pollutant of global concern due to the potential for human exposure
and mercury’s toxicity profile, which includes recognized adverse impacts to the
nervous and reproductive systems (ATSDR, 1999). These factors have contributed to
mercury being considered a priority compound to many organizations including the
Agency for Toxic Substances and Disease Registry (ATSDR), US Environmental
Protection Agency (EPA), World Health Organization (WHO), and United Nations
Environment Programme (UNEP) (ATSDR, 2015; USEPA, 2014). Mercury is a natural
part of our environment and exists in three main species: elemental (Hg0), inorganic
(Hg+), and organic (Hg-R). While many mercury emission sources are natural, including
the weathering of rocks, volcanic eruptions, and geothermal activities, anthropogenic
emissions contribute approximately 30% to total emissions (UNEP, 2013).

Human related mercury emissions are primarily attributed to fossil fuel burning
and other industrial processes. Of anthropogenic releases, the largest contributors to
mercury emissions are from the intentional use in artisanal and small-scale gold mining
(ASGM,, 37%) and the indirect release as a byproduct of fossil fuel combustion (24%)
(UNEP 2013). Mercury is used in the ASGM process, in a 1:1 to 1: 2.8 gold:mercury ratio,

because of its ability to form an amalgam with gold, facilitating gold extraction. Once



the mercury-gold amalgam is formed, the gold is collected by heating the amalgam
which releases mercury into the atmosphere as it evaporates (Ministerio del Ambiente
MINAM, 2015; UNEP, 2012). Mercury can also be released into the environment from
improper disposal. Compared to total mercury emissions, ASGM accounts for ~11%,
with the potential to increase in the future because of the rapid expansion of gold
mining in some regions (Driscoll, Mason, Chan, Jacob, & Pirrone, 2013; Swenson et al.,
2011; UNEP, 2013).

Increased mercury emissions are a global concern because elemental mercury has
the capacity for long-range transport and has a long residence time in the atmosphere
(Dastoor & Larocque, 2004; Schroeder & Munthe, 1998; Schuster et al., 2002).
Atmospheric mercury is often elemental, which when deposited in either terrestrial or
aquatic environments can be transformed by multiple processes to and between
inorganic and organic forms. Most notable is the transformation to organic forms by
methylating bacteria, because of the implications for trophic transfer and
biomagnification. When biomagnification occurs it results in higher mercury
concentrations, particularly methylmercury, in predatory and high trophic level fish.
This is a major source of global dietary exposure (NRC, 2000).

However, exposure to mercury is not limited to ingestion and can also occur

from inhalation and dermal contact. The route of exposure relies heavily on the mercury



speciation. Ingestion of organic mercury from contaminated aquatic food is the most
common exposure route and absorption occurs at a high rate (~95%). Inhalation
exposure, most often to elemental or inorganic mercury, can also occur in individuals
with dental amalgams and/or those who are occupationally exposed (e.g. miners and
industrial workers). Inhalation of elemental mercury is an important exposure route as
absorption efficiency is high (~80%). Dermal exposure to elemental mercury is also
possible though absorption is low. Toxicity outcomes following exposure are highly
dependent on mercury form and route of exposure (ATSDR, 1999).

Knowledge of mercury toxicities stems from three main epidemiological studies
(Faroe Islands, Seychelles Islands, and New Zealand) and poisoning events (Minamata
and Iraq) (Hamada & Osame, 1996; NRC, 2000). The outcome from exposure is highly
dependent on mercury speciation and on the dose received. Following organic mercury
exposure, the central nervous system is a major site of accumulation, while
accumulation in the kidneys and liver occurs following elemental or inorganic mercury
exposures. Elemental mercury has similar impacts to inorganic mercury because it is
oxidized by erythrocytes and tissues to inorganic mercuric ion.

Section 1.2 describes toxicity impacts in more detail.



1.2 Mechanisms of mercury toxicity

Mercury effects a number of cellular processes, but one of its most considerable
impacts is promoting a pro-oxidant environment. Proposed mechanisms for movement
toward this environment include: 1) protein impairment, 2) reduced antioxidant levels,
and 3) mitochondrial impacts.

One way protein impairment has been proposed to occur is from mercury
binding to certain proteins. Mercuric ions have a great bonding affinity for thiol (-SH)
and selenol (-SeH) groups and by binding to these groups mercury could impair protein
function (Hultberg, Andersson, & Isaksson, 2001; Sasakura & Suzuki, 1998). This has
implications for maintaining redox potential as many antioxidant proteins (glutathione,
cysteine) and excretion related proteins contain thiol and seleno (metallothionein,
glutathione peroxidase, thioredoxin reductase) moieties (Stohs and Bagchi 1995). The
interaction between mercuric ions and sulthydryl groups has also been suggested to be a
mechanism that leads to the accumulation, transport, and toxicity of mercuricions in the
kidney (Zalups, 2000). Aside from direct interactions, protein impairment can also occur
from indirect mechanisms including altered gene expression and reduced cellular
protein levels.

As mentioned previously, some of these affected proteins are antioxidants. The

binding of mercury to essential antioxidants, including glutathione (GSH), glutathione



peroxidase (GPx), glutathione reductase (GR), thioredoxin (Trx), and thioredoxin
reductase (TrxR) (Stringari et al., 2008; Zalups & Lash, 1996), can impair these enzymes
and lead to increases in reactive oxygen species (ROS) such as hydrogen peroxide (H20z)
and superoxide anion (Crespo-Lopez et al., 2009; Farina, Aschner, & Rocha, 2011). In in
vitro studies, reduced antioxidant levels and increased ROS levels been observed
(Berntssen, Aatland, & Handy, 2003; Franco et al., 2009; Mori, Yasutake, & Hirayama,
2007; Stringari et al., 2008). Superoxide anion and H20: are normal products of the
mitochondrial electron transport chain, but increases in these species can occur from
decreased antioxidant scavenging and dysfunctional mitochondria (Yee & Choi, 1996).
Increases in ROS production are also related to methylmercury's interaction with the
electron transport chain (ETC) (Farina, Rocha, & Aschner, 2011; Mori, Yasutake,
Marumoto, & Hirayama, 2011).

The combined influence of a pro-oxidant environment, increased ROS, and
mitochondrial could promote DNA damage and have immunomodulatory impacts
(Asmuf et al., 2000; C. M. Gallagher et al., 2011; X. Li, Yin, Yin, Chen, & Wang, 2014;

Messer et al., 2005).

1.2.1 Genotoxic mechanisms and observations

Mercury has the capability to indirectly induce DNA damage through

mechanisms that include altering the balance of antioxidant enzymes (Stohs & Bagchi,



1995; Valko, Morris, & Cronin, 2005) which can favor a more damage prone
environment, generating reactive oxygen species (ROS) that damage DNA (Ni et al.,
2010; Yee & Choi, 1996), and/or impairing DNA repair enzymes resulting in a condition
less able to recover from damage (Crespo-Lopez et al., 2009).

As alluded to previously, mercury can alter the activity of several thiol- and
seleno-proteins, but the influence is compound dependent. Methylmercury reduces GSH
levels and GPx, GR, SOD, TrxR, and Trx activity (Berntssen et al., 2003; Branco, Canario,
Lu, Holmgren, & Carvalho, 2012; Carvalho, Chew, Hashemy, Lu, & Holmgren, 2008;
Carvalho, Lu, Zhang, Arner, & Holmgren, 2011; de Freitas et al., 2009; Farina et al., 2009;
Franco et al., 2009; Mori et al., 2007). The impact of inorganic mercury exposure on GPx,
SOD, TrxR, and Trx activity have been observed in several studies, but the effects appear
to be more tissue dependent compared to methylmercury (Berntssen et al., 2003; Branco
et al., 2012; Carvalho et al., 2008; Hansen, Zhang, & Jones, 2006; Hussain, Rodgers,
Duhart, & Ali, 1997; Monteiro, Rantin, & Kalinin, 2010; Q. F. Zhang, Li, Liu, & Chen,
2016). There has also been some evidence that impacts to antioxidants may be fairly
persistent. Reduced cerebral antioxidant capabilities (GPx, GR) and concentrations
(GSH) remained reduced in in utero exposed pups beyond cerebral mercury levels
returning to baseline (Stringari et al., 2008). Reductions of antioxidant levels and activity

combined with increased ROS production lend for a pro-oxidant environment where



there is an increased likelihood of damage to proteins and other macromolecules,
including single and double strand breaks in DNA (Ondovcik, Tamblyn, McPherson, &
Wells, 2012; Williams, Winters, & Waddell, 1987).

DNA damage (DNA strand breaks, chromosome aberration frequency, 8-OHdG
level, and micronuclei presence) and impaired damage repair have been observed in
laboratory, field, and epidemiological studies, though the outcomes in measuring
genomic damage have not been consistent between studies (Cebulska-Wasiewska,
Panek, Zabinski, Moszczynski, & Au, 2005; Ondovcik et al., 2012; Ryu, An, & Kim, 2014)
(Table 1). In laboratory studies, dose is highly related to DNA damage, with damage
being most notable at higher mercury doses. Much discussion has concentrated on
whether mercury is capable of inducing damage at sub-cytotoxic concentrations and
there is some agreement that at low levels, mercury alone may not damage DNA
(Cantoni & Costa, 1983; Pieper et al., 2014). However, mercury in combination with
other exposures that have increased toxicity under pro-oxidant conditions could
enhance the potential for genotoxicity. In fact, greater and prolonged DNA damage has
been observed in laboratory studies where mercury is co-administered with genotoxic
exposures (ultraviolet and gamma radiation) (Bradfield et al., 2006; Ryu et al., 2014).

Increases in DNA damage may also be related to impairments to repair processes.



Increased DNA damage and impairments in some DNA damage repair
pathways have been observed in laboratory and epidemiological studies (Bradfield et
al., 2006; Cebulska-Wasiewska et al., 2005; Di Pietro et al., 2008), yet the literature is
conflicting (Table 1). Differences between studies highlight that mercury may impact
some repair pathways and not others. The major DNA repair mechanisms in eukaryotes
include nucleotide excision repair (NER), base excision repair (BER), nonhomologous
end joining (NHE]), and homologous recombination repair (HRR) (Sinha & Hader, 2002;
Wood, 1996). Bulky lesions (PAHs, UV) are repaired by NER, while oxidative damage
(H202, paraquat) is repaired by BER, and double strand breaks are repaired by NHE]
and HRR. Though there are multiple repair pathways, not all of them are present in both
the nucleus and mitochondria. Notably, mitochondria lack NER, which can increase
their sensitivity to some damaging agents (Larsen, Rasmussen, & Rasmussen, 2005).
Although mitochondria lack NER, bulky lesions can be slowly removed over time,
though the process has not been fully described it is thought to occur through either
general autophagy (i.e. removing damaged organelles) or mitophagy (i.e. specific
removal of damaged mitochondria) (Meyer & Bess, 2012; Meyer et al., 2007).

Studies investigating DNA damage repair have mainly been in vitro, focused on
nuclear damage removal, and DNA damage removal following ultraviolet, gamma, and

x-ray radiation. From these studies, impaired repair of double strand breaks has been



observed following ionizing radiation (Cebulska-Wasiewska et al., 2005; Christie,
Cantoni, Sugiyama, Cattabeni, & Costa, 1986; Ryu et al., 2014). Altered BER may also
result as reduced expression of BER related genes is suggestive of potential enzyme
impairment (Gadhia, Calabro, & Barile, 2012; Pieper et al., 2014). No impact on NER has
been observed thus far (Asmufs et al., 2000; Cebulska-Wasiewska et al., 2005; Christie et

al., 1986).

1.2.2 Immunomodulatory mechanisms

Altered immune response is recognized to occur following exposure to heavy
metals such as arsenic, lead, and cadmium (Ahmed et al., 2011; Lutz et al., 1999; Raqib et
al., 2009; Ritz, Heinrich, Wjst, Wichmann, & Krause, 1998; L. Sun, Hu, Zhao, Li, & Chen,
2003) and has also been proposed to occur with mercury exposure. Mercury is classically
considered a potent neurotoxin and in high dose situations the more apparent
neurological deficits may overshadow immune system impacts (Vas & Monestier, 2008).
Mercury's proposed immunotoxic mechanisms are similar to arsenic and include
apoptosis induction, oxidative stress from glutathione and antioxidant depletion, and
alterations in Th1/Th2 balance often resulting in an inflammatory response (Renee M.
Gardner et al., 2010; Kidd, 2003; Kono et al., 1998).

Impacts to both the innate and adaptive immune system have been observed

consistently in animal studies. Regarding adaptive immune response, alterations in



general and specific immunoglobulin antibody levels and primary immune responses
such as cell number, cell proliferation, and inflammatory cytokine levels have been
observed (Koller, 1973; Pilones, Lai, & Gavalchin, 2007; I. A. Silva, El Nabawi, Hoover, &
Silbergeld, 2005). As a whole, these events can induce generalized immunosuppression
resulting in elevated viral replication and increased parasitemia, suggesting that certain
mercury exposures could increase disease susceptibility (Bagenstose, Mentink-Kane,
Brittingham, Mosser, & Monestier, 2001; Christensen, EllermannEriksen, Rungby, &
Mogensen, 1996; Silbergeld, Sacci, & Azad, 2000). Increased disease susceptibility from
weakened immune responses is further supported by correlations with reduced general
antibody titers and T-cell mediated immunosuppression (Christensen et al., 1996;
Fallacara et al., 2011a, 2011b; Hawley et al., 2009; Koller, 1973; Snoeijs et al., 2004). A
weakened immune response is additionally supported by reduced immunization
efficacy in animals pre-exposed to mercury and immunized with inactivated virus or
parasite vaccines (Koller, 1973; Silbergeld et al., 2000). Furthermore, mercury exposure,
particularly inorganic exposure, has been associated with altering innate immune
response from promoting autoimmunity (Abedi-Valugerdi, 2009; Y. Zhang, Gao,
Bolivar, & Lawrence, 2011) and modifying cytokine expression (Ilback, Wesslen,
Fohlman, & Friman, 1996; I. A. Silva, Graber, Nyland, & Silbergeld, 2005). In many cases

an inflammatory response is favored, resulting in changes in IL-2, IL-4, IL-10, and INF-
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gamma (Bagenstose, Salgame, & Monestier, 1999; Ilback et al., 1996; Roether, Rabbani,
Mellstedt, & Abedi-Valugerdi, 2002; I. A. Silva, Graber, et al., 2005). As a whole, animal
studies suggest the potential for adverse impacts in humans.

Immunomodulation has been observed in human populations where exposure
was associated with altered antibodies and cytokine levels (Belles-Isles, Ayotte,
Dewailly, Weber, & Roy, 2002; Renee M. Gardner et al., 2010; Nyland, Fillion, et al., 2011;
Nyland, Wang, et al., 2011; Ines A. Silva et al., 2004), though the effects have not been
consistent between all studies. In studies that have focused on cytokine analysis, lower
cytokine concentrations were found in newborns from a subsistence fishing population
while no impact was observed in another study (Bilrha et al., 2003; Nyland, Wang, et al.,
2011). Variable results have also been observed concerning antibodies, with a slight (but
not significant) negative relationship observed with diphtheria and tetanus antibodies in
children (Carsten Heilmann et al., 2010) and in two other studies, a significant negative
relationship with measles and rubella antibody concentrations in the majority of
children and a positive relationship in a nutritionally deficient subpopulation (C. M.
Gallagher et al., 2013; C. M. Gallagher et al., 2011). Nutritional status and gender, in the
case of measles antibodies, were found to be significant cofactors to consider in the
Gallagher studies. Positive relationships between mercury exposure and antinuclear and

antinucleolar autoantibodies have additionally been observed in mining, fish eating
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populations, and US women (Carolyn M. Gallagher & Meliker, 2012; Motts, Shirley,

Silbergeld, & Nyland, 2014; Ines A. Silva et al., 2004).

1.3 The Caenorhabditis elegans model

C. elegans is a free living nematode that naturally inhabits nutrient-rich decaying
organic matter (Kiontke & Sudhaus, 2006). In the 1970's it was introduced as a laboratory
model organism by Sydney Brenner and is a practical in vivo model because of its quick
life cycle that takes approximately 3 days to complete at 20°C, considerable fecundity
(~300 progeny per nematode), and fully sequenced genome (Brenner, 1974; Rea,
Graham, Nakamaru-Ogiso, Kar, & Falk, 2010). The C. elegans genome has high
homology with the human genome and approximately 40% of its protein-coding genes
are human homologs (Hillier et al., 2005; Lai, Chou, Ch'ang, Liu, & Lin, 2000; Rodriguez,
Snoek, De Bono, & Kammenga, 2013; Shaye & Greenwald, 2011). C. elegans is also a
practical model for assessing genotoxic and immunotoxic impacts. This model has been
increasingly used as a model for assessing DNA damage from environmental stressors
(Leung et al., 2008; Meyer et al., 2013; Turner et al., 2013) and innate immunity in terms
of host-pathogen interactions (Aballay & Ausubel, 2002; D. Kim, 2008; Millet & Ewbank,
2004). Additionally, this is a favorable model to assess mercury toxicity because of

similar toxicities to mammalian counterparts in terms of dopamine neuron degeneration
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and induction of oxidative stress responses (GST and heat shock proteins) (McElwee &
Freedman, 2011; Rudgalvyte et al., 2013; VanDuyn, Settivari, Wong, & Nass, 2010).
DNA repair capabilities in C. elegans are similar to mammals and are important
for health at the cellular level. Environmental exposure related DNA damage (nDNA
and mtDNA) has been explored in this model, with some studies specifically focusing
on metal exposures (Ahn, Eom, Yang, Meyer, & Choi, 2014; Chatterjee, Eom, & Choi,
2014; Hunt et al., 2013; Wu, Liu, Xu, Li, & Li, 2012). C. elegans have also been used to
discern mitochondrial DNA damage removal mechanisms. Though mitochondria lack
NER, they can slowly remove bulky lesions. The removal process has not been fully
described, but it is thought to occur through either general autophagy (i.e. removing
damaged organelles) or mitophagy (i.e. specific removal of damaged mitochondria)
(Amanda S. Bess, Ryde, Hinton, & Meyer, 2013; Hunter et al., 2012; Meyer & Bess, 2012).
C. elegans has also been used to investigate innate immune signaling. C. elegans
has overlap with many signaling pathways and genes concerning mammalian
pathogenesis, though some pathways (Toll) are present in C. elegans, but appear to have
a different function (Aballay & Ausubel, 2002; Alper et al., 2008; Engelmann & Pujol,
2010). Important pathways explored to date include the decay-accelerating factor (DAF),
mitogen-activated protein kinase (MAPK), and transforming growth factor (TGF)-beta

pathways (Aballay, 2013; Aballay & Ausubel, 2002; Aballay, Drenkard, Hilbun, &
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Ausubel, 2003; Bolz, Tenor, & Aballay, 2010; D. H. Kim et al., 2002; Millet & Ewbank,
2004; J. R. Sun, Singh, Kajino-Sakamoto, & Aballay, 2011; TeKippe & Aballay, 2010).
While the environmental stressor heat-shock has been observed to impact innate
immunity in C. elegans (Singh & Aballay, 2009), assessing the impact of environmental
exposures on immune system functions in this system has not been explored, but would

be an important contribution to the field.

1.4 Madre de Dios, Peru

The Madre de Dios (MDD) region is located in southeastern Peru and borders
Brazil and Bolivia. MDD is a part of the Amazon rainforest and has a tropical climate
that is warm and damp. While large temperature fluctuations are infrequent, there is
seasonality in the amount of rain the region receives. During the rainy season, from
December to March, considerable rainfall occurs, causing rivers to rise and sometimes
overflow their banks (Espinoza et al., 2015; Villar et al., 2009). The rivers, and
particularly the largest river, the Madre de Dios River, are of great importance to the
region in terms of diet, livelihood, and transportation for many river communities.
Roadways are also important to transportation. The interoceanic highway that connects
Peru to Brazil, was completed in 2011 and has facilitated migration to, from, and

throughout the region (Southworth et al., 2011b).
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This region is home to over 150,000 Indigenous and non-Indigenous people,
many of whom live below poverty levels, without reliable access to safe water,
sanitation, or health care (M. Fidel Suarez & Berdeja, 2010). Leading causes of morbidity
and mortality include respiratory infections, dengue, leishmania, and gastrointestinal
infections, but other diseases such as rabies, leptospirosis, and hantaviruses have grown
increasingly common due to changes in land cover from increased anthropogenic
activities (Pan, Branch, & Zaitchik, 2014; Razuri et al., 2014; Schneider et al., 2009). Major
land-use change as occurred in the region from resource extractive economic activities
that include logging and mining (Duchelle et al., 2012; Escobal & Aldana, 2003; Rockwell
et al., 2015). Products from logging include both timber for export and agricultural
products like Brazil nuts. For the most part logging activities occur year-round, though
Brazil nut collection mainly occurs from December through March (Escobal & Aldana,
2003).

Gold mining also occurs year-round and has been increasing rapidly in the
Western Amazon, and this is especially true for MDD. Mining in MDD has been
estimated to have increased spatially over 400% between 1999-2012 with high-resolution
monitoring (Asner, Llactayo, Tupayachi, & Luna, 2013; Swenson et al., 2011). Part of this
rapid expansion is related to the increase in gold prices during this time period and that

ASGM is not well regulated (Swenson et al., 2011). Peru is the largest gold producer in
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South America and the 5th largest globally. In 2015, Peru produced 150 tons of gold and
more than 70% of the gold originated from MDD (Kuramoto, 2001; USGS, 2016). The
mining process has an enormous environmental impact that drastic effect on changes in
land-cover and on environmental contamination. ASGM often uses mercury in the
process of extracting gold and globally it accounts for approximately 11% of all mercury
air emissions, a serious concern for both human and environmental health (UNEP,
2013). The ubiquitous use of mercury is concerning as it is a persistent pollutant that
bioaccumulates in organisms and biomagnifies through the food web, in part as a result
of environmental transformation to methylmercury (Horvat, Tratnik, & Miklavcic, 2012).
Primary routes of exposure for non-mining populations in MDD are ingestion of
contaminated fish or inhalation due to proximity to gold shops and areas where the
mercury-gold amalgam is burned. Environmental data from MDD has supported this
exposure theory as fish have been measured to have increased tissue mercury
concentrations downstream of active mining areas (Diringer et al., 2015). Additionally,
research in a few communities observed that many individuals have hair mercury
concentrations above 2 ug/g and above hair mercury concentrations found to be
associated with lowered cognitive scores in a US population (1.2 ug/g) (Ashe, 2012;
Fernandez, 2013 Unpublished-a, 2013 Unpublished-b; Langeland, Hardin, & Neitzel,

2017; Oken et al., 2005).
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1.5 Dissertation objectives

This dissertation focuses on addressing mercury toxicity by identifying factors
that are important to exposure and describing the resulting biological impacts. The
specific aims include 1) determining the extent that certain co-exposures and nutritional
factors modify mercury exposure, and 2) measure the impact of mercury exposure on
DNA damage and immune response outcomes. As a part of each aim, projects were
conducted in a laboratory model organism and a human population. Laboratory
experiments allowed for the investigation of toxicity metrics that are difficult to assess in
human populations, including: determining how toxicity outcomes are influenced by
exposure to certain mercury forms (inorganic vs. organic), the importance of exposure
temporality, and the impact of co-exposures with other chemicals under controlled
conditions. The human oriented studies are focused on a population that is naturally
exposed to mercury from close proximity to regional gold mining that uses mercury in
the process to extract gold. Outcomes in the human population have direct human
health applications.

Chapters 2 and 3 evaluate the influence of co-exposures and nutritional factors
on modifying Hg exposure and exposure outcomes. Chapter 2 presents a published
manuscript that examines the influence of selenium, a presumed mercury antagonist, on

modifying mercury toxicity in the laboratory organism C. elegans. Chapter 3 assesses risk
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factors in an ecological study. This chapter identifies important risk factors for mercury
exposure in Peruvian communities presumed to be at risk from expanding nearby
ASGM. Risk factors assessed in the population include temporal, personal, and
household level factors, including many different dietary factors.

Chapters 4 and 5 describe mercury related genotoxic and immunotoxic impacts.
Chapter 4 presents a published manuscript that describes the impact of Hg exposure on
mitochondrial impacts in C. elegans via multiple endpoints: DNA damage, damage
repair, and cellular processes. Chapter 5 assesses the impact of mercury exposure on
child immune response in this region where high mercury exposure and undernutrition

CO-occur.
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Table 1. Literature summary of studies that reference DNA damage or repair

(Al-Saleh, Al-Sedairi, & Elkhatib, 2012; Al Bakheet et al., 2013; Amorim et al.,
2000; Asmulfs et al., 2000; Bradfield et al., 2006; Cantoni & Costa, 1983; Cebulska-
Wasiewska et al., 2005; Christie et al., 1986; Di Pietro et al., 2008; Franchi, Loprieno,
Ballardin, Petrozzi, & Migliore, 1994; Gadhia et al., 2012; Kaivalya, Rao, & Rao, 2011;
Karouna-Renier, White, Perkins, Schmerfeld, & Yates, 2014; Ogura, Takeuchi, &
Morimoto, 1996; Ondovcik et al., 2012; Pieper et al., 2014; Ryu et al., 2014; Yatscoff &

Cummins, 1975)

Study Type  System

Reference

DNA Damage
Inorganic
in vivo worm
in vitro HepG2 cells
in vitro fibroblasts
in vitro lymphocytes
in vitro ovary
Organic
in vitro astrocytes
in vitro fibroblasts
in vitro lymphocytes
in vivo slime mold
Elemental
epi human
Total
in vivo bat
epi human
epi human

epi/invitro  human

Ryu et al. (2014)
Kaivalya et al. (2011)
Bradfield et al. (2006)
Ogura et al. (1996)
Cantoni and Costa (1983)

Pieper et al. (2014)
Ondovcik et al. (2012)
Ogura et al. (1996)
Yatscoff et al. (1975)

Di Pietro et al. (2008)

Karouna-Renier et al. (2014)
Al-Saleh et al. (2012)
Amorim et al. (2000)

Franchi et al. (1994)

No DNA Damage
Inorganic

in vitro astrocytes

Organic
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in vitro astrocytes
Elemental

epi human
Total

epi human

Pieper et al. (2014)

Cebulska-Wasiewska et al. (2005)

Al Bakheet et al. (2013)

Impair DNA Damage Repair

Inorganic

in vivo worm

in vitro astrocytes

in vitro mouse

in vitro proteins

in vitro ovary

in vitro ovary
Elemental

epi human

Ryu et al. (2014)

Pieper et al. (2014)
Gadhia et al. (2012)
Asmub et al. (2000)
Christie et al. (1986)
Cantoni and Costa (1983)

Cebulska-Wasiewska et al. (2005)
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2. Antagonistic Growth Effects of Mercury and Selenium
in Caenorhabditis elegans Are Chemical-Species-
Dependent and Do Not Depend on Internal Hg/Se Ratios

This chapter appears in Environmental Science and Technology, issue 15 (2016),
pages 3256-3264

The authors are: Wyatt LH, Diringer SE, Rogers LA, Hsu-Kim H, Pan WK, Meyer
JN.

Duke University, Nicholas School of the Environment, Integrated Toxicology and

Environmental Health Program. LSRC, PO Box 90328, Durham, NC 27708, USA

2.1 Introduction

Mercury (Hg) is an environmental contaminant of great concern owing to its
persistence in the environment; human and wildlife exposures are common, with
recognized toxic impacts, making it important to understand factors that can mediate
Hg toxicity. Hg exists naturally in the environment but also has considerable
anthropogenic mobilization, with industrial inputs expected to increase in the future
(UNEP, 2013). In the environment, Hg exists in three main chemical forms: elemental
Hg(0), inorganic divalent Hg(II), and organic forms such as monomethylmercury
(MeHg) (Clarkson & Magos, 2006). The majority of human exposures are to inorganic

and organic Hg through occupational and dietary routes, respectively. Chemical
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speciation is important to toxicity; for example, harmful impacts to the nervous and
reproductive systems are associated with MeHg exposure, and negative renal system
impacts are associated with inorganic Hg exposure (Drake et al., 2001; Grandjean et al.,
1997; Jarosinska et al., 2008; Lebel et al., 1996). Hg toxicity can also be altered by a
variety of other factors, including selenium coexposure.

Selenium (Se), like Hg, is a naturally occurring element in the environment, but
unlike Hg, Se is a necessary micronutrient. It is necessary for the proper function of
selenoenzymes, which have important roles including antioxidant functions. Due to its
biological importance, organic Se (e.g., selenomethionine) and inorganic Se (e.g.,
selenate, selenite) have commonly been used in human and animal supplements.
However, although Se is required at low levels, it has a very narrow therapeutic index
and is toxic at higher concentrations. The interaction between Hg and Se is complex and
has commonly been described as antagonistic, with Se coexposures having the ability to
mitigate Hg toxicity (Deng, Teh, & Teh, 2008; El-Demerdash, 2001). Conversely,
synergistic effects have also been observed (Brandao et al., 2005; Penglase, Hamre, &
Ellingsen, 2014a; Weber et al., 2008). The difference between antagonistic and synergistic
impacts may result from the chemical species and dosing concentrations used and may
depend on the organism and biological outcome examined. However, the mechanisms

that underlie either interaction are not well-understood.
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Proposed mechanisms for antagonism include: (1) reductions in bioavailable Hg
due to Hg-Se complex formation (i.e., reduced uptake); (2) decreased distribution to
target tissues or increased excretion of Hg due to Hg-Se complex formation; and (3)
improved antioxidant function, as some antioxidants are Se-dependent enzymes (ex.
glutathione peroxidase, GPX; thioredoxin reductase, TrxR), and supplemental Se could
reduce the Hg-induced depletion of selenoenzymes (Cuvinaralar & Furness, 1991;
Luque-Garcia, Cabezas-Sanchez, Anunciacao, & Camara, 2013). Related to the first two
hypotheses, it has been specifically postulated that the protective effects of Se occur
when the molar Se/Hg molar ratio is >1 because Se may reduce the biological availability
of Hg through physical sequestration due to the high affinity between Hg and Se
(Ralston, Azenkeng, & Raymond, 2012; Ralston, Blackwell, & Raymond, 2007; Sormo et
al,, 2011; Sugiura, Tamai, & Tanaka, 1978). Potential mechanisms for synergism are less
clear, but may include altering antioxidant capabilities, thereby promoting a
prooxidative environment (Brandao et al., 2005; El-Demerdash, 2001; Penglase, Hamre,
& Ellingsen, 2014b).

We sought further knowledge of Hg and Se interactions by systematically
varying multiple chemical species and concentrations in the model organism
Caenorhabditis elegans. C. elegans growth was used as the toxic end-point because it

represents an integrated measure of multiple developmental processes. Growth
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impairments from exposure to some species of Hg or Se individually have also been
previously described in C. elegans, making it a logical model to investigate coexposures
(W.H.Li, Y.R.Ju, C. M. Liao, & V. H. C. Liao, 2014; McElwee & Freedman, 2011; Turner
et al., 2013). Additionally, many antioxidants in C. elegans act similarly to mammalian
homologues in terms of reducing oxidative stress (GPX, TrxR, and superoxide dismutase
SOD) (Honda & Honda, 2002; Jee, Vanoaica, Lee, Park, & Ahnn, 2005; Johnson et al.,
2015; Sakamoto, Maebayashi, Nakagawa, & Imai, 2014). We note that C. elegans may be a
particularly useful model for addressing the antagonism theories described in the
preceding paragraph because the likelihood of the third hypothesis is especially low in
C. elegans. C. elegans has only one selenoenzyme (TrxR-1) compared to the 25 in humans
(Buettner, Harney, & Berry, 1999; Gladyshev et al., 1999; Kryukov et al., 2003), deletion
of this gene has not been observed to alter Se toxicity in C. elegans (Boehler, Raines, &
Sunde, 2013), and low levels of Se stimulate nematode growth (W. H. Li, Hsu, Liu, &
Liao, 2011; Turner et al., 2013) and are protective against oxidative stress in C. elegans
(W.-H. Li, Shi, Chang, Huang, & Liao, 2014; W. H. Li, Shi, Tseng, & Liao, 2013; Morgan
et al., 2010; Stefanello et al., 2015). Our objective was to measure growth impacts from
multiple combinations of inorganic and organic forms of Hg and Se and, in doing so,
examine the importance of (1) Se compound and concentration, (2) Se/Hg molar ratio of

the exposure medium, and (3) internal Se/Hg molar ratio to toxicity recovery.
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2.2 Materials and Methods
2.2.1 C. elegans Maintenance

N2 (Bristol) nematodes were maintained at 20 °C on K agar plates seeded with
Escherichia coli (OP50 strain). Synchronized L1 larvae were obtained by treating gravid
adults with a 5% sodium hypochlorite solution and hatching eggs in the absence of food

(K'medium plus MgSOs, CaSOs, and cholesterol) (Lewis & Fleming, 1995).

2.2.2 Individual Dose—Response Curves for Selecting Hg and Se
Concentrations for the Coexposure Growth Assay

L1 nematodes were distributed into 24 well plates (100-300 nematodes per well
in 1 mL of dosing solution) containing a range of concentrations of Hg or Se compounds
in EPA reconstituted moderately hard water plus UVC-killed E. coli (UVRA strain) to
eliminate the potentially confounding effect of bacterial metabolism on exposures, as
previously described (Meyer et al., 2010). Dose-response curves were obtained for HgCl:
(0-10 pM), MeHgCl (0-10 uM), selenomethionine (0-1 mM, SeMeth), sodium selenite
(0-5mM, Se(IV)), and sodium selenate (0-50 mM, Se(VI)). Nematodes were exposed at
20 °C for 48 h, with additional UVC-killed E. coli added after 24 h (5% of solution
volume). Following 48 h, nematode size was measured using a COPAS Biosort (Union
Biometrica, Holliston MA), using extinction, the optical density of a nematode, as a

growth end-point (72-1479 nematodes measured per exposure) (Yang et al., 2012).
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Compound concentrations for the coexposure growth assay were chosen on the
basis of growth reductions. We selected concentrations of 2 and 5 uM MeHgCl and
HgCl2 because of their similar impacts on growth (both species caused D15 and D35%
reduction at these doses) and because these exposure levels alter neuromuscular
function (locomotion) in C. elegans (McElwee & Freedman, 2011). We chose Se
concentrations that included a high concentration that reduced growth 10-20% (500 uM
SeMeth, 1500 uM Se(IV), and 50 mM Se(VI)) along with lower concentrations to assess
the impacts of dosing solutions with molar ratios of Hg/Se that were either above,
below, or equal to 1. Although we did not observe a growth response at the lower Se
concentrations (0.25, 2, and 5 uM), which could suggest that Se may not be entering the
nematodes, these doses were considered appropriate for the coexposure growth assay,
as toxicities to other end-points have been observed in this concentration range in other
invertebrate studies. We note that although some Se concentrations are high compared
to those employed in some other studies, they are sublethal and consistent with
previous reports of the same chemicals in studies with C. elegans (Boehler et al., 2013;

Hyne, Hogan, Pablo, & Roach, 2002; W. H. Li et al., 2014; Maier, Foe, & Knight, 1993).

2.2.3 Hg and Se Coexposure Growth Assay

L1 nematodes were exposed to HgCl:, MeHgCl, SeMeth, Se(IV), or Se(VI) using

the same methods that were used to obtain the individual dose-response curves. The

26



following conditions were assayed individually and in Hg-Se combinations: control; 2
and 5 uM HgCl; 2 and 5 uM MeHgCl; 0.25, 2, 5, and 500 uM SeMeth; 0.25, 2, 5, and 1500
uM Se(IV); and 0.25, 2, 5, 1000, 10000, and 50000 uM Se(VI). Following the 48 h

exposure, nematode size was determined (163-409 nematodes per exposure).

2.2.4 Internal Hg and Se Exposure Determination

L1 nematodes were distributed into 250 mL tissue culture flasks (49 000-85 000
nematodes per flask in 30 mL of dosing solution) and exposed to a range of
concentrations of HgCl>, MeHgCl, SeMeth, Se(IV), or Se(VI). Internal concentrations
were only determined for the highest Se concentrations because interactive impacts on
growth in combination with Hg exposure were most clearly present at these exposure
levels. Following the 48 h of exposure, nematodes were washed three times with K
medium and briefly damaged with a Bullet Blender (Next Advance, Averill Park, NY;
four repetitions of 15 s pulses) to break the cuticle. The solution containing damaged
nematodes was then centrifuged (3 min at 300g) to remove the cuticle from the solution.
The remaining solution was considered to be representative of the internal nematode
environment.

Total Hg concentrations from the internal worm solution were measured using
direct thermal decomposition, amalgamation, and atomic absorption spectrometry

(Milestone-DMA-80) (EPA, 1998). Analysis of standard reference material (DORM-4 Fish
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Protein) resulted in Hg measurements that were 95 + 4.2% of the certified value. The
limit of detection (LOD) for Hg by this method was 0.001 mg/kg. For Se determination,
0.5 mL of sample was microwave digested in 2.5 mL of 90% nitric acid solution (CEM
Discover SP-D Microwave Digestion System). Total Se was determined by inductively
coupled plasma-mass spectrometry (ICP-MS; Agilent 7700X equipped with Octopole
Reaction System). Analysis of a standard reference material (DORM-4 fish protein)
resulted in recoveries of 101 +2.1% (n =7) of the certified Se value. The LOD for Se by
this method was 3.8 ug/L. For internal nematode Hg and Se determination, the LOD
value was used for samples with concentrations below the LOD for each method. Hg
and Se content were normalized to total protein content to account for nematode size
differences between treatments. Protein content was determined following manufacturer
instructions in the bicinchoninic acid (BCA) protein assay kit (Thermo Scientific Pierce
BCA Protein Assay Kit). Average protein concentration per sample was approximately

80 ug/mL, ranging from 39 to 133 pg/mL.

