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Abstract

Background—In animal studies obesity is associated with higher blood and tissue mercury
concentrations; however human studies are lacking. Although the mechanism underlying this
association is uncertain, obesity may alter the metabolism and distribution of methylmercury.

Objectives—We determined whether obesity influenced blood mercury levels, the majority of
which was methylmercury, for U.S. non-pregnant adults (=20 years) and children (2-19 years)
after controlling for methylmercury intake through fish and shellfish consumption, and other
confounders.

Methods—We completed secondary data analysis of the National Health and Nutrition
Examination Survey (NHANES) (2007-2010) for participants who consumed fish/shellfish within
24 hours of blood collection for mercury analysis. Weighted least squares regression models
related blood mercury levels (the dependent variable) to methylmercury exposure (ug) from fish
consumed in the previous 24 hours, body mass index (BMI) (for adults), BMI z-scores (for
children), and other confounders. Results: In adjusted models, blood mercury levels were
inversely correlated with BMI for adults [B, 95% confidence interval (Cl) = -0.54 (-0.90, —-0.18)].
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For children, blood mercury levels were inversely correlated with BMI z-scores but the trend was
not significant [B (95% CI) = —0.016 (-0.066, 0.035)]. When obese adults or children were
compared with those who were overweight/normal weight, blood mercury averaged 22% lower for
obese adults (95% CI: —=33%, —8.2%), while blood mercury did not differ significantly for obese
children [B (95% CI) = =1.7% (-31%, +39%)].

Conclusions—After adjusting for the main, if not exclusive, exogenous source of
methylmercury exposure (through fish/shellfish intake) and other confounders, our results support
potential changes in the metabolism, distribution or excretion of methylmercury with increasing
BMI (for adults).
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obesity; methylmercury; metabolism; diet; fish/shellfish

INTRODUCTION

Mercury (Hg) is a global pollutant and potent neurotoxin. Speciation determines toxicity;
methylmercury (MeHg) is one of the most toxic forms of Hg due to its ability to cross the
blood-brain and placental barriers (Clarkson and Magos 2006). Fish consumption is the
primary human exposure pathway for MeHg (Clarkson and Magos 2006), while rice
ingestion is important in regions where rice is a staple food and environmental Hg
contamination is substantial (Rothenberg et al. 2014).

Unlike less toxic inorganic Hg, about 95% of MeHg ingested following a fish meal is
absorbed into the bloodstream, entering the hepatic portal circulation (Clarkson and Magos
2006). Blood MeHg levels peak ~10 hours after digestion, while clearance of MeHg from
blood is biphasic with average half-times of 7.7 hours and 52 days (Kershaw et al. 1980).
The long half-time of MeHg is attributed to extensive enterohepatic cycling, which is
interrupted when gut microbiota demethylate MeHg, producing inorganic Hg (Clarkson and
Magos 2006). This less toxic Hg species is poorly absorbed across the intestine and excreted
in feces (Clarkson and Magos 2006). Co-consumption of high fiber foods, including fruit,
may decrease Hg accumulation in tissues, presumably due to higher MeHg detoxification by
gut microbiota and elimination of inorganic Hg (Passos et al. 2003, Rowland et al. 1986).

There is ample evidence to suggest that inter-individual and inter-population differences in
MeHg tissue distribution, metabolism and excretion are important. For example, much of the
literature on MeHg health effects relies on hair Hg concentrations as a biomarker for MeHg
exposure (Clarkson and Magos 2006), and a conversion factor (250:1) is often used to relate
hair Hg and blood Hg [U.S. Environmental Protection Agency (USEPA) 1997]. However
there is large variability in the ratio of hair-to-blood Hg, with reported values ranging from
140 to 370 (Bartlett et al., 2000), suggesting variability in the tissue distribution of MeHg.
Using the conversion factor between hair and blood (250:1) and other toxico-kinetic
parameters, differences were reported between modeled and measured hair Hg
concentrations for three Canadian populations, with the greatest difference among the most
exposed (the Innu), suggesting MeHg metabolism differed at the population-level and
depended on exposure (Canuel et al. 2006). Additionally, the average half-life of MeHg in
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humans varies from 45-70 days (Clarkson and Magos 2006), indicating inter-individual
variability in factors related to MeHg metabolism and elimination.