2.2.5 Statistical Analysis

Individual dose-response curves were analyzed using ANOVA, followed by
Dunnett’s post-hoc test for pairwise comparisons to the control. Interactions between Hg
and Se were assessed by using contrast matrices to measure differences in nematode

growth from the coexposure assay. Using these matrices, null hypotheses were defined
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as additive, with equal weight given to both Hg and Se individual exposures. Significant
deviations from the null would indicate interactions that were either greater or less than
additive, with less than additive responses signifying an antagonistic interaction.
Matrices were constructed, for each Hg and Se compound pair, in a stepwise manner,
and significance was determined using an F-statistic (see Appendix A). For cases in
which the expected nematode size was smaller than the size before dosing, the
coexposure treatment was compared to the size before dosing so that the calculated
change in growth would not be overinflated. Changes in expected growth were
expressed as percentage relative to control nematode growth. A multiplicative model
was also assessed, and instances in which multiplicative interactions are significant and
differ from additive are described in the text. Additive representations are presented
graphically because they are more straightforward to interpret. Additive and
multiplicative models were compared using an F-test, Akaike information criterion
(AIC), and Bayesian information criterion (BIC) scores. An amelioration of growth
inhibition (i.e., toxicity reduction, sometimes described as “rescue” in the
pharmacological or genetic literature), is referred to as a reduction or mitigation of
toxicity in this manuscript. Internal Hg and Se analyses were performed twice, separated
in time. The impact of the highest Se exposures on the internal Hg and Se concentrations

and the Hg/Se molar ratio was determined using a two-way ANOVA. Statistics were
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calculated using R version 3.2.2 (Vienna, Austria), and significance was accepted at a

level of p <0.05.

2.2.6 Equilibrium Speciation Calculations

The speciation of Hg(II) and MeHg in the Hg—Se(IV) and Hg—Se(VI) mixtures
was calculated using Visual MINTEQ (v. 3.1). Input parameters included the recipe for
the EPA moderately hard water matrix (96 mg of NaHCOs, 60 mg of MgSOs, 60 mg of
CaSO4, and 4 mg of KClin 1 L of H20), pH 7.5, and 2 uM total Hg (as Hg(II) or MeHg).
The concentration of total Se as Se(VI) or Se(IV) was varied using the same range as the
coexposure experiments (from 0.1 uM to 50 000 uM). The calculations utilized the
thermodynamic stability constants in the Visual MINTEQ database, including constants
for Hg2+ complexes with OH-, Cl-, and SeOs?". Constants for CH3Hg* complexes with
OH-, CI, and SeOs%, and SeO+* were obtained from the reference literature (NIST) and
manually entered into the program database (Table 9) (Smith & Martell, 1993). The
calculations assumed that other components of the exposure matrix (e.g., UV-killed

bacteria, C. elegans) did not alter the solution-phase speciation of Hg and Se.

2.3 Results

2.3.1 Individual Dose—Response Curves for Selecting Hg and Se
Concentrations for the Coexposure Growth Assay

Nematodes were exposed to a range of individual Hg and Se compound

concentrations to evaluate exposure concentrations that impact growth and could be
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used in the coexposure assay. Data for the individual dose-response curves represents
one to nine biological experiments separated in time. All tested Hg and Se compounds
exhibited dose-responses with respect to growth with the following observed toxicity
order: MeHg ~ HgClz > SeMeth > Se(IV) > Se(VI) (Figure 22 top panel). For individual
compounds, the lowest concentrations at which consistent and significant growth
reductions were observed were: 1 uM MeHg, 2 uM HgClz, 200 uM SeMeth, 700 uM

Se(IV), and 50 mM Se(VI) (Figure 22 bottom panel).

2.3.2 Hg and Se Coexposure Growth Assay

Next, to assess the interaction between Hg and Se, F-statistics were computed to
determine if there were significant interactions and whether these interactions were less
than additive (antagonistic) or greater than additive. Nematode size for each treatment
is displayed in Figure 1. Data for coexposure experiments represents three to four
biological experiments separated in time. Initial matrices for all Hg—Se comparisons
rejected the null hypotheses that Hg exposure in general (Haa) and at each dosing
concentration (Hae1 and Havz) had no impact on nematode growth compared to that in
Se-only exposures. Additive interaction directionality (antagonistic or more than
additive) for each Hg-Se pairing is indicated in Figure 2. Multiplicative interactions
were significant and different from the additive model at all instances in which growth

differed from additive conditions, with the exception of no significant multiplicative
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interaction at 0.25 uM Se(VI) in combination with 2 uM HgClz. In most instances,
differences between additive and multiplicative models was modest (AIC and BIC score
difference <20). However, for coexposures that resulted in more than 15% growth
differences additive and multiplicative models differed greatly (AIC and BIC score
difference >70), with the multiplicative models having the lower AIC and BIC scores.
The better model fit with the multiplicative models in these instances is likely due to the
defined multiplicative interaction being a more intermediate response compared to the
additive model.

Following Se(VI) exposures, antagonistic interactions were mainly observed at
the highest Se(VI) dosing concentration (50 000 uM). Smaller (<15%) antagonistic and
greater than additive interactions also occurred at lower Se(VI) doses (Figure 2).
Following Se(IV) exposures, antagonistic interactions only occurred at the highest Se(IV)
dosing concentration (1500 uM), with significant growth improvements (>20%) observed
in combination with both MeHg concentrations. Greater-than-additive interactions with
Se(IV) were also observed at one coexposure with HgCl2 and multiple coexposures with
2 uM MeHg (Figure 2). Following SeMeth exposures, significant antagonistic
interactions (>20%) were observed at the highest Se dosing concentrations for all Hg
compounds and doses. Smaller antagonistic interactions were also observed at lower

SeMeth doses in combination with both low and high concentrations of HgCl2 and

32



MeHg (Figure 2). Antagonistic relationships identified for some very high (5 uM) Hg
exposures (Figure 2, Table 10) should be taken with caution because growth was highly
impaired at this Hg concentration. There were seven cases in which the expected
nematode size was smaller than the size before dosing. These cases are indicated in

Table 10.

2.3.3 Internal Hg and Se Exposure Determination

We next determined if the interactions observed at the highest Se dosing
concentrations, which were uniformly antagonistic, were related to the intraorganismal
Se/Hg molar ratio. We measured internal Hg and Se concentrations for individual Hg
exposures and for the coexposures that occurred at the highest Se dosing concentration
for each Se compound. As expected, Hg concentrations increased with increasing
exposure concentration, but unexpectedly, higher Hg concentrations were detected in
HgClz>-exposed rather than MeHg-exposed nematodes (p < 0.05 for Hg compound
effect). In Se(IV) and Se(VI) coexposed nematodes, internal HgCl2 concentrations were
reduced but not significantly (p = 0.074). In SeMeth and MeHg coexposed nematodes,
the internal Hg concentration was similar to the internal concentration of the treatment
exposed only to MeHg, and the internal Hg concentration was significantly reduced in
Se(IV) and Se(VI) coexposures (p < 0.05). Nematodes exposed to Se(IV) had significantly

reduced internal Hg compared to the Se(VI) treatment (Figure 3).
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Internal Se concentrations were not statistically significantly impacted by either
Hg compound in SeMeth and Se(IV) coexposed nematodes (Figure 3). In nematodes
exposed to Se(VI), the internal Se(VI) concentration was higher in MeHg coexposed
nematodes (Figure 3).

Finally, we assessed the effects of coexposures on Hg/Se molar ratios (Figure 3),
and the relationship between those ratios and growth effects (Figure 4). We observed
significant main effects for Hg concentration and compound and their interaction on
Hg/Se molar ratios for Se(VI) and SeMeth (Figure 3). For Se(IV), the main effect of Hg
compound was significant, but the main effect for Hg concentration (p = 0.053) and the
interaction between compound and concentration (p = 0.055) were not. As Se
concentrations were held constant at the highest exposure level, increasing the Hg
exposures increased the Hg/Se molar ratio, and the Hg/Se molar ratio was higher in
HgCl2 coexposed than in MeHg coexposed nematodes. Antagonistic interactions
resulting in greater than expected growth were observed at Hg/Se molar ratios both
above and below 1 for all Se compounds at the highest Se exposure levels (Figure 4). We
also observed one instance (Se(VI) treatment) in which a Se/Hg molar ratio of >1 did not

result in the reduction of growth inhibition (Figure 4).
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2.4 Discussion

We observed growth impairments from single exposures to either Hg or Se that
were consistent with other C. elegans studies. Reduced growth was comparable for
MeHg and HgCl2 and occurred in the low-uM range, as observed by McElwee and
Freedman (McElwee & Freedman, 2011). At first glance, this finding is unexpected
because MeHg is frequently identified as the more toxic compound for most end points,
but in both of our studies, growth was reduced similarly on the basis of external dosing
solution concentrations. However, our measurements of internal Hg demonstrated that
MeHg was more toxic than HgCl: because internal nematode MeHg concentrations were
lower than HgCl2 concentrations for identical external exposure concentrations.

The tested Se compounds were at least 2 orders of magnitude less toxic than the
Hg compounds. Biological impairments resulting from Se(IV) occurred in the same
range (1-5 mM) reported by Li et al. (W.-H. Li, Y.-R. Ju, C.-M. Liao, & V. H.-C. Liao,
2014) for growth impairment and by Morgan et al. (Morgan et al., 2010) for impaired
motility. Growth sensitivity to Se varied greatly between compounds, with toxicity
observed in following order: SeMeth > Se(IV) > Se(VI); this order has also been observed
in other invertebrates (Boehler et al., 2013; Hyne et al., 2002; Maier et al., 1993).

Coexposure outcomes were not as straightforward.
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In our experiments, the instances in which Hg and Se did interact were complex
and depended greatly on the chemical compound and the concentration administered.
For reference, most dosing Se concentrations that we utilized were in the range of total
Se concentrations found in child (2-32 uM) and adult (3-12 000 uM) blood and plasma
in populations exposed to Hg through diet (Ayotte et al., 2011; Fillion et al., 2011;
Lemire, Fillion, Barbosa, Guimaraes, & Mergler, 2010; Saint-Amour et al., 2006;
Steuerwald et al., 2000). We observed growth impacts from coexposures that ranged
from antagonistic to greater-than additive. Antagonism has been the most frequently
reported Hg and Se interaction and was observed in this study primarily with Se(IV)
and SeMeth exposures. Growth improvements, compared to the individual Hg
exposure, were observed with Se(IV) and organic Hg, while growth improvements were
noted for SeMeth in combination with both inorganic and organic Hg (Figure 2). Some
antagonistic interactions occurred at some lower Se exposures and resulted in small
growth improvements (<13%), and biologically meaningful antagonism, which we
defined here as that which altered growth by 20% or more, only occurred when the Se
exposure was much greater than the Hg exposure (100-25 000 times). Toxicity reduction
at the highest Se exposures also varied between compounds, with SeMeth causing the
greatest reduction in combination with both Hg compounds (34-47%), followed by

Se(IV) with MeHg (30-42%). Se(IV) in combination with HgCl2 and Se(VI) with both Hg
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compounds provided 9-28% toxicity reduction. Antagonism between Hg and Se has
been observed previously, with other end-points with many different selenocompounds
in a number of ameliorated or partially ameliorated end points including enzyme
activity, enzyme expression, and DNA damage (El-Demerdash, 2001; Grotto et al., 2009;
Penglase et al., 2014b).

In addition to the antagonistic interactions described above, we observed
additive and greater than additive interactions. Additive impacts were most common,
especially at the lower Se exposures (Figure 2). Various interactions between the two
elements have also been noted in other studies. Impacts ranging from little impact of Se
supplementation to reduction of toxicity were also highlighted in a rodent dietary study
in which Se delayed and reduced MeHg’s impact for some end points but not others.49
Though only observed to a small degree in this study, greater than additive toxicity has
been noted in other aquatic toxicology studies, resulting in reduced survival and
development in aquatic insect larvae (Jensen, Sorensen, Walton, & Trumble, 2007), lower
hatching success and survival in ducklings (Heinz & Hoffman, 1998), and reduced
reproduction in fish (Penglase et al., 2014a). This synergism in younger life-stages
appears to have been noted most frequently in studies that have assessed end-points at
young and adult life-stages. However, the same group that reported synergistic effects

of reduced reproduction also observed partial mitigation of embryonic selenoprotein
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gene mRNA levels, GPX activity, and larval locomotion (Penglase et al., 2014b). The
mechanisms that underlie greater than additive toxicity are not well-understood.

One theory that seeks to explain some of these interactions is that antagonism
and toxicity mitigation occur when the Se/Hg molar ratio is >1. This hypothesis is based
on the premise that when the two elements are present at equimolar ratios, Se binds to
and sequesters Hg (Ralston et al., 2012; Ralston et al., 2007). However, the majority of the
studies addressing Se/Hg molar ratios have been ecological in nature, focusing on
natural ratios present in fish (Arribere, Guevara, Bubach, Arcagni, & Vigliano, 2008; S.
A. Peterson et al., 2009; Squadrone, Benedetto, Brizio, Prearo, & Abete, 2015). In
laboratory studies with rodents, both beneficial and nonadvantageous health outcomes
of Se coexposure have been noted (Ralston et al., 2007; Ralston, Ralston, Blackwell, &
Raymond, 2008). Furthermore, although Se has a beneficial impact on some health
outcomes, there has not been strong evidence for interactions between Hg and Se in
epidemiological studies (Ayotte et al., 2011; Fillion et al., 2011; Saint-Amour et al., 2006;
Steuerwald et al., 2000). The reasons for which different interactions have been observed
are not entirely clear but could be attributable to study design differences including:
different studies employing different species of Hg and Se, typically a relatively small
number of concentrations, different species of test organism, and different toxic end-

points. The results of our study, in which we directly tested outcomes in experiments in
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which Se/Hg molar ratio were deliberately manipulated over a wide range of ratios do
not support the Se/Hg molar ratio hypothesis. Antagonism was not consistently
observed when either the external or internal Se/Hg molar ratio was >1, suggesting that
the simple model of Se-mediated sequestration of Hg is an insufficient explanation for
antagonism. Another possibility, less dependent on the molar ratio per se, is that Se
supplementation replenishes Se sequestered by Hg, thereby rescuing toxicity by
providing ample Se for selenoprotein production and activity (Ralston et al., 2012;
Ralston et al., 2007). This hypothesis, however, presumes that all Hg toxicity can be
explained by selenoprotein depletion or inhibition, which seems unlikely given that Hg
also has a well-documented interaction with sulfhydryl groups in proteins. Of note, this
possibility is especially unlikely in our model organism because C. elegans has only one
selenoprotein. However, it is important to note that this study did not assess tissue-
specific impacts or effects beyond growth. While this means that we capture many
potentially important biological targets, it also means that we could not distinguish
specific impacts at the cellular or tissue level. To address the potential interactions
between the elements in the dosing solution, we calculated that changes in Se and Hg
speciation and the binding of the two in solution are unlikely to explain the biological

impacts observed.
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The speciation of Se and Hg in exposure experiments was likely dependent on
the Se/Hg molar ratio and the type of Se and Hg tested. For example, the calculated
equilibrium speciation for the exposure media in our study suggested that Se(VI) was
not binding substantial amounts of MeHg* in the experimental solutions (Figure 23),
even though we observed antagonism at the highest Se(IV)/MeHg molar ratio. Se(IV)
also was not influencing inorganic Hg? and MeHg" speciation at most Se/Hg molar
ratios. The exception was the mixture with the highest Se(IV)/MeHg molar ratio (1500
uM Se(IV) and 2 uM MeHg), where the CH3HgSeO3- concentration was predicted to be
1.3 uM (or 67% of the total MeHg). We also note that at this highest Se(IV)/MeHg molar
ratio, antagonistic effects were observed for the growth of the nematodes (Figure 2).
Stability constants for Hg? complexes with Se(VI) and Hg?* as well as MeHg* complexes
with SeMeth were not found in the literature, so speciation calculations were not
performed for these mixtures. Therefore, the effects of these ligands, particularly
SeMeth, on Hg speciation in the exposure mixtures could not be determined. Overall,
the changes in Hg speciation in the exposure medium coincided with antagonisms in
one case (Se(IV)-MeHg mixtures) but not in other cases (Se(VI)-MeHg and Se(IV)-Hg
mixtures).

Understanding factors that may mitigate Hg toxicity is important to

environmental and human health. Our experiments focused on Se and utilized multiple
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Hg and Se compounds and concentrations to assess interaction impacts on toxicity. Our
results indicate that even in a simple system, the relationship between the Hg and Se is
complex and that straight antagonism is not the only interaction. Our most noteworthy
findings emphasize the importance of including Se compound as a part of the analysis
when assessing Hg and Se interaction and de-emphasizing the weight given to the

Se/Hg molar ratio.
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Figure 1. Nematode size (logEXT) following combination mercury (HgCl 2and
MeHg) and selenium (sodium selenate, sodium selenite, and selenomethionine)
exposures.

Coexposures include: (A) selenate and HgClz, (B) selenate and MeHg, (C) selenite
and HgCl, (D) selenite and MeHg, (E) selenomethionine and HgClz, and (F)
selenomethionine and MeHg. Selenium exposure is represented on the x-axis against
nematode growth (logEXT), with mercury exposure represented by the grouped lines
and box-plots. White box-plots indicate 0 uM Hg exposure, light gray box-plots indicate
2 uM Hg exposure, and dark gray box-plots indicate 5 uM Hg exposure. Data for each
group represents three to four biological experiments separated in time with between
163 and 409 individual nematodes. Interaction lines and box-plots are dodged for better
visual representation. Lines between box-plots connect the means for each treatment.
For each selenium-mercury pairing, mercury altered nematode growth compared to
selenium-only exposures (p < 0.05). The dashed red line indicates the average nematode
size before dosing (L1).
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Figure 2. Nematode growth difference (average % of control + SE) from
expected growth under additive conditions for all selenium and mercury coexposures.

Coexposures include: (A) selenate and HgClz, (B) selenate and MeHg, (C) selenite
and HgCl, (D) selenite and MeHg, (E) selenomethionine and HgClz, and (F)
selenomethionine and MeHg. The x-axis has categorically increasing selenium exposures
(uM). HgCl2 and MeHg exposures are plotted separately and are indicated by open and
closed circles, respectively. Exposure concentration is represented by a solid line for 2
UM exposures and a dashed line for 5 uM exposures. Positive percentages indicate an
antagonistic interaction (more growth than expected) and negative percentages greater
than additive interactions (less growth than expected). Asterisks indicate significance
compared to the expected additive relationship (p < 0.05).
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Figure 3. Interaction plots for internal mercury and selenium concentrations
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The figure is grouped into three main sections with internal mercury
concentrations are represented in the left panels (A-D), internal selenium concentrations
are represented in the middle panels (E-H), and internal Hg/Se ratios in the right panels
(I-L). Each of these sections contains faceted plots to represent exposure to no selenium
compounds (none; A, E, I), selenate (50 mM; B, F, ]), selenite (1500 uM; C, G, K), or
selenomethionine (500 uM; D, H, L). The x-axis has categorically increasing mercury
exposures (UM) to either HgClz (open circle, solid line) or MeHg (closed circle, dotted
line). In the internal Hg/Se ratio section, note that the y-axis scale is different for each
plot, and the red dashed line indicates a 1:1 Hg/Se ratio. In the internal mercury and
selenium sections, points with at least one value above or below detection limits are
indicated by OD and LOD, respectively; for a full list of sample values, see Table SI-1.
For the internal mercury plots, main effects for mercury compound and concentration
and their interaction were significant (p < 0.05) for each selenium exposure. For the
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internal selenium plots, the main effect of mercury compound was significant (p <0.05)
in the selenate plot but not (p = 0.08) in the selenite or selenomethionine plots.
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Faceted plots represent exposure to (A) selenate (50 mM), (B) selenite (1500 uM),
or (C) selenomethionine (500 uM). HgCl: and MeHg exposures are indicated by open
and closed circles, respectively. Red dashed line indicates a 1:1 Hg/Se ratio.
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3. Hair Mercury Content in Peruvian Riverine
Communities Near Artisanal and Small-scale Gold
Mining Found to be Elevated Chronically and Negatively
Associated with Some Non-fish Dietary Variables

3.1 Introduction

Artisanal and small-scale gold mining (ASGM), which uses liquid elemental
mercury in the processes of gold extraction, has emerged as the leading anthropogenic
source of mercury emissions globally and accounts for 37% of human related
atmospheric emissions and an additional 800 tonnes of mercury released annually to
land and water (Swain et al., 2007; UNEP, 2013). Environmental contamination poses a
human health risk due to the potential for mercury to be transformed into the highly
toxic and bioavailable form, monomethylmercury (MeHg), which is responsible for the
majority of dietary human exposures (NRC, 2000). MeHg is a potent neurotoxin with
recognized impacts on child cognitive development (Grandjean, Budtz-Jorgensen, et al.,
1999; Grandjean, White, Nielsen, Cleary, & Santos, 1999; Morel, Kraepiel, & Amyot,
1998). Despite these health impacts, ASGM continues to expand and has increased 200-
500% since 1998 in some hotspots in Southeast Asia, Africa, and the Amazon, in
response to the global demand for gold (Alvarez-Berros & Aide, 2015; Asner et al., 2013;
Emel et al., 2014; G. D. Peterson & Heemskerk, 2001; Schueler, Kuemmerle, & Schroder,

2011; Snapir et al., 2017; Swenson et al., 2011). This rapid expansion raises concern for
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potential adverse human health impacts from elevated and chronic exposure in nearby
non-ASGM communities.

Adverse health impacts result from both acute and chronic exposures; however,
chronic exposures are a serious health concern because they are not only associated with
the developmental, renal, and neurological impacts observed with acute exposure, but
also with cardiovascular and immunological impairments (Boffetta et al., 2001; Gump et
al., 2012; Ilback et al., 1996; Rizzetti et al., 2013; Via et al., 2003; Wiggers et al., 2008).
Additionally, chronic exposures induce these health impacts at lower doses compared to
acute exposures (ATSDR, 1999). In regions impacted by ASGM, chronic mercury
exposure is often presumed from occupational exposure or dietary consumption (Basu
et al.,, 2015; Crompton et al., 2002; Grandjean, White, et al., 1999; Hacon et al., 2008;
Peplow & Augustine, 2007). The majority of these studies use cross-sectional
assessments of mercury content in hair, urine, or blood and only assess mercury
exposure at one time-point (Doering, Bose-O'Reilly, & Berger, 2016). In fact, we are
aware of only a handful of studies that evaluated variation in mercury exposure over
time in ASGM regions (Dolbec et al., 2001; Lebel, Roulet, Mergler, Lucotte, & Larribe,
1997; Passos et al., 2003). Two of these studies, Dolbec et al. (2001) and Lebel et al. (1997),
focused on exposure seasonality in communities impacted by ASGM by using a

segmented hair analysis. Both studies observed seasonality in hair mercury content that
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was correlated with fish consumption and fish species availability during different
seasons (Dolbec et al., 2001; Lebel et al., 1997). More studies of this nature are needed to
appropriately define the temporal aspect of exposure risk.

Furthermore, to properly predict human health outcomes in regions impacted by
ASGM, understanding mercury exposure routes is critical. Currently, the assessment of
human exposure risk factors has primarily focused on general fish consumption and
spatial relation to mining activities; however, methodological constraints of previous
work has limited broader interpretation of the data. For example, when considering
dietary exposure, most studies have concentrated on general fish consumption, and in a
few cases on the consumption of a few specific species, in combination with
consumption frequency. The focus on fish is understandable, given the strong
association with mercury exposure; however, this focus has led to a paucity of
knowledge concerning other potential dietary associations. In two studies that evaluated
other food groups (Dolbec et al., 2001; Passos et al., 2003), only one reported their
observations of an association of reduced hair mercury with certain tropical fruits
(Passos et al., 2003). This reduction in hair mercury may relate to decreased MeHg
bioaccessibility observed in vitro with certain phytochemicals in tea extracts and grains
(Ouedraogo & Amyot, 2011; Shim, G. Ferruzzi, Kim, Janle, & R. Santerre, 2009). These

findings warrant the consideration of other phytochemical-rich dietary items at the
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population level. In addition to dietary considerations, the prediction of human
exposure risk require knowledge of the spatial extent of environmental mercury
contamination. In studies measuring both mercury content in fish and human hair,
elevated exposures have been observed near and downstream of ASGM (Frery et al.,
2001; Lebel et al., 1997; Malm et al., 1995; Maurice-Bourgoin, Quiroga, Chincheros, &
Courau, 2000). Yet, these studies fall short at describing the spatial extent of ASGM-
related contamination as their mercury measurements were only made at one or two
locations. A more extensive survey that measures exposure at different distances and
directions from mining is necessary to better describe the extent of environmental
contamination and identify where the risk of exposure is high.

In this study we build off of previous work to characterize mercury exposure
risks in communities impacted by ASGM and focus on risks related to diet, spatial
location, and proximity to ASGM activities. Our aims are to determine the relationship
between environmental and human mercury exposure, evaluate chronic human
exposure, and identify important risk factors for exposure in a region where ASGM has
expanded rapidly over the past decades, Madre de Dios (MDD), Peru. In MDD, the
potential for human exposure has been confirmed in two studies that reported a range of
human exposure in six non-randomly selected communities (Ashe, 2012; Langeland et

al., 2017). While these studies indicate that human exposure is possible in some ASGM
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and non-ASGM communities in MDD, they have significant limitations connecting
mining to fish contamination and human exposure because they: 1) did not assess
human exposure in a systematic manner where communities and households were
randomly selected; 2) only addressed fish consumption generally, not taking into
account the importance of trophic level; and 3) measured levels of fish contamination in
aquaculture farms, which could be less impacted by ASGM and are not a predominant
source of fish for most households. Our study addresses these gaps, connecting human
exposure and ASGM-related contamination by building off of our previously published
environmental study and relating human exposure at different distances from mining to
mercury content in water, sediment, and fish (Diringer et al., 2015). The human exposure
assessment presented in this study was conducted in the same communities and in a
similar timeframe as our environmental study, and therefore enabled for the first time a
direct comparison between environmental and human exposure in a population-
representative cohort of communities located along a 560 km segment of the MDD
River.

The first objective of this study was to determine how well human exposure can
be predicted from environmental mercury levels and residential proximity to ASGM.
We hypothesized that human exposure would be related to environmental levels and

that low exposure would occur upstream where there are minimal mining impacts, that
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the highest exposures would be in communities closer to ASGM, and slightly lower
exposure would be observed downstream of mining. Secondly, because regional ASGM
has been expanding in MDD, we also evaluated chronic exposure that was measured
using sequential hair samples from women of child-bearing age (WCBA). Temporal
mercury exposure was examined in WCBA as they are a sensitive population whose
exposure directly influences child health. The Peruvian Ministry of Health recognizes
the potential for adverse health impacts from increased mercury exposure in the region
and is interested in better understanding exposure risk factors to facilitate the reduction
in total mercury body burden in MDD communities. Finally, we sought to evaluate
intra-household correlations of mercury exposure among children, parents, and other
family members and to determine whether other dietary items, including high
antioxidant and selenium-rich foods, and diversity in food consumption are positively
or negatively associated with hair mercury level. While it is suspected that the
consumption of high trophic level fish species is a risk for mercury exposure, limited
scientific evidence exists to define what other dietary items may be positively or
negatively associated with mercury exposure. Laboratory-based studies show that
reduced mercury exposures could associate with dietary items rich in certain
antioxidants, as antioxidants such as glutathione (GSH) and N-acetylcysteine (NAC)

have been associated with increased mercury elimination (Ballatori, Wang, &
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Lieberman, 1998; Deceaurriz, Payan, Morel, & Brondeau, 1994; Zalups & Barfuss, 1995).
Dietary selenium is another factor postulated to reduce mercury exposure, but observed
outcomes in laboratory and epidemiological studies have not been consistent
(Bjerregaard, Andersen, & Rankin, 1999; Dang & Wang, 2011; Deng et al., 2008;

Steuerwald et al., 2000).

3.2 Materials and Methods
3.2.1 Study background and population

Madre de Dios (MDD) is one of 24 administrative regions of Peru and is located
in the southeast part of the country, in the south-western Amazon Basin. The region is
characterized by rainy and dry seasons and contains native and non-native
communities. MDD contains the smallest population in Peru (~137,000, 2015), yet has the
highest in-migration rate, the highest rate of population growth (2.5% per year), and one
of the highest rates of deforestation since 2000 (INdEel, 2015; M. d. A MINAM, 2015).
Two major developments are shaping MDD: ASGM expansion and the completion of
the Interoceanic Highway in 2012. ASGM has existed in MDD for decades; however, the
rapid rise in gold prices since 2007 followed by the presence of a well-maintained
highway, has resulted in ASGM and associated forest clearing to increase 400% (Asner

et al., 2013; Swenson et al., 2011).
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3.2.2 Study design and data collection

This is a population-based study of native and non-native riverine communities
where population livelihoods are strongly connected to the river. Fifteen communities
were randomly selected by probability proportional to estimated size, stratified by
location. Within each community, a minimum of four households were randomly
selected to obtain a minimum of 20 participants per community (additional households
were randomly selected if 20 participants were not enrolled). Households were selected
by enumerating all known households and selected using random numbers generated
prior to enrollment. After consent was obtained, household surveys were administered
by trained interviewers to obtain demographic, economic, nutritional (dietary), and
migratory information. Health data were also collected and included individual
anthropometric measurements. Stainless steel scissors and clippers were used to collect
hair from the occipital region of the head and toenail samples, respectively, to test for
metal exposures.

Due to social unrest at the time of initial data collection, communities were
surveyed over two timeframes and three communities were not visited due to safety
concerns. Communities upstream and downstream of intensive mining areas were
enrolled between March and July 2014 and communities near active mining were

enrolled in April 2016 (Figure 5). Overall, 278 participants were enrolled from 12
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communities along the MDD River (Figure 5): three communities upstream of active
mining (Salvacion, SAL; Itahuania, ITA, and Boca Manu, BMA), three communities close
to mining (San Juan Grande, SJG; Boca Amigo, BOA; and Boca Inambari, BOI), and six
communities downstream of active mining (Tres Islas, TRE; Puerto Pastora, PPA; Bajo
Madre de Dios, BMD; Palma Real, PAL; Puerto Pardo, PAR; and Lago Valencia, VAL).
Upstream communities were presumed beforehand to have less mercury exposure. This
study was approved by the US Naval Medical Research Unit-6 Institutional review
board and was supported by the Regional Health Directorate of Madre de Dios. All
participants provided written informed consent and hair mercury results were shared

with participants prior to publication.

3.2.3 Household Food Consumption

Dietary information was collected at the household level, recording consumption
(ves/no) and frequency (daily/ weekly/sometimes/seasonally) of each food item.
Household consumption was determined for: 1) antioxidant-rich items (quinoa, kiwicha,
tomatoes); 2) a selenium-rich item (Brazil nuts); 3) six commonly consumed fish (paco,
bocachico, chambira, sabalo, doncella, and dorado (Appendix A, Table 11); 4) up to two
additional fish (16 additional fish were indicated); and 5) additional non-fish items.
Non-fish items included dietary variables in the following categories: cereals, tubers,

vegetables, fruits, meat, eggs, nuts, dairy, and sweets (Appendix A, Table 12).
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References to specific fish are based on common names, though scientific names were

previously reported (Table 12) (Diringer et al., 2015).

3.2.4 Hair mercury analysis

Mercury exposure for 231 individuals was estimated by measuring total mercury
content in a proximal 2 cm segment of hair, corresponding with estimated exposure over
the most recent 2 month period before sample collection (NRC, 2000). A lag of 1 month
was used to adjust for the ~1 cm of hair retained in the scalp. Total mercury was
determined by direct combustion, gold amalgamation, atomic absorption spectrometry
(Milestone DMA-80, Milestone SRL, Italy). The instrument calibration was verified by
analysis of a hair standard reference material (ERM-DB001) every 10 samples in a batch
run. Accepted measurements were within 10% of certified value. The detection limit was
1ng Hg.

Temporal Hg exposure for WCBA (15-49 yrs, n=46) was assessed by quantifying
mercury contents of up to six 2-cm sequential segments to evaluate seasonal changes in
exposure over 12 months. Variation over time was modeled using a cubic spline and by
season (early-rainy, late-rainy, and dry seasons). The early-rainy season was considered
as the time period from December to March, late-rainy from April to July, and dry from
August to November. Seasons were determined using national weather station data

from Puerto Maldonado (SENAMHI) and are confirmed by other work in the region
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(Espinoza et al., 2015; Espinoza Villar et al., 2009). The WCBA temporal subset includes
the 9 communities (SAL, ITA, BMA, TRE, PPA, BMD, PAL, VAL, and PAR) enrolled in

2014 to avoid potential exposure differences between the two collection timeframes.

3.2.5 Nail selenium analysis

Selenium exposure was estimated by measuring selenium content in toenails,
which provide an estimate long-term exposure (4-6 mo). Samples were scraped to
remove visible dirt and then further cleaned with deionized water and HPLC-grade
acetone. Samples were aggregated by individual and digested in trace metal grade
hydrogen peroxide and nitric acid using the CEM Discover and Explorer SP-D
microwave digestion system (CEM Corporation, Matthews, NC). Selenium (Se)
concentrations in the digestates were determined by inductively coupled plasma mass

spectrometry (Agilent 7700).

3.2.6 Statistical analysis

Descriptive statistics using the geometric mean were used to describe the study
population. Hair mercury content was compared to reference levels calculated from the
USEPA benchmark dose for a maternal exposure level related to child developmental
impairment (1.2 pug/g) and the level recognized by Peru's government, which is
calculated from the WHO provisional intake of methylmercury (2.0 pg/g) (NRC, 2000;

USEPA, 2001). We report the proportion of individuals that exceed these levels and hair

57



mercury content by sex and age. Differences in sex and age were evaluated using
ANOVA and a generalized linear mixed model (GLMM) with a community random
effect. Age was considered categorically with groups for adults (> 18 years) and children
(< 18 years). The distribution of hair mercury content was right skewed (Figure 25); thus,

a log-transformation (log) was used in subsequent analyses.

3.2.6.1 Relationship between environmental and human exposure

Community level hair mercury was described using the geometric mean and
evaluated using ANOVA. Communities were considered individually and in aggregates
to determine the importance of location relative to mining and mining presence to hair
mercury content. Location relative to mining was considered two ways: 1) with a binary
variable for upstream (SAL, ITA, BMA) and downstream (SJG, BOA, BOI, TRE, PPA,
BMD, PAL, VAL, PAR) and 2) with indicators for upstream (SAL, ITA, BMA), active
mining (SJG, BOA, BOI, TRE), and downstream (PPA, BMD, PAL, VAL, PAR). The
importance of mining presence was determined with a binary variable for the presence
(SJG, BOA, BOI, TRE) and absence (SAL, ITA, BMA, PPA, BMD, PAL, VAL, PAR) of
mining within a community.

Pearson’s chi-square (goodness of fit) was used to test if the proportion of
individuals (by community or area of the river) with hair mercury that exceeds the

USEPA threshold (1.2 pg/g) deviates from the proportion that would be expected to
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exceed the USEPA oral reference dose based on environmental data and household
consumption. The expected proportion was calculated from the fraction of individuals
with a calculated oral reference dose that exceeded the USEPA reference dose of 0.1
ug/kg/day based on an individual’s weight, household fish consumption by trophic
level, average mercury content in fish tissue, and an assumed portion size of 110 g
(Appendix A) (USEPA, 2001; USFDA, 2016). For each community or area of the river,
mean fish tissue mercury by trophic level was calculated from fish within 100 km of that
area.

To further characterize the relationship between environmental and human
exposure and determine if human exposure was correlated with environmental
exposures in a certain direction of a community, a GLMM was used to describe the
relationship between human hair mercury and average mercury content in fish nearby
(+/- 50 km), upstream (+/- 50 km of 50 km upstream), and downstream (+/- 50 km of 50
km downstream). To control for the importance of fish consumption, an interaction
between average fish mercury content and fish consumption by trophic level was
included in the model. Average mercury content in fish for edge cases (upstream of
SAL and ITA, downstream of PAL, PAR, VAL) was imputed from a linear model
predicting fish mercury content from a cubic consideration of location (distance from

headwaters). Community was included as a random effect.
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3.2.6.2 Temporal variation in hair mercury

A GLMM was used to measure how well the mercury in the most recent hair
segment predicted previous hair mercury content. We calculated the odds and the
probability that a hair segment exceeds one of the hair criterion if the most recent hair
segment exceeded that criterion.

GLMMs were also used to evaluate individual and household factors associated

with hair mercury content as described in section 3.2.3.6.

3.2.6.3 Risk factors related to hair mercury

GLMMs were used to evaluate individual and household factors associated with
hair mercury. GLMMs of continuous (logi) values of mercury were evaluated for three
population subgroups: 1) the entire study population 5 years of age and older; 2)
children under 10; and 3) WCBA. Dietary factors were analyzed separately for fish and
non-fish items. Fish were analyzed by individual species and categorized by trophic
level as in previous studies (Table 11) (Diringer et al., 2015; B. J. Feingold et al., 2015).
Non-fish items were analyzed by type and by computing dietary diversity using FAO
dietary diversity guidelines (FAQO, 2010). A community's location relative to mining
(upstream, near, and downstream) and involvement in mining (active and not active)
were evaluated as categorical variables. Household and community random effects were

evaluated to adjust for correlated exposures within households and communities.
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Random intercepts for household and community were included in the model
containing individuals 5 yrs or older. The child model included a random intercept for
community alone.

Prior to model building, a univariate analysis was used to screen variables that
would be further considered in the multivariate models using a cut off of p<0.2. Models
were fit to determine the association of hypothesized factors to mercury levels in a
sequential manner: fish consumption by trophic level and individually by species;
demographic factors (age, sex); migration; location relative to active mining (present or
absent in community); household factors; other food consumption; and nail selenium
content. Variables included in the multivariate analysis were evaluated for
multicollinearity using the variance inflation factor (VIF). Associations between child
hair mercury content and the hair mercury content of their household members were
evaluated using the average hair mercury of all household members, average hair
mercury of parents, maternal hair mercury, paternal hair mercury. Additionally, a
GLMM was used to calculate the odds of a child exceeding 2.0 ug/g mercury if a
household member also exceeded that level. The WCBA model included a nested
random effect (woman nested within community).

All analyses were conducted using R Version 3.4.0 (www.r-project.org; Vienna,

Austria).
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3.3 Results
3.3.1 Population characteristics for hair mercury

Total hair mercury was elevated in MDD (geometric mean: 2.6 pg/g 95% CI: 0.4,
10.5), with all communities having individuals who exceeded USEPA and WHO
exposure limits (86% and 68%, respectively) (Table 2, Figure 25). Adults (18 years of
age) had slightly higher hair mercury compared to children (< 18 years) (3.0 vs 2.2 ug/g
p=0.26). Mercury levels did not differ by sex for adults (3.5 vs 2.7 ug/g in males and
females, respectively) nor children (1.9 vs. 2.5 ug/g in males and females, respectively).
However, while average hair mercury content was similar between sexes, there were
statistically significant age-sex differences (p=0.009). Adult males had significantly
higher hair mercury than male children (3.5 vs 2.0 pg/g, p=0.009), while females had
similar mercury content between all age groups (2.5-2.7 ug/g) (Table 2, Figure 26). Of all
children tested, 77% and 56% exceeded USEPA and Peruvian benchmarks for hair
mercury contents, respectively, with the majority of girls exceeding both limits, 81% and

66% respectively (Table 2).