Obesity is an important factor hypothesized to impact inter-individual variability in MeHg
metabolism, elimination, tissue distribution, and uptake. Vahter et al. (1995) observed
higher accumulation of MeHg in the blood and brains of 3 obese monkeys compared to 24
normal weight monkeys. In the body, MeHg gains entry into cells by forming water-soluble
complexes (Clarkson and Magos 2006). The authors suggested higher blood and brain
accumulation of MeHg among obese monkeys possibly reflected lower partitioning of
MeHg to adipose tissue (Vahter et al. 1995). However, human studies of this topic are
lacking. Thus in the present study of a U.S. population-based sample, we hypothesized that
higher body mass index (BMI) would result in increased blood MeHg accumulation, after
controlling for the primary source of exogenous MeHg exposure, i.e., fish/shellfish
consumption.

To investigate the relation of BMI with blood MeHg, we completed secondary data analysis
of the U.S. National Health and Examination Survey (NHANES) (2007-2010), including
non-pregnant adults (=20 years) and children (2—-19 years), who ingested fish/shellfish
within 24 hours of blood collection for Hg analysis. We focused on non-pregnant adults
because pregnancy is accompanied by changes in weight and metabolism. The developing
fetus is the most vulnerable population for MeHg neurotoxicity (Clarkson and Magos 2006);
however, school children are a secondary population of concern (USEPA 1997), and
therefore this analysis included both non-pregnant adults and children.

METHODS

Approach

NHANES is a stratified multistage probability sample of the U.S. civilian non-
institutionalized population, which is conducted biannually [Centers for Disease Control
(CDC) 2014a]. Two consecutive NHANES cycles were employed, utilizing the same
sampling strategy (2007-2008-2009-2010) (CDC 2011). NHANES study participants were
included if fish or shellfish ingestion was reported on the Day 1 Dietary Interview, reflecting
potential MeHg exposure within 24 hours of the medical exam when blood was drawn
(n=1888 observations). Fish/shellfish species were identified using the U.S. Department of
Agriculture (USDA) food codes (Ahuja et al. 2012; USDA 2012). We did not utilize dietary
data for fish/shellfish consumption within the previous 30 days (recorded on the Day 2
Dietary Interview) because some fish types queried differed between the two dietary
interviews. Also, the Day 1 Dietary Interview included amount ingested (g), which was used
to calculate MeHg exposure (see below). Lastly, inter-individual variability in the timing of
fish intake and resultant MeHg metabolism was minimized by focusing on a shorter
timeframe (i.e., 24 hours instead of 30 days).

Dietary MeHg intake

Dietary MeHg intake was calculated as the product between Hg concentration in fish tissue
(ug/g) (or MeHg concentration for a few fish species) (see Supplemental Material, Table S1)
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and the amount of fish ingested (g). For participants who ingested more than one fish/
shellfish meal within the 24-hour period, MeHg intake was summed across all meals. Two
sets of fish tissue Hg concentrations were compared, including those reported by the U.S.
Food and Drug Administration (USFDA) (USFDA 2014) and those reported by Karimi et al.
(2012). The former is one of the largest existing databases on U.S. commercial fish (USFDA
2014), while the latter includes fish harvested outside the U.S. (Karimi et al. 2012). All
statistical analyses were calculated twice, once for MeHg intake estimates using the USFDA
database and once for estimates using the Karimi database.

Other covariates

Blood (total) Hg (ug/L) was the dependent variable, reflecting MeHg exposure due to fish/
shellfish consumption within the previous 24 hours (Kershaw et al. 1980). For adults (=20
years), body mass index (BMI, kg/m?) was used as a crude measure of fatness [World
Health Organization (WHO) 2000], while BMI percentiles (or corresponding BMI z-scores),
which accounted for age and gender, were more appropriate for children (2-19 years) (CDC
2014b). Weight categories for adults included underweight (BMI: <18.5 kg/m?2), normal
weight (BMI: >18.5 and <25 kg/m?), overweight (BMI: >25.0 and <30 kg/m?), and obese
(BMI: =30 kg/m?2) (WHO, 2000). Weight categories for children included underweight
(<5th percentile), healthy weight (=5th and <85th percentile), overweight (=85th and <95th
percentile) and obese (=95th percentile) (CDC 2014b).

Other independent variables considered in the analyses were chosen based on a priori
considerations including those associated with biomarkers of MeHg exposure in other
studies (Mahaffey et al. 2009; Sheehan et al. 2012). Hematocrit was an appropriate covariate
because ~80% of MeHg binds to red blood cells (Clarkson and Magos 2006), thus
controlling for possible dilution effects and gender differences. The number of fruit/
vegetable servings and corresponding fiber content were obtained from the Day 1 Dietary
Interview, using