3.3.2 Relationship between environmental and human exposure
levels

Mid-river communities (i.e. near active mining areas) had significantly higher
hair mercury compared to upstream and downstream communities (4.2 vs 2.9 and 3.3

ug/g respectively); however, among individual communities, the highest and lowest
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average hair mercury content was detected in upstream communities where
environmental mercury levels were low (Table 2 and Figure 6): BMA with an average
hair mercury content of 4.8 ug/g (95% CI: 1.8, 11.7) and SAL with an average of 1.0 ug/g
(95% CI: 0.2, 2.6). Communities with an active mining presence also had significantly
higher hair mercury than communities with no mining presence (4.2 vs. 3.2 pg/g
respectively, p=0.001). Communities in active mining areas and downstream had the
highest prevalence of individuals exceeding 2.0 pg/g (80% and 62% of individuals
respectively) (Table 2).

The lowest mercury concentrations in human hair and environmental sediment
and fish samples were observed near headwaters (0-50 km) (Figure 7). In environmental
samples, the greatest mercury content in fish tissue and sediment MeHg was observed
200-400 km downstream and slightly lower mercury concentrations were observed
further downstream (Diringer et al., 2015). However, human samples exhibited a
different spatial pattern. The greatest hair mercury was observed in BMA, a community
more than 75 km upstream of mining, in a location where low environmental mercury
contents (sediment and fish) were observed. Further downstream hair mercury aligned
with a similar spatial trend to the environmental samples, with high hair content
between 200 and 400 km (SJG, BOA, BOI) and slightly lower mercury content further

downstream (TRE, PPA, BMD, PAL, PAR, VAL) (Figure 7).
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We attempted to estimate potential mercury body burden using fish tissue Hg
contents and household fish consumption, as outlined in the Supporting Information
section (Appendix A). The calculation for each individual utilized the an individual’s
weight, household fish consumption by trophic level, mercury content in fish collected
near an individual’s community, and estimated portion size for each fish meal. The
results were used to estimate the proportion of individuals that would be expected to
have hair mercury values that exceed the EPA threshold and indicated that mercury hair
levels were underestimated by an average of 26% across all communities and by 48% for
BMA. This difference was significant when individuals were grouped by community
and larger river segments (p<0.001) (Figure 27).

When considered alone, mercury content in local fish was not a strong predictor
of human mercury exposure as no relationship was observed between the three location
variables (fish near, upstream, and downstream) and hair mercury content.
Consumption of high trophic level fish was the best predictor for hair mercury content.
Though the interactions between fish mercury content and household level fish
consumption by trophic level were not statistically significant, the relationship between
trophic level 3 consumption and higher hair mercury approached statistical significance

(p=0.06).
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3.3.3 Temporal variation in hair mercury

The assessment of 12 month Hg exposure through segment analysis of hair
samples revealed that hair mercury contents were continuously high among WCBA. The
geometric mean of a WCBA'’s hair segment average was 3.2 ug/g (95%CI: 0.4, 11.7).
WCBA also had elevated hair mercury (above 1.2 ug/g) for a majority of the segments
analyzed: 96% had at least 1 hair segment above the level, while 89% had more than 3
segments above it, 87% had more than 4 segments above it, and 80% had all segments
above the level. The hair mercury content of the most recent 2-cm measurement was a
strong indicator of overall temporal exposure. If the most recent 2-cm hair segment
exceeded the 1.2 pg/g reference value, there was a 98.9% probability that another hair
segment also exceeded that threshold and a 97.4% probability that 4-5 previous hair
segments also exceeded the threshold. Remarkably elevated hair mercury was observed
in several women (7) who had hair mercury above 10 ug/g for at least 2 sequential hair
segments, representing 4 months (Figure 29).

The WCBA model to assess risk factors was adjusted for community location and
partnership status, to control for socio-economic status. Significant positive associations
were observed between hair mercury and high general fish consumption and at least

weekly consumption of trophic level 3 fish (doncella and chambira) (Figure 28, Table
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13). All WCBA resided in a household that consumed fish and 63% resided in a
household that consumed fish at least weekly (Table 3).

Models to assess household non-fish dietary items, and household and
individual variables were also adjusted for the household consumption of trophic level 3
tish. Similar to the fish variables, significantly reduced hair mercury was observed with
frequent kiwicha, quinoa, bananas, tomatoes, and liver consumption at the household
level. Household dietary diversity was not significant in the WCBA model when hair
mercury beyond the most recent 2 mo was considered (Figure 8, Figure 28). Significant
seasonality with hair mercury was observed where lower hair mercury content was
associated with the rainy season (28% reduction compared to the dry season) (Figure 8,
Figure 9, Figure 29). Hair mercury was also significantly positively related to body fat %

(B=0.01, 95%CI: 0.00, 0.02) (Figure 8, Table 14).

3.3.4 Risk factors related to hair mercury

Significant associations were observed with household member hair mercury. In
the model with individuals over 5 yrs, average household hair mercury was
significantly negatively associated with hair mercury (3=-0.2, 95%CI: -0.2, -0.1), likely
related to older males having higher hair mercury content. However, child hair mercury
content was significantly and positively associated with the average hair mercury

content of parents and other household members (Figure 8, Table 13). Children had 2.4
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times higher odds of their hair mercury exceeding 1.2 ug/g (95%CI 1.9-3.1) if their
mother’s hair mercury exceeded this level, compared to a child whose mother did not
exceed the level in a univatiate model (Table 4). Additionally, an individual had 1.9
times higher odds of their hair mercury exceeding 1.2 pg/g (95%CI 1.2-2.0) if the WCBA
in their household had hair that exceeded this level (p<0.001). In the temporal analysis,
WCBA were observed to have hair mercury elevated over the previous year, which
suggests that exposure is chronically elevated in all household members. There was a
small but significant relationship between body mass and hair Hg, where being
underweight was associated with lower hair mercury in the model for individuals over
5 yrs (=-0.2, 95%CI: -0.3, -0.0) (Figure 8, Table 13). For a subset of individuals with nail
Se data, did not observe a statistically significant association between log1Se and logged
hair mercury content.

Linear models for children, individuals 5 years and older, and WCBA
consistently demonstrated that higher hair mercury is associated with more fish
consumption, particularly weekly or more frequent consumption of high trophic level
fish. When considering fish diet variables in both models, hair mercury was significantly
positively associated with high general fish consumption and at least weekly
consumption of trophic level 3 fish, including doncella and chambira. In the three

population models, hair mercury was significantly increased by 92-99% with high

67



general fish consumption (compared to low consumption), 61-84% with at least weekly
consumption of trophic level 3 fish (compared to less than weekly consumption), 79-
109% with weekly or daily doncella consumption (compared to less than weekly
consumption), 57-76% with weekly or daily chambira consumption (compared to less
than weekly consumption), and 87-155% with weekly or daily yulilla (trophic level 1)
consumption (compared to less than weekly consumption) (Figure 28, Table 13). Fish are
an important protein source to riverine MDD communities and 73% of households
consume fish from the river. To a lesser extent, households also consume fish from lakes
(21%), markets (19%) and fish farms (2%). Nearly every household reported fish
consumption (97%, 57 households), with 50% of households consuming fish at least
weekly. The percentage of households that had weekly or more frequent fish
consumption ranged 20-75% in upstream communities, was 0% in communities near
active mining, and ranged 50-86% in downstream communities. Households in
communities near active mining all reported consuming fish "sometimes" (Table 3).

In the models to assess non-fish dietary variables, as well as household and
individual factors, the consumption of trophic level 3 fish was additionally included as a
covariate. In both models, frequent consumption of cereals, fruits, and liver were
significantly and negatively associated with hair mercury. Kiwicha, quinoa, bananas,

tomatoes, and liver were associated with 88-95, 46-61, 29-38, 29-41, and 50-58%

68



reductions in hair Hg, respectively, with weekly or more frequent consumption.
Frequent consumption (weekly or daily) of antioxidant-rich items occurred in 28 of the
59 total households, though fewer households reported frequent kiwicha and quinoa
consumption, 2 and 6 household respectively (Table 3). Weekly or daily consumption of
the selenium-rich item (Brazil nuts) was reported in 4 households and was not
significantly associated with hair mercury (Table 3). In the model with all individuals
over 5 yrs, increasing dietary diversity was significantly associated with an 8% reduction
in hair mercury. Dietary diversity had a near significant reduction in hair mercury in

children (p=0.13).

3.4 Discussion

This study is one of the largest conducted to date that elucidates the potential
connection between ASGM, environmental contamination, and human exposure. Our
results demonstrate extensive environmental mercury contamination near and far
downstream of ASGM activities and that human exposure is elevated across all age-sex
groups in not only these areas, but also in areas far upstream where mining impacts are
negligible. This disparity between low environmental mercury and elevated human
exposure persisted after accounting for household fish consumption and indicates that
environmental sampling alone is insufficient to evaluate human mercury exposure. Fish

consumption was strongly associated with increased hair mercury content; however,
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this study also observed that lower hair mercury was associated with frequent fruit and
grain consumption. Though directionality of the inverse associations could not be
addressed in this cross-sectional study, these results provide additional support that
certain nutrients, like omega-3 fatty acids (Budtz-Jorgensen, Grandjean, & Weihe, 2007;
Jacobson, Muckle, Ayotte, Dewailly, & Jacobson, 2015), have an important role in
mediating mercury exposure and toxicity, which may account for the conflicting results
concerning mercury related child neurotoxicity in two prospective studies performed in
the Faroe Islands and Seychelles.

Mercury levels detected among residents living in the MDD watershed were
elevated over the year timeframe assessed in this study. While the majority of
individuals exceeded both the US EPA and WHO levels; most concerning is that 85% of
WCBA exceeded 1.2 ug/g at the time of sampling, which implies that 84% exceeded 1.2
ug/g at any time in the previous year and 82% exceeded this level at least 8 of 12 months
in the prior year. Further, these results combined with the model of child-predicted hair
mercury imply that children who currently exceed 1.2 ug/g have an 85% probability of
exceeding 1.2 ug/g for 8 of the past 12 months. These exposure levels have been
associated with neurological deficits including infant cognition and visual recognition,
as well as verbal performance, visual recognition, language, attention, and memory

deficiencies later in childhood in multiple longitudinal studies (Grandjean, Budtz-
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Jorgensen, et al., 1999; Oken et al., 2005) and a cross-sectional study in an Amazonian
population (Grandjean, White, et al., 1999). In MDD, the estimated neurotoxicity effects
could include reduced infant visual recognition memory (VRM) score by 19.9 points (up
to 70.9) and child IQ by 1.2 points (up to 4.4) based on reduced visual recognition
memory scores in US infants (Oken et al., 2005) and an estimated IQ point reduction
from an assumed linear dose-response from neuropsychological exams administered to
the Faroe Islands study cohort at age 7 (Grandjean et al., 1997; Trasande, Schechter,
Haynes, & Landrigan, 2006). Moreover, a more recent evaluation of the Faroe Island
cohort at age 22 yrs provides evidence that these deficits may also persist beyond
childhood (Debes, Weihe, & Grandjean, 2016). Child exposures and developmental
outcomes is an area that should be pursued further in MDD as mercury exposure in
these communities is chronic which could additionally produce long-term disease risk
and loss in economic productivity (Bellanger et al., 2013).

Over the timeframe evaluated, we observed high exposure over the previous
year throughout all study communities, though temporal exposure varied between
individual WCBA. Almost all WCBA had at least one 2 month period of elevated
exposure (hair mercury above 1.2 ug/g) and nearly half of WCBA had elevated exposure
throughout the year timeframe examined. In addition to the chronically high exposure,

we observed an association between exposure and seasonality, with higher hair mercury
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during the dry season and lower hair mercury during the rainy season. Though we were
unable to assess seasonal availability of fish in each community, the lower exposure
during the rainy season and could be reflective of an overall reduced fish availability or
altered species availability, as mercury content in fish has not been observed to vary
between the wet and dry seasons (Diringer et al., 2015). A comparable pattern of lower
exposures around the February-March rainy season was observed in another
Amazonian population that had increased herbivorous fish consumption during the
period of lower hair mercury, though the seasonality was more pronounced in that
study (Dolbec et al., 2001).

The patterns in exposure over time varied among women, though the range
between the maximum and minimum hair mercury for most women was modest (less
than 5 ug/g). This was not the case for all women, as a larger range (of up to 17 ug/g)
was noted in several women with the highest exposures. The highest hair mercury
contents (above 10 pg/g) were recorded from July-November 2013 in three Boca Manu
(BMA) women with similar temporal exposure patterns. Hair mercury content in these
individuals rapidly decreased to a lower level (5 pg/g) over 6-8 months. This attenuation
of hair mercury was similar to the log-linear elimination rate observed in animal and
human models recorded following a single exposure (Carrier, Brunet, Caza, &

Bouchard, 2001). All three women were from households that reported seasonal fish
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consumption and our observations could relate to attenuated mercury exposure
following a high exposure dietary event related to season. Interestingly, our observed
changes in hair mercury over time did not show evidence of a continual increase in
mercury exposure that would be expected in a region where mining has been readily
expanding. The lack of an apparent increase in mercury exposure in non-mining
individuals suggests that though regional mining has increased additional mercury may
not be incorporated into the food web, potentially from fast-moving waters limiting the
local amount or transformation of mercury in the environment. This could have serious
implications for efforts to control mining activities to protect human health because
reductions in mining may not correspond to commensurate reductions in environmental
or human mercury levels. However, this is merely speculative as environmental
mercury levels at different time points were not measured in this study.

Spatial location relative to mining was an important determinant of both
environmental and human mercury exposure, with the lowest exposures occurring more
than 100 km upstream from ASGM and increased exposures occurring in near and
downstream of active mining. The correlation between human exposure and our
environmental data that was collected in a similar timeframe with human biomarkers
was high for communities near and downstream of ASGM. However, environmental

mercury level was a poor predictor for upstream communities, where it underestimated
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human exposure. The highest hair mercury levels occurred in Boca Manu, a community
~75 km upstream of active mines (Figure 7), despite the low mercury content in local fish
and sediments. Elevated exposure in this community may relate to human migration to
areas with higher mercury exposure risk, the unexpected consumption of dietary items
with high mercury levels in the Boca Manu area, or an unmeasured genetic factor
causing slower clearance of mercury. Because the mercury in hair is typically dominated
by monomethylmercury species (Phelps, Clarkson, Kershaw, & Wheatley, 1980), diet is
often presumed to be the dominant exposure route. However, a fraction of mercury in
hair could be the inorganic form for individuals exposed through dietary and non-
dietary routes (i.e. inorganic Hg exposure from gold amalgamation) (Laffont et al., 2011).
These observations in upstream communities underscore the importance of utilizing
more information than environmental mercury to predict human exposure.

In accordance with other studies, fish consumption was a strong predictor of
increased mercury exposure (Castoldi et al., 2008; Golding et al., 2013; Grandjean et al.,
1992; Morrissette et al., 2004). While general fish consumption at the household level did
not predict hair mercury content, the consumption of higher trophic level fish including
doncella and chambira, was associated with a 57-168% increase in hair mercury.
Environmental data from the region also supports that these fish could pose a risk as the

average fish filet mercury level of doncella and carnivorous fish was above the USEPA
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recommended value (0.3 mg/kg), with many fish above the higher United States Food
and Drug Administration (USFDA) action level (1.0 mg/kg) (Diringer et al., 2015).

In addition to fish, we found that household dietary variables were strong
predictors of mercury exposure and observed associations between decreased hair
mercury and the frequent consumption of grains and fruits native to Peru. The influence
of two grains, quinoa and kiwicha, on mercury exposure have not been previously
examined and frequent household consumption of these grains was associated with 61-
95% and 45-88% lower hair mercury contents respectively. The correlation of frequent
grain consumption with decreased exposure may be related to increased mercury
elimination. Both quinoa and kiwicha have health benefits that are suggested to
originate from being high in fiber, dietary minerals (calcium, magnesium, manganese,
phosphorus), antioxidants, and flavonoids (Abderrahim et al., 2015; Repo-Carrasco-
Valencia, Hellstrom, Pihlava, & Mattila, 2010; Repo-Carrasco-Valencia, Pena, Kallio, &
Salminen, 2009; Vega-Galvez et al., 2010).

Reduced hair mercury was also correlated with frequent fruit consumption, and
the strongest associations were observed with tomatoes and bananas. Increased tomato
and banana consumption were associated with 29-41% reductions in hair mercury.
Protective effects related to tomato consumption has been observed in other studies

(Gagne et al., 2013; Nwokocha et al., 2012; Zefferino, Leone, Piccaluga, Cincione, &
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Ambrosi, 2008). In young children, tomato consumption has been associated with lower
blood mercury levels (Gagne et al., 2013) and in laboratory studies, tomato and tomato
extracts mitigated the impacts of inorganic mercury exposure on intercellular
communication and cytokine concentrations (Zefferino et al., 2008) and reduced
mercury accumulation in liver (Nwokocha et al., 2012). Mechanisms related to this
inverse relationship have not been identified but are likely related to the nutritional
value of tomatoes and increased mercury elimination as tomatoes are known to contain
antioxidants (the carotenoid lycopene, ascorbic acid, and beta-carotene); flavonoids; and
metal chelating proteins, peptides, phytochelatins, and other heavy metal binding
complexes that are analogous to metallothioneins (Leopold, Gunther, Schmidt, &
Neumann, 1999; Siddiqui, Chakraborty, Mishra, & Hazra, 2014; Tito et al., 2011).
Mechanisms for mercury reductions observed with banana consumption are likely
similar to that of tomatoes, as bananas also have high levels of antioxidants ([3-carotene,
vitamin C, and vitamin E) (Songsermsakul, 2013; Wang, Cao, & Prior, 1996). Our
observations of reduced mercury exposure associated with consumption of certain
dietary items should be further investigated with mechanistic studies and dietary
interventions to validate these findings as they have the potential to mediate mercury
exposure in communities where exposure is elevated. Considering diet as a factor that

contributes to health status is not new, yet is increasingly important to consider when
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determining mercury exposure impacts. Certain nutritional factors, like selenium, are
hypothesized to modify mercury exposure by reducing bioavailable mercury and
increasing antioxidant function (Despres et al., 2005; Ganther et al., 1972; Ralston, 2008;
Ralston et al., 2008; Steuerwald et al., 2000; Wyatt et al., 2016), while others, such as
omega-3 fatty acids and vitamin B, have been associated with modifying child
neurological (Budtz-Jorgensen et al., 2007; Jacobson et al., 2015; Oken et al., 2005; Strain
et al., 2008) and immunological outcomes (C. M. Gallagher et al., 2013; C. M. Gallagher
et al., 2011).

Our findings provide evidence that non-mining individuals in MDD
communities have been exposed to elevated mercury levels for over a year, warranting
concern for child health. This finding was particularly unexpected for the communities
located more than 75 km upstream of mining, where there is no direct mining influence
and no prior knowledge of exposure. While we recognize that our sample size is modest,
this study improves on previous mercury exposure assessments in the region as it goes
beyond looking at exposure in 2-4 communities and describes exposure in 12 riverine
communities, including some previously thought to be unaffected by ASGM. With
regard to dietary factors associated with hair mercury, this study is the first to detect
negative associations with grains native to Peru (quinoa and kiwicha) and the second to

observe a negative association with some fruits. While considering diet at the household
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level may be appropriate for this population, future studies should assess this factor at
the individual along and focus on potential mechanisms behind our observed
associations. Our results support consideration of these locally grown foods to be
included in food baskets if such intervention strategies continue to be used to reduce
mercury levels in Madre de Dios. Further studies on health impacts in this region are
needed as regional mining is expected to increase in the future and current health
problems, including infectious diseases and malnutrition, could be influenced by

mercury exposure.
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Figure 5. Map of selected study communities in Madre de Dios, Peru shown in
reference to extensive mining areas.

Study communities include: SAL — Salvacion, ITA - Itahuania, BMA — Boca
Manu, SJG — San Juan Grande, BOA — Boca Amigo, BOI — Boca Inambari, TRE — Tres
Islas, PPA — Puerto Pastora, BMD — Bajo Madre de Dios, PAL — Palma Real, PAR -
Puerto Pardo, and VAL - Lago Valencia. Communities upstream of mining (SAL, ITA,
and BMA) are indicated by dark green circles, communities near mining inputs (SJG,
BOA, and BOI) are indicated by light green circles, and communities downstream of
active mining (TRE, PPA, BMD, PAL, VAL, and PAR) are indicated by yellow circles.
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Outliers on boxplots are indicated by "x" symbols. For visualization purposes,
fish tissue (ug/g = mg/kg) values (Diringer et al., 2015) are represented by black points
and have been multiplied by 4 to be on a similar scale to the hair values (0.3 ug/g
USEPA fish tissue criterion converted to 1.2 ug/g to be comparable to the 1.2 ug/g
USEPA hair level. A LOESS (locally weighted smoothing) curve (blue line with grey 95%
confidence intervals) was added to visualize the relationship between fish tissue
mercury and location along the river. Hair mercury limits for the USEPA (1.2 ug/g, red
line) and Peru (2.0 pg/g, yellow line) are also indicated.
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[43]

Population 5yrs and older’ Children? WCBA?
Variable Level _p-value p-value p-value
Fish diet
Consumption frequency of trophic level 3 fish (REF- Less than weekly) Weekly or Daily 2 - e - = -
Non-fish diet
Cereal consumption frequency (REF: Less than weekly) Weekly or Daily + - 2 - + —
Quinoa = - + - g -
Other fruits consumption frequency (REF: Less than weekly) Weekly or Daily . —- - o NS o s
Banana + - = - + B
Tomato + - 4 - + -
Organ meat (liver) consumption frequency (REF: Less than weekly) Weekly or Daily * - x —a— s —.-
___Sum of FAO groups consumed weekly or more frequently __ * IR n NS o scsnsauanmut e NS s e
Individual
BMI (REF: normal) Underweight 2 -
Overweight NS - NS o
Obese NS - NS -
BMI continuous . - NS -
Waist circumference + . + -
Hip circumference NS L + L]
Body fat % NS . " -
Marriage (REF: Not in a partnership) In a partnership + - N
Education (REF: none or less than grade 1) Grades 1-5 NS - NS - i ——
Grades 6-8 = - NS g o2 e ——
Grades 9-12 = - - ——
Technical school/University NS - NS ——
Time o .
Seasonality (REF: Dry season) Rainy i L
.......................................................... Post-rainy__ ol e s e R e e P e e o
Household [
Average hair Hg of all HH member - . o . - .
Father hair Hg A L
Mother hair Hg oE L
Average parental hair Hg e L]
_SM Hﬂ s T I. 1 T T T 1 s T T l- 1
p-values: + p<0.10; * p<0.05; ** p<0.01; *** p<0,001 compared to the indicated reference level 4 0 18 2 4 0 18 2 1 0 18
1 Log(Hg) Model controls for age, sex, age*sex, community location, and household member living outside of MDD : ; !
# Log,(Hg) Model controls for sex and community location B B

? Log(Hg) Model controls for marriage and community location

Figure 8. Association between hair mercury and dietary, individual, and household factors in the population five yrs and

older, children, and WCBA.
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Figure 9. Temporal mercury exposure over a year timeframe was measured in

WCBA (n=46).

Differences by community are depicted with black lines connecting hair mercury
contents (logi) of each individual woman over 2 cm (approximately 2 month) intervals.
The modeled relationship with cubic splines is indicated by the red line with the grey
area indicating the 95% confidence interval. Rainy season was considered as the time
period from December to March, post-rainy season from April to July, and dry season

from August to November.
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community.

% Individuals

% Individuals

Population Geometric mean hair above 1.2 above 2.0
grouping N Hg (95% CI) £ @o? e doP
Total 231 2.6 (0.4, 10.5) 85.7 68.4
Sex and age in
years
Female <8 32 2.5(0.4,9.4) 81.3 65.6
8-17 26 2.4 (0.9, 6.3) 92.3 65.4
18+ 61 2.7 (0.2,11.5) 85.2 68.9
Male <8 25 1.9 (0.4, 4.8) 72.0 60.0
8-17 31 1.9(0.4,5.2) 77.4 48.4
18+ 56 3.5(1.2,10.5) 96.4 85.7
Community
SAL 19 1.0 (0.2, 2.6) 52.6 26.3
ITA 22 1.6 (0.7, 3.1) 68.2 31.8
BMA 23 4.8(1.8,11.7) 100.0 91.3
SJG 13 3.2(0.8,9.9) 92.3 84.6
BOA 14 4.1(1.4,14.1) 92.9 92.9
BOI 10 3.5(0.9,9.7) 90.0 80.0
TRE 23 3.3(1.5,7.5) 100.0 91.3
PPA 19 2.2 (0.2,6.8) 84.2 63.2
BMD 21 2.8 (1.0, 8.5) 90.5 61.9
PAL 25 2.1 (0.6, 4.3) 88.0 64.0
PAR 20 2.6 (0.5,9.4) 90.0 70.0
VAL 22 3.1(0.7,11.3) 81.8 77.3

aUSEPA level (1.2 ¢ dg)

b Peruvian government and WHO level (2.0 € dg)
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Table 3.2 UOOEUa wOil wi EPUwWOI UEUUa wp4 T consubnptibrafrequehty Ofifish Gadrigxidapt ' -richuO1 Y1 O w

(quinoa, kiwicha, tomato), and selenium -rich (Brazil nuts) diet items.

Geometric Geometric Geometric

HH  People mean Hg all mean Hg mean Hg

(N) (N) HH individuals  WCBA (95% children <

Consumption frequency (95% CI) Cl) 10yrs (95% CI)

Fish Never / Seasonally / Sometimes 30 113 2.9 (0.4,9.6) 2.7(0.4,7.7) 2.2(0.3,6.7)
Weekly 11 45 1.7 (0.3, 4.6) 1.5(0.3,4.5) 1.6 (0.8, 3.9)
Daily 18 73 29(0.6,11.1) 3.4(1.3,10.6) 2.3(0.4,9.7)
Antioxidant-rich Never / Seasonally / Sometimes 31 120 3.0(0.6,11.00 2.9(1.1,10.8) 2.6 (0.3, 8.9)
Weekly 6 23 2.1 (0.7, 8.4) 2.3(0.9,7.5) 1.6 (0.6, 4.2)
Daily 22 88 2.2 (0.2,8.8) 2.4 (0.2,7.8) 1.6 (0.3,6.3)
Selenium-rich Never / Seasonally / Sometimes 55 215 2.6 (0.3,10.6) 2.5(0.2,9.0) 2.1(0.2,8.7)
Weekly 1 3 2.1(0.9,5.1) 21 (2.1,2.1) 0.8 (0.8, 0.8)
Daily 3 13 2.4 (0.8, 7.3) 3.3 (1.5, 8.3) 2.6 (2.2, 3.0)




Table 4. Odds ratio for a child (<10yrs) exceeding the 1.24 17 ¥1T wOl YI OWEEUI E
family and sex variables.

Variable OR 95% CI

Family Paternal hair Hg exceeds level 2.14 (1.17,3.93*
Maternal hair Hg exceeds level 2.39 (1.86, 3.07)AAA
Parent hair Hg exceeds level 2.19 (1.24, 3.90)*A
Mean HH hair Hg exceeds level 2.32 (1.73, 3.12)AAA
Mean HH adult hair Hg exceeds level 2.29 (1.54, 3.38)AAA

Sex Female 1.12 (0.92, 1.36)

* p<0.10; A p<0.05; A #p<0.01; #A¥<0.001 compared to a child not exceeding the level
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4. Effects of methyl and inorganic mercury exposure on
genome homeostasis and mitochondrial function in
Caenorhabditis elegans

This chapter appears in DNA Repair, issue 52 (2017), pages 31-48

The authors are: Wyatt LH, Luz AL, Cao X, Maurer LL, Blawas AM, Aballay A,
Pan WK, Meyer JN.

Duke University, Nicholas School of the Environment, Integrated Toxicology and

Environmental Health Program. LSRC, PO Box 90328, Durham, NC 27708, USA

4.1 Introduction

Mercury is a heavy metal of great interest because of its pervasive presence in the
environment and recognized adverse impacts on multiple systems, including most
prominently the nervous system. Nervous system and other impacts, including cell
injury and death, are likely derived from multiple mechanisms that could also impact
DNA homeostasis and alter mitochondrial functions. Proposed genotoxic mechanisms
are mostly indirect and include: altering the balance of antioxidant enzymes in favor of a
pro-oxidant environment (Stohs & Bagchi, 1995; Valko et al., 2005); impairing DNA
repair enzymes (Crespo-Lopez et al., 2009); reactive oxygen species (ROS) generation as

a result of the inhibition of electron transport chain (ETC) proteins (Ni et al., 2010; Yee &
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Choi, 1996); and altered calcium homeostasis which has been associated with apoptosis
and necrosis (Ceccatelli, Dare, & Moors, 2010).

Protein impairment from both inorganic and organic exposure is considered an
important mechanism in mercury toxicity. Mercury has a strong affinity for thiol and
selenol groups, and by binding to these groups mercury can impair protein function
(Stohs & Bagchi, 1995). Reductions in antioxidant enzyme activity occur following
chronic exposure due to inhibition of enzymes such as glutathione reductase,
glutathione peroxidase, and superoxide dismutase (Berntssen et al., 2003; Mori et al.,
2007), and in one report persisted beyond mercury elimination after developmental
exposures in rodents via an unidentified mechanism (Stringari et al., 2008). Declines in
antioxidant function can promote oxidative stress as a result of diminished ability to
properly cope with endogenous as well as exogenous oxidants (Franco et al., 2009;
Stringari et al., 2008). The promotion of oxidative stress may also be related to
mitochondrial impacts. Mercury accumulates in the mitochondpria, in addition to the
nucleus and lysosomes (Atchison & Hare, 1994; Bucio et al., 1999; Ikemoto et al., 2004).
In addition, ROS including superoxide anion and hydrogen peroxide are produced at
higher than normal levels following methylmercury exposure due to the inhibition of
ETC proteins and reduced superoxide dismutase scavenging activity (Yee & Choi, 1996).

Other reported mitochondrial impairments include increased oxygen consumption and
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increased membrane permeability from augmented calcium influx (Polunas et al., 2011;
Yee & Choi, 1996; Yin et al., 2007). The combination of reduced antioxidant capabilities
and increased ROS may promote damage to macromolecules, including DNA.

DNA damage following mercury exposure has been observed and is thought to
occur through either direct oxidation of DNA (Ondovcik et al., 2012; Williams et al.,
1987) and/or reduced repair capacity due to impaired DNA repair enzymes (Cebulska-
Wasiewska et al., 2005; Gadhia et al., 2012; Pieper et al., 2014; Ryu et al., 2014).
Laboratory, field, and epidemiological studies have reported increased strand breaks,
chromosome aberrations, 8-hydroxy-2' -deoxyguanosine (8-OHdG), micronuclei, and
reduced DNA repair (Al-Saleh et al., 2012; Gadhia et al., 2012; Ryu et al., 2014).
However, there are discrepancies among these studies. In some studies, mercury has a
strong dose-response relationship below cytotoxic levels, but in others, increased DNA
damage was not observed at exposures below cytotoxic levels or when not in
combination with another exposure (radiation, H202) (Al Bakheet et al., 2013; Cebulska-
Wasiewska et al., 2005; Pieper et al., 2014). Epidemiological studies indicate that DNA
damage is possible in fish-eating populations, in children, and most importantly at
exposure levels lower than those known to adversely impact the nervous system (Al-
Saleh et al., 2012; Amorim et al., 2000; Cebulska-Wasiewska et al., 2005; Di Pietro et al.,

2008; Franchi et al., 1994). The focus of previous studies has primarily been on impacts to
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the nuclear genome, with only one study to date reporting mtDNA impacts (Karouna-
Renier et al., 2014). Depending on the kind of damage, increased mtDNA damage and
damage accumulation in the mitochondrial genome are possible as there are fewer DNA
repair pathways in this organelle (Ledoux et al., 1992; Scheibye-Knudsen, Fang, Croteau,
Wilson, & Bohr, 2015; Van Houten, Hunter, & Meyer, 2016). Damage to DNA,
mitochondria, and other cellular components can lead to broader impacts.

In addition to neurological impacts, multiple effects of mercury exposure on
immune responses have been reported, including both increased and decreased
antibody and cytokine concentrations (Bagenstose et al., 2001; Begam & Sengupta, 2015;
I. A. Silva, Graber, et al., 2005). Immune system impacts may be in part related to
impaired mitochondrial function as mitochondria have an important role in immune
system function, including ROS signaling and generation of mitochondrial specific
damage-associated molecular patterns that activate pattern-recognition receptors
(Weinberg, Sena, & Chandel, 2015; West, Shadel, & Ghosh, 2011). Caenorhabditis elegans is
a useful model to study innate immunity because it lacks an adaptive immune response,
simplifying interpretation of outcomes, and has an innate immune system that shares
similarities at the molecular level with that of higher eukaryotes. C. elegans mounts
bacterial immune responses through well studied signaling pathways including p38

mitogen-activated protein kinase (MAPK) pathway, an insulin/insulin-like growth factor
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receptor (IGF) pathway, and transforming growth factor (TGF)-beta pathway (Aballay,
2013; Aballay & Ausubel, 2002; Aballay et al., 2003; Bolz et al., 2010; S. H. Kim, Johnson,
& Sharma, 2002; Millet & Ewbank, 2004; J. R. Sun et al., 2011; TeKippe & Aballay, 2010).
The p38 MAPK pathway can be affected by ROS (Bundy et al., 2005; Gostner, Becker,
Fuchs, & Sucher, 2013; Mendez-Samperio, Perez, & Alba, 2010; Torres & Forman, 2003).
Additionally, human pathogens including gram-negative Pseudomonas aeruginosa can kill
C. elegans using virulence factors required for pathogenicity in mammalian systems
(Aballay & Ausubel, 2002; Cai, Cao, & Aballay, 2014; M. W. Tan, Mahajan-Miklos, &
Ausubel, 1999). In this paper, we test potential impacts of mercury on one innate
signaling pathway, through a mitogen-activated protein kinase (MAPK), in C. elegans.
The impact of one environmental stressor, heat-shock, has been observed to impact
innate immunity in C. elegans (Mohri-Shiomi & Garsin, 2008; Singh & Aballay, 2009), but
the effect of other environmental exposures, such as heavy metal exposures, has not
been assessed to date in this system.

The aim of this study was to assess genotoxic, mitochondrial, and immunotoxic
endpoints following inorganic and organic mercury exposure using the model organism
C. elegans, which has increasingly been used as a model for assessing DNA damage and
mitochondrial toxicity (Reinke, Hu, Sykes, & Lemire, 2010; W. Y. Tsang & Lemire, 2002,

2003) caused by environmental stressors (Leung et al., 2008; Liuzzi, Daresta, de Gennaro,
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& De Giorgi, 2012; Meyer et al., 2013; Polli, Zhang, & Pan, 2014; Turner et al., 2013). Our
objectives were to assess the impact of mercury exposure on: 1) DNA damage and
repair, 2) mitochondrial parameters (DNA copy number and steady-state ATP levels),

and 3) innate immunity.

4.2 Materials and Methods
4.2.1 C. elegans and bacterial strains

Nematode populations were maintained at 20 °C on K agar plates seeded with
OP50 strain Escherichia coli unless otherwise stated (Lewis & Fleming, 1995). N2 (wild-
type) and JK1107 glp-1(3224) were obtained from the Caenorhabditis Genetics Center
(CGC, University of Minnesota). PE255 glp-4 (bn2) strain was generously provided by
Dr. Christina Lagido (University of Aberdeen, UK). KU25 pmk-1(km25) were obtained
from CGC. glp strains were maintained at 15 °C, until time of experiment, and then
shifted to the restrictive temperature of 25 °C to limit germ cell production. Experiments
involving DNA damage utilized the germline-deficient mutant (g/p-1) to minimize the
potential confounding of DNA damage dilution from dividing germ cells, as no cell
division occurs in adult the adult life-stage (Sulston, 1988). Steady-state ATP levels were
determined using the transgenic, firefly luciferase-expressing nematode strain PE255
(glp-4), as previously described (Cristina Lagido, McLaggan, Flett, Pettitt, & Glover,

2009; C. Lagido, Pettitt, Flett, & Glover, 2008). N2 and pmk-1 were utilized to assess the
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impact of mercury on both immunocompetent and immune compromised nematodes.
PMK-1 is a p38 mitogen-activated protein kinase that has a protective role in infection
and is required for immune induction (D. H. Kim et al., 2002; Y. Kim & Mylonakis,
2012). The pathogenic Pseudomonas aeruginosa strain PA14 was also used for the
immune function experiments. For all experiments, synchronized L1 larvae were
obtained by treating gravid adults with a 5% sodium hypochlorite solution and hatching
eggs in the absence of food (K medium plus MgSOs, CaSOs, and cholesterol) (Lewis &
Fleming, 1995). A general schematic of the experimental design is presented in Figure

10.

4.2.2 Experiment 1: DNA damage and genome copy number following
mercury exposure

Nematodes (glp-1) were grown to young adult stage (36 hr at 25 °C) and then
transferred to 24-well plates (100-230 nematodes per well) and exposed to control
conditions, HgClz (1 and 5 uM), or MeHgCl (1 and 5 puM) for 24 hr and then sampled to
assess DNA damage. Liquid exposures were performed in EPA reconstituted
moderately hard water (hereafter described as “EPA water”) plus UVC-killed E. coli
(UVRA strain), to eliminate the potentially confounding effect of bacterial metabolism
on exposures, as previously described (Meyer et al., 2010; Yang et al., 2012). The

experiment was repeated three times separated in time (n=9-27).
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4.2.3 Experiment 2: DNA damage repair and removal following
mercury exposure

Young adult glp-1 nematodes were exposed to mercury and then two
prototypical DNA damage-inducing agents, ultraviolet C radiation (UVC) and hydrogen
peroxide (H20), to test if mercury would inhibit repair or removal of DNA damage.
HgCl2 (5 puM) and MeHgCl (1 uM) concentrations were chosen based on the exposures
that caused similar increases in DNA damage in Experiment 1 but did not result in
significant growth reductions. We excluded growth-inhibiting exposure levels because
delayed development is associated with increased DNA repair gene expression (Boyd et
al,, 2010), and, in this study, with lower basal levels of DNA damage (Figure 10). These
differences would confound our ability to isolate the effect of mercury exposure.
Nematodes were then washed and exposed to UVC or H20:. UVC exposure was chosen
to assess nucleotide excision repair (NER) which removes bulky lesions including
photodimers in the nucleus, and mitophagy which removes the same types of damage
from mtDNA. H20:2 exposure was chosen to evaluate base excision repair (BER) which is
responsible for removal of most oxidative damage in both genomes.

Nematodes (glp-1) were raised to young adult stage in the same manner as
Experiment 1. Following 36 hr, nematodes were transferred to 24-well plates (100-220
nematodes per well) containing control, 5 uM HgCls, or 1 uM MeHgCl in EPA water

plus UVC-killed E. coli for 24 hr. For UVC exposures, nematodes were transferred to K
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agar plates without OP50 and exposed to 50 J/m? UVC using an ultraviolet lamp
(UVLMS-38 EL Series 3UV Lamp, UVP, Upland, CA, USA) with peak emission at 254
nm. UVC doses were quantified using a UVX digital radiometer. For H20: exposures,
nematodes were transferred to 24-well plates and exposed to 5 mM H:O: for 1 hr
without food. Immediately following the DNA damage event nematodes were sampled
(0 hr) and then returned to their original medium (control or mercury condition). DNA
damage removal was assessed by sampling at 6, 24, and 48 hr following the DNA
damage event. The experiment was repeated three times separated in time (n=9-21 for

each time-point).

4.2.4 Experiment 3: ATP determination following mercury exposure
and DNA damage

Utilizing a similar experimental design as Experiment 2, steady-state ATP levels
were determined at 24 and 48hr following the DNA damage event, essentially as
described (Cristina Lagido et al., 2009; C. Lagido et al., 2008). Differences included using
a transgenic, luciferase-expressing nematode strain (PE255 glp-4). For each time point
100 nematodes (in 100 uL K-medium) were loaded into each well of a white 96-well
plate, such that each treatment was loaded into four separate wells (i.e. four technical
replicates). GFP fluorescence, which is used to normalize luminescence readings to GFP-
luciferase fusion protein expression levels, was measured using a FLUOstar OPTIMA

BMG Labtech plate reader (Ortenberg, Germany; excitation filter: 485 nm; emissions
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filter: 512 nm). An automated dispenser was then used to deliver 50 pl of luminescence
buffer (citrate phosphate buffer pH 6.5, 0.1 mM D-luciferin, 1% DMSO, 0.05% Triton X-
100) to each well, and luminescence was measured in the visible spectral range of 300-
600 nm. All luminescence values were normalized to their corresponding GFP
fluorescence value and ATP values are reported as percent of control for each time-

point. The experiment was repeated four times (n=4 for each time-point).

4.2.5 Experiment 4: Innate immunity in wild type and immune
deficient nematodes, survival assay

The impact of larval mercury exposure (HgCl2 and MeHgCl) on an innate
immunity against pathogenic bacteria was assessed by exposing N2 and pmk-1
nematodes to P. aeruginosa PA14. L1 nematodes were transferred to 24-well plates (800-
2500 worms per well) and exposed to control, HgCl2: 0.5, 1, 2.5 uM, or MeHgCl: 0.5 uM
for 40 hrs at 20 °C. Developmental stage is an important factor that needs to be
considered when utilizing this survival assay, because survival time on PA14 is
significantly shorter in younger worms (M. W. Tan et al., 1999). To avoid potential
confounding, mercury concentrations that did not significantly impair nematode growth
were used in this experiment. Note that these experiments involved exposures from the
first larval stage, which is more sensitive than the later stages used in experiments
reported in Figure 11, Figure 12, Figure 13, Figure 14, Figure 15, Figure 16. Of these

developmental exposures, only 2.5 uM HgCl> modestly reduced nematode growth.
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Following larval exposure, nematodes were washed and then transferred to
survival plates containing E. coli OP50 or P. aeruginosa PA14. The bacterial lawns used
for C. elegans killing assays were prepared by placing a 20 uL drop of an overnight
culture of the bacterial strains on modified NGM agar on plates 3.5 cm in diameter. Full
lawn plates used for C. elegans killing assays were prepared by spreading a 25 puL drop
of an overnight culture grown at 37 °C of P. aeruginosa on the complete surface of
modified NGM agar in 3.5 cm diameter Petri plates. Plates were incubated at 37 °C for
12~16 hrs. Plates were cooled to room temperature for at least one hour before seeding
with synchronized young adult animals. The killing assays were performed at 25 °C and
live animals were transferred daily to fresh plates. Animals were scored at the times
indicated and were considered dead when they failed to respond to touch. The

experiment was repeated 3-4 times separated in time (n=97-341).

4.2.6 DNA damage and genome copy number analysis

For damage and genome copy number assays, six nematodes were pooled and
treated as a biological replicate. NDNA and mtDNA damage were assessed using a
QPCR-based method as previously described (Gonzalez-Hunt et al., 2015). This assay
measures lesion frequency based on decreases in amplification efficiency relative to
controls, which are assumed to be undamaged (Meyer et al., 2010). Two nuclear genome

targets (unc-2 and small nuclear; 9.3 and 0.2 kb) and two mitochondrial genome targets
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(nd-1 and small mitochondrial; 10.9 and 0.2 kb) were amplified. The amount of amplified
long PCR product provides a measurement of lesion frequency, while the amount of
short PCR product provides normalization to DNA concentration and genome copy

number (Furda, Bess, Meyer, & Van Houten, 2012).

4.2.7 Gene expression analysis

Expression of autophagy, mitophagy, biogenesis, BER-related DNA repair, and
p38 MAPK-related genes were measured using the experimental design for Experiment
1. Nematodes were reared to the young adult stage and exposed to control conditions,
HgCl2 (1 and 5 uM), or MeHgCl (1 and 5 uM) for 24 hr. Total RNA from glp-1 nematodes
was extracted using a RNeasy kit (Qiagen, Valencia, CA, USA), quantified with a
NanoDrop Fluorospectrometer (NanoDrop Technologies, Wilmington, DE, USA), and
converted to cDNA using the High Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, Waltham, MA, USA) using methods previously described (Amanda S.
Bess et al., 2013). Average fold change of each target gene was calculated by comparing
the CT (cycle threshold) of the target gene to two housekeeping genes (tba-1 and pmp-3).
Real-time PCR conditions were optimized for previously published and designed

primers; the primer sequences and conditions are listed in Table 23.
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4.2.8 Assessment of autophagic foci

Autophagy was assessed using the QU1 izEx1[Plgg-1::gfp::1gg-1+rol-6] (LGG-
1::GFP) reporter strain, where increased or impaired autophagic flux is represented by a
change in the number of LGG-1::GFP foci (Palmisano & Melendez, 2016b), using the
experimental design for Experiment 1. Nematodes were reared to the young adult stage
and exposed to control conditions, HgCl2 (1 and 5 pM), or MeHgCl (1 and 5 uM) for 24
hr. Following exposure, nematodes were picked onto 10% agar pads with 10 ml of
150mM sodium azide (Sigma Aldrich) (A. S. Bess, Crocker, Ryde, & Meyer, 2012).
Single-plane images of seam cells were taken using a Zeiss 780 confocal microscope at
63x magnification and LGG-1::GFP foci in each seam cell were counted manually. The
experiment was repeated two times separated in time. In total, 21-48 seam cells from 8-

18 nematodes were analyzed per treatment.

4.2.9 Statistical analysis

Experiment 1 data were analyzed using a 2-way ANOVA with mercurial type
(HgCl2, MeHg) and mercury concentration as factors. Significant interactions were
followed up with Tukey's post-hoc test for pairwise comparisons. Data from experiment
2 was analyzed with a 3-way ANOVA. For DNA damage data, significant 3-way
ANOVAs were followed up with 2-way ANOVAs (mercury compound x time) for

UVC/H20:2 exposed and non-UVC/H20: exposed nematodes. For copy number data,
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significant 3-way ANOV As were followed up with 2-way ANOVAs (mercury
compound x UVC/H202 exposure) for each time-point. Significant 2-way interactions for
DNA damage data were followed up with Tukey's post-hoc test for pairwise
comparisons. ANOVA tables for Experiment 2 are presented in the Appendix.
Experiment 3 data were analyzed with a 2-way ANOVA and significant interactions
were followed up with Tukey's post-hoc test for pairwise comparisons. Gene expression
and LGG1::GFP data was analyzed using a 2-way ANOVA, similar to Experiment 1.
Statistics for all experiments except survival were conducted using R (Version 3.2.2,
Vienna, Austria). Nematode survival in Experiment 4 was plotted as a non-linear
regression curve using the PRISM (version 4.00) computer program. Prism uses the
product limit or Kaplan-Meier method to calculate survival fractions and the Mantel-
Cox log-rank test to compare survival curves. Significance for all experiments was

accepted at a level of p<0.05.

4.3 Results

4.3.1 Experiment 1. DNA damage and genome copy number following
mercury exposure

To test the impact of mercury on mtDNA and nDNA damage and copy number,
young adult nematodes were exposed to two concentrations of HgCl2 and MeHg for 24
hrs. DNA damage profiles were similar between the mitochondrial and nuclear

genomes. For both mtDNA and nDNA the direction of the change in damage level from
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low to high concentration was different for the two mercury compounds (interaction
between mercury compound and concentration, p<0.001). Increasing lesions were
observed with increasing HgCl2 exposure, but for MeHg exposures there was increased
damage at 1 pM and decreased lesions at 5 uM (Figure 11A). Genome copy number
following mercury exposure differed between the two genomes. In the mitochondrial
genome, there was a significant interaction between mercury compound and
concentration (p<0.001), as the 5 uM MeHg treatment resulted in reduced mtDNA copy
number, but other treatments did not. In the nuclear genome, mercury compound was a
significant factor influencing copy number, with MeHg reducing significantly reducing
copy number (main effect, p=0.03) by about 4% (Figure 11B).

To better understand the surprising decrease in mtDNA and nDNA damage at
the high (5 puM) MeHg concentration, we carried out additional experiments to test
possible hypotheses for this observation. First, we tested whether autophagy was
increased, because autophagy can remove damaged mtDNAs (A. S. Bess et al., 2012) and
may also reduce nDNA damage (Vessoni AT, Filippi-Chiela EC, Menck, & G, 2013).
Increased autophagy would also be consistent with the reduced mtDNA copy number
that we also observed (Fig. 2). Consistent with this hypothesis, we identified increased
formation of seam cell autophagic foci (Figure 30). However, foci number was also

increased at 1 uM MeHgCl, where we saw increased rather than decreased DNA
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damage. Importantly, increased foci may also result from inhibition of the autophagic
process (i.e., inability to resolve autophagic foci (Palmisano & Melendez, 2016a), so we
also measured mRNA levels of inducible autophagy related genes (J. Zhang et al., 2015).
The high MeHg concentration (5 uM) significantly reduced atg-18, dct-1, and hmg-5 and
reduced (p=0.08) bec-1 expression, suggestive of decreased, rather than increased,
autophagy and mitophagy (Figure 31). We also tested for a transcriptional signal for
induction of biogenesis (Figure 31) that might offset autophagic removal of
mitochondria, but did not find support for this possibility. We also considered whether
transcripts for key genes involved in BER, which repairs oxidative damage likely to be
caused by mercury exposure, would be increased. While not generally considered a
highly inducible process, there is evidence for upregulation of some BER genes after
exposures (Christmann & Kaina, 2013). Instead, BER genes were expressed at similar or
lower levels after both HgCl> and MeHg (Figure 32). We finally considered the
possibility that BER might have been induced, leading to above-normal repair of
endogenous DNA damage (i.e., negative lesions). Our data related to this hypothesis is
presented below (Section 3.2.3), but overall did not explain the observation of below-
baseline damage only in the high MeHg exposure group.

Finally, we considered the possibility that the developmental delay observed at

the high concentration of MeHg (Figure 33) could explain these results. Minimal growth
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retardation (< 5% growth reduction) was observed following HgCl: (1 and 5 uM) and 1
uM MeHgCl exposures, while 5 uM MeHgCl reduced growth by ~10% (Figure 33).
While there haven't been previous reports of baseline changes in DNA damage with
development, both nDNA and, more dramatically, mtDNA copy number increase
during these lifestages (W. Y. Tsang & Lemire, 2002), including in glp-1(q244) nematodes
(Rooney et al., 2014), and the decreased mtDNA copy numbers that we observed could
well be explained by developmental delay. We measured mtDNA and nDNA damage
levels in unexposed, wildtype and glp-1 nematodes at multiple timepoints after age-
synchronization at the first larval stage (as previously described: (A. S. Bess et al., 2012)).
We found that DNA damage in both genomes and strains increased with developmental
stage (Figure 34), supporting the hypothesis that the decreased DNA damage observed

at 5 uM MeHg could be explained by the developmental delay that was also observed.

4.3.2 Experiment 2: DNA damage repair and removal following
mercury exposure

Next, we carried out experiments designed to test the influence of prior mercury
exposure on the response in both genomes to DNA damage induced by exposure to

UVC or H20..

4.3.2.1Repair and removal of UVC -induced DNA damage

The impact of mercury on removal of UVC induced mtDNA and nDNA damage,

assessed using a 3-way ANOVA (mercury compound x UVC exposure x time), was
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mild. In the mitochondrial genome, the 3-way interaction was not significant (p=0.56);
however, mercury altered lesion removal over time (mercury compound x time
interaction, p=0.01), although the difference was small (Figure 12).

For nDNA lesions the 3-way interaction was significant (p=0.02), and so the data
was further analyzed as a function of UVC exposure. In UVC exposed nematodes, there
was a difference in nDNA lesion removal over time between the three treatments
(mercury compound x time interaction, p=0.004), but significant differences in levels of
damage between treatments were only observed at one time-point (6 hr), and the degree
of change was relatively small. In non-UVC exposed nematodes, the MeHg exposure
resulted in significantly lower nDNA lesions (main effect, p=0.001) than control or HgCl:

treatments. However, again, the effect size was small (<0.1 lesions) (Figure 12).

4.3.2.2 Relative copy number following UVC exposure

The most dramatic impact was that MeHg in combination with UVCled to a
decrease in mtDNA copy number. For relative mitochondrial copy number, the 3-way
(mercury compound x UVC exposure x time) ANOVA interaction was significant
(p<0.001) and the data was further analyzed by time-point. At 0 hr, copy number was
significantly decreased by the MeHg treatment compared to both the control (p<0.001)
and HgClz (p=0.003) treatments and also by the UV treatment (p=0.03). At 6 hr, copy

number was significantly reduced by both MeHg (p<0.001) and HgCl2 (p=0.03)
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treatments compared to controls and by the UV treatment (p<0.001). At 24 hr, copy
number was significantly lower in MeHg (main effect, p<0.001) and UV (main effect,
p<0.001) treatments and further reduced in the MeHg-UV co-exposed treatment
(interaction, p<0.001). At 48 hr, copy number was significantly lower in MeHg (p<0.001),
HgCl2 (p<0.001), and UV (p<0.001) treatments and further reduced in the MeHg-UV co-
exposed treatment (interaction, p<0.001) (Figure 13).

We did not observe large effects on nuclear copy number. The 3-way interaction
was not significant (p=0.05). Though some main effects were significant, the resulting

change in nuclear copy number was small, less than 5% (Figure 13, Table 18).

4.3.2.3 Repair of H202-induced DNA damage

Mercury exposure significantly increased the DNA damage caused by H20:, and
also affected damage removal in complex fashions. The impact of mercury and H20»
exposure on nDNA and mtDNA damage was assessed using a 3-way ANOVA (mercury
compound x H20z exposure x time). For mtDNA lesions, the 3-way interaction was not
significant (p=0.08). mtDNA damage depended on both the mercury compound and
H20:2 exposure (mercury compound x H202 exposure interaction, p=0.007). Across time-
points MeHg exposed nematodes had significantly higher damage compared to the
HgCl: treatment after H2Oz exposure (p=0.006). MeHg-exposed nematodes had

significantly higher damage compared to controls in non-H20: exposed nematodes

105



(p=0.01). We could not formally test whether exposure to either mercury compound
resulted in a greater number of lesions immediately after H20: exposure because of the
lack of a significant 3-way interaction.

mtDNA damage also changed over time following H20: exposure (time x H202
exposure interaction, p<0.001), where nematodes exposed to H20: had significantly
more DNA damage than non- H20: exposed nematodes at all time-points except at 48 hr
where there was less damage. Additionally, mtDNA damage changed over time
depending on the mercury compound (time x mercury compound interaction, p<0.001),
where at 0 hr both MeHg and HgCl: treatments had higher DNA damage compared to
controls, at 6 hr the MeHg treatment had significantly more damage compared to
controls, and at 24 and 48 hr HgCl: treatments had significantly less (in fact, “negative”
lesions—i.e., below control baseline) damage compared to control and MeHg treatments
(Figure 14).

The 3-way interaction for nDNA lesions was also not significant (p=0.76). The
change in nDNA damage over time differed between H:0: exposures (H20:2 exposure x
time interaction, p<0.001), with significantly more damage in H202 treatments at 0 hr
(p<0.001) and significantly less damage at 48 hr (p=0.006). Mercury compound also
impacted nDNA lesions at different time-points (mercury compound x time interaction,

p<0.001). At 0 hr HgCl: treated nematodes had significantly more nDNA lesions than
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control and MeHg treatments, at 6 hr both MeHg and HgCl2 nematodes had
significantly more damage compared to controls, at 24 hr HgCl2 nematodes had
significantly less damage compared to the control and MeHg treatments, at 24 hr the
MeHg treatment also had also had significantly more damage than HgCl: treatment, and
at 48 hr HgCl: treated nematodes had significantly less damage compared to the control
and MeHg treatments (Figure 14).

Below-baseline DNA damage (mitochondrial and nuclear) observed at the last
time point (48 hr) in mercury exposed animals suggested that BER was induced by
mercury exposure. To test for transcriptional induction of BER, we measured gene
expression of BER related genes in young adult animals. However, we did not find
evidence for induction; rather, we measured decreased gene expression for some BER
related genes. The greatest MeHg and HgCl2 concentrations (5 uM) significantly reduced
nth-1, exo-1, and lig-1 expression, while the 5 uM HgClz exposure also reduced (p=0.10)

rnr-2 expression (Figure 33).

4.3.2.4 Relative copy number following H 202 exposure

The major effects that we observed were a decrease in mtDNA copy number
following H202 exposure that was exacerbated by prior exposure to MeHg. Again, the
impact of mercury and H20: exposure on relative copy number was assessed using a 3-

way ANOVA (mercury compound x H20z exposure x time). For mtDNA copy number,
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the 3-way interaction was significant (p=0.004), so the data was further considered by
time-point. At 0 hr, copy number was significantly lower in the MeHg treatment
compared to the HgClz treatment (p=0.01). At 6 hr, copy number was significantly
reduced in the H20: exposure (p<0.001). At 24 hr, copy number was reduced in the
MeHg (p<0.001) and H20: (p<0.001) treatments and further reduced in the MeHg-H>0:
co-exposure treatment (interaction, p<0.001). At 48 hr, copy number was reduced in the
HgCl2 (p=0.01) and H202 (p<0.001) treatments and further reduced in the MeHg-H20: co-
exposure treatment (interaction, p<0.001) (Figure 15).

The 3-way interaction for nuclear copy number was insignificant (p=0.37).
Mercury affected copy number over time (mercury compound x time interaction,
p=0.01), but differences in nuclear copy number between treatments were only observed
at one time-point (6hr). At 6 hr, MeHg and HgCl: treatments had significantly higher
nuclear copy number compared to the control treatment. No other significant differences

were observed at the other time-points (Figure 15).

4.3.3 Experiment 3: In vivo ATP levels following exposure to mercury,
UVC, and H20-

To assess the impacts of mercury compound, type of DNA damage, and their
interaction on ATP levels, we carried out an experiment similar to that in which we
analyzed impacts on DNA. A 2-way ANOVA was performed for each time-point. At the

24 hr time-point, mercury compound (main effect, p=0.007) and DNA damage type
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(main effect, p<0.001) affected ATP levels. ATP levels in the MeHg treatment were
significantly higher than the HgCl: treatment (p=0.005). Additionally, ATP levels after
UVC were significantly higher compared to the control treatment (p<0.001) and higher
than the H20: treatment (p=0.05) (Figure 16).

At the 48 hr time-point, mercury compound (main effect, p=0.04) and DNA
damage type (main effect, p<0.001) affected ATP levels. ATP levels in the HgCl
treatment were significantly lower compared to the control (p=0.001) and MeHg
(p=0.004) treatments. H2Oz2-exposed nematodes had significantly increased ATP levels

compared to controls (p=0.03) (Figure 16).

4.3.4 Experiment 4: Innate immunity in wild type and immune
deficient nematodes

Mitochondria are important immune response signaling organelles and mercury-
induced alterations to ROS concentrations and mitochondrial status and function (ATP,
copy number) could have downstream impacts on immune response. We hypothesized
that mercury-induced changes to these processes could alter p38 MAPK, an innate
immune signaling pathway that can be activated by redox changes (Bundy et al., 2005;
Gostner et al., 2013; Mendez-Samperio et al., 2010; Torres & Forman, 2003). Impacts on
this pathway were first assessed by measuring mRNA levels of p38 MAPK pathway

genes. sek-1 expression was significantly reduced following 5 uM MeHg exposure and
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reduced (p=0.07) following 5 uM HgClz exposure. The 5 uM concentration of both MeHg
and HgCl: significantly reduced pmk-1 expression (Figure 17).

As we observed that both mercury species impacted this pathway we then
assessed the influence of early larval mercury exposure on animals with mutations in
the p38/PMK-1 MAPK pathway by measuring survival time of N2 and pmk-1 nematodes
on E. coli OP50 or P. aeruginosa PA14. HgCl2 and MeHg treatments were analyzed
separately as there was considerable variation in control survival between these trials.
There were no survival differences following HgCl2 exposure for either nematode strain
on OP50 or PA14 (Figure 35). MeHg exposure significantly reduced survival time for N2
nematodes on OP50 (median survival difference 21 hrs), while no survival differences
were observed on PA14. Survival was also not different for the pmk-1 strain on either

strain of bacteria (Figure 36).

4.4 Discussion

Mercury is well known for having adverse impacts on multiple systems, though
the specific mechanisms are not well understood. Proposed mechanisms for injury
include increased ROS (Crespo-Lopez et al., 2009; Yee & Choi, 1996); reduced cell
membrane integrity (Polunas et al., 2011; Yin et al., 2007); altered cell signaling (Chen et
al., 2006; Worth et al., 2001); mitochondrial impacts (Dreiem, Gertz, & Seegal, 2005;

Franco et al., 2007; Yee & Choi, 1996); altered DNA repair (Asmuf3 et al., 2000; Cebulska-
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Wasiewska et al., 2005; Christie et al., 1986; Gadhia et al., 2012; Pieper et al., 2014; Ryu et
al., 2014); and immunomodulatory impacts (Fortier, Omara, Bernier, Brousseau, &
Fournier, 2008; C. M. Gallagher et al., 2011; X. Li, Yin, Li, & Wang, 2014; Vetvicka &
Vetvickova, 2009). Here we report the outcomes of HgCl> and MeHg exposure on DNA
damage, DNA repair, mitochondrial endpoints (copy number and ATP), and PMK-1
(p38 mitogen-activated protein kinase) mediated innate immune impacts in C. elegans.

Of the outcomes we investigated, mitochondrial impacts were particularly notable.

4.4.1 DNA damage and damage repair

We found that following exposure to both inorganic and organic mercury
species, increased DNA damage and altered DNA repair occurred in both genomes. We
predicted DNA damage to both genomes because mercury accumulates in both
organelles, but we hypothesized that mitochondria may be more susceptible to damage
as mitochondria lack some of the pathways that repair damage to nuclear DNA
(Atchison & Hare, 1994; Bucio et al., 1999; Ikemoto et al., 2004; Larsen et al., 2005). Until
recently studies had primarily focused on nuclear genome impacts following mercury
exposure, because the methods used in many studies (e.g. the comet assay)
predominantly evaluated nDNA (Bradfield et al., 2006; Cebulska-Wasiewska et al., 2005;
Ondovcik et al., 2012; Ryu et al.,, 2014). mtDNA impacts have been addressed in only a

few studies. In an in vitro study, plausibility for mtDNA damage was established
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through microscopy images that depicted increased ROS in a qualitative manner and
DNA damage co-occurring in cellular space with mitochondria (Sharpe, Livingston, &
Baskin, 2012). In a field study, some evidence for increased mtDNA damage was
obtained in bats from areas with high potential for Hg exposure, but individual-level
correlations with Hg levels were poor (Karouna-Renier et al., 2014). Here we report the
first quantified impacts of mercury on mtDNA in controlled experiments in an in vivo
model.

DNA damage following mercury exposure alone was dependent on life-stage
and concentration. Low-level damage in both genomes was only detected at the earliest
time-point examined (Figure 11), which suggests that there is increased susceptibility to
damage earlier in life. Surprisingly, the high- concentration MeHg resulted in less
damage compared to controls. It is important to note that our DNA damage assay
defines “control” samples as having no damage, although cells have a normal steady-
state level of damage. Negative damage levels are thus interpreted as improved repair
or clearance of damaged genomes, relative to standard control conditions. With this
assay, younger life-stages appear to have less nDNA and mtDNA damage compared to
older life-stages. Our results suggest that the small decrease in lesion number (0.3
lesions/10kb) in the highest MeHg exposure is related to a slight developmental delay,

rather than changes damage removal processes (Figure 11 and A.6). Developmental
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delay in this treatment is also supported by our observation of reduced copy number as
both nDNA and, more dramatically, mtDNA copy number increase during these
lifestages (Rooney et al., 2014; W. Y. Tsang & Lemire, 2002). The increase in DNA
damage with developmental stage that we observed is interesting in its own right and
consistent with our previous observation of developmental stage decreases in DNA
repair genes (Boyd et al., 2010), but also suggests that any exposures that result in
developmental rate and also cause DNA damage could lead to DNA damage levels
being underestimated, since the developmental delay by itself would result in a lower
level of DNA damage.

Our data support findings from previous studies, that nonlethal mercury
exposure alone does not induce substantial DNA damage in either genome (Bradfield et
al., 2006; Cebulska-Wasiewska et al., 2005). nDNA damage has been observed in some
studies, but the weight of the evidence so far seems to support the hypothesis that
compromising genetic damage may only occur at cytotoxic exposures (Cantoni & Costa,
1983; Pieper et al., 2014). However, although mercury exposure does not appear to
directly damage DNA, there is evidence that in combination with other exposures,
considerably increased damage can occur.

Elevated DNA damage was observed in both genomes after co-exposure to H202

in this study, and has also been observed in vitro with nDNA (Pieper et al., 2014). We
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did not observe increased damage in conjunction with UVC exposure, confirming a
previous report (Cebulska-Wasiewska et al., 2005), though elevated damage has been
noted with UVA and also X-ray co-exposures (Bradfield et al., 2006; Cantoni & Costa,
1983). Collectively, these findings are consistent with one of mercury’s major proposed
mechanisms of action, creating an environment sensitive to oxidative stress due to
reduced antioxidant capabilities: H202, UVA, and X-ray exposures induce ROS
generation, but UVC-induced ROS is very minor (Agarwal & Sohal, 1994; Godar,
Thomas, Miller, & Lee, 1993; Hao, Stamatas, Saliou, & Kollias, 2004; Manda, Ueno, &
Anzai, 2007). Another proposed mechanism for induced DNA damage is the
impairment of DNA repair enzymes.

Damage removal is similar between C. elegans and mammals, with NER acting in
the nucleus, photodimer removal from mitochondria occurring via mitophagy, and BER
acting in both genomes (Amanda S. Bess et al., 2013; Costa, Chigancas, Galhardo,
Carvalho, & Menck, 2003; Hunter et al., 2012; Meyer et al., 2007; Reardon & Sancar,
2005). Our data indicates that not all types of repair and removal are impacted by
mercury exposure, as there were no differences in lesion removal following UVC
exposure in either genome. This is the first assessment of photodimer removal in
mitochondria after MeHg exposure. Our observation that inorganic mercury exposure

does not impact NER is consistent with other studies (Cebulska-Wasiewska et al., 2005;
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Christie et al., 1986). Although mercury has not been observed to inhibit proteins
involved in NER (ex. mammalian XPA protein (Asmuf et al., 2000)), there is evidence
for alterations to nonhomologous end joining, homologous recombination, and BER.

Inorganic mercury has been reported in multiple studies to impair BER. Reduced
repair of double strand breaks through either nonhomologous end joining and/or
homologous recombination repair has been consistently observed with inorganic
mercury exposure and gamma radiation (Ryu et al., 2014) and x-ray exposure (Cantoni
& Costa, 1983; Cebulska-Wasiewska et al., 2005; Christie et al., 1986). In vitro studies
indicate that BER impairment occurs from reduced glycosylase expression (ex. OGG1)
following inorganic mercury exposure (Gadhia et al., 2012) and reduced repair enzyme
recruitment from decreases in the poly(ADP-ribosyl)ation signaling reaction that is
induced by strand breaks (Pieper et al., 2014). Our gene expression data are consistent
with previous studies in that we observed reduced expression of BER associated-genes,
including a glycosylase, an apurinic/apyrimidinic endonuclease, and DNA ligase
following exposure to the highest concentrations of HgCl: and MeHg. Further, these
data suggest that at least some of the impairment of BER may be transcriptionally-
mediated. However, our in vivo repair kinetics data were not as clear-cut. Impairments
the repair rate were not readily evident, as might be expected from decreased gene

expression; rather, in some cases, repair appeared to be increased. Of course, in vivo
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repair integrates transcriptional regulation, protein-level changes (e.g., inhibition by
Hg), and other physiological conditions. It is possible that in some cases, elevated ATP
levels permitted increased kinetics of DNA repair, despite decreased transcription of
repair genes, although we did not test this. In the mitochondria, nematodes co-exposed
to H202 and HgCl2 or MeHg began repair with a similar level of mtDNA damage and
both had similar repair rates. NDNA repair was slower at early time-points in nematodes
co-exposed to MeHg and faster in HgClz co-exposures. However, a limitation of this
study is that actual repair kinetics could not be calculated due to the low number of
time-points and the fact that DNA repair was assumed to be nonlinear, as previously
observed in C. elegans for repair of photodimers (Meyer et al., 2007).

Despite these limitations, ours is the first report of increased BER following Hg
exposure. We observed an apparent overcompensation of repair, evidenced by DNA
damage levels in both genomes falling below the damage levels in controls at late time-
points after exposure to both mercury and a DNA damaging agent. Overcompensation
occurred primarily with HgCl2 in mtDNA and with both HgCl2 and MeHg in nDNA; we
speculate that the levels of mercury utilized in this study stimulated a regulatory
mechanism that activated DNA repair. For example, methylmercury in particular
activates poly(ADP-ribose)polymerase (PARP), well known for the role it plays in DNA

damage response signaling (Lu et al., 2011). An overcompensation in repair has also
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been noticed following moderate oxidative damage in in vitro studies (Driggers,

Ledoux, & Wilson, 1993; Yakes & VanHouten, 1997).

4.4.2 Mitochondrial impacts

Mitochondria are one target of mercury toxicity and impacts to mitochondria are
important to understand because of the important role this organelle has in cellular
maintenance (Meyer et al., 2013). Mitochondrial impacts observed in this study included
the mtDNA damage and altered repair described in the previous section and altered
copy number and steady-state ATP levels. Changes in copy number and ATP content
were dependent on mercury compound exposure, supporting the notion that inorganic
and organic mercury toxicities can occur through different mechanisms (Gardner,
Nyland, & Silbergeld, 2010; McElwee, Ho, Chou, Smith, & Freedman, 2013; X. X. Tan,
Tang, Castoldi, Manzo, & Costa, 1993). In C. elegans, MeHg and HgClz behave differently
in terms of uptake and interactions with other co-exposures (e.g. selenium compounds)
(Wyatt et al., 2016).

In this study, both MeHg and HgCl: reduced mitochondrial copy number;
however, the greatest copy number reductions (=25%) occurred with MeHg exposures.
In Experiment 1, acute exposure to the high MeHg concentration alone decreased
mitochondrial copy number, while in Experiment 2, chronic exposure to a lower

concentration diminished copy number only in nematodes that were co-exposed to UVC
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or H20z. Following UVC or H20:2 exposure in MeHg-treated nematodes, mitochondrial
copy number decreased over time (~40% reduction). These reductions coincide with
DNA damage removal which is consistent with mitochondrial dynamics (fission, fusion)
and autophagy playing an important role in mtDNA damage removal, and with the
removal processes differing between MeHg and HgCl: treatments (A. S. Bess et al.,
2012). "Slow" mtDNA removal following H20: exposure has also been observed in HeLa
cells (Shokolenko, Wilson, & Alexeyev, 2016).

Declines in mtDNA copy number could result in altered physiology and cell
homeostasis. However, the degree to which mitochondrial copy number reductions
impact cellular health is not well understood, because many cells have high mtDNA
redundancy, copy number varies between tissues, and there is a wide range of
apparently normal mtDNA copy number in humans (Shokolenko & Alexeyev, 2015). We
recently found that small decreases in mtDNA copy number have only mild impacts on
ATP levels in C. elegans (Luz & Meyer, 2016). Nonetheless, mtDNA depletions around
65% can cause disease in humans (Suomalainen & Isohanni, 2010), and a certain level of
mtDNA is required to pass some developmental milestones in C. elegans (W. Y. Tsang &
Lemire, 2002). Therefore, we also investigated the impacts of Hg on energy metabolism.

In our experiments, ATP levels were increased by MeHg exposure while they

were decreased by HgClz exposure. In vitro data supports our HgCl: related findings as
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respiration was suppressed in fish liver cells following exposure (Mieiro, Pardal, Duarte,
Pereira, & Palmeira, 2015). The finding of increased (or in one case unchanged) ATP
levels across treatments following MeHg exposure was a surprise, especially given that
MeHg exposures resulted in decreased copy number, particularly in combination with
UVC and H20:2 exposures. This increase in ATP levels could be explained by increased
production or decreased utilization, possibly in combination with a shift in metabolism;
additional work will be required to elucidate the cause.

Again to our surprise, we also observed increased ATP levels after both UVC
and H:O;, potentially reflecting a regulated response that devotes energy resources to
DNA damage removal. Another explanation is that cellular respiration and resulting
ATP levels are correlated to the ratio of functional and dysfunction mitochondria.
Reduced mitochondrial copy number and increased ATP levels have been observed
with lithium exposure in C. elegans. The authors of that study observed that the metal
positively influenced the lifespan of C. elegans and made the argument that mitophagy
could benefit mitochondrial energetics by selectively removing damaged mitochondria,
thus altering cellular respiration (Tam, Gruber, Ng, Halliwell, & Gunawan, 2014).
Though we observed reduced expression for some mitophagy and autophagy genes,

these processes could be upregulated post-translationally.
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4.4.3 Innate immune impacts

Although we observed altered mitochondrial parameters and reduced gene
expression of a p38 MAPK (pmk-1) and MAPKK (sek-1) following mercury exposure,
effects on innate immunity were mild. Larval mercury exposure to MeHg reduced
survival of wildtype N2 nematodes on OP50, which is suggestive of a general
impairment of innate immune response. OP50 is generally considered a control food
source, but it does have some level of pathogenicity, as animals incubated on this
bacteria have a higher expression of an antimicrobial gene, suggesting innate immunity
activation (Hahm, Kim, & Paik, 2011). Though the reduction in survival time was small
(< 24 hrs), MeHg does not appear to reduce lifespan from a separate experiment using
heat killed OP50 and antibiotics (data not shown). The absence of an observed difference
on PA14, a more pathogenic bacteria, seems surprising but may be related to the
difficultly in discerning differences where there is a rapid reduction in survival. MeHg
exposure appears to affect the PMK-1-mediated immune response, since MeHg had an
effect on survival of N2 but not pmk-1 animals. No difference in survival in pmk-1
animals was observed, which also could be related to the difficulty to perceive survival
differences when the overall survival time is short. Data from this study supports

previous observations of inorganic mercury related innate immune modulation (Nyland
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et al.,, 2012; Silbergeld et al., 2000; I. A. Silva, El Nabawi, et al., 2005) and suggests that

organic mercury may also have an impact on innate immune signaling.

5. Conclusions

In summary, our data provides evidence that genotoxic, metabolic, and innate
immune impacts can result following mercury exposure. Mercury impacts on DNA
damage outcomes were similar between genomes, resulting in low-level damage
following individual mercury exposures, synergistically increased damage with
oxidative co-exposure, and altered DNA damage repair through BER. A major finding
was that mercury compounds affect mitochondrial outcomes differently, including
genome copy regulation and ATP levels, supporting the hypothesis that MeHg and
HgCl: toxicities operate through different mechanisms. Mitochondrial impacts should be
further examined because of the mitochondria's importance to cellular functions.
Additionally, innate immune impacts, though moderate, differed between mercury

compounds.
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Figure 11. Mitochondrial and nuclear DNA damage (average lesions/10kb  +SE)
(A) and relative copy number (average % of control +SE) (B) in young adult
nematodes following 24 hr HgCl 2and MeHg exposure.

Red lines indicate the limit of detection for DNA lesions (0.1 lesions/10 kb). *
indicates significantly different (p<0.05) from control.
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Figure 12. Mitochondrial and nuclear DNA damage (average lesions/10kb +SE)
in control (black), 5 uM HgCl :treated (light -blue), and 1 uM MeHg treated young
adult nematodes (dark -blue) that were either exposed (sol id lines) or not exposed
(dotted lines) to UVC (50J /m 2).

DNA damage was measured at four time-points following UVC exposure. Red
lines indicate the approximate limit of detection for DNA lesions (0.1 lesions/10 kb). In
the mitochondrial genome all 3 2-way ANOV As were significant. In the nuclear genome
the 3-way interaction was significant. * indicates a significantly different from the
control and HgCl2 treatments at 6 hr. See Results section for further statistical
explanation.
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Figure 13. Mitochondrial and nuclear relative copy number (average % of
2 treated (light -blue), and 1 uM MeHg

treated young adult nematodes (dark -blue) that were either exposed (solid lines) or
not exposed (dotted lines) to UVC (50 J/m?2).

Relative copy number was measured at four time-points following UVC

exposure. For mitochondrial copy number the 3-way interaction was significant. *
indicates significant 2-way interaction with the MeHg +UV treatment further reducing
mitochondrial copy number. See Results section for further statistical explanation.
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Figure 14. Mitochondrial and nuclear DNA damage (average lesions/10 kb
+SE) in control (black), 5 uM HgCl :2treated (light -blue), and 1 uM MeHg treated
young adult nematodes (dark -blue) that were either exposed (solid lines) or not
exposed (dotted lines) to H 202 (5 mM).

DNA damage was measured at four time-points following UVC exposure. Red

lines indicate the approximate limit of detection for DNA lesions (0.1 lesions/10 kb). See
Results section for further statistical explanation.
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Figure 15. Mitochondrial and nuclear relative copy number (average % of
control £SE) in control (black ), 5 uM HgCI 2 treated (light -blue), and 1 uM MeHg
treated young adult nematodes (dark -blue) that were either exposed (solid lines) or
not exposed (dotted lines) to H 202 (5 mM).

Relative copy number was measured at four time-points following UVC
exposure. Exposure groups are dodged for better visual representation. See Results
section for further statistical explanation.
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5. Reduced child Haemophilus influenzae type B and
measles antibody concentrations related to native
community inclusion and hair mercury in the Peruvian
Amazon

5.1 Introduction

Exposure to environmental pollutants often happens concurrent with other
exposures and susceptibility factors; thus, it is critical in the context of environmental
health to understand the consequences of these potential interactions with
environmental exposures (Beth J. Feingold et al., 2010). There is increasing evidence that
nutritional status and diet are important cofactors to consider when assessing heavy
metal toxicity, as dietary deficiencies alter lead and mercury exposure and resulting
health outcomes (Kordas, Lonnerdal, & Stoltzfus, 2007). Iron deficiency is associated
with increased susceptibility to lead poisoning, likely related to the two metals sharing a
common cell transporter (Ahamed, Singh, Behari, Kumar, & Siddiqui, 2007; Kwong,
Friello, & Semba, 2004; Shah et al., 2010). Additionally, lead exposure in combination
with folate deficiency exacerbated genotoxicity in an in vitro study (Alimba, Dhillon,
Bakare, & Fenech, 2016) and is associated with severe anemia in iron deficient children
in several human studies (Ahamed et al., 2007; Kwong et al., 2004; Shah et al., 2010).

Nutrition is also an important modifying factor to mercury exposure and
toxicity. Reduced mercury exposure is associated with poor nutritional status, defined

by body mass index, in Nigerian women (Ojo et al., 2014) and frequent consumption of
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certain dietary items in Amazonian populations (Passos et al., 2003; Wyatt et al., In
preparation). In a cross-sectional study in children, increased mercury exposure was
associated with altered amino acid metabolism and concentrations of measles and
rubella antibodies in a vulnerable subgroup, boys with low vitamin B12 (C. M.
Gallagher & Meliker, 2011; C. M. Gallagher et al., 2013; C. M. Gallagher et al., 2011).
These observations are particularly notable because they occurred at exposure levels
below the USEPA reference dose associated with neurological deficits (C. M. Gallagher
& Meliker, 2011). Interactions between nutrient deficiencies and mercury exposure have
important implications for neurological, immune, and other health outcomes, and need
to be explored further. This study focuses on disease risk in children and measures the
extent that mercury and health status alter child adaptive immunity.

Mercury compounds alter a number of immune endpoints that increase disease
susceptibility in animal studies. Organic mercury (MeHg) suppresses primary immune
responses such as cell number and cell proliferation and also reduces general and
specific immunoglobulin antibody levels (Fallacara et al., 2011a; Koller, 1973; Koller,
Exon, & Brauner, 1977). Inorganic mercury (HgClz2) exposure increases inflammatory
cytokine concentrations, elevates viral replication, increases parasitemia, and reduces
immunization efficacy in animals pre-exposed to mercury and immunized with

inactivated virus and parasite vaccines (Bagenstose et al., 2001; Christensen et al., 1996;
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Koller, 1973; Silbergeld et al., 2000; I. A. Silva, El Nabawi, et al., 2005). In human studies,
there is also evidence for compound dependent innate and adaptive immune impacts.
Increased autoimmunity is associated with inorganic mercury exposure, observed
through elevated auto-antibodies and pro-inflammatory cytokines in gold mining
populations (Renee M. Gardner et al., 2010; Ines A. Silva et al., 2004), while there is a
trend toward immunosuppression and reduced specific antibodies with dietary organic
mercury exposure, though the effects have not been consistent between all studies.

In populations exposed to organic mercury, one study in the Faroe Islands
reported a slight but not significant negative correlation between increased mercury
exposure and child diphtheria and tetanus antibodies (Carsten Heilmann et al., 2010),
while two NHANES studies observed that elevated mercury exposure was significantly
associated with decreased measles and rubella antibodies (C. M. Gallagher et al., 2013;
C. M. Gallagher et al., 2011). The contrasting observations between these studies may in
part be explained by nutritional status. Nutritional status was not a factor in the Faroe
Island study, but was considered in the NHANES studies where mercury exposure was
associated with a significant reduction in measles and rubella antibody concentrations in
the majority of children and was associated with an increase in antibodies in a
nutritionally deficient subpopulation (low vitamin B12 in boys) (C. M. Gallagher et al.,

2013; C. M. Gallagher et al., 2011). While nutrition is one explanation for the differences
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between these studies, vaccine type could also be important to the observed variation as
toxoid vaccines were examined in the Faroe Islands study and live attenuated virus
vaccines in the NHANES studies. Live attenuated vaccines, and potentially other
vaccine types, may be more affected by mercury exposure as women with chronic
hepatitis B, a viral infection, were observed to have elevated total blood mercury in an
NHANES study (Sheehan et al., 2012) and because methylmercury has been observed to
alter viral replication in rodents (Ilback et al., 1996). This relationship should be further
investigated, taking into consideration both vaccine type and nutritional status.
Nutritional status has an important but complex impact on infection as
malnutrition can increase susceptibility to infection, but infections can turn aggravate
malnutrition by exacerbating nutrient loss. This can be a vicious cycle if left uncontrolled
and can lead to chronic conditions. The term malnutrition refers to both undernutrition
and overnutrition, but here we use the term to refer to deficiencies in nutrition that can
be represented as deficits in anthropomorphic measurements, such as being
underweight (low weight for age, WAZ), stunted (low height for age, HAZ), and wasted
(low weight for height, WHZ), and micronutrients. Causes of malnutrition include poor
diet and repeated infections, factors that frequently co-occur in low-income populations
leading them to have elevated malnutrition prevalence (Ambrus & Ambrus, 2004;

Weigel et al., 1996). Severe malnutrition is linked to a suppressed adaptive immune
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response to routine vaccination. Wasting in Senegalese children was associated with
reduced immunoglobulin G (IgG) response to tetanus toxoid in a longitudinal study
(Gaayeb et al., 2014) and anti-hepatitis B antibodies in a cross-sectional study (Rey-Cuille
et al., 2012). Furthermore, protein calorie malnutrition has been associated with
decreased antibody titers and reduced sero-conversion following vaccination to typhoid
(Suskind et al., 1976), measles (Wesley, Coovadia, & Watson, 1979), and hepatitis B (el-
Gamal, Aly, Hossny, Afify, & el-Taliawy, 1996).

This study furthers knowledge on factors that influence child immune health by
evaluating the influence of mercury exposure, nutritional status, and their interaction on
immune response. In our study region in Madre de Dios (MDD), Peru, there is increased
concern for potential mercury exposure due to the close proximity of many communities
to regional artisanal and small-scale gold mining (ASGM). Mercury is used as an
amalgamating agent in the mining process and is released into the atmosphere when the
gold-mercury amalgam is heated and also into terrestrial and aquatic environments
from improper handling. Elevated human mercury exposure has been measured in
multiple studies and many women of child bearing age and children have hair mercury
concentrations above 2 ug/g, a level that could impair child development (Ashe, 2012;

Diringer et al., 2015; Langeland et al., 2017; Wyatt et al., In preparation). Child anemia is
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also prevalent in the region and approximately half of all children under 5 yr have
hemoglobin levels associated with anemia (INEI, 2014).

The aim of this study was to measure the impact of mercury exposure on child
immune response in this region where high mercury exposure and undernutrition co-
occur. Immune response impacts were determined by measuring antibody titers to six
diseases that children are commonly vaccinated against: measles, hepatitis B (Hep B),
Haemophilus influenza type B (Hib), pertussis, tetanus, and diphtheria. We hypothesized
that elevated mercury exposure in combination with malnutrition would result in
immunosuppression, observed through reduced antibody titers. Additionally, we
predicted that children residing in native communities would have greater immune
impacts as these communities have reduced access to health resources and a greater
prevalence of health burdens, including malnutrition. Our objectives were to: 1) measure
the impact of mercury exposure, nutritional status, and their interaction on child
immune response; 2) evaluate the influence of native community residence on immune
response and 3) determine the importance of antigen and vaccine type to observed
immune impacts by measuring antibody titers to three vaccine types. Vaccine types
represented in this study include live attenuated (measles), subunits (Hep B and Hib),

and toxoids (pertussis, diphtheria, and tetanus).
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5.2 Materials and Methods
5.2.1 Study background and population

This study was conducted in the southeast part of Peru, in communities adjacent
to the Amarakaeri Communal Reserve (ACR) as a part of the Amarakaeri Reserve
Cohort Study (ARC). Communities in this study are located in the Madre de Dios and
Cusco regions and include many native communities, which are present throughout
these regions. The population in this area is small, but rapidly expanding from increased
economic activities resulting from completion of the Interoceanic Highway in 2012 and
the expanding presence of agriculture, logging, and mining (Joshi, 2016; Ministerio del
Ambiente MINAM, 2015; Southworth et al., 2011a). In 2015, MDD had a population of
~137,000 and the highest rate of population growth in the country (2.5% per year) (I. N.
d. E. e. I. INEIL 2015). Regional artisanal and small-scale gold mining (ASGM) has
increased substantially over the past decades (Asner et al., 2013; Swenson et al., 2011)
and poses a considerable human health risk via diet because mercury used in the gold
extraction process has environmental consequences (i.e. fish contamination) (Diringer et
al., 2015; Wyatt et al., In preparation).

In addition to elevated mercury exposure, communities in this region are
afflicted by elevated poverty, inconsistent access to clean water, and health problems

(Marco Fidel Suarez & Aramayo Berdeja, 2010). Rural and native populations are often
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more disadvantaged, as disparities in resources, infrastructure access, and health exist
within localized Amazonian regions (Kuang-Yao Pan, Erlien, & Bilsborrow, 2010).
Leading causes of morbidity and mortality include respiratory and gastrointestinal
infections, dengue, and leishmania, but other diseases such as rabies, leptospirosis, and
hantaviruses have grown increasingly common due to changes in land cover from
increased anthropogenic activities (Pan et al., 2014; Razuri et al., 2014; Schneider et al.,
2009). Chronic malnutrition and other nutritional deficiencies are also common in the
region. Anemia is prevalent (70%) in WCBA (Grandez-Urbina, Cervantes-Siles, Castro-
Segura, Llacta-Aparicio, & Rodriguez, 2013) and children under 5 throughout the region

(51%) (INEL 2014).

5.2.2 Study design and data collection

Children included in this study are a part of the ARC study, a population-based
study aimed at evaluating the health status of households in 23 non-native and native
communities surrounding the Amarakaeri Communal Reserve (Figure 18). The 12 non-
native communities included: Boca Colorado, Boca Manu, Caychihue, Choque,
Huepethue, Punquiri, Puquiri, Quebrada Nueva, Quimiri, Quincemil, Salvacion, and
Setapo. The 11 native communities included: Boca Isiriwe, Diamante, Isla de los Valles,
Masenawa, Palotoa Teparo, Puerto Azul, Puerto Luz, Queros, San Lorenzo, Shintuya,

and Shipetiari. One aim of the ARC study was to evaluate long-term health outcomes in
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these communities by measuring health endpoints in two sampling events, baseline
sampling that occurred March-August 2015 and follow-up sampling that occurred
January-April 2016. Children in this study include individuals less than 8 yr old at the
time of follow-up that provided a blood sample. We aimed for a sample size of 140
children with full vaccination records and hair mercury data, which would be sufficient
to detect a minimum 10% decline in antibody titers (80% power, 0.05 significance level).
This decline was estimated from previous studies that observed reduced titers from
mercury (C. M. Gallagher et al., 2013; C. M. Gallagher et al., 2011) and PCB (C. Heilmann
et al., 2010) exposures in children. The sample size was adjusted to 200 to account for a
maximum 20% loss to follow-up and 20% sample contamination and missing data.
Baseline data collection included household surveys to obtain demographic,
household, and health information. Standing height and recumbent weight were
measured with validated digital scales (Omron HBF-514C) and measuring devices and a
hemoglobin test was conducted using a HemoCue. Blood (10mL) was also collected
from a subset of children (n=29) to measure serum vitamin A, zinc, vitamin D (via LC-
MS/MS to differentiate 25-OH-VitD2 and 25-OH-VitD3), folate, and vitamin B12. Hair
samples were collected from children and their parents to measure mercury exposure.

Stainless steel scissors were used to collect hair from the occipital region of the head.
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Follow-up data collected included household surveys to obtain demographic,
household, and health information. Child vaccination records that included the date of
administration from the child’s vaccination card and records at the health post. To avoid
recall bias and to be conservative in our inclusion of vaccination information, if
vaccination information was absent from the card and the health post, it was assumed
that it did not occur. This conservative approach may have excluded some children from
the analysis that had been vaccination, but had no records. Children with no vaccination
information ranged 41-60 depending on the vaccine antibody and for each vaccine, the
distribution of children with no vaccination history did not differ from those with at
least partial vaccination history. Information on child height, weight, and anemia status
were collected as described for baseline measurement. Child and parental hair samples
were also collected as previously mentioned. Child toenail samples were collected using
stainless steel clippers to measure long-term exposure (4-6 mo) to additional metals (Cr,
Mn, As, Se, Cd, Pb, Hg). Child serum samples for antibody analysis were collected either
from finger prick or venous blood. Samples were centrifuged as appropriate and stored
at -20°C initially and then later at -80°C until analysis.

Serum samples were obtained from 162 children, however, 1 sample did not
coagulate and 70 children had no baseline hair mercury content data, which left 91

samples for the total IgG analysis. The number of children included in the vaccination
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antibody analyses ranged 61-69, depending on the number of children for whom we
obtained confirmation that the child received at least one vaccination pertaining to each
specific vaccination antibody (Figure 19). Our sample sizes for the analyses were
underpowered as we did not achieve our intended sample size of 140 children.
Approval to conduct research on human subjects was obtained through the
Universidad Peruana Cayetano-Heredia (UPCH) Comité Institucional de Etica (CIE)
para Humanos and the Regional Health Directorate of Madre de Dios (DIRESA-MDD).
Parental consent was obtained for all data collection with additional assent from

children 6 to 8 years old.

5.2.3 Hair mercury analysis

Mercury exposure was assessed with samples obtained during baseline and
follow-up visits. Exposure was estimated from the total mercury content in the most
proximal 2 cm segment of hair, which corresponds with the estimated exposure over the
most recent 2 month period before sample collection (NRC, 2000). Total mercury was
measured by direct combustion, gold amalgamation, atomic absorption spectrometry
(Milestone DMA-80, Milestone SRL, Italy). The instrument calibration was verified by
analysis of a hair standard reference material (ERM-DB001) once every 10 samples in a
batch run. Accepted measurements were within 10% of certified value and the detection

limit was 1 ng Hg.
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5.2.4 Nail element analysis

Elemental analysis of toenail samples was performed on samples obtained
during the follow-up visit to obtain an estimate of exposure over the previous 4-6 mo
(Hamilton, Terada, & Mestler, 1955; Yaemsiri, Hou, Slining, & He, 2010). Toenail
samples were scraped to remove external contamination from nail surfaces and then
further cleaned by sonication in deionized water for 30 min and HPLC-grade acetone for
30 min. Samples were digested in trace metal grade hydrogen peroxide and nitric acid
using the CEM Discover and Explorer SP-D microwave digestion system (CEM
Corporation, Matthews, NC). Concentrations of chromium, magnesium, arsenic,
selenium, cadmium, mercury (Hg200, Hg202), and lead (Pb206, Pb207, Pb208) were
determined by inductively coupled plasma mass spectrometry (Agilent 7700, Santa
Clara, CA). Quality control included method blanks to assess background contribution
outside of the original sample, method controls to assess recovery without the matrix,
and an ERM certified Reference Material to assess recovery of analytes in a similar
matrix (human hair, ERM-DB001). The lower limit of detection was 0.085 ppb for Cr,

Mn, As, Se, Cd, Pb206, Pb207, and Pb208, and 0.0213 ppb for Hg200 and Hg202.

5.2.5 Antibody analysis

Serum antibody concentrations were assessed for total IgG and six routine

childhood vaccinations (hepatitis B [Hep B], measles, Haemophilus influenzae type B
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[Hib], pertussis, tetanus, and diphtheria). Samples were run at the Duke Human Vaccine
Institute and antibody concentrations were determined using an enzyme-linked
immunosorbent assay (ELISA) and a binding antibody multiplex assay (BAMA). ELISA
assays were used to measure total IgG and antibodies against hepatitis B, measles, and
Hib. All sample dilutions were the same within each ELISA (total IgG: 1:3,000,000; Hep
B: 1:500; measles: 1:100; Hib: 1:25). For each assay, the upper and lower OD limits of
detection were determined. Samples were repeated if their OD or concentration
coefficient of variance was greater than 20%. BAMA assays were used to measure
antibody responses against diphtheria, pertussis, and tetanus with sample dilutions of
1:100. For each antigen, upper and lower MFI detection limits were determined. All
samples within the standard range had MFI coefficient of variances less than 20%. For all
assays, values that fell below the lower detection limit were handled using the midpoint
between 0 and the lower detection limit and values that were above the detection limit
were handled by using the upper detection limit. Less than 10% of values were outside
of the detection limits for measles, pertussis, tetanus, and diphtheria. 21% of the values
were below the detection limit for Hep B and 11% of the values were above the detection
limit for Hib. The concentration of many of the antibodies are in “international units”
per milliliter (IU/ml) which is an arbitrary quantification that is used for many of the

international standards. The standards in these assays that use IU/ml are: Anti-HepB
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Surface Antigen Immunoglobulin (WHO 2nd International Standard), Pertussis
Antiserum (WHO 1st International Standard), Diphtheria Antitoxin (WHO 1st
International Standard), Tetanus Immunoglobulin (WHO 1st International Standard),
and Measles IgG.

Impacts on vaccination antibodies were assessed individually and by vaccine
type in both a continuous and categorical (protected vs not protected, responder vs non-
responder) manner. Three vaccine types were included in this assessment: live
attenuated (measles), subunit vaccines (hepatitis B and Haemophilus influenzae type B),
and toxoid vaccines (pertussis, diphtheria, and tetanus). Protection was determined by
antibody concentrations noted to afford protection in the literature. Protection
thresholds have been defined for Hep B (10 IU/L), Hib (1.0 pg/mL), diphtheria (0.1
IU/mL), and tetanus (0.1 IU/mL) (CDC, 2006, 2008, 2014; Plotkin, 2010). For the diseases
without previously defined thresholds for protection, classifications of being a
responder or non-responder were created from assay specific thresholds. For measles,
responders had antibody concentrations above the lowest standard (0.2 IU/mL) and for
pertussis, responders had median fluorescence intensity (MFI) > 100 (1.37 IU/mL) as
below 100 MFI non-specific binding has been observed to occur (Mkhize et al., 2016;

Permar et al., 2015).
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5.2.6 Statistical analysis

Community (native vs not native) statistics for demographics, hair mercury
content, malnutrition based on anthropomorphic measurements, anemia based on
hemoglobin measurements, antibody concentration, and vaccination coverage were
described using the geometric mean for hair mercury and antibody concentrations and
the mean for anthropomorphic and hemoglobin measurements. From anthropometric
measurements, stunting (HAZ), underweight (WAZ), and wasting (WHZ) were defined
by a z-score less than 2 SD away from the mean. HAZ, WAZ, WHZ calculated using the
Python package pygrowup 0.8.2 which calculates z-scores of anthropometric
measurements based on WHO and CDC child growth standards. Anemia in children
was defined as having a hemoglobin level less than 11.0 g/dL (WHO, 2011). Hair
mercury content was compared to reference levels calculated from the USEPA
benchmark dose for a maternal exposure level related to child developmental
impairment (1.2 ug/g) and the level recognized by Peru's government (2.0 ug/g) which is
calculated from the WHO provisional intake of methylmercury (NRC, 2000; USEPA,
2001). Children with HAZ, WAZ, and WHZ values that were more than 5 SD away were
not included in the analysis, this excluded 5 children. To describe nutritional status in

reference to a healthy population, serum micronutrients, hemoglobin concentrations,
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weight, and height measurements were compared to NHANES children that were also <
8 yr.

The distribution of hair mercury content and antibody concentrations were right
skewed; thus, log-transformation (logio for hair mercury and log: for antibody

concentrations) was used in subsequent analyses.

5.2.6.1 Risk factors associated with antibody levels that are indicative of being not
protected or a non-responder

Generalized linear models (GLMs) for each vaccine antibody were used to
evaluate community group, hair mercury content, and nutritional status associated with
a child having antibody levels that would classify them as being not protected or a non-
responder. Two types of models were built based on Peru’s vaccination schedule (Table
29): 1) models for younger children (< 4 yr) that were in the middle of the vaccination
schedule and 2) models for older children (4 to <8 yr) who had completed the
vaccination schedule. To be conservative, only children with confirmed vaccination
history were included in the models. All models only included children that had
received at least one vaccination for the respective vaccine and that more than 20 days
had passed since the last vaccination, to exclude children that may have elevated titers
related to recent vaccination.

Factors evaluated included child hair mercury, variables likely to be highly

correlated with child mercury exposure (maternal hair mercury, paternal hair mercury,
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and average paternal hair mercury), element levels in nails, nutritional status (HAZ,
WAZ, WHZ, anemic), community type, and presence of a smoker in the household. The
variable for a household smoker was included because it could represent early exposure
to toxins (e.g. cadmium) (Jauniaux & Burton, 2007; Ostrea et al., 2002; Piasek, Blanusa,
Kostial, & Laskey, 2001) that have an immunosuppressive impact on immune response
(Baynam et al., 2007; Yu, Cheung, & Keeffe, 2006). Hair levels evaluated as continuous
and categorical (exceed or not exceed EPA or Peru level). Nail elements were evaluated
as continuous and categorical variables. After performing a sensitivity analysis
comparing the highest tertial, quartile, and quintile, the highest quintile (2.53 ppm) was
considered for use in the models. Nutritional status for each measurement was
considered as a continuous and categorical variable. Models were adjusted for factors
well documented to impact immune response: sex, number of vaccinations received,
time since vaccination, and stunting, as a proxy for general chronic malnutrition that
occurred early in childhood (Danaei et al., 2016; Kosek, 2017). A community random
effect was included for all models to adjust for correlated exposures within

communities.

5.2.6.2 Risk factors associated with changes in antibody concentrations

Generalized linear mixed models (GLMMs) were used to evaluate the factors

associated with a child’s antibody concentration and antibody concentration relative to
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total IgG using the same methodology as the previous section. Models for vaccination
antibodies were adjusted for sex, number of vaccinations received, time since
vaccination, and stunting at baseline while the model for total IgG was adjusted for sex,
age in decimal years, and stunting at baseline. A community random effect was
included for all models to adjust for correlated exposures within communities.

Statistics were calculated using R Version 3.4.0 (Vienna, Austria).

5.3 Results
5.3.1 Population characteristics

In this study we observed that ARC children had elevated hair mercury content,
anemia prevalence, and instances of other malnutrition indices compared to a US
population (Table 27). These attributes varied by community type, with the greatest hair
mercury content and highest instances of anemia and malnutrition occurring in native
communities. Nearly half (52%) of children sampled were female and ranged in age
from 0.3 to 7.9 yr. Approximately half of children were less than 4 yrs old (42%), while
58% were age 4 to <8 yr. Nearly a quarter of all children (23%) lived in a household with
a smoker and may have been exposed to secondhand smoke in utero and throughout
early life years. The proportion of all that lived with a smoker was greater in native
communities (27 vs 15%, p=0.05), but this difference was not significant for the older

subset.
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5.3.1.1Child and maternal hair mercury content

The geometric average of child hair mercury was at the USEPA level (1.2 ug/g)
for baseline samples and slightly above that level during follow-up (1.5 ug/g). However,
while the overall average was moderate, child hair mercury varied greatly between
communities (range 0.4-10.5 pg/g) and between community type (range 0.7-3.8 ug/g),
with some communities exceeding both the USEPA and Peru levels (1.2 and 2.0 ug/g
respectively). Native communities had significantly higher child hair mercury for
baseline (3.1 vs 0.7 pg/g, p<0.001) and follow-up (3.8 vs 1.0 pg/g, p<0.001) samples.
Native communities also had 3-4 times more children with hair mercury that exceeded
both the USEPA and WHO threshold levels during both sampling events, and the
change in hair mercury between baseline and follow-up was greater in native
communities (p=0.11). Native communities also had significantly greater variation in
hair mercury, the mean absolute change in hair mercury between baseline and follow-
up, (2.6 vs 1.0 pg/g, p=0.02), though this difference was not significant in older children
(4 to <8 yr) (Figure 20, Table 24).

Similar to child hair mercury, maternal hair mercury was near the USEPA level
for baseline samples (1.3 ug/g), slightly above that level during follow-up (1.5 pg/g), and
differed significantly between native and non-native communities during baseline (4.0

vs 1.4 pg/g respectively) and follow-up (4.5 vs 1.6 ug/g respectively). Approximately 2
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times more native community mothers exceeded the USEPA and Peru levels during
both sampling events. In mothers that had both baseline and follow-up hair samples, the
change in hair mercury between baseline and follow-up did not vary significantly
between native and non-native communities (0.3 vs 1.1 pg/g). However, similar to child
hair mercury, the absolute variation in maternal hair mercury was significantly greater
in native communities (2.4 vs 1.4 ug/g, p=0.02), though this difference was not

significant in mothers of older children.

5.3.1.2Anemia and other malnutrition indices

Anemia and stunting were present in this population, with a higher prevalence
in native communities. Anemia prevalence was high in this population, with 43% of
children at baseline and 35% at follow-up having hemoglobin levels that classify them as
anemic (< 11.0 g/dL). Native communities had a significantly higher proportion (~2x) of
anemic children. At baseline and follow-up, 11-15% of children were stunted and
stunting occurred 3x more often in native communities. There was also a low prevalence
of underweight and wasted children (4 and 2% respectively) in this population (Figure

20, Table 25).

5.3.1.3Vaccination coverage and prev alence of protective and responder antibody
concentrations

Vaccination information from health posts and vaccination cards was available

for three quarters of children (15.5% health post and card, 21.1% card only, and 38.5%
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health post only). For the younger children (< 4 yr), the proportion of children up-to-
date with Peru’s vaccination schedule was 72.7% for Hepatitis B given at birth, 89.1% for
pentavalent, 81.7% for DPT, and 38.6% for MMR. For the older children (4 to <8 yr), the
proportion of children up-to-date with Peru’s vaccination schedule was 65.7% for
Hepatitis B given at birth, 82.1% for pentavalent, 50.7% for DPT, and 47.8% for MMR.
For all vaccines, vaccination coverage did not differ between community type (Table 28).
Immune biomarkers were similar between community types for total IgG,
hepatitis B, diphtheria, pertussis, and tetanus; however, measles and HiB antibodies
were lower in native communities. Of children that received at least one dose for a
particular antibody, 0% had antibody concentrations indicative of not having protection
against hepatitis B; 24% had antibody concentrations not indicative of being a responder
to measles, 15% had levels not protective against Hib; 34% had levels not protective
against diphtheria; 15% had levels not indicative of being a responder to pertussis; and
11% had levels not protective against tetanus. Community type differences were
observed, and native communities had higher instances of children not protected against

Hib and not likely to be responders to measles (Figure 20, Table 26).

5.3.2 Risk factors associated with changes in antibody
concentrations

Important risk factors related to mercury exposure, malnutrition, and their

interaction were different between the younger and older models, and in some cases the
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effect direction of the risk factor also differed between age models. Odds ratios could not
be determined for all antibodies due to class imbalance in the predictor variable. Only a
few children (6 or fewer children) less than age 4 yr had Hib, tetanus, and pertussis
antibody levels low enough to be classified as not being protected or being a responder.
This class imbalance also prevented us from assessing the impact of interactions for all

logistic regression models.

5.3.2.1Malnutrition

Low hemoglobin was associated with decreased measles, hepatitis B, diphtheria,
and tetanus antibodies. Increases in hemoglobin were associated with decreased odds of
being a non-responder to measles in younger children (OR=0.2, 0.0-1.2 95% CI, p=0.07),
decreased odds of not being protected against diphtheria in older children (OR=0.3, 0.1-
0.8 95% CI, p=0.01), increased hepatitis B antibody concentrations in older children
($=0.5, 0.0-1.1 95% CI, p=0.06), and increased tetanus antibody concentrations in older
children ($=0.4, 0.0-0.8 95% CI, p=0.05). Anemia was associated with decreased hepatitis
B antibodies in younger children (3=-1.4, -2.5--0.3 95% CI, p=0.02) and increased odds of
not being protected against diphtheria in older children (OR=5.4, 1.2-25.7 95% CI, p=0.03)

(Figure 21, Table 5, Table 6, Table 7).
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There was also an instance of an association with increased antibodies with
malnutrition. Increased HAZ score was associated with decreased hepatitis B antibodies

in older children (3=-0.7, (-1.3--0.1 95% CI, p=0.03) (Table 7).

5.3.2.2Hair mercury and nail mercury

Elevated mercury exposure was associated with decreased measles and
diphtheria antibodies in older children, but increased Hib and diphtheria antibodies in
younger children. Increased odds of not being a responder to measles was associated
with child hair exceeding 1.2 pg/g (OR=57.5, 1.5-2148.4 95% CI, p=0.03), child hair
exceeding 2.0 pg/g (OR=15.4, 1.1-211.5 95% CI, p=0.04), an increase in log hair mercury
(OR=24.1, 1.1-519.2 95% CI, p=0.04), and high nail mercury (OR=22.6, 1.4-363.8 95% CI,
p=0.02). Increased log child hair mercury was associated with increased odds of not

having protective titers against diphtheria (OR=1.3 x 10°, 5.2-3.2 x 10" 95% CI, p=0.03).

Maternal hair exceeding 1.2 ug/g was associated with increased Hib antibodies ($=1.5,
0.1-3.0 95% CI, p=0.07), increased diphtheria antibodies (3=1.5, -0.1-3.2 95% CI, p=0.07),
and decreased odds of not being protected against diphtheria (OR=0.1, 0.02-1.1 95% CI,
p=0.05) in younger children. Elevated child nail mercury was also associated with
increased diphtheria antibodies in older children (=1.9, 0.3-3.5 95% CI, p=0.03) (Figure

21, Table 5, Table 6, Table 7).
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Large changes in child and maternal hair mercury between baseline and follow-
up were associated with decreased measles, diphtheria, and pertussis antibodies.
Increased child hair mercury between time points was associated with decreased
diphtheria antibodies in older children (3= -0.2, -0.4--0.6 95% CI, p=0.01) and increased
maternal hair mercury between time points was associated with decreased pertussis
antibodies (3= -0.2, -0.5--0.1 95% CI, p=0.04) and decreased diphtheria antibodies (3= -
0.3, -0.5-0.02 95% CI, p=0.07) in younger children. In older children, large changes in
child hair mercury (absolute change) were associated with decreased measles antibodies
(=-0.1,-0.3--0.1 95% CI, p=0.04), decreased diphtheria antibodies (3= -0.2, -0.4--0.01 95%
CL, p=0.05), and increased odds of not having protection against diphtheria (OR=1.4, 1.0-
2.0 95% CI, p=0.02). Large changes in maternal hair mercury were associated with
decreased diphtheria antibodies in older children (3= -0.2, -0.4--0.03 95% CI, p=0.02)

(Figure 21, Table 5, Table 6, Table 7).

5.3.2.3Interaction between mercury and malnutrition

Interactions between mercury exposure and low hemoglobin levels were
observed to be correlated with decreased hepatitis B, diphtheria, and pertussis
antibodies, but also increased measles and total IgG antibodies. Decreased hepatitis B
antibodies in older children was associated with anemia and both log child hair mercury

(p=-2.0, -3.9--0.2 95% CI, p=0.04) and child hair mercury exceeding 2.0 ug/g (3= -2.0, -4.1-

153



0.295% CI, p=0.08). Decreased diphtheria antibodies in younger children was associated
with anemia and both log child hair mercury (8= -6.6, -10.--3.3 95% CI, p=0.003) and
child hair mercury exceeding both 1.2 and 2.0 ug/g (= -4.4, -8.9-0.04 95% CI, p=0.08).
Decreased pertussis antibodies in older children were correlated with log of child hair
mercury and anemia (= -2.1, -4.5-0.23 95% CI, p=0.09) and increasing hemoglobin (3=
1.0, -0.1-2.2 95% CI, p=0.08) (Table 6, Table 7).

Significantly increased measles antibodies in older children were associated with
log child hair mercury ($=1.9, 0.4-3.4 95% CI, p=0.02) and child hair exceeding 1.2 ug/g
(B=1.9, 0.2-3.6 95% CI, p=0.04). Increased total IgG antibodies in older children were
correlated with anemia and log child hair mercury (=0.8, 0.1-1.6 95% CI, p=0.03), child
hair exceeding both 1.2 and 2.0 ug/g ($=0.9, 0.1-1.7 95% CI, p=0.03). Decreased total IgG
antibodies in older children were correlated with hemoglobin concentration and log
child hair mercury (=-0.4, -0.8--0.03 95% CI, p=0.03), child hair exceeding both 1.2 and
2.0 pg/g (p=-0.5, (-0.9--0.1 95% CI, p=0.06 and p=0.03 for 1.2 and 2.0 ug/g respectively)
(Table 7).

Additionally, interactions were observed between mercury and low height for
age (stunting) and were correlated with decreased diphtheria antibodies and increased
total IgG. Significantly decreased diphtheria antibodies in younger children were

associated with stunting and log child hair mercury (3=-7.8, -13.--2.3 95% CI, p=0.01) and
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child hair exceeding both 1.2 and 2.0 ug/g (3=-8.9, -14.6--3.1 95% CI, p=0.01). Increased
total IgG in older children was associated with stunting and log child hair mercury
(=24, 0.7-4.1 95% CI, p=0.006) and child hair exceeding both 1.2 and 2.0 pg/g (f=1.2, 0.1-
2.3 95% CI, p=0.03). Decreased total Igg in older children was correlated with increasing
HAZ score and log child hair mercury (3=-0.4, -0.9-0.02 95% CI, p=0.06) and child hair

exceeding 1.2 ug/g (3=-0.4, -0.8—0.05 95% CI, p=0.03) (Table 6, Table 7).

5.3.2.4Community, household, and other factors associated with changes in antibody
titers

Living in a native community was associated with reduced measles and Hib
antibodies and the presence of a household smoker was associated with reduced
measles and hepatitis B antibodies. Living in a native community was significantly
associated with increased odds of not having a protective antibody levels against Hib in
older children (OR=8.3, 1.1-65.1 95% CI, p=0.04), significantly reduced concentrations of
Hib antibodies in older children (3=-1.9, -3.0--0.3 95% CI, p=0.02), significant reduced
concentrations of measles antibodies in younger children (=-1.3, -2.3--0.3 95% CI,
p=0.02), and increased odds of not being a responder against measles in younger
children (OR=9.1, 1.0-86.6 95% CI, p=0.05). The presence of a household smoker
significantly decreased measles antibody concentration in older children (3=-1.0, -1.9--0.1
95% CI, p=0.04) and increased hepatitis B antibodies in younger children (3=1.3, -0.01-2.7

95% CI, p=0.05) (Figure 21, Table 5, Table 6, Table 7).
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In the base models, associations were observed with sex, number of vaccinations,
and time since vaccination. Males were associated with higher Hib and measles
antibody titers observed through lower odds of not being protected against Hib in older
children (OR =0.1, 0.01-0.79 95% CI, p=0.03), increased Hib antibodies in older children
(p=1.2, -0.1-2.5 95% CI, p=0.08), lower odds of not being protected against diphtheria in
older children (OR =0.2, 0.05-1.0 95% CI, p=0.05), and increased diphtheria antibodies in
older children (=1.1, -0.05-2.2 95% CI, p=0.06). Males were also associated with lower
measles antibody titers observed through increased odds of not being protected in
younger children (OR =10.3, 1.0-108.7 95% CI, p=0.05) and decreased measles antibodies
in younger children (3=-1.3, -2.2--0.3 95% CI, p=0.01). Unsurprisingly, increased time
since vaccination and fewer vaccinations were associated with decreased protection and

response to the toxoid vaccines (Figure 21, Table 5, Table 6, Table 7).

5.4 Discussion

In this study we report evidence that deficiencies in health, environmental
exposure to mercury, and their interaction are associated with reduced child immune
response to some routine vaccinations. We also observed a correlation between reduced
Hib antibodies and children living in a native community, which may relate to genetics
or disparities in health and infrastructure access between communities. Children in this

study are from a region in Peru where over 35% of children are anemic, 15% are stunted,
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and many have hair mercury content that exceeds USEPA and WHO limits (46 and 37%
respectively). In younger children (< 4yr), anemia was associated with a 2.6 IU/L
decrease in hepatitis B titer and the interaction between anemia and increasing child hair
mercury was associated with a 97.0 IU/mL decrease in diphtheria titer. In older children
(4 to <8 yr), exceeding the WHO hair mercury level was associated with 15x higher odds
of non-response to measles compared to being below the level and anemia was
associated with 5x increased odds of not having protective titers against diphtheria
compared to normal hemoglobin levels. The interaction between anemia and increasing
hair mercury content was correlated with a 4.3 IU/mL decrease in pertussis titer, a 3.7
IU/mL increase in measles titer, and a 1.7 pg/mL increase in total IgG titer. Furthermore,
increasing hair mercury content in stunted children was associated with a 222.9 IU/mL
in diphtheria titer and a 5.3 pg/mL increase in total IgG titer.

Severe and chronic malnutrition are strongly associated with impaired sero-
conversion following vaccination (el-Gamal et al., 1996; Gaayeb et al., 2014; Rey-Cuille et
al., 2012). In this study, we were limited in assessing the impact of chronic malnutrition
as few children (<4%) were classified as severely stunted (HAZ < -3). Instead, moderate
stunting (HAZ < -2) was used as a proxy to evaluate chronic malnutrition and was not
observed to be associated with immunosuppression. Though our measured health

indices were underpowered in detecting chronic malnutrition, anemia, which could
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indicate an acute or chronic health condition, was associated with reduced hepatitis B
and diphtheria titers. Anemia was characterized by low hemoglobin concentration and
is caused by factors that destroy red blood cells or impair their production, such as
nutritional deficiencies (iron, folate) and parasites. In the context of this study, anemia
represents a general poor health condition, as the cause of anemia was not determined.
Low seroconversion related to hemoglobin level has been observed previously in two
sensitive populations, the elderly and hemodialysis patients. In these populations,
anemia was associated with a hypo-responsiveness following vaccination to hepatitis B
and influenza that was hypothesized be related to nutritional deficiencies (Chang et al.,
2012; Hassan et al., 2003; Miyagawa, Hayashi, Kurihara, & Maeda, 2008; Moon et al.,
2012).

Methylmercury’s impact on the immune system includes immunosuppression
and enhanced inflammation in laboratory and human studies (C. M. Gallagher et al.,
2011; Nyland, Wang, et al., 2011; Yamamoto et al., 2017). In this study we observed that
mercury related impacts not only vary in direction, but are also antigen specific,
providing additional evidence of mercury’s complex impact on immune function.
Immune suppression was observed though associations with elevated and variable child
and maternal hair mercury and reduced measles, diphtheria, pertussis and total IgG

titers. We also observed some instances of correlations with increased diphtheria, Hib
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and total IgG titers that only occurred in the younger age model which suggests that
there could be a stimulatory response to mercury exposure early in life. However, the
majority of the associations with increased titers were borderline statistically significant.
Associations between increased variability (i.e. change in hair mercury content between
baseline and follow-up) in child and maternal hair mercury and decreases in diphtheria,
measles, pertussis, and total IgG titers may indicate that even short periods of elevated
mercury exposure are detrimental to vaccination response. They may also indicate that
there is seasonal variation differences between individuals that had increased and
decreased hair mercury content between the two time points, which may be important
to determining if certain windows of time are more sensitive than others. Early-life
exposure is important to aspects of mercury toxicity, including delayed
neurodevelopment (Grandjean et al., 1997) and immunmodulation (Nyland, Wang, et
al., 2011), and because exposure seasonality has been observed in this region (Wyatt et
al., In preparation), having an increase in hair mercury in this timeframe may
correspond to a previous sensitive window of time. Exposure seasonality should be
further investigated as our previous assessment in the region only observed mercury
exposure over a year timeframe, which may not correlate well with estimating exposure
4-8 years prior, and the current study was limited in assessing hair mercury content at

two time points.
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Our observation of a strong correlation between reduced diphtheria, and to a
lesser extent hepatitis B, antibodies and the condition of high mercury exposure and
anemia supports the hypothesis of altered immune response related to co-morbidities.
This has large implications for developing and low-income countries where
malnutrition and environmental exposures often co-occur. In addition to the interaction
between mercury and anemia, the interaction between mercury and moderate stunting
was significantly associated with decreased diphtheria titers. This outcome of this
interaction is notable because moderate stunting separately was not found to be
associated with antibody titers and the observed change in titers was the largest.
Interestingly, anemia in combination with increased mercury exposure was also
associated with increased total IgG and measles antibodies. This observation is contrary
to what would be expected, though similar observations have been made in other
studies. In a study of newborns from a fishing population, fetal and maternal
methylmercury were positively correlated with total IgG (Nyland, Wang, et al., 2011). In
the case of measles antibodies, nutritional status and gender were found to be important
cofactors to consider with vaccinations to two live attenuated viruses, measles and
rubella. In this healthier population with lower mercury exposure (NHANES), increased

antibodies were associated with increased mercury exposure in the nutritionally
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deficient subpopulation, boys with low vitamin B (C. M. Gallagher et al., 2013; C. M.
Gallagher et al., 2011).

Overall, we observed that mercury had consistent suppressive impacts on a live
attenuated virus vaccine (measles) and two toxoid vaccines (diphtheria and pertussis).
Subunit vaccines appear to not be strongly influenced by mercury as consistent
associations were not observed with the two examined in this study (hepatitis B and
Hib). Under anemic conditions, an increase in measles titers was also observed. The
difference in association direction with titers and the interaction between mercury
exposure and poor health status is mostly likely related to the unique impact of mercury
on viruses. The positive correlation with measles titers in the anemic and low vitamin B
boys could related to impaired viral clearance as organic and inorganic mercury impair
viral clearance in laboratory studies (Christensen et al., 1996). Methylmercury also
inhibits IFN-vy, a cytokine required to overcome persistent measles virus-induced
infection in the central nervous system (Reuter & Schneider-Schaulies, 2010). Mercury
related impairments in viral clearance have not been noted in human studies, and may
only be notable under conditions of increased immune susceptibility, like
undernutrition. Our results in combination with other literature indicate that the impact

of mercury on immune function is important but complex; further research is needed to
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elucidate the underlying mechanisms behind immunosuppression and stimulation
related to antibody titers.

Lastly, we describe an instance of reduced protection against Hib in children
living in native communities, which has significant public health implications. This
reduction was only observed in older children (4 to <8 yr) which may indicate that these
children initially mount an immune response to Hib, but eventually lose protective
levels. Of older children, those living in a native community had 8 times greater odds of
having antibody titers that do not confer protection to the disease. Factors that may
explain the observed reduction in native-communities include vaccine quality, genetic
susceptibility, and community differences in health and other resource access. We
hypothesize that differences related to genetic susceptibility and disparities between
native and non-native communities are more likely than poor vaccine quality because,
nearly all young children (94%) residing in a native community had protective antibody
levels against Hib. One study limitation was that we were unable to directly assess
vaccine quality, which could be affected by unintended cold chain failure.
Environmental temperatures are high in this region and access to electricity is limited to
solar power and generators that run a few hours a day for many rural and native
communities. However, because we did not observe a reduction in protection related to

rural native communities with other vaccines, and in particular those that are more
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sensitive to heat (MMR), we believe that it is unlikely that the observed antibody
reduction was associated with decreased vaccine efficacy from cold chain failure (WHO,
2015).

The reduced protection observed in native communities could relate to genetic
differences between ethnic groups, though we have limited knowledge of a child’s
ethnic background and genetic factors were not measured in this study. Genetics have
an important influence on variability in immune response and several single nucleotide
polymorphisms, both inside and outside the major histocompatibility complex, have
been associated with low antibody response to other vaccinations including hepatitis B
(Davila et al., 2010) and antimalarial protection (Jepson et al., 1997; Milet et al., 2016).
Concerning H. influenzae, heritability accounts for approximately 51% of variability in
antibody response to Hib vaccination (Lee et al., 2006) and ethnic differences have been
previously associated with increased disease incidence and reduced vaccine efficacy.
Prior to H. influenzae type B vaccination and despite high vaccination coverage to this
disease, Alaska Natives (Ward , Brenneman , Letson , Heyward , & Group*, 1990),
American Indians (Siber et al., 1990; R. S. Tsang, Bruce, Lem, Barreto, & Ulanova, 2014),
and indigenous populations in Australia (Jacups, Morris, & Leach, 2011) have greater
disease rates and lower antibody levels. The variation in immune response in Navajo

and Alaskan Eskimo populations may be in part related to genetics, as increased Hib
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disease susceptibility and antibody level were associated with loci interactions and a
polymorphism in the A2 gene, a gene responsible for encoding light antibody chains
(Feeney, Atkinson, Cowan, Escuro, & Lugo, 1996; Petersen et al., 1987). Vaccine efficacy
for such populations is problematic as the majority of conjugate vaccines to Hib assessed
in the North American native populations have low efficacy in young children (<2 yr)
(Bulkow, Wainwright, Letson, Chang, & Ward, 1993; Siber et al., 1990; Ward et al.,
1990). In a study that compared the immunogenicity of four Hib conjugate vaccines in
Alaska Native infants, the antibody response to the different vaccines was large and
only one vaccine induced a response with the first dose (Bulkow et al., 1993). There is a
need to better address ethnic differences in our population. Lastly, disparities in
socioeconomic status or community access to health and other resources may relate to
the reduced immune response; however, teasing out these differences from the native
community variable was difficult. Clean water access was also observed to be correlated
with decreased Hib titers, but the variation described by this variable was nearly
indistinguishable from that of the native community variable. The lower antibody
concentrations in these native communities warrants further examination to assess how
an alternative vaccination schedule or different vaccine conjugate could improve

vaccination response.
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In summary, this cross-sectional study identified that mercury exposure
separately and in combination with nutritional status influences child immune response
in the ACR. Though the study was underpowered with a small sample size, we found it
appropriate to conduct an exploratory analysis of child immune impacts related to
mercury exposure, health status, and their interaction. The impact of mercury exposure
on child antibodies was not unidirectional, as we observed correlations with increased
(total IgG, measles) and decreased (measles, hepatitis B, Hib, diphtheria, and pertussis)
antibodies. These antibody-dependent impacts indicate that the impact of mercury on
immune function is complex and suggest that exposure could have disease specific
outcomes. Hair mercury and poor health interactions were observed
immunomodulation for a few antibodies, but the association was particularly prominent
with diphtheria titers, which indicates that exacerbated child health outcomes can occur
in situations where mercury exposure and poor health status co-occur. Additionally, we
observed that older children living in native communities were eight times more likely
to not have antibodies levels protective against Hib. This is an important finding for
public health as it suggests that community differences, in terms of health access or
socioeconomic status, and underlying ethnic group differences may be influencing
seroconversion from vaccination against H. influenzae. Because these observations were

made with a smaller than intended sample size and limited child vaccination history, the
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impacts and directionality observed in this population should be followed up with a
prospective study that would have improved access to vaccination records and have the

ability to measure vaccine response following vaccination and booster administration.
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Figure 18. Map of study communities, including non -native (open circle) and
native (filled circle) communities, in the Amarakaeri Communal Reserve in Peru
shown in reference to extensive mining areas.

Study communities include those upstream of active mining, HQR — Queros,
HSA - Salvacion, HSH - Shintuya, HPT — Palotoa Teparo, HSP — Shipetiari, HDM -
Diamante, HBM — Boca Manu, HIV —Isa de los Valles, and HPA — Puerto Azul, and
communities near and downstream of mining activities, HMN — Masenawa, HBI — Boca
Isiriwe, HBC — Boca Colorado, HPL — Puerto Luz, HPQ — Puquiri, HST - Setapo, HCH -
Choque, HHU - Huepetuhue, HON — Quebrada Nueva, HCY — Caychihue, HPN -
Punquiri, HQI — Quimiri, HOM - Quincemil, and HSL — San Lorenzo.
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Figure 19. Flow diagram indicating the number of children (< 8yr) that were
-up, provided a blood sample, had baseline

enrolled at baseline, participated in follow

hair mercury data, and the number of samples ultimately included in the analysis.
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Figure 20. Population characteristics of children (< 4 yr, 4 to < 8yr, and all children < 8 yr) for sex, antibody concentration,
hair mercury content, and malnutrition indices (anemia, stunted, underweight, wasting) for native (solid line) and non -native

(dotted line) communities.

Characteristics are displayed as percentages and include children that are female; have antibody levels not indicative of
protection (NP) against hep B, Hib, diphtheria, and tetanus; have antibody levels not indicative of being a responder (NR) for
measles and pertussis; exceed the EPA (1.2 ug/g) and WHO (2 ug/g) hair levels for baseline and follow-up samples; have hemoglobin
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levels indicative of being anemic during baseline and follow-up; and have HAZ, WAZ, and WHZ scores indicative of stunting, being
underweight, or wasting during baseline and follow-up.



Younger Older
valul value
Sex (M) Measles 0O | B 0.897
HiB 0.031
Diphtheria 0560 —— 0.058
...... i S Sl S N VR S e s s s PRSI e S e s b s 2.0.968,
Time since vaccination Measles 0978 — 0.112
HIB 0.073
Diphtheria 0.050 | o 0018
Pertussis_.  ___ 0.223
Stunded, baseline Measles  0.408 - 0374
HiB 0.209
D&%ﬁmm»eria 0716 — 0.826
..... 5 S R | X ] (S ————
Vaccinations received Measles ~ 0733 e '8235
HiB 0450
Diphtheria 0497 - 0.157
: ertussis . ___ --0.039
Community type (native) Meaﬁ'eg 0055 —— 8832
Dé;nmaenﬂa 0889 == 0670
.......................................................... 5 TR PRSPt TSN | |
Age (y) Measles = 0613 e 853?
HiB 0.390
Diphtheria 0.000 - 0474
Pertussis. . _____ -0.417.
Child hair exceed 1.2 ug/g Measles 0418 —— 0.028
__HB 0778
Diphtheria 0091 —— 0616
B TR e O P R A s et o s SR I VY] TSR e s .0.146,
Child hair exceed 2.0 ug/g Measles 0418 —f— 0.041
HiB 0290
Diphtheria 0091 —mmm 0535
PR Pertussis. . _____ ! .-0.248
Log child hair Hg, continuous Meaﬂeg 0268 s 83«;}
N X
Diphtheria ~ 0.033 — 0892
.......................................................... Pertussis. . ... ..0220
Elevated nail Hg (upper quintile) Meaﬂ.eé 0516 ——m— 8352
Diphtheria 0334 —m— 0.385
e Pertussis. . ___ ..0.128
Maternal hair exceed 1.2 ug/g Meai‘leg 0499 —— 8;?3
I \
Diphtheria ~ 0.057 —— 0537
....... PENSSIS oo s b s tosainsiuas
Maternal hair exceed 2.0 ug/g Meafﬁleg 0429 A — 8(7)%
Diphtheria ~ 0.107 —— 0873
) _ Pertussis__ --0.758.
Child hair difference between follow-up and baseline Mea.a% 0810 = 2 8(938_2,
Il 2
Diphtheria ~ 0.000 0.158
= : Pestusss. . .-0.169. E.
Maternal hair difference between follow-up and baseline Meaﬂeé 0399 - 8%958 d
l -
Diphtheria  0.000 — 0093
> = ertussis__ 0.819. *
Child hair difference (abs) between foliow-up and baseline Measles 0971 .- 0433 -
~_HB 0.728 —
Dégnnhen'a 0.043 :
........................................................ I o s e e (R S e s e g S e e
Materal hair difference (absj b foliow-up and 0333 - 8%8; -
; Hl_B _______ --0.699 *
Diphtheria 0260 - 0236 -
Pertussis 0.429 .
Household member smokes Measles 0242 —_— 0157 —_—
__HB 0324 o T
Diphtheria 0467 B 0.745 =
.......................................................... o O ESERS 86 BEARE e e IR
Hemoglobin (g/dL) Measles ~ 0673 ——¢ 8 B
HiB 0.591 -
Diphtheria 0414 - 0012 —
erussis_ _ 0.713 b o
WAZ score Measles 0464 == 0917 s
~ HB 0.753 ¥
Diphtheria ~ 0.512 - 0314 —--
............... Pertussis. . .. 0890 e
HAZ score Measles 0236 —r 0945 = titn
HIB 0.799 —
Diphtheria 0938 - 0277 —-r
Pertussis__ --0.905 ey s
WHZ_b Measles 0567 o 0.963 5 ®
HiB 0.863 5
Diphtheria ~ 0.737 —— 0672 -
....... PEIISSIS o it nnboncas s al088 Lo T Lssina
Anemic Measles 0667 S 0927 S
HIB 0.849 o=
Diphtheria 0.000 L 0.032 Pt
P i 0576 ——
T T LU 1 T T ) 5 | 1
001 01 1 520 200 001 01 1 520 200

171



Figure 21. Odds (+ 95% CI) associated with antibody levels do not confer
protection or are not associated with being a responder to five antibodies (measles,
Hib, diphtheria, and pertussis ) for children < 4 yr (younger) and children 4 to < 8yr
(older).
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Table 5. Odds (+ 95% CI) associated with antibody levels that do not confer protection or are not associated with being a
responder to five antibodies (measles, Hib, diphtheria, pertussis, and tetanus)
exposure factors in the younger (< 4 yr) and older (4 to < 8 yr) models.

and individual, household, nutritional, mercury

Models are adjusted for sex, time since vaccination, stunting, and number of vaccinations received.

Measles Hib Diphtheria Pertussis
Younger Older Older Younger Older Older
Variable OR p- OR p- OR p- OR p-value | OR p-value | OR p-value
value value value

Sex (M) 10.3 0.052 | 0.89 0.897 | 0.08 0.031 | 1.78 (0.25, 12.52) 0.560 | 0.23 0.058 | 1.02 (0.18, 0.986

(0.98, (0.14, (0.01, (0.05, 5.74)

108.69) 5.59) 0.79) 1.05)
Time since | 1.04 0.978 | 4.86 0.112 | 0.09 0.073 | 12.07 (1, 146.29) 0.050 | 3.83 0.018 | 2.1 (0.64, 0.223
vaccination | (0.06, (0.69, (0.01, (1.26, 6.94)

17.85) 34.18) 1.25) 11.63)
Stunted, 2.61 0.408 | 2.83 0.374 | 4.42 0.209 | 0.61 (0.04, 8.8) 0.716 | 0.81 0.826 | 1.91 (0.23, 0.547
baseline (0.27, (0.29, (0.44, (0.12, 15.8)

25.28) 28.01) 44.77) 5.51)
Vaccination | 0.66 0.733 | 1.65 0.589 | 3.91 0.450 | 1.54 (0.45, 5.3) 0.497 | 0.67 0.157 | 0.5 (0.26, 0.039
s received (0.06, (0.27, (0.11, (0.38, 0.97)

7.03) 10.23) 134.65 1.17)

)

Community | 9.08 0.055 | 3.99 0.120 | 8.31 0.044 | 1.16 (0.15, 8.93) 0.889 | 0.72 0.670 | 4.88 (0.61, 0.134
type (0.95, (0.7, (1.06, (0.16, 38.79)
(native) 86.63) 22.82) 65.11) 3.19)
Age (yr) 1.57 0.613 | 3.1 0.081 | 0.41 0.390 | 0.51 (0.5, 0.52) 0.000 | 0.69 0.474 | 0.57 (0.15, 0.417

(0.27, (0.87, (0.05, (0.25, 1.9) 2.21)

9.01) 10.99) 3.12)
Child hair 3.77 0.418 | 57.52 0.028 | 1.35 0.778 | 0 (0, 24.76) 0.091 | 0.65 0.616 | 15.53 0.146
exceed 1.2 | (0.15, (1.54, (0.17, (0.12, (0.38,
ug/g 93.53) 2148.43 10.78) 3.53) 629.21)

)




VL1

Child hair 3.77 0.418 | 15.36 0.041 | 0.1 (0, | 0.290 | 0 (0, 24.76) 0.091 | 0.58 (0.1, 0.535 | 4.04 (0.38, 0.248
exceed 2.0 | (0.15, (1.12, 7.39) 3.25) 43.4)

ug/g 93.53) 211.54)

Log child 5.16 0.268 | 24.11 0.042 | 0.86 0.874 | 1280340449.32 (5.186, 0.033 | 0.9 (0.2, 0.892 | 17.33 0.220
hair Hg, (0.28, (1.12, (0.13, 317584325312556000) 4.13) (0.18,

continuous | 94.1) 519.23) 5.71) 1649.64)

Elevated 10.3 0.516 | 22.56 0.028 | 0.78 0.885 | 0.15 (0, 7.14) 0.334 | 0.36 0.385 | 186.51 0.128
nail Hg (0.01, (1.4, (0.03, (0.04, (0.22,

(upper 11673.97 363.83) 23.67) 3.59) 155325.83

quintile) ) )

Maternal 2.8(0.14, | 0.499 | 2.22 0.492 | 1.45 0.714 | 0.14 (0.02, 1.06) 0.057 | 0.59 0.537 | #VALUE! 0.979
hair exceed | 55.04) (0.23, (0.2, (0.11,

1.2 ug/g 21.62) 10.71) 3.14)

Maternal 3.47 0.429 | 5.8 0.084 | 1.37 0.725 | 0.19 (0.03, 1.43) 0.107 | 1.13 0.873 | 1.32(0.23, 0.758
hair exceed | (0.16, (0.79, (0.24, (0.26, 7.59)

2.0 ug/g 75.59) 42.65) 7.88) 4.81)

Child hair 1.07 0.810 | 1.53 0.632 | 0.99 0.967 | 0 (0, 0) 0.000 | 2.37 0.158 | 1.25 (0.91, 0.169
difference (0.62, (0.27, (0.66, (0.71, 1.73)

between 1.86) 8.6) 1.48) 7.83)

follow-up

and

baseline

Maternal 0.83 0.399 | 1.19 0.258 | 0.84 0.390 | 2.09559060453932E+27 0.000 | 1.23 0.093 | 1.04 (0.786, 0.819
hair (0.54, (0.88, (0.56, (1.81564561531445E+2 (0.97, 1.41)

difference 1.28) 1.59) 1.26) 7, 1.57)

between 2.41869886105109E+27

follow-up )

and

baseline

Child hair 1.01 0.971 | 1.24 0.433 | 0.7 0.728 | - 1.44 0.043 | 1.25 (0.9, 0.187
difference (0.53, (0.72, (0.09, (.01, 1.76)

(abs) 1.91) 2.15) 5.23) 2.05)

between

follow-up

and

baseline
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Maternal 1.3(0.76, | 0.333 | 1.26 0.202 | 0.91 0.699 | 0.78 (0.51, 1.2) 0.260 | 1.38 0.236 | 1.13 (0.84, 0.429
hair 2.21) (0.88, (0.57, (0.81, 1.53)
difference 1.8) 1.46) 2.36)
(abs)
between
follow-up
and
baseline
Household 0.21 0.242 | 6.87 0.157 | 2.69 0.324 | 3.33 (0.13, 85.74) 0.467 | 1.35 0.745 | 0.54 (0.04, 0.650
member (0.02, (0.48, (0.38, (0.22, 8.1) 7.56)
smokes 2.86) 99.06) 19.18)
Hemoglobin | 0.18 0.073 | 0.93 0.859 | 0.81 0.591 | 1.63 (0.5, 5.29) 0.414 | 0.3 (0.12, 0.012 | 0.86 (0.38, 0.713
(g/dL) (0.03, (0.44, 2) (0.37, 0.76) 1.93)
1.18) 1.77)
WAZ score | 0.64 0.464 | 0.94 0.917 | 1.2 0.753 | 1.31 (0.58, 2.97) 0.512 | 0.65 0.314 | 0.8 (0.27, 0.690
(0.19, (0.28, (0.38, (0.28, 2.37)
2.14) 3.11) 3.83) 1.51)
HAZ score 0.36 0.236 | 0.95 0.945 | 1.19 0.799 | 0.97 (0.45, 2.11) 0.938 | 0.56 (0.2, 0.277 | 1.11 (0.19, 0.905
(0.07, (0.25, (0.3, 1.59) 6.38)
1.95) 3.63) 4.7)
WHZ_b 1.58 0.567 | 1.02 0.963 | 1.08 0.863 | 1.23 (0.36, 4.21) 0.737 | 0.87 0.672 | 0.82 (0.34, 0.663
(0.33, (0.45, (0.45, (0.46, 2)
7.51) 2.33) 2.58) 1.65)
Anemic 1.97 0.667 | 1.08 0.927 | 1.19 0.849 | 23.2(23.04, 23.35) 0.000 | 5.45 0.032 | 1.68 (0.27, 0.576
(0.09, (0.19, (0.2, (1.16, 10.32)
43.91) 6.02) 6.87) 25.69)
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Table 6. Associations between log antibody concentration and individual, household, nutritional, mercury exposure

factors in the younger (< 4 yr) model. Vaccine antibody models are adjusted for sex, time since vaccination, stunting, and nu  mber
of vaccinations received. Total IgG model is adjusted for sex, age, and stunting.
Total IgG Hep B Measles Hib Diphtheria Pertussis Tetanus
Variable b p- b p- b p- b p- b p- b p-value | b p-value
valu valu valu valu valu
e e e e e
Sex (M) 0.1(- 0.61 | -0.34 (- 0.54 | -1.26 (- 0.01 | -1.06 (- 0.10 | -0.74 (- 0.36 | 0.51 (- 0.424 | 0.24 (- 0.7028
0.48, 2 | 1.44, 6 | 2.22,- 7 | 2.3,0.17) 6 | 2.29, 0| 0.72, 0.97,
0.28) 0.75) 0.31) 0.81) 1.73) 1.44)
Time since vaccination | - - 0.24 (- 0.73 | 0.63 (- 0.37 | 2.21 (- 0.00 | -3.56 (- 0.00 | -1.67 (- 0.0589 | -1.27 (- 0.157
1.12,1.6) 2 | 071, 0| 3.67,- 8 | 5.66, - 3|332- 2.98,
1.96) 0.75) 1.45) 0.01) 0.44)
Stunted, baseline 0.34 (- 0.21 | -0.28 (- 072 [ 0(-1.2, 0.99 | -0.17 (- 0.88 | -0.32 (- 0.74 | -0.09 (- 0.9126 | 1.25 (- 0.1793
0.19, 2| 182, 2|12 7| 2.39, 3| 227, 8 | 1.62, 0.53,
0.88) 1.26) 2.05) 1.62) 1.45) 3.04)
Vaccinations received - - -0.76 (- 011 | 1.14 0.05 | 0.24 (- 0.86 | 0.02 (- 0.96 | -0.01 (- 0.9789 | 0.92 0.0317
1.66, 1| (0.04, 6 | 2.5,2.98) 8 | 0.98, 9 | 0.8,0.77) (0.13,
0.14) 2.25) 1.02) 1.7)
Age (yn) 01(-01, | 034 - - - - - - - - - - - -
0.3) 0
Community type (native) | 0.2 (- 0.60 | 0.44 (- 0.49 | -1.29 (- 0.02 | 0.94 (- 0.38 | -0.39 (- 0.68 | 0.14 (- 0.8566 | -0.46 (- 0.6769
0.53, 4| 082,17) 8 | 2.32,- 2| 1.1,298) 6 | 2.24, 3| 1.33,16) 6 | 2.55, 7
0.92) 0.27) 1.46) 1.63)
Age (yn) - - 013 (- 0.81 | -0.46 (- 0.27 | 1.51 0.01 | 0.25 (- 0.67 | 0.94 0.0417 | 0.35 (- 0.4320
1.17, 3| 127, 3 | (0.46, 0| 0.92, 6 | (0.08, 8 | 0.51, 5
0.92) 0.34) 2.55) 1.43) 1.8) 1.21)
Child hair exceed 1.2 -0.08 (- 0.81 | 1.07 (- 0.25 | -0.79 (- 0.34 | -0.37 (- 0.76 | -0.01 (- 0.99 | 0.28(- 0.6996 | -1.05 (- 0.2126
ug/g 0.78, 8 | 0.7,2.83) 8 | 2.34, 3| 2.7,1.96) 0 | 2.48, 7 | 1.1,1.66) 8 | 2.6,0.51) 7
0.61) 0.77) 2.47)
Child hair exceed 2.0 0.23(- 052 | 1.07 (- 0.25 | -0.79 (- 0.34 | -0.37 (- 0.76 | -0.01 (- 0.99 | 0.28 (- 0.6996 | -1.05 (- 0.2126
ug/g 0.91, 4| 07,283) 8 | 2.34, 3| 2.7,1.96) 0 | 2.48, 7 | 1.1,1.66) 8 | 2.6,0.51) 7
0.46) 0.77) 2.47)
Log child hair Hg, 0.14 (- 0.69 | 0.77 (- 0.37 | -0.41 (- 0.61 | 0.24 (- 0.82 | 0.28 (- 0.82 | 0.51 (- 0.4346 | -0.49 (- 0.5328
continuous 0.81, 9| 087, 3| 1.96, 4| 1.9,2.39) 8 | 2.07, 2 | 073, 3 | 1.96, 9
0.54) 2.42) 1.14) 2.63) 1.75) 0.98)
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Elevated nail Hg (upper 0.58 (- 0.07 | -0.21 (- 0.86 | -1.26 (- 0.28 | -1.54 (- 0.15 | -0.88 (- 0.69 | 1.41 (- 0.3217 | -0.21 (- 0.8805
quintile) 0.01, 3 | 257, 7 | 3.38, 9 | 3.49, 1| 5.12, 1| 1.25, 2.71, 6
1.18) 2.16) 0.86) 0.41) 3.35) 4.08) 2.29)
Maternal hair exceed 0.04 (- 0.87 | 0.38 (- 0.56 | -0.28 (- 0.65 | 1.46 (- 0.07 | 1.54 (- 0.07 | 1.01 (- 0.1458 | 0.02 (- 0.9834
1.2 ug/g 0.42, 7 | 0.89, 0 | 1.51, 7 | 0.06, 2] 0.1,3.18) 8 | 0.31, 1| 15,1.53) 6
0.49) 1.66) 0.94) 2.99) 2.32)
Maternal hair exceed -0.24 (- 0.26 | 0.13 (- 0.84 | -0.54 (- 0.44 | 1.09 (- 0.20 | 1(-0.59, 0.23 | 1.02 (- 0.1134 | 0.55 (- 0.4663
2.0 uglg 0.66, 4| 1.1,1.36) 1| 1.88, 7 | 0.54, 3| 26) 0| 0.2,2.25) 1 0.9,1.99) 1
0.18) 0.81) 2.72)
Child hair difference -0.17 (- 0.05 | 0.05 (- 0.79 | -0.06 (- 0.68 | 0.2 (-0.2, 0.34 | 0.22 (- 0.42 | 0.03 (- 0.8672 | 0.15 (- 0.3352
between follow-up and 0.33, - 5] 0.31, 4 | 0.37, 6 | 0.61) 8 | 0.31, 8 | 0.3,0.35) 7 | 0.14, 1
baseline 0.01) 0.41) 0.24) 0.76) 0.44)
Maternal hair difference | 0.02 (- 0.62 | 0.11 (- 0.30 | 0(-0.15, 0.97 | 0.13 (- 0.22 | -0.27 (- 0.08 | -0.23 (- 0.0499 | -0.13 (- 0.2078
between follow-up and 0.05, 3| 0.1,0.32) 0 | 0.15) 8 | 0.07, 3 | 0.55, 0 | 0.46, - 1| 0.33, 9
baseline 0.08) 0.34) 0.02) 0.01) 0.07)
Child hair difference -0.19 (- 0.04 | 0.12 (- 0.57 | -0.08 (- 0.68 | 0.17 (- 0.51 | 0.26 (- 0.41 | 0.01 (- 0.9772 | 0.15 (- 0.3968
(abs) between follow-up | 0.37, - 3| 0.29, 1043, 0 | 0.32, 2 | 0.34, 0 | 0.36, 4 | 0.8, 9
and baseline 0.02) 0.54) 0.27) 0.65) 0.86) 0.37) 0.47)
Maternal hair difference -0.09 (- 0.06 | -0.09 (- 0.53 | -0.09 (- 0.42 | 0.02 (- 0.89 | 0.11 (- 0.56 | 0.18 (- 0.2455 | 0.1 (- 0.5424
(abs) between follow-up | 0.18, 0) 0 | 0.36, 9 | 0.3,0.12) 7 | 0.33, 9 | 0.26, 0 | 0.11, 3| 0.22 5
and baseline 0.19) 0.37) 0.49) 0.47) 0.43)
Household member 0.06 (- 0.80 | 1.35 0.05 | 0.5(- 0.41 | 1.07 (- 0.18 | -0.73 (- 0.48 | -0.51 (- 0.5329 | -0.72 (- 0.3201
smokes 0.44, 3 | (0.01, 9 | 0.69, 9 | 0.44, 2 | 2.75, 7| 211, 6 | 2.11,
0.57) 2.7) 1.69) 2.58) 1.29) 1.08) 0.66)
Hemoglobin (g/dL) -0.02 (- 0.86 | 0.55 (0, 0.06 | 0.5(-0.1, 0.12 | -0.15 (- 0.68 | -0.42 (- 0.31 | 0.2 (- 0.512 | 0.06 (- 0.8559
0.2, 0.16) 0| 1.1) 2 | 1.11) 0 | 0.83, 0| 1.21, 4 | 0.38, 0.54, 9
0.54) 0.38) 0.78) 0.65)
WAZ score 0.04 (- 0.70 | -0.15 (- 0.60 | 0.32 (- 0.16 | -0.22 (- 0.54 | 0.1(-0.7, 0.80 | -0.25 (- 0.4226 | -0.6 (- 0.0705
0.15, 9 | 0.69, 0.4) 3| 0.11, 1| 0.9 047) 4 | 0.91) 0 | 0.84, 4| 121, 9
0.22) 0.74) 0.34) 0.01)
HAZ score 0.04 (- 0.64 | 0.03 (- 0.87 | 0.25 (- 0.16 | -0.33 (- 0.15 | 0.22 (- 0.45 | 0.2 (- 0.3781 | 0(-0.41, 0.9950
0.12,0.2) 9 | 0.37, 5 | 0.09, 2| 0.77, 6 | 0.34, 4 | 0.24, 6 | 0.4) 3
0.43) 0.59) 0.11) 0.78) 0.64)
WHZ score -0.01 (- 0.94 | -0.56 (- 0.17 | 0.04 (- 0.92 | 0.64 (- 0.19 | 0(-1.14, 0.99 | -0.5¢(- 0.2449 | -0.68 (- 0.1261
0.2,0.19) 9 | 1.34, 0| 0.71, 1] 0.3,158) 9 | 1.14) 9 | 1.33, 1] 1.5,0.15) 6
0.22) 0.78) 0.32)
Anemia -0.15 (- 0.47 | -1.39 (- 0.02 | -0.56 (- 041 | -0.4 (- 0.61 | 0.41 (- 0.65 | -0.85 (- 0.2033 | -0.27 (- 0.6971
0.58, 7| 251, - 2| 1.88, 3| 1.95, 5| 1.39, 7| 2.12, 6 | 1.63, 3
0.27) 0.27) 0.75) 1.15) 2.21) 0.42) 1.08)
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Log child hair Hg * -0.49 (- 0.14 | -0.32 (- 0.73 | 0.61 (- 0.45 | 1.84 0.07 | 1.86 (- 0.16 | 0.3 (- 0.6171 | 1.38 (- 0.0829

hemoglobin (g/dL) 1.13, 7 | 2.09, 3| 0.91, 1| (0.01, 7 | 0.53, 2| 0.83, 5 | 0.02, 1
0.15) 1.46) 2.14) 3.68) 4.26) 1.43) 2.79)

Log child hair Hg * 0.97 (- 0.15 | -0.7 (- 0.65 | -1.39 (- 0.31 | -2.92 (- 0.15 | -6.63 (- 0.00 | -0.63 (- 0.4914 | -1.57 (- 0.2773

anemia 0.31, 4 | 3.69, 8 | 3.92, 1| 6.65, 6 | 9.96, - 3] 236,1.1) 7| 424,11 7
2.25) 2.29) 1.14) 0.81) 3.29)

Log child hair Hg * HAZ | -0.33 (- 0.25 | -1.07 (- 0.24 | 0.23 (- 0.70 | 1.29 (- 0.28 | 2.32 (0, 0.08 | 0.28 (- 0.7392 | 0.36 (- 0.7048

score 0.89, 2| 279, 8 | 0.94, 5| 0.97, 6 | 4.64) 2 | 1.31, 5 | 1.45, 4
0.22) 0.65) 1.41) 3.55) 1.86) 2.18)

Log child hair Hg * 1.62 (- 0.09 | 2.25 (- 0.43 | -2 (-5.82, 0.32 | -1.87 (- 0.88 | -7.81 (- 0.01 | -0.42 (- 0.8424 | -3.15 (- 0.1518

stunting 0.21, 7 | 3.22, 6 | 1.81) 7| 27.7, 9 | 13.34, - 7 | 4.47, 3| 7.18, 1
3.46) 7.71) 23.95) 2.28) 3.63) 0.88)

Child hair exceed 1.2 -0.43 (- 0.14 | -0.18 (- 0.86 | 0.15 (- 0.87 | 2(-0.07, 0.08 | 1.8 (- 0.22 | 0.3(- 0.6890 | 0.86 (- 0.3694

ug/g * hemoglobin (g/dL) | 0.97, 0 | 2.16,1.8) 2 | 1.62, 0 | 4.07) 8 | 0.93, 7| 1.12, 6 | 0.92, 9
0.12) 1.93) 4.53) 1.71) 2.63)

Child hair exceed 1.2 1.11 (- 0.10 | -0.56 (- 0.75 | -0.96 (- 0.54 | -3.54 (- 0.13 | -4.42 (- 0.08 | -0.31 (- 0.7993 | -1.16 (- 0.4900

ug/g * anemia 0.17, 7 | 4.01, 5 | 3.89, 0| 7.76, 1| 8.88, 1| 261,2) 1] 4.33, 9
2.39) 2.88) 1.98) 0.67) 0.04) 2.01)

Child hair exceed 1.2 -0.33 (- 0.27 | -1.04 (- 0.22 | -0.28 (- 0.62 | 1.02 (- 0.38 | 1.79 (- 0.16 | 0.08 (- 0.9166 | 0 (-1.6, 0.9961

ug/g * HAZ score 0.89, 5 | 2.63, 3| 1.37, 6 | 1.2,3.24) 8 | 0.55, 5| 1.44, 1| 1.59) 9
0.24) 0.54) 0.81) 4.13) 1.61)

Child hair exceed 1.2 1.37 (- 0.16 | 3.24 (- 0.28 | -1.4 (- 0.53 | - -8.87 (- 0.01 | -0.77 (- 0.7389 | -3.23 (- 0.1755

ug/g * stunting 0.52, 9 | 2.39, 1 | 5.64, 2 14.63, - 1| 5.21, 2| 7.61,
3.26) 8.87) 2.84) 3.1 3.67) 1.16)

Child hair exceed 2.0 -0.41 (- 0.13 | -0.18 (- 0.86 | 0.15 (- 0.87 | 2(-0.07, 0.08 | 1.8 (- 0.22 | 0.3 (- 0.6890 | 0.86 (- 0.3694

ug/g * hemoglobin (g/dL) | 0.93, 7 | 2.16,1.8) 2| 1.62 0 | 4.07) 8 | 0.93, 7| 112, 6 | 0.92, 9
0.11) 1.93) 4.53) 1.71) 2.63)

Child hair exceed 2.0 0.84 (- 0.21 | -0.56 (- 0.75 | -0.96 (- 0.54 | -3.54 (- 0.13 | -4.42 (- 0.08 | -0.31 (- 0.7993 | -1.16 (- 0.4900

ug/g * anemia 0.43, 1| 4.01, 5 | 3.89, 0 | 7.76, 1| 8.88, 1| 261,2) 1| 4.33, 9
2.12) 2.88) 1.98) 0.67) 0.04) 2.01)

Child hair exceed 2.0 -0.37 (- 0.21 | -1.04 (- 0.22 | -0.28 (- 0.62 | 1.02 (- 0.38 | 1.79 (- 0.16 | 0.08 (- 0.9166 | 0 (-1.6, 0.9961

ug/g * HAZ score 0.93,0.2) 7 | 2.63, 3| 1.37, 6 | 1.2,3.24) 8 | 0.55, 5 | 1.44, 1| 1.59) 9

0.54) 0.81) 4.13) 1.61)

Child hair exceed 2.0 1.55 (- 0.11 | 3.24 (- 0.28 | -1.4 (- 0.53 | - -8.87 (- 0.01 | -0.77 (- 0.7389 | -3.23 (- 0.1755

ug/g * stunting 0.28, 1| 2.39, 1| 5.64, 2 14.63, - 1| 5.21, 2| 7.61,
3.38) 8.87) 2.84) 3.1) 3.67) 1.16)




Table 7. Associations between log antibody concentration and individual, household, nutritional, mercury exposure
factors in the older (< 8 yr) model.

Vaccine antibody models are adjusted for sex, time since vaccination, stunting, and number of vaccinations received. Total
IgG model is adjusted for sex, age, and stunting.
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Total IgG Hep B Measles Hib Diphtheria Pertussis Tetanus
Variable b p- b p- b p- b p- b p- b p-value | b p-value
valu valu valu valu valu
e e e e e
Sex (M) -0.02 (- 0.90 | 0.35 (- 0.42 | 0.02 (- 094 | 1.2(- 0.08 | 1.09 (- 0.06 | -0.07 (- 0.9027 | 0.63 (- 0.163
0.36, 7 | 0.51, 8 | 0.7,0.75) 7 | 0.12, 2 | 0.05, 8 | 1.11, 0.24, 1.5)
0.32) 1.21) 2.52) 2.22) 0.98)
Time since vaccination - - -0.55 (- 0.35 | -0.66 (- 0.09 | 1.09 (- 0.29 | -1.97 (- 0.00 | -0.87 (- 0.0378 | -1.82 (- 1.81E-
1.71, 9 | 1.43,0.1) 8 | 0.91, 2| 282, - 0| 1.66, - 247, - 06
0.61) 3.08) 1.13) 0.07) 1.17)
Stunted, baseline -0.4 (- 0.12 | -0.4 (- 0.51 | 0.24 (- 0.65 | -0.94 (- 0.33 | -0.46 (- 0.57 | -0.68 (- 0.3605 | 0.45 (- 0.48
0.91,0.1) 2| 1.58, 3| 0.81, 8 | 2.82, 3 | 2.06, 7| 213, 0.78,
0.78) 1.29) 0.94) 1.14) 0.77) 1.67)
Vaccinations received - - 0.45 (- 0.18 | -0.01 (- 0.98 | 2.04 (- 0.10 | 0.26 (- 0.29 | 0.56 0.0162 | -0.12 (- 0.518
0.2,1.11) 0| 0.8,0.78) 1| 0.38, 7 | 0.22, 6 | (0.12, 1) 0.5, 0.25)
4.46) 0.75)
Age (yr) 0.11 (- 021 | - - - - - - - - - - - -
0.06, 4
0.27)
Community type (native) | 0.05 (- 0.81 | -0.25 (- 0.66 | -0.72 (- 0.18 | -1.62 (- 0.01 | 0.07 (- 0.90 | -0.1(-1.2, | 0.8649 | 0.25 (- 0.6043
0.38, 9 | 1.33, 8 | 1.52, 1] 2091,- 8 | 1.14, 51| 1) 6 | 0.68, 6
0.49) 0.84) 0.09) 0.33) 1.29) 1.17)
Age (yr) - - 0.16 (- 0.64 | -0.41 (- 0.12 | 0.06 (- 0.94 | 0.23 (- 0.55 | -0.09 (- 0.8065 | 0.62 0.0371
0.53, 9 | 0.92, 9 | 1.76, 6 | 0.54,1) 9 | 0.81, 9 | (0.05, 2
0.85) 0.11) 1.89) 0.63) 1.18)
Child hair exceed 1.2 0.13 (- 0.55 | 0.81 (- 0.11 | 0.3 (- 0.60 | -0.35 (- 0.68 | -0.37 (- 0.63 | -0.18 (- 0.7969 | 0.11 (- 0.8649
ug/g 0.3, 0.56) 0| 0.17, 7 | 0.81, 2| 2.02, 2| 1.91, 8 | 1.53, 1 1.13, 5
1.79) 1.41) 1.31) 1.16) 1.17) 1.35)
Child hair exceed 2.0 0.09 (- 0.69 | 0.45 (- 0.40 | -0.81 (- 0.10 | 0.46 (- 0.59 | -0.48 (- 0.54 | -0.17 (- 0.8088 | -0.01 (- 0.9867
ug/g 0.34, 3 | 0.59, 7| 1.74, 3112212 0 | 2.02, 2| 151, 2 | 1.25, 7
0.51) 1.49) 0.12) 1.05) 1.17) 1.23)
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Log child hair Hg, -0.09 (- 0.66 | -0.11 (- 0.81 | 0.01 (- 0.98 | -0.55 (- 0.48 | -0.21 (- 0.76 | -0.21 (- 0.7268 | 0.25 (- 0.6612
continuous 0.5, 0.32) 9 | 1.08, 8 | 0.92, 1| 2.09, 8 | 1.6,1.18) 6 | 1.4,0.98) 5 | 0.86, 3
0.85) 0.94) 0.99) 1.37)
Elevated nail Hg (upper | 0.22 (- 0.38 | 0.17 (- 0.79 | -0.66 (- 0.17 | -0.36 (- 0.74 | 1.86 0.03 | 0(-1.57, 0.9963 | 0.72 (- 0.301
quintile) 0.27, 3| 1.11, 7 | 1.58, 4 | 2.48, 6 | (0.26, 1| 1.57) 2 | 0.62,
0.71) 1.45) 0.26) 1.77) 3.46) 2.06)
Maternal hair exceed -0.15 (- 0.45 | -0.09 (- 0.86 | -0.09 (- 0.85 | -0.88 (- 0.27 | -0.09 (- 0.89 | 0.04 (- 0.9493 | 0.34 (- 0.4923
1.2 ug/g 0.53, 0| 1.19,1) 8 | 1.08,0.9) 6 | 2.43, 3| 141, 3| 1.25, 0.62, 2
0.23) 0.67) 1.23) 1.33) 1.29)
Maternal hair exceed -0.05 (- 0.78 | 0.42 (- 0.38 | -0.44 (- 0.30 | -1.01 (- 0.15 | -0.47 (- 0.41 | 0.58 (- 0.2995 | 0.4 (-0.4, 0.3334
2.0 ug/g 0.41, 2 | 0.52, 6 | 1.26, 7 | 2.36, 1| 1.58, 1] 0.5, 1.66) 4 1 1.21) 7
0.31) 1.36) 0.39) 0.34) 0.64)
Child hair difference 0.03 (- 0.39 | 0.09 (- 0.27 | -0.08 (- 0.22 | -0.08 (- 0.52 | -0.25 (- 0.01 | -0.15 (- 0.1440 | -0.11 (- 0.2020
between follow-up and 0.04,0.1) 5| 0.07, 9 | 0.21, 1| 0.34, 4 | 0.44,- 5] 0.33, 4 | 0.28, 4
baseline 0.25) 0.05) 0.17) 0.06) 0.04) 0.06)
Maternal hair difference | -0.01 (- 0.87 | 0.04 (- 0.64 | -0.11 (- 0.11 | 0.06 (- 0.62 | -0.11 (- 0.22 | -0.06 (- 0.5082 | -0.06 (- 0.4098
between follow-up and 0.07, 6 | 0.12, 8 | 0.24, 1| 0.18,0.3) 5] 0.3,0.07) 9 | 0.24, 8 | 0.19, 9
baseline 0.06) 0.19) 0.02) 0.12) 0.08)
Child hair difference 0.01 (- 0.82 | -0.03 (- 0.77 | -0.14 (- 0.04 | 0.01 (- 0.93 | -0.21 (- 0.05 | -0.09 (- 0.3880 | -0.14 (- 0.1101
(abs) between follow-up | 0.07, 8 | 0.2,0.15) 8 | 0.26, - 7 | 0.26, 21041,- 3| 0.29, 9 | 0.31, 2
and baseline 0.09) 0.01) 0.28) 0.01) 0.11) 0.03)
Maternal hair difference -0.03 (- 0.38 | 0.04 (- 0.67 | -0.12 (- 0.10 | -0.04 (- 0.77 | -0.23 (- 0.03 | -0.06 (- 0.5707 | -0.1 (- 0.2131
(abs) between follow-up | 0.11, 2 | 0.13, 8 | 0.27, 303,022 3| 044,- 0 | 0.27, 1| 0.25, 5
and baseline 0.04) 0.21) 0.02) 0.03) 0.15) 0.05)
Household member 0.27 (- 0.21 | -0.38 (- 0.47 | -0.97 (- 0.04 | 0.25 (- 0.76 | -0.43 (- 0.55 | -0.41 (- 0.5405 | -0.25 (- 0.6620
smokes 0.16, 0.7) 9 | 1.41, 4 1 1.89, - 6 | 1.37, 1]187,1) 7 | 1.7,0.89) 4 | 1.35, 3
0.65) 0.05) 1.88) 0.85)
Hemoglobin (g/dL) -0.04 (- 0.62 | -0.16 (- 0.41 | 0.06 (- 0.75 | 0.06 (- 0.84 | 0.38 (- 0.14 | 0.15 (- 0.5469 | 0.39 (0, 0.0551
0.2,0.12) 9 | 0.53, 8 | 0.29, 1| 0.53, 8 | 0.13, 8 | 0.33, 5 | 0.78) 2
0.22) 0.41) 0.65) 0.89) 0.62)
WAZ score -0.13 (- 0.17 | 0.04 (- 0.89 | 0.22 (- 0.37 | 0.21 (- 0.65 | 0.22 (- 0.57 | 0.16 (- 0.6542 | 0.04 (- 0.8799
0.32, 8 | 0.52,0.6) 1| 0.26, 7 | 0.7,1.11) 8 | 0.53, 1| 0.53, 2 | 0.52, 4
0.06) 0.71) 0.97) 0.85) 0.61)
HAZ score -0.02 (- 0.85 | -0.7 (- 0.03 | 0.16 (- 0.55 | 0.02 (- 0.96 | 0.52 (- 0.21 | 0.32 (- 0.3968 | -0.09 (- 0.7927
0.23, 1| 131,- 1 | 0.36, 41 1.01, 4 1 0.29, 5| 042, 21 0.72, 7
0.19) 0.09) 0.68) 1.05) 1.33) 1.07) 0.55)
WHZ_b -0.12 (- 0.15 | 0.29 (- 0.16 | 0.11 (- 0.58 | 0.14 (- 0.69 | -0.05 (- 0.87 | -0.07 (- 0.8131 | 0.04 (- 0.8733
0.28, 0 | 0.12,0.7) 9 | 0.29, 8 | 0.55, 2 | 0.64, 7 | 0.63, 5 | 0.41, 2
0.04) 0.51) 0.83) 0.55) 0.49) 0.48)
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Anemia 0.07 (- 0.71 | 0.29 (- 0.51 | -0.07 (- 0.85 | 0.18 (- 0.79 | -0.66 (- 0.27 | -0.55 (- 0.3218 | -0.43 (- 0.3637
0.3, 0.44) 6 | 0.57, 1 | 0.86, 3| 1.18, 4 | 1.83,0.5) 1| 1.63, 4 | 1.34,
1.15) 0.71) 1.55) 0.53) 0.49)
Log child hair Hg * -0.39 (- 0.03 | 1.05 (O, 0.06 | -0.67 (- 0.10 | 1.26 (- 0.16 | 0.22 (- 0.76 | 1.05 (- 0.0876 | 0.41 (- 0.4835
hemoglobin (g/dL) 0.76, - 8| 21) 2| 143,0.1) 9 | 0.45, 3| 1.17, 2] 011,22 9 | 0.71, 7
0.03) 2.98) 1.61) 1.53)
Log child hair Hg * 0.85 0.03 | -2.02 (- 0.04 | 1.9 (0.4, 0.02 | -2.34 (- 0.14 | -0.89 (- 055 | -2.1(- 0.0926 | -1.32 (- 0.2860
anemia (0.08, 6 | 3.87,- 3| 3.41) 4 | 5.35, 2 | 3.82, 8 | 4.46, 8 | 3.7,1.05) 3
1.62) 0.18) 0.66) 2.04) 0.25)
Log child hair Hg * HAZ | -0.43 (- 0.06 | -0.69 (- 0.34 | -0.34 (- 0.61 | 0.51 (- 0.66 | 0.69 (- 0.49 | 1.33(- 0.1489 | 0.55 (- 0.5273
score 0.88, 9 | 2.07, 0| 1.62, 1| 1.76, 5| 1.29, 9 | 042, 5| 1.14, 3
0.02) 0.69) 0.94) 2.77) 2.68) 3.07) 2.25)
Log child hair Hg * 2.44 0.00 | 1.58 (- 0.53 | -1.95 (- 0.37 | -3.14 (- 0.40 | 1.17 (- 0.74 | -2.04 (- 0.4995 | 0.85 (- 0.7654
stunting (0.74, 7 | 3.28, 0 | 6.16, 4 | 10.4, 4 | 5.73, 3| 7.88,3.8) 4 | 4.68,
4.14) 6.45) 2.26) 4.11) 8.06) 6.38)
Child hair exceed 1.2 -0.36 (- 0.06 | 0.37 (- 0.43 | -0.71 (- 0.10 | 0.69 (- 0.40 | -0.63 (- 0.38 | 0.41 (- 0.5332 | -0.59 (- 0.3204
ug/g * hemoglobin 0.73, 5 | 0.54, 5 | 1.49, 0 | 0.89, 2 | 2.05, 9 | 0.86, 2 | 1.74, 9
(g/dL) 0.01) 1.27) 0.06) 2.26) 0.78) 1.67) 0.55)
Child hair exceed 1.2 0.9 (0.1, 0.03 | -0.8 (- 0.44 | 1.9 (0.2, 0.04 | -1.97 (- 0.26 | 0.04 (- 0.98 | -1.66 (- 0.2362 | 0.82 (- 0.5483
ug/g * anemia 1.7) 3| 2.82 2 | 3.61) 4 | 5.35,1.4) 5| 3.2,3.28) 2 | 4.33, 9 | 1.83,
1.21) 1.02) 3.48)
Child hair exceed 1.2 -0.42 (- 0.03 | -0.04 (- 0.94 | -0.26 (- 0.63 | 1.14 (- 0.24 | 0.28 (- 0.74 | 0.99 (- 0.1860 | -0.01 (- 0.9842
ug/g * HAZ score 0.79, - 3| 1.17, 2 | 1.31, 2 | 0.73, 5| 1.36, 2 | 0.44, 3| 1.41, 7
0.05) 1.09) 0.79) 3.02) 1.91) 2.42) 1.39)
Child hair exceed 1.2 1.24 0.03 | -0.74 (- 0.60 | -0.36 (- 0.77 | -1.42 (- 0.55 | 1.15 (- 0.58 | -1.69 (- 0.3399 | 1.02 (- 0.5422
ug/g * stunting (0.14, 2| 3.48,2) 1] 282, 2.1) 6 | 6.11, 7 | 2.87, 0| 51,172 2| 2.22, 3
2.33) 3.26) 5.17) 4.25)
Child hair exceed 2.0 -0.48 (- 0.02 | 0.95 (- 0.06 | -0.39 (- 0.49 | -0.08 (- 0.92 | -0.26 (- 0.73 | 0.46 (- 0.5050 | -0.27 (- 0.6757
ug/g * hemoglobin 0.87, - 2 | 0.01, 5] 1.5,0.71) 3| 1.76, 9 | 1.76, 2| 0.88, 2 | 1.51, 1
(g/dL) 0.08) 1.91) 1.61) 1.23) 1.81) 0.97)
Child hair exceed 2.0 0.88 0.04 | -1.94 (- 0.08 | 1.62 (- 0.12 | -0.46 (- 0.80 | 0.59 (- 0.73 | -0.98 (- 0.5082 | 0.32 (- 0.8236
ug/g * anemia (0.07, 0 | 4.06, 7 | 0.34, 1| 4.07, 5| 2.77, 3| 3.84, 1| 2.49, 1
1.69) 0.18) 3.58) 3.15) 3.95) 1.88) 3.14)
Child hair exceed 2.0 -0.32 (- 0.09 | -0.07 (- 0.91 | -0.23 (- 0.66 | 0.84 (- 0.37 | -0.36 (- 0.68 | 0.14 (- 0.8599 | 0.06 (- 0.9337
ug/g * HAZ score 0.68, 9 | 1.22, 2 | 1.24, 8 | 0.97, 3| 2.08, 4| 1.4,1.68) 9 | 1.41, 3
0.05) 1.09) 0.79) 2.65) 1.36) 1.54)
Child hair exceed 2.0 1.16 0.03 | 0.58 (- 0.69 | 0.94 (- 0.53 | -1.65 (-6, 0.46 | 2.69 (- 0.20 | 0.15 (- 0.9347 | 0.73 (- 0.6735
ug/g * stunting 0.122, 4 | 2.28, 3 | 1.96, 1| 271) 6 | 1.37, 6 | 3.46, 1| 2.64, 5
2.2) 3.44) 3.85) 6.75) 3.77) 4.11)




6. Conclusions

6.1 Summary

The overall goals of this dissertation were to broaden our understanding of
toxicity mechanisms related to mercury exposure, focusing on genotoxic and
immunotoxic outcomes, and evaluate the extent that certain factors, such as dietary
factors and health disparities, alter mercury exposure and resulting toxicity. Mercury
toxicity has been observed through broad systemic impacts that include neurological,
reproductive, renal, and immunological impairments. The ability to effect such a large
number of endpoints is related to mercury’s broad mechanisms of action that at the
cellular level include protein impairment, due to its affinity for sulthydryl and thiol
groups, promoting an environment that favors oxidative stress, and mitochondrial
dysfunction.

Mechanisms related to DNA damage and immune system impacts are not well
understood, especially at low-dose exposures. Research to date has primarily focused on
nuclear DNA damage and a few repair processes. Mitochondrial genome impacts have
been overlooked, but are likely to occur as the mitochondrial genome is spatially closer
to ROS produced by the electron transport chain and because the mitochondrial lacks at
least one repair process available for nuclear DNA, nucleotide excision repair.

Understanding mitochondrial impacts are important because mitochondria are an
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essential cellular component and contribute to a number of cellular processes including
bioenergetics and cell signaling. To address some of these mechanisms, this dissertation
aims to 1) measure mitochondrial and nuclear DNA damage at low-dose mercury
exposures; 2) assess the impact to DNA repair by evaluating two DNA repair pathways,
BER and NER; and 3) determine the impact on an innate immune signaling pathway
necessary for immune response, PMK-1. The impacts of both organic and inorganic
mercury will be evaluated using laboratory experiments.

The second focus of this dissertation evaluates the extent of some factors to
modify mercury exposure and resulting toxicity. Neurotoxicity is one of the hallmark
adverse outcomes associated with mercury exposure, however, neurological
impairments have not been observed in all human studies. Out of three of the most
prominent cohort studies that assessed the relationship between prenatal mercury
exposure and developmental outcomes, only two reported neurological delays in
children (Grandjean et al., 1997; Myers et al., 1995). Differences in observations between
the studies have been hypothesized to relate to genetics and other factors that alter
mercury’s pharmacodynamics or influence a similar endpoint. Examples have been
observed though differences in genetics, where polymorphisms in glutathione S-
transferases and metallothionein genes have been associated with increased mercury

exposure, presumably from reduced mercury metabolism or excretion. Considering
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nutritional factors is also important as fish are also an important source of omega-3 fatty
acids, which have a beneficial impact on cognitive development (Oken et al., 2005).
Considering other factors such as co-exposures and co-morbidities is increasingly
important concerning mercury toxicity. Though mercury is undoubtedly toxic at high-
dose exposures, adverse impacts at low-dose exposures are possible and have been
observed in nutrient deficient and genetically sensitive populations. This dissertation
addresses selenium co-exposures in laboratory experiments that measure the impact of
different inorganic and organic forms and concentrations on a non-specific endpoint that
represents a number of biological processes and general dietary factors in an ecological

study of a human population.

6.1.1 Low-dose mercury exposure induces genotoxic, metabolic, and
innate immune impacts.

Mercury has the potential to induce DNA damage through indirect mechanisms
including altering the balance of antioxidant enzymes (Stohs & Bagchi, 1995; Valko et al.,
2005) which can favor a more damage prone environment, generating reactive oxygen
species (ROS) that damage DNA (Ni et al., 2010; Yee & Choi, 1996), and/or impairing
DNA repair enzymes resulting in a condition less able to recover from damage (Crespo-
Lopez et al., 2009). DNA damage (DNA strand breaks, chromosome aberration
frequency, 8-OHdG level, and micronuclei presence) and impaired damage repair have

been observed in laboratory, field, and epidemiological studies, though the outcomes in
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measuring genomic damage have not been consistent between studies. However, most
of these studies have focused on damage to the nuclear genome and bulky DNA lesions
caused by ultraviolet, gamma, and x-ray radiation. Metals have been observed to
accumulate in mitochondria likely due to mitochondria having a high lipid content with
attracts metals like mercury. It is important to consider mitochondria as the target of
exposure because of their important function in health maintenance (Meyer et al., 2013).
Mercury toxicity mechanisms have the potential to induce DNA damage and disrupt
cellular processes, like mitochondrial function. Proper mitochondrial function is
important for cellular bioenergetics and immune signaling and function. Immune
system impacts may be in part related to impaired mitochondrial function, as
mitochondria, aside from their role in ATP production, have an important role in
immune system function, including ROS signaling and mitochondrial specific damage-
associated molecular patterns that activate pattern-recognition receptors (Weinberg et
al., 2015; West et al., 2011). Using the laboratory model C. elegans, I have shown that at
low-dose exposures, DNA damage can occur, though it’s more likely to occur with co-
exposures, and with oxidative stress in particular. MeHg co-exposure with an oxidative
agent (H20z) in particular increased mtDNA damage. MeHg and HgCl: exposure were
observed to alter base excision repair, however impacts to NER appear unlikely as repair

and removal were not significantly impacted. Chronic MeHg exposure combined with
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UVC or H20z2 induced DNA damage reduced mitochondrial copy number. I have also
provided evidence of potential bioenergetics impacts, as chronic exposure to both
mercury forms affected ATP levels, though the direction of impact was compound-
specific. Both mercury compounds induced innate immune impacts that were observed
through reduced mRNA levels of immune signaling-related genes. Overall, my
dissertation supports findings from previous studies, that nonlethal mercury exposure
alone does not induce substantial DNA damage in either genome. Additionally, my
work highlights that mercury has mitochondrial impacts and that exposure disrupts

mitochondrial endpoints in a mercury-compound dependent fashion.

6.1.2 Reduced mercury exposure was associated with high
antioxidant dietary factors, but not with one selenium-rich dietary
factor.

Much of the research surrounding exposure modification has focused on
selenium, a proposed mercury antagonist. Investigators investigating selenium
mediated impacts have observed contrasting interactions that range from decreased
toxicity from antagonism to greater than additive toxicity (synergism). In human
studies, the focus on dietary factors related to mercury exposure has primarily focused
on fish consumption. The focus on fish is understandable, given the strong association
with mercury exposure, however, this focus has led to a paucity of knowledge

concerning other potential dietary associations. In studies that evaluated other food
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groups (Dolbec et al., 2001; Passos et al., 2003), only one reported their observations and
observed an association of reduced hair mercury with certain tropical fruits (Passos et
al., 2003). Concerning selenium, my dissertation addressed the hypothesis that
protection from mercury toxicity occurs when there is an equimolar ratio of mercury
and selenium or excess selenium and found that predicting interactions between the two
compounds was complicated. Though all possible interactions were observed (greater
than additive, additive, and less than additive), biologically important interactions were
only observed when the dosing selenium solution concentration was 100-25,000 times
greater than the dosing mercury concentration. The summary from the laboratory
experiments was that though selenium compound specific impacts were observed
regarding mercury toxicity, rescue of growth was not predictable from the Hg/Se molar
ratio. Furthermore, altered mercury exposure (hair mercury content) was not observed
with consumption of selenium-rich dietary items in the human study. However, an
important caveat to this is that it is unknown if the selenium content in local food items
or the consumption frequency is sufficient to have a biological impact. However, a
reduction in human mercury exposure was associated with the frequent consumption of
dietary items rich in antioxidants and fiber including two grains (quinoa and kiwicha)

and some fruits (tomatoes and bananas). I hypothesize that the observed inverse
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association with these items may be related to phytochemicals and other nutritional

fibers interacting with mercury's absorption, metabolism, or excretion.

6.1.3 The interaction between mercury exposure and nutritional
status influenced child immune response to vaccination.

There is some evidence for immunomodulation in humans including altered
innate and adaptive (antibodies) immune responses, but this data has not been
consistent between studies (C. M. Gallagher et al., 2011; Renee M. Gardner et al., 2010;
Carsten Heilmann et al., 2010). Elevated auto-antibodies and pro-inflammatory
cytokines have been observed in mining populations (Renee M. Gardner et al., 2010; Ines
A. Silva et al., 2004). In newborns from a population exposed to mercury via diet,
immunoglobulin levels in cord blood were both correlated (total IgG) and inversely
correlated (total IgM) with mercury concentration (Belles-Isles et al., 2002; Nyland,
Wang, et al., 2011). Interpreting the impact of early-life exposures on child antibody
concentrations, in terms of sero-conversion, has not been straightforward. Diet and
nutritional status appear to be important factors influencing the impact of mercury on
antibody concentrations. Not accounting for nutritional status, a slight (but not
significant) negative relationship was observed with child diphtheria and tetanus
antibodies in a Faroe Island population (C. Heilmann et al., 2010). When nutritional
status was considered in a US population, mercury significantly reduced measles and

rubella antibody concentrations in the majority of children and was associated with an

188



increase in antibodies in a nutritionally deficient subpopulation (vitamin B12, folate) (C.
M. Gallagher et al., 2013; C. M. Gallagher et al., 2011). My dissertation provides evidence
that altered immune response to vaccination in children is impacted by mercury
exposure, poor nutrition, and their interaction. Mercury related impacts appear to be

antigen dependent.

6.2 Broader Impacts

Mercury has a pervasive environmental presence and many people globally are
exposed to at least trace amounts of mercury. The greatest concern for exposure is in
regions with current or historical mercury use (e.g. gold mining), however, levels of
concern are also present in developed countries, with approximately 3% of US WCBA
having blood MeHg that exceeds the NRC reference dose level of 5.8 ug/L, most likely
from frequent consumption of high trophic level fish (e.g tuna, swordfish) (USEPA,
2013). Mercury, and methylmercury in particular, is a potent neurotoxin that has
adverse implications for child development, however, neurocognitive impairments have
not been observed in all human studies (Davidson et al., 1998; Grandjean, Budtz-
Jorgensen, et al., 1999; Myers et al., 2003). Differences between studies are hypothesized
to relate to genetics, diet, and other factors that may modify mercury toxicity. This
dissertation furthers knowledge of mercury related toxicity and health impacts by

addressing the impact of co-exposures and co-morbidities. My observations of increased
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potential for DNA damage to both genomes with oxidative stress, changes to
mitochondrial function in terms of bioenergetics from co-exposure with stressors,
reduced mercury exposure with consumption of some dietary items rich in antioxidants,
and altered immune impacts depending on nutritional status have important
implications for human health assessments. Instances of excess oxidative stress or
inflammation from autoimmune diseases, parasites, or other pollutant exposures could
increase the susceptibility to mercury related damage that could alter cellular functions
(DNA damage, bioenergetics). Alterations in cellular energetics has the potential to alter
immune cell phenotypes leading to immunomodulation (Weinberg et al., 2015). The
broader impacts of this work are particularly relevant for child immune health,
especially for many developing and low-income countries where nutritional deficiencies
are more common (Laborde et al., 2015; Priiss-Ustiin & Corvalan, 2006; Walker et al.,
2007). Anemia is common in many regions and the finding of reduced protection in
anemic children with high mercury exposure to some diseases even following
vaccination raises some concerns for the efficacy of certain vaccines in these instances
and for increased disease susceptibility in general. Perhaps altered vaccination schedules
should be considered in regions where malnutrition and increased mercury exposure co-
occur. In summary, this work is important to the fields of environmental toxicology,

environmental health sciences, and epidemiology.
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Appendix A - Antagonistic Growth Effects of Mercury
and Selenium in Caenorhabditis elegans Are Chemical-
Species-Dependent and Do Not Depend on Internal
Hg/Se Ratios

This chapter appears in Environmental Science and Technology, issue 15 (2016),
pages 3256-3264

The authors are: Wyatt LH, Diringer SE, Rogers LA, Hsu-Kim H, Pan WK, Meyer
JN.

Duke University, Nicholas School of the Environment, Integrated Toxicology and

Environmental Health Program. LSRC, PO Box 90328, Durham, NC 27708, USA

A.1 Abstract

The relationship between mercury (Hg) and selenium (Se) toxicity is complex,
with coexposure reported to reduce, increase, and have no effect on toxicity. Different
interactions may be related to chemical compound, but this has not been systematically
examined. Our goal was to assess the interactive effects between the two elements on
growth in the nematode Caenorhabditis elegans, focusing on inorganic and organic Hg
(HgCl2 and MeHgCl) and Se (selenomethionine, sodium selenite, and sodium selenate)
compounds. We utilized aqueous Hg/Se dosing molar ratios that were either above,
below, or equal to 1 and measured the internal nematode total Hg and Se concentrations

for the highest concentrations of each Se compound. Observed interactions were
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complicated, differed between Se and Hg compounds, and included greater-than-
additive, additive, and less-than-additive growth impacts. Biologically significant
interactions were only observed when the dosing Se solution concentration was
100-25,000 times greater than the dosing Hg concentration. Mitigation of growth
impacts was not predictable on the basis of internal Hg/Se molar ratio; improved growth
was observed at some internal Hg/Se molar ratios both above and below 1. These
findings suggest that future assessments of the Hg and Se relationship should

incorporate chemical compound into the evaluation.

A.2 Contrast matrices

First, the impact of Hg on Se-induced growth changes was evaluated, HOa: (Se
exposed) — (Se and Hg exposed) = 0. If the null hypothesis was rejected, then the impact
of each Hg concentration individually (2 and 5 uM) was tested to assess if each Hg
concentration could alter the effect Se had on growth, HOb1: (Se exposed) — (Se and 2 uM
Hg exposed) = 0 and HOb2: (Se exposed) — (Se and 5 uM Hg exposed) = 0. If either null
hypothesis was rejected, then the growth impact at each co-exposure combination was
tested to determine if the interaction was greater than or less than additive, HOc: (Se

exposed) + (Hg exposed) - (Se and Hg exposed) = 0.

A.3 Supplemental tables and figures
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Table 8. Internal mercury and selenium concentrations (average ng of
compound/ug of protein) for nematodes exposed to selenium (50 mM selenate, 1500
MM selenite, 500 pM selenomethionine) and mercury (HgCI2, MeHg).

Values above and below the detection limits are indicated by OD (over detection)
and LOD (limit of detection) respectively.

Selenium Mercury [_)et_ection D_et_ection [Ha] [Se] Hg/_Se
Compound Compound Limit (Hg) Limit (Se) ratio
- 1 pM HgCb 138 0.10 14.01

- 1 pM HgCh LOD 1.21 0.03 35.78

- 1 uM MeHg 0.89 0.08 10.64

- 1 uM MeHg LOD 0.64 0.04 16.01

- 5 uM HgCh 1047 0.16 64.93

- 5 uM HgCh OD LOD 10.61 0.03 369.02

- 5 uM MeHg LOD 2.39 0.05 4464

- 5 pM MeHg LOD 252 0.03 78.28
Selenate 2 UM HgCh 231 4.01 0.58
Selenate 2 UM HgCh 211 429 0.49
Selenate 2 UM MeHg 0.53 9.63 0.05
Selenate 2 UM MeHg 0.46 1497 0.03
Selenate 5 uM HgCh 751 320 235
Selenate 5 UM HgCh 6.16 3.10 1.99
Selenate 5 pM MeHg 111 749 0.15
Selenate 5 uM MeHg 097 6.86 0.14
Selenate None LOD 0.03 8.07 0.00
Selenate None LOD 0.04 8.82 0.00
Selenite 2 UM HgCk 385 0.89 4.33
Selenite 2 UM HgCh 3.12 7.38 0.42
Selenite 2 UM MeHg 0.35 328 0.11
Selenite 2 UM MeHg 024 223 011
Selenite 5 pM HgCh 7.36 0.42 17.65
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Selenite 5 pM HgCh oD 9.18 1.17 7.82
Selenite 5 uM MeHg 052 6.34 0.08
Selenite 5 uM MeHg 0.38 350 0.11
Selenite None 0.05 16.56 0.00
Selenite None 0.05 6.01 0.01
Selenomethionine 2 uM HgCk 451 0.22 20.77
Selenomethionine 2 uM HgCk LOD 4.02 0.04 91.33
Selenomethionine 2 pM MeHg LOD 1.58 0.06 24.50
Selenomethionine 2 uM MeHg LOD 140 0.04 34.20
Selenomethionine 5 uM HgCb LOD 8.75 0.05 159.61
Selenomethionine 5 uM HgChb 10.48 0.05 207.09
Selenomethionine 5 uM MeHg LOD 270 0.04 61.72
Selenomethionine 5 uM MeHg 249 0.12 21.45
Selenomethionine None LOD 0.02 0.05 0.39
Selenomethionine None 0.03 0.05 0.52
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Table 9. Stability constants for the mercury -selenium species considered in the
equilibrium calculations.

The calculations utilized the thermodynamic database within Visual MINTEQ (v.
3.1) as well as constants for MeHg, shown here and obtained from the NIST/Smith and
Martell database (Smith & Martell, 1993). Thermodynamic constants correspond to 25 °C
and I =0 M (Davies equation used for corrections, when necessary).

log K
CHsHg' + OH U CHsHgOH 9.45
CHsHg' + CIrU CHsHgClP 5.44
CHsHg' + HSeQ? U CHsHgSeQ + H* -1.34
CHsHg' + HSeQ?* U CHs;HgHSeQ 3.0
CHsHg' + SeQ?* U CHzHgSeQ 1.72
Hg(OH), + 2HSe@* U Hg(SeQ)* + 2H,0 2.08
Hg(OH) + HSeQ?* + H" U HgSeQs) + 2H0 -14.94
SeQ* + H'U HSeQ 8.40
HSeQ”* + H'U H,SeQy 2.63

1.70
SeQ? + H'U HSeQr
SeQ* + C&'U CaSeQquq) 2.0
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Table 10. Expected growth (logEXT) following co -exposure assuming an
additive interaction between mercury and selenium compounds.

Growth was normalized to average L1 size (size before exposure) and instances
of negative growth are bolded.

Selenium Compound Mercury Compound Predicted Growth

0.25uM Selenite 2 UM HgCb 0.634

2 UM Selenite 2 UM HgCb 0.693

5 uM Selenite 2 UM HgCb 0.602
1500uM Selenite 2 UM HgCb 0.342
0.25uM Selenite 5 uM HgCb 0.190

2 uM Selenite 5 uM HgCb 0.249

5 uM Selenite 5 uM HgCb 0.159
1500uM Selenite 5 uM HgChb -0.102
0.25uM Selenite 2 UM MeHg 0.729

2 UM Selenite 2 UM MeHg 0.788

5 uM Selenite 2 UM MeHg 0.697
1500uM Selenite 2 UM MeHg 0.437
0.25uM Selenite 5 UM MeHg 0.257

2 UM Selenite 5 UM MeHg 0.316

5 uM Selenite 5 UM MeHg 0.225
1500uM Selenite 5 uM MeHg -0.035
0.25uM Selenomethionine 2 UM HgCb 0.553
2 UM Selenomethionine 2 UM HgCb 0.421
5 UM Selenomethionine 2 UM HgCbhb 0.479
500uM Selenomethionine 2 UM HgCbhb 0.264
0.25uM Selenomethionine 5 uM HgCbhb 0.090
2 uM Selenomethionine 5 uM HgCb -0.042
5 uM Selenomethionine 5 uM HgCbh 0.017
500uM Selenomethionine 5 uM HgCb -0.199
0.25uM Selenomethionine 2 UM MeHg 0.407
2 UM Selenomethionine 2 UM MeHg 0.276
5 uM Selenomethionine 2 UM MeHg 0.334
500uM Selenomethionine 2 UM MeHg 0.118
0.25uM Selenomethionine 5 UM MeHg 0.130
2 UM Selenomethionine 5 UM MeHg -0.001
5 uM Selenomethionine 5 UM MeHg 0.057
500uM Selenomethionine 5 UM MeHg -0.158
0.25uM Selenate 2 UM HgCbhb 0.796
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2 UM Selenate 2 UM HgCb 0.905
5 uM Selenate 2 UM HgCbhb 0.879
1000uM Selenate 2 UM HgCb 0.894
10000puM Selenate 2 UM HgCb 0.821
50000uM Selenate 2 UM HgCbh 0.514
0.25uM Selenate 5 uM HgCb 0.241
2 UM Selenate 5 uM HgCbhb 0.350
5 uM Selenate 5 uM HgCb 0.324
1000uM Selenate 5 uM HgCb 0.339
10000puM Selenate 5 uM HgCb 0.266
50000uM Selenate 5 uM HgCb -0.041
0.25uM Selenate 2 UM MeHg 0.761
2 UM Selenate 2 UM MeHg 0.870
5 uM Selenate 2 UM MeHg 0.844
1000uM Selenate 2 UM MeHg 0.859
10000puM Selenate 2 UM MeHg 0.786
50000uM Selenate 2 UM MeHg 0.479
0.25uM Selenate 5 uM MeHg 0.340
2 UM Selenate 5 uM MeHg 0.449
5 uM Selenate 5 uM MeHg 0.423
1000uM Selenate 5 uM MeHg 0.438
10000puM Selenate 5 uM MeHg 0.365
50000uM Selenate 5 uM MeHg 0.058
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Figure 22. Nematode size (logEXT) dose-responses for individual mercury and
selenium compounds.

A) Average nematode size from each experimental replicate plotted in one figure
to show the variation in nematode sensitivity to the compounds that include HgCl
(light-grey), MeHg (dark-grey), sodium selenate (red), sodium selenite (green), and
selenomethionine (blue). Lines for each compound are linear estimates for general
representation. A square root transformation was used on the x-axis to better display the
data spread a lower doses. Box-plots for individual compound exposures: B) HgCl>, C)
MeHg, D) sodium selenate, E) selenomethionine, and F) sodium selenite. Data in each
box-plot represents 1-9 biological experiments separated in time with between 72-1479
individual nematodes. Box-plots: the median is represented by the line in the middle of
the box, Q1 (25th percentile) and Q3 (75th percentile) are the lower and upper limit for
the box, and the whiskers are Q1 - 1.5*IQR and Q3 + 1.5*IQR. * represents significant
growth reduction compared to the control by post-hoc analysis (p<0.05).
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Figure 23. The calculated equilibrium speciation of MeHg species (left graph)
and selenite species (right graph) for the MeHg+selenite test mixtures.

201



11 Hg(OH)Q(aq)
0.1 & 2 e % *r e & =
% HgCIOH
c
.2 001 -
o
©
£
o HgCl
© 0.001 _ =20
o
)
0.0001 -
Hg(Se0,), %
0.00001 ~ ; ; : : |
0.1 1 10 100 1000 10000

total selenite, uM

1 CH.HgOH /\f. s

= 0.1
=
g
=)
vt
o
b= 0.01
[}
(5]
c
(=]
(&)
0.001 -
CH,HgHSeO,
0.0001 - 1 | |
0.1 1 10 100 1000 10000

total selenite, pM

Figure 24. Equilibrium speciation of mercury in the Hg(ll)  -selenite mixtures
(top graph) and the MeHg -selenite mixtures (bottom graph) .
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Appendix B — Hair Mercury Content in Peruvian Riverine
Communities Near Artisanal and Small-scale Gold
Mining Found to be Elevated Chronically and Negatively
Associated with Some Non-fish Dietary Variables

B.1 Abstract

Artisanal and small-scale gold mining (ASGM) is a primary contributor to global
mercury and its rapid expansion raises concern for human exposure. Non-occupational
exposure risks are presumed to be strongly tied to environmental contamination;
however, the relationship between environmental and human mercury exposure, how
exposure has changed over time, and risk factors beyond fish consumption are not well
understood in ASGM settings. In Peruvian riverine communities (n=12) where ASGM
has increased 4-6 fold over the past decade we provide a large-scale assessment of the
connection between environmental and human mercury exposure by comparing total
mercury contents in human hair (2cm segment, n=231) to locally caught fish tissue,
analyzing temporal exposure in women of child bearing age (WCBA, 15-49 yrs, n=46)
over one year, and evaluating general mercury exposure risks including fish and non-
fish dietary items, through household surveys and linear mixed models. Calculations of
an individual’s oral reference dose using the total mercury content in locally-sourced
tish underestimated the observed mercury exposure for individuals in many
communities. This discrepancy was particularly evident in communities upstream of

ASGM where mercury levels in river fish, water, and sediment were low, yet hair
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mercury was chronically elevated. Hair mercury in these communities was chronically
elevated, 86% of individuals and 77% of children exceeded a USEPA provisional level
(1.2 pg/g) that could result in child developmental impairment. Chronically elevated
mercury exposure was observed in the temporal analysis in WCBA. If the most recent
exposure exceeded the USEPA level, there was a 97.4% probability that the individual
exceeded that level 8-10 months of the previous year. Frequent household consumption
of some fruits (tomato, banana) and grains (quinoa) was significantly associated with 29-
75% reductions in hair mercury. Collectively these data demonstrate that communities
located hundreds of kilometers from ASGM are vulnerable to chronic elevated mercury
exposures. Furthermore, unexpected associations with fish mercury contents and non-
tish dietary intake highlight the need for more in-depth analysis of exposure regimes to

identify the most vulnerable populations and to establish potential interventions.
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B.2 Supplemental figures and tables
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Figure 26. The relationship between hair mercury content and age varies by
Sex.

The modeled relationship is represented with a linear relationship (red line with
the 95% confidence interval indicated in grey) and one with cubic splines (blue line with
the 95% confidence interval indicated in grey). Horizontally, the USEPA limit (1.2 ug/g,
red line) and Peru limit (2.0 pg/g, yellow line) are indicated.
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Figure 27. Proportion of individuals with  hair mercury content that exceeded
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(Panel A) The proportion of observed individuals from each community that had
hair mercury content that exceeded the USEPA limit (1.2 pg/g) compared to the
expected proportion that would exceed the limit based on the proportion of fish caught
near (+/- 100km) the community that exceeded the USEPA limit for water quality (0.3
mg/kg). (Panel B) The proportion of observed individuals from community groupings
that had hair mercury content that exceeded the USEPA limit compared to the expected
proportion that would exceed the limit based on the proportion of fish caught near the
community that exceeded the USEPA limit for water quality. Community groupings are
as follows A: communities upstream of mining with low hair mercury (SAL, ITA), B:
communities upstream and high hair mercury (BMA), C: communities near mining
inputs (SJG, BOA, BOI), D: communities downstream that are downstream of mining
(TRE, PPA), and E: communities further downstream (BMD, PAL, PAR, VAL).
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80¢

Population 5yrs and older’ Children? WCBA®
Variable Level p-value p-value p-value
General fish consumption
General consumption frequency (REF: Less than weekly) Weekly or Daily NS —— NS —— NS —r——
General quantity consumed (REF: Low) Medium NS - NS - NS ——
High * o * . = s
Consume trophic level 3 fish (REF: No) Yes i —— " — bl ——
Consumption frequency of trophic level 3 fish (REF: Less than weekly) Weekly or Daily % —-— * = g —-—
Specficfishspecies o R
Doncella o —— il =l bl ——
Chambira o — - = —-— = ——
Yulilla * — = — = —
1 T T I L L TR T | R T R

p-values: + p<0.10; * p<0.05; ** p<0.01; *** p<0.001 compared to the indicated reference level

' Log;o(Hg) Model controls for age, sex, age*sex, community location, and household member living outside of MDD 020 020406038
? Log,,(Hg) Model controls for sex and community location
2 Log,,(Hg) Model controls for marriage and community location

p

020 02040608

p

020 02040608

p

Figure 28. Association between hair mercury and dietary fish consumption in the population five yrs and older, children,

and WCBA.
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Figure 29. Temporal exposure over a year timeframe was measured in WCBA (n=46). Differences by community are
depicted with lines connecting hair mercury contents (ppm) of each individual woman over 2 cm (approximately 2 month)
intervals.
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The red line representing the USEPA limit (1.2 pg/g, dashed red line) and Peru limit (2.0 ug/g, dashed yellow line).



Table 11. Trophic levels of fish .

Species Name Trophic level
Ashara Leiarius marmoratus 3
Megalonema platycephalum,
Bagre Pimelodus sp. 3
Bocachico Prochilodus nigricans 1
Liposarcus sp., Pterigoplictis
disjuntivus, Hypostomus sp.,
Carachama Squaliforma phrixosoma 1
Hydrolycus pectoralis,
Chambira Raphiodon vulpinus 3
Doncella Pseudoplatystoma punctifer 3
Brachyplatystoma
Dorado rousseauxii 3
Gamitana 2
Huasaco Hoplias malabaricus 3
Jurel 3
Mojasitas 1
Mota 3
Paco 2
Mylossoma aureum,
Palometa Mylossoma duriventre 2
Pana 3
Peje perro 3
Piro Megalodoras irwini 2
Sabalo Salminus affinus 3
Potamorhina altamazonica,
Yahuarachi Potamorhina latior 1
Yulilla Anodus elongatus 1
Zungaro Mota 3
Zungaro Zungaro zungaro 3
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Table 12. FAO food categories for non-fish items .

Food Category

Food Item

Cereal

Corn
Kiwicha
Noodles
Quinoa
Rice

White Roots and Tubers

Potatoes
Yuca

Vegetables

Asparagus
Beets
Broccoli
Chocio
Corn
Lettuce
Onion
Tomato

Vitamin A Rich Fruits

Mango
Maracuya
Papaya

Other Fruits

Aguaje
Banana
Camu camu
Cherimoya
Cocona
Guanabana
Orange
Tomato

Organ Meat

Liver

Flesh Meat

Monkey
Chicken
Deer
Grubs
Guinea pig
Meat
Peccary
Pork
Reptiles

Eggs

Eggs

Legumes, Nuts, Seeds
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Sacha Inchi

Milk

Cheese
Yogurt

Sweets

Chips
Sweets

Spices, Condiments, Beverages

Aji
Coffee
Soda
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Table 13. Association between hair mercury and dietary, individual, and
and older, WCBA, and children .

household factors in the population 5 yrs ofag e

Population 5yrs and older* Children? WCBAS3
Variable (95% } (95% i (95% }
Level b cl) p-value b cl) p-value b cl) p-value
Fish diet
Consumption frequency of
trophic level 3 fish (REF: Weekly or 0206 (0948 4513 0265 0988 4004 0286 (0987 (06
. 0.370) 0.445) 0.492)
Less than weekly) Daily
Non-fish diet
Cereal consumption (- - (-
frequency (REF: Less than Weekly or -0.224  0.457, 0.060 -0.237 0.473,- 0.047 -0.604  1.237, 0.058
weekly) Daily 0.011) 0.002) 0.041)
(- (- (-
-0.921 1.288,- <0.001 -1.269 1.907,- <0.001 -0.945 1.307,- <0.001
Kiwicha 0.558) 0.630) 0.588)
(- (- (-
-0.410 0.654,- 0.001 -0.264 0.558, 0.079  -0.337 0.597,- 0.014
Quinoa 0.171) 0.030) 0.072)
Other fruits consumption (- (- (-
frequency (REF: Less than Weekly or -0.287  0.613, 0.085 -0.397 0.692,- 0.009 -0.182  0.633, 0.423
weekly) Daily 0.041) 0.102) 0.271)
(- (- (-
-0.147  0.307, 0.072 = -0.211 0.387,- 0.018 @ -0.202 0.420, 0.071
Banana 0.013) 0.040) 0.018)
(- (- (-
-0.150  0.309, 0.061 @ -0.231 0.370,- 0.008 -0.187 0.395, 0.080
Tomato 0.007) 0.082) 0.025)
Organ meat (liver) (- (- (-
consumption frequency Weekly or -0.305 0.546,- 0.014 -0.374 0.676,- 0.015 -0.364 0.665,- 0.014
(REF: Less than weekly) Daily 0.060) 0.089) 0.076)



q1e

Sum of FAO groups

(_

consumed weekly or more -0.035 0.077, 0.097 -0.026  0.062, 0.137 -0.034  0.134, 0.496
frequently 0.007) 0.009) 0.068)
Individual
(-
-0.179 0.341,- 0.029 - - - - - -
BMI (REF: normal) Underweight 0.019)
(- (-
-0.020 0.114, 0.668 - - - 0.073 0.166, 0.542
Overweight 0.076) 0.318)
(- (-
0.083 0.032, 0.148 - - - 0.143 0.105, 0.246
Obese 0.199) 0.387)
(-
0.011 (88502) 0.017 - - - 0.015 0.007, 0.172
BMI continuous ' 0.036)
(- (-
0.004 0.000, 0.053 - - - 0.008 0.001, 0.084
Waist circumference 0.007) 0.016)
(- (-
0.002 0.002, 0.369 - - - 0.008 0.001, 0.098
Hip circumference 0.006) 0.017)
(-
0.001 0.003, 0.619 - - - 0.012 (ggzoj) 0.028
Body fat % 0.005) '
(- (-
Marriage (REF: Not in a Ina 0.111 0.020, 0.084 - - - 0.179 0.115, 0.219
partnership) partnership 0.243) 0.467)
(- -
Education (REF: none or 0101 0054, 0200 -0.038 0169, 0627 0985 (f'gff)' 0.003
less than grade 1) Grades 1-5 0.257) 0.102) '
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(_

0.166 (g'gzlg)’ 0038 0115 0214, 0.604  0.887 (f'ggg)' 0.007
Grades 6-8 ' 0.479) '
(0.026, ) ) ) (0.371,
Grades 9-12 0.199 0.372) 0.024 1.008 1.645) 0.003
Technical (- (-
school/Univers @ -0.005 0.229, 0.964 - - - 0.515 0.273, 0.153
ity 0.218) 1.296)
(_
- - - - - - -0.020 0.024,- <0.001
_ 0.015)
Time
(_
Seasonality (REF: Dry - - - - - - -0.141 0.180,- <0.001
season) Rainy 0.102)
(_
- - - - - - -0.020 0.059, 0.316
Post-rainy 0.019)
Household
Average hair Hg of all HH 0161 0206, - <0001 0093 Ol 5001 0117 (0064 45001
0.124) 0.170)
member 0.116)
i i i (0.042, i ) i
Father hair Hg 0.073 0.104) <0.001
i i i (0.037, i i i
Mother hair Hg 0.056 0.076) <0.001
i i i (0.035, i ) i
Average parental hair Hg 0.055 0.074) <0.001
(0.059, i i ) 0.0745 (0.039,
Spouse hair Hg 0.081 0.104) <0.001 7 0.113) <0.001

* p<0.10; A p<0.05; A 4p<0.01; A AH<0.001 compared to the indicated reference level
! Logio(Hg) Model controls for age, sex, age*sex, community location, and household member living outside of MDD
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2 Logio(Hg) Model controls for sex and community location
3 Logio(Hg) Model controls for marriage and community location



Table 14. Association between hair mercury and fish consumption in the population 5 yrs of age and older, WCBA, and

81¢

children.
Population 5yrs and older? Children? WCBA?3
0 p- 0, p- 0, _
Variable Level b (95% Cl) value b (95% Cl) value b (95% Cl) p-value
General fish consumption
General consumption
frequency (REF: Less -0.017  (-0.195,0.160) 0.845 0.002 (-0.199, 0.201) 0.987 @ 0.078 (-0.158, 0.313) 0.507

than weekly) Weekly or Daily
General quantity . . ]
consumed (REF: Low) Medium 0.106 (-0.077,0.287) 0.247 | 0.141 (-0.091,0.372) 0.215 A 0.100 (-0.152,0.351) 0.431

High 0.283 (0.031,0.534) 0.028 0.299 (0.040,0.553) 0.023 | 0.406 (0.108,0.702) 0.009

Consume trophic level 3 0.243  (0.045,0.443) 0.018 0.339 (0.089,0.589) 0.009 0.321 (0.098, 0.547)  0.007

fish (REF: No) Yes
Consumption frequency
of trophic level 3 fish

(REF: Less than 0.206 (0.046, 0.370) 0.013 0.265 (0.086, 0.445) 0.004 | 0.286 (0.087,0.492) 0.006

weekly) Weekly or Daily
Specific fish species
<
Doncella 0.253 (0.086, 0.421) 0.004 | 0.320 (0.135, 0.498) 0.001 0.392 (0.193,0.593) <0.001
Chambira 0.197 (0.018,0.380) 0.032 | 0.246 (0.083,0.438) 0.009 @ 0.303 (0.096,0.517) 0.006
Yulilla 0.271 (0.020, 0.523) 0.032 | 0.407 (0.131,0.701) 0.005 6 0.428 (0.120,0.732) 0.007

* p<0.10; A p<0.05; A Ap<0.01; AAP<0.001 compared to the indicated reference level
1 Logio(Hg) Model controls for age, sex, age*sex, community location, and household member living outside of MDD
2 Log10(Hg) Model controls for sex and community location

3 Logio(Hg) Model controls for marriage and community location



Appendix C - Effects of methyl and inorganic mercury
exposure on genome homeostasis and mitochondrial
function in Caenorhabditis elegans

This chapter appears in DNA Repair, issue 52 (2017), pages 31-48

The authors are: Wyatt LH, Luz AL, Cao X, Maurer LL, Blawas AM, Aballay A,
Pan WK, Meyer JN.

Duke University, Nicholas School of the Environment, Integrated Toxicology and

Environmental Health Program. LSRC, PO Box 90328, Durham, NC 27708, USA

C.1 Abstract

Mercury toxicity mechanisms have the potential to induce DNA damage and
disrupt cellular processes, like mitochondrial function. Proper mitochondrial function is
important for cellular bioenergetics and immune signaling and function. Reported
impacts of mercury on the nuclear genome (nDNA) are conflicing and inconclusive, and
mitochondrial DNA (mtDNA) impacts are relatively unknown. In this study, we
assessed genotoxic (mtDNA and nDNA), metabolic, and innate immune impacts of
inorganic and organic mercury exposure in Caenorhabditis elegans. Genotoxic outcomes
measured included DNA damage, DNA damage repair (nucleotide excision repair,
NER; base excision repair, BER), and genomic copy number following MeHg and
HgCl2exposure alone and in combination with known DNA damage-inducing agents

ultraviolet C radiation (UVC) and hydrogen peroxide (H20:), which cause bulky DNA
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lesions and oxidative DNA damage, respectively. Following exposure to both MeHg and
HgCl, low-level DNA damage (D0.25lesions/10 kb mtDNA and nDNA) was observed.
Unexpectedly, a higher MeHg concentration reduced damage in both genomes
compared to controls. However, this observation was likely the result of developmental
delay. In co-exposure treatments, both mercury compounds increased initial DNA
damage (mtDNA and nDNA) in combination with H20:z exposure, but had no impact in
combination with UVC exposure. Mercury exposure both increased and decreased DNA
damage removal via BER. DNA repair after H20z exposure in mercury-exposed
nematodes resulted in damage levels lower than measured in controls. Impacts to NER
were not detected. mtDNA copy number was significantly decreased in the MeHg-UVC
and MeHg-H>0: co-exposure treatments. Mercury exposure had metabolic impacts
(steady-state ATP levels) that differed between the compounds; HgCl2 exposure
decreased these levels, while MeHg slightly increased levels or had no impact. Both
mercury species reduced mRNA levels for immune signaling-related genes, but had
mild or no effects on survival on pathogenic bacteria. Overall, mercury exposure

disrupted mitochondrial endpoints in a mercury-compound dependent fashion.
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C.2 Supplemental tables and figures

Table 15. mtDNA damage, 3 -way ANOVA (mercury compound x UVC

exposure x time).

Mean
Df Sum Sq Sq F value Pr(>F)
Hg_type 2 0.213 0.107 1.7931 0.168226
UV_yn 1 188.326 188.326 3169.292 < 2.2el16
Timepoint 3 1.322 0.441 7.4159 8.30E05
Hg_type:UV_yn 2 0.545 0.273 4.5877 0.010901
Hg_type:Timepoint 6 1.132 0.189 3.1762 0.004898
UV_yn:Timepoint 3 1.248 0.416 6.9984 0.000145
Hg_type:UV_yn:Timepoint 6 0.286 0.048 0.8031 0.568108
Residuals 300 17.827 0.059
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Table 16. nDNA damage, 3 -way ANOVA (mercury compound x UVC exposure

x time).
Df Sum Sq Mean Sq F value Pr(>F)
Hg_type 2 0.48 0.24 5.3429 0.005248
UV_yn 1 53.186  53.186 1183.051 < 2.2el6
Timepoint 3 26.258 8.753 194.6894 < 2.2el6
Hg_type:UV_yn 2 0.131 0.066 1.4584 0.234261
Hg_type:Timepoint 6 0.619 0.103 2.295  0.035055
UV_yn:Timepoint 3 20.351 6.784  150.8947 < 2.2el6
Hg_type:UV_yn:Timepoint 6 0.643 0.107 2.3845 0.028878
Residuals 300 13.487 0.045
+UVC Df Sum Sq Mean Sq F value Pr(>F)
Hg_type 2 0.1 0.05 0.9392 0.393235
Timepoint 3 46.362 15.4539 289.9922 < 2.2el6
Hg_type:Timepoint 6 1.041 0.1734  3.2547 0.004898
Residuals 150 7.994 0.0533
-UvC Df Sum Sq Mean Sq F value Pr(>F)
Hg_type 2 0.5114 0.255716 6.9823 0.001261
Timepoint 3 0.2477 0.082566 2.2544 0.084406
Hg_type:Timepoint 6 0.2216 0.036929 1.0084 0.422097
Residuals 150 5.4935 0.036623
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Table 17. Mitochondrial copy number, 3 -way ANOVA (mercury compound x

UVC exposure x time).

Df Sum Sqg Mean Sq F value Pr(>F)
Hg_type 2 0.98592 0.49296 96.088 <2.2el6
UV_yn 1 0.68226 0.68226 132.9868 < 2.2e16
Timepoint 3 0.43753 0.14584 28.4276 3.31E16
Hg_type:UV_yn 2 0.20756 0.10378 20.229 5.74E09
Hg_type:Timepoint 6 0.25561 0.0426  8.3039 2.47E08
UV_yn:Timepoint 3 0.13169 0.0439 85565 1.81E05
Hg_type:UV_yn:Timepoint 6 0.13842 0.02307 4.4968 0.000222
Residuals 300 1.5391 0.00513
Ohr Df Sum Sq Mean Sq F value Pr(>F)
Hg_type 2 0.09549 0.047745 8.2053 0.000583
UV_yn 1 0.02814 0.028142 4.8364 0.030827
Hg_type:UV_yn 2 0.00799 0.003993 0.6862 0.506499
Residuals 78 0.45387 0.005819
6hr Df Sum Sq Mean Sq F value Pr(>F)
Hg_type 2 0.075866 0.037933 9.4618 0.000209
UV_yn 1 0.106285 0.106285 26.5112 1.91E06
Hg_type:UV_yn 2 0.010047 0.005024 1.253 0.291319
Residuals 78 0.312707 0.004009
24hr Df Sum Sqg Mean Sq F value Pr(>F)
Hg_type 2 0.49831 0.24915 48.066 2.50E14
UVv_yn 1 0.34159 0.34159 65.897 5.57E12
Hg_type:UV_yn 2 0.1049 0.05245 10.118 0.000124
Residuals 78 0.40432 0.00518
48hr Df Sum Sq Mean Sq F value Pr(>F)
Hg_type 2 0.54443 0.27221 48.795 9.80E14
UV_yn 1 0.34525 0.34525 61.887 4.59E11
Hg_type:UV_yn 2 0.21574 0.10787 19.336 2.46E07
Residuals 66 0.3682 0.00558
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Table 18. Nuclear copy nhumber, 3 -way ANOVA (mercury compound x UVC
exposure x time).

Df  Sum Sq Mean Sq Fvalue Pr(>F)

Hg_type 0.0824 0.041222 3.3721 0.035624

uv_yn 0.1046 0.104558 8.5531 0.003712

Timepoint 0.0404 0.013482 1.1029 0.348196

Hg_type:Timepoint 0.0259 0.004317 0.3531 0.907819

UV_yn:Timepoint 0.0142 0.004744 0.3881 0.761665

2
1
3

Hg_type:UV_yn 2 00082 0.0041 0.3354 0.715342
6
3
6

Hg type:UV_yn:Timepoint 0.156 0.025998 2.1267 0.050227

Residuals 300 3.6674 0.012225
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Table 19. mtDNA damage, 3 -way ANOVA (mercury compound x H 202

exposure x time).

Df Sum Sq Mean Sq Fvalue Pr(>F)

Hg_type 2 2.7149 1.3575 24.1444 4.43E10
H202_yn 1 1.9902 1.9902 35.3987 1.25E08
Timepoint 3 15.8078 5.2693 93.7218 < 2.2el6
Hg_type:H202 yn 2 0.5632 0.2816 5.0086 0.007579
Hg_type:Timepoint 6 3.7738 0.629 11.1872 1.07E10
H202_yn:Timepoint 3 41309 1.377 24.4915 1.83E13
Hg type:H202 yn:Timepoin 6 0.6278 0.1046 1.861 0.089453

Residuals 192 10.7947 0.0562
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Table 20. N DNA damage, 3 -way ANOVA (mercury compound x H 202 exposure

x time).
Df Sum Sq Mean Sq Fvalue Pr(>F)

Hg_type 2 0.3199 0.15996 4.4674 0.01269
H202_yn 1 0.1168 0.11676 3.2609 0.07252
Timepoint 3 6.9804 2.32681 64.9858 < 2.2el6
Hg_type:H202_yn 2 0.0212 0.0106 0.296 0.74415
Hg_type:Timepoint 6 2.8791 0.47986 13.402 1.13E12
H202_yn:Timepoint 3 1.028 0.34268 9.5707 6.40E06
Hg_type:H202_yn:Timepoin 6 0.12 0.02 0.5587 0.76281

Residuals 192 6.8745 0.0358
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Table 21. Mitochondrial copy number, 3 -way ANOVA (mercury compound x
H202 exposure x time).

Df Sum Sq Mean Sq Fvalue Pr(>F)
Hg_type 2 0.10879 0.0544 6.748 0.001472
<22e
H202_yn 1 1.17798 1.17798 146.1282 16
<2.2e
Timepoint 3 1.43665 0.47888 59.4053 16
Hg_type:H202 yn 2 0.20676 0.10338 12.8244 5.92E06
Hg_type:Timepoint 6 0.21496 0.03583 4.4444 0.00031
H202_yn:Timepoint 3 0.45123 0.15041 18.6584 1.16E10
Hg_type:H202_ yn:Timepoin 6 0.16015 0.02669 3.311 0.004
Residuals 192  1.54777 0.00806
Ohr Df Sum Sq Mean Sq Fvalue Pr(>F)
Hg_type 2 0.10618 0.053088 4.1621 0.02153
H202 yn 1 0.01128 0.011277 0.8841  0.3518
Hg_type:H202 yn 2 0.00047 0.000234 0.0183 0.98182
Residuals 48 0.61225 0.012755
6hr Df Sum Sq Mean Sq Fvalue Pr(>F)
Hg_type 2 0.030473 0.015236 2.739 0.07475
H202_yn 1 0.156475 0.156475 28.1288 2.85E06
Hg_type:H202_yn 2 0.031038 0.015519 2.7898 0.07142
Residuals 48  0.267014 0.005563
24hr Df Sum Sq Mean Sq Fvalue Pr(>F)
Hg_type 2 0.11907 0.05953 8.8583 0.000532
H202 yn 1 0.42122 0.42122 62.6739 2.94E10
Hg_type:H202 yn 2 0.18299 0.09149 13.6135 2.07E05
Residuals 48 0.3226 0.00672
48hr Df Sum Sq Mean Sq Fvalue Pr(>F)
Hg_type 2 0.06804 0.03402 4.7209 0.013437
H202 yn 1 1.04024 1.04024 144.3521 4.47E16
Hg_type:H202 yn 2 0.15242 0.07621 10.5753 0.000157
Residuals 48 0.3459 0.00721
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Table 22. Nuclear copy number, 3 -way ANOVA (mercury compound x H 202
exposure x time).

Df Sum Sq Mean Sq Fvalue Pr(>F)
Hg_type 2 0.02318 0.011588 1.5732 0.21003
H202_yn 1 0.01852 0.018517 2.5139 0.11449
Timepoint 3 0.56815 0.189382 25.7104 5.01E14
Hg_type:H202 yn 2 0.00167 0.000833 0.1131 0.89315
Hg_type:Timepoint 6 0.12291 0.020485 2.781 0.01289
H202_yn:Timepoint 3 0.03457 0.011523 1.5643 0.19942
Hg_type:H202 yn:Timepoin 6 0.04762 0.007937 1.0775 0.37737
Residuals 192 1.41427 0.007366
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Table 23. Primer sequences and RT-PCR conditions for gene expression

analysis.
Gene target Primer sequence Temp.(°C)
thal R - CCGACCTTGAATCCAGTTGG 60
F- TGATCTCTGCTGACAAGGCTT
pmp-3 R - ACACCGTCGAGAAGCTGTAGA 60
F- GTTCCCGTGTTCATCACTCAT
dct1 R - GGACAGTCTTTGGAGGTGTATT 58
F- ATCGCACAATCTCCTCACGT
polg-1 R-TTGGAGCCGTCCGGATT 60
F- CTGCCTAATACCGTTGCCTTCTT
hmg5 R-GCTTCTTCGCTTCGTCTGTG 60
F- TGTCTGGAGCTGGAATGGAA
becl R-TTCGATCCTTGAGCTCTTTCA 60
F - ATGGCATCGACATGGAAACG
lgg-1 R- CCTCGTGATGGTCCTGGTAG 60
F - GCACCAAAGTCAAAGCTCCA
atg18 R - CCAAGATGTGTAAGATTTTCGCC 58
F- TGGGGCACAAAGATGGCTA
nth-1 R-GGCATTGCATCTGACCGAAT 60
F - AATCGACTCGGCTGGATCAA
exo-l R - CGAGGGTTTTGGTGTAGTTCTTA 60
F- AGCTGGAAGTTTGTGTGCTG
apnl R - GCCACCCACTTCACCGAAAT 60
F- ATTTAAGTTCTCGAGACAATGGC
lig-1 R - TGAGGAGTGCACTAATGGCA 60
F- ATTCGCTGATCAAGGCTGTT
rnr-1 R- AGTCTTTCAGCGAACGAAGC 60
F- TGAGAACTTGTGCGAACGAT
nsy-1 R - TCTTGAGCATGAAGTAGGAGAGA 60
F-TGTTCCCCGTCGCCTTGATA
sekl R - AATTATCCCGCTCTGCCTGT 60
F - ATGGAGCGAAAAGGACGTGA
pmk-1 R -TCGATGTGATCAGATCCAGGG 58
F- TGGATTGGCACGTCAAACTG
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Figure 31. Relative expression (fold change +SE) of mitophagy ( dct-1),
autophagy (bec1, Igg-1, atg-18), and biogenesis (polg-1, hmg-5) related genes in young

adults.

* indicates significantly different (p<0.05) from control and + indicates 0.05 < p <

0.1.
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Figure 32 Relative expression (fold change +SE) of BER related genes (nth-1,
exo-1, apn-1, lig-1, rnr-2) in young adults.

* indicates significantly different (p<0.05) from control and + indicates 0.05 < p <
0.1.
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HgCl 2, or MeHg conditions at the young adult life -stage.
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Figure 34. mtDNA and nDNA damage in
earliest time -point as the reference for the comparison.

glp-1 and N2 nematodes using the

Nematodes were cultured on plates under control conditions at 25°C and
sampled at 60, 66, 84, and 108 hrs post placement on food after overnight hatch for
synchronization for glp-1 nematodes and at 34, 52, and 64 hrs for N2 nematodes.
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More than 40 animals were used for each curve.
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More than 40 animals were used for each curve. MeHg significantly reduced survival of N2 nematodes on OP50 (p<0.05,

Mantel-Cox log-rank test).



Appendix D — Reduced child Haemophilus influenzae
type B and measles antibody concentrations related to
native community inclusion and hair mercury in the
Peruvian Amazon

D.1 Abstract

Interactions between nutritional status and mercury exposure have the potential
to contribute to neurological, immune, and other health outcomes. Diet is important to
mercury exposure and there is evidence that nutritional factors like omega-3 fatty acids
modify neurotoxicity; however, health impacts beyond the nervous system are not well
understood. This study aimed to evaluate immune system impacts and measure the
extent that mercury and health status alter child adaptive immunity in Madre de Dios,
Peru, a region with elevated mercury exposure from regional artisanal and small-scale
gold mining and moderate levels of child malnutrition. Adaptive immune impacts in
children (< 8 yr) were assessed by measuring antibody concentrations to total IgG and
antibody (IgG) concentrations to six diseases that children are commonly vaccinated
against (hepatitis B, Haemophilus influenza type B, measles, pertussis, tetanus, and
diphtheria). To account for differences in immune response that may be observed
between different antigens, three vaccine types were evaluated (live attenuated, protein
subunits, and toxoids). Generalized linear mixed models for young children in the

middle of the vaccination schedule (< 4yr) and older children (4 to < 8yr) were used to
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evaluate associations with each antibody. Low hemoglobin levels and anemia were
associated with decreased measles (p=0.07), hepatitis B (p=0.02), diphtheria (p=0.03), and
tetanus (p=0.05) antibodies. Elevated hair mercury was correlated with increased Hib
(p=0.07) and diphtheria (p=0.05) antibodies in younger children and decreased measles
(p=0.03) and diphtheria (p=0.03) antibodies in older children. Child hair mercury that
exceeded 2ppm significantly increased the odd of being a non-responder to measles
(OR=15.4, p=0.04). We observed significant interactions between mercury exposure and
anemia that were correlated with decreased diphtheria antibodies in younger children
(=-6.6, p=0.003) and decreased hepatitis B antibodies in older children ($=-2.0, p=0.04).
Interactions between mercury and anemia were also associated with increased measles
(B=1.9, p=0.02) and total IgG (3=0.8, p=0.03) antibodies. Additionally we observed that
residing in a native community was associated with 8x increased odds of not having
protective antibodies against Hib (p=0.04). These results provide evidence that child
immune response may be negatively impacted in regions with elevated instances of

malnutrition and mercury exposure.
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D.2 Supplemental tables and figures

Table 24. Community level population characteristics for percent of children
that are female and have hair mercury that exceeds 1.2 or 2 pg/g during baseline or
follow -up.

Characteristics are described for different age groups (< 8yr, <4 yr, and 4 to <8
yr) for non-native and native communities.

Sex Hair Hg Hair Hg (follow- Hair Hg Hair Hg (follow-
(baseline) up) baseline) up)
n % n | % exceed n | % exceed n | %exceed | n | % exceed
Female 1.2ppm 1.2ppm 2ppm 2ppm

All < 8yr
Non- 110 53.6 | 62 27.4 | 78 42.3 | 62 19.4 | 78 24.4
native
Native 51 49.0 | 29 86.2 | 35 88.6 | 29 75.9 | 35 82.9
< 4yr
Non- 46 47.8 | 22 22.7 | 32 40.6 | 22 13.6 | 32 18.8
native
Native 22 31.8 | 11 90.9 | 14 85.7 | 11 90.9 | 14 85.7
4 to < 8yr
Non- 64 57.8 | 40 32.5 | 46 43.5 | 40 225 | 46 28.3
native
Native 29 62.1 | 18 83.3 | 21 90.5 | 18 66.7 | 21 81.0
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Table 25. Community level population characteristics for percent of children
that are anemic, stunted, underweight, or wasted during baseline or follow

-up.

Characteristics are described for different age groups (< 8yr, <4 yr, and 4 to <8
yr) for non-native and native communities.

Anemic Anemic Stunted Stunted Underweight Underweight Wasted Wasted
(baseline) (follow-up) (baseline) (follow-up) (baseline) (follow-up) (baseline) (follow-up)
n|% n |% n|% n ‘% n|% n |% n |% n|%
All < 8yr
Non- 98 36.7 108 27.8 94 8.5 103 6.8 93 2.2 107 2.8 89 0.0 99 1.0
native
Native 40 | 60.0 50 | 52.0 | 40 | 30.0 49 | 184 39 7.7 50 6.0 36 | 56 | 48 4.2
< d4yr
Non- 42 452 44 45.5 37 10.8 43 11.6 36 0.0 44 2.3 34 0.0 44 2.3
native
Native 16 62.5 22 72.7 15 40.0 22 27.3 14 14.3 22 4.5 12 8.3 22 4.5
4 to < 8yr
Non- 56 | 30.4 64 | 15.6 | 57 7.0 60 3.3 57 3.5 63 3.2 55 | 0.0 | 55 0.0
native
Native 24 | 583 28 | 357 | 25 | 240 27 | 111 25 4.0 28 7.1 24 | 42 | 26 3.8
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Table 26. Community level population characteristics for percent of children

that are anemic, stunted, underweight, or wasted during baseline or follow

-up.

Characteristics are described for different age groups (< 8yr, <4 yr, and 4 to <8
yr) for non-native and native communities.

Measles Hep B Hib Diphtheria Pertussis Tetanus

n |%NR [n [%NP |n [%NP |[n |[%NP |[n |[%NR [n [%NP
All < 8yr
Non- 66 21.2 | 77 0.0 | 73 11.0 | 81 33.3 | 80 125 | 81 12.3
native
Native 35 48.6 | 38 0.0 | 38 23.7 | 39 35.9 | 39 20.5 | 39 7.7
< 4yr
Non- 30 20.0 | 38 0.0 | 36 13.9 | 38 289 | 38 13.2 | 38 13.2
native
Native 13 69.2 | 16 0.0 | 16 6.3 | 16 375 | 16 125 | 16 12.5
4 to < 8yr
Non- 36 22.2 | 39 0.0 | 37 8.1 | 43 37.2 | 42 119 | 43 16.3
native
Native 22 36.4 | 22 0.0 | 22 36.4 | 23 348 | 23 26.1 | 23 4.3
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Table 27. Comparison of mean hair mercury, hemoglobin level, HAZ, WAZ,
and serum micronutrients for children < 8 in this study (MDD) and a US population

(NHANES).
MDD NHANES

N | Mean 95% CI N Mean | 95% Cl | p-value
Hair Hg (ug/g) | 91 2.1 (0.2, 8.5) 840 0.9 (0.0,15) | p<0.001
Hemoglobin 138 | 11.1 | (8.7,13.4) | 8,112 | 12.6 (10.9, p <0.001
(g/dL) 14.3)
HAZ 138| -2.6 | (-7.1,-0.5) | 7,480 0.3]| (-1.7,2.4) | p<0.001
WAZ 134 | -0.9| (-3.0,1.0) | 13,232 0.7 ] (-1.4,3.4) | p<0.001
Zinc (ug/dL) 16 | 79.2 (42.8, 203 80.3 (565.7, p=0.79

147.3) 112.9)

Folic acid 29 | 11.1 | (6.4,17.7) | 3,644 | 18.0 | (7.0,40.2) | p<0.001
(ng/mL)
Vitamin A 25 | 04 (0.2,0.5) | 1,893 | 0.3 (0.2,0.5) | p=0.002
(mgl/L)
Vitamin B12 29 | 393.3 (152.1, 3,629 |876.1| (376.0, p <0.001
(pg/mL) 1193.3) 1672.7)
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Table 28. Vaccination coverage displayed as percent of children with a
vaccination history that is not up -to-date between non -native and native
communities.

HepB (birth) Penta DPT MMR
Total % not | Total % not | Total % not | Total % not
(N) (N) (N) (N)
Non- 83 27.7 83 16.9 86 37.2 83 59.0
native
Native 39 38.5 39 10.3 41 29.3 41 51.2
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Table29./ 1 UUzZ UWYEEEDPOEUDOOQWUET T EUOT wi OUwi 1 xEUE
MMR vaccinations .

. 4yr
Birth 2mo 4mo 6mo 12mo 18mo (48mo)
Hepatitis B (Hep B) X
Pentavalent (Hib, Hep B, DPT) X X X
DPT (diptheria, pertussis,
X X

tetanus)
Measles, mumps, rubella (MMR) X X
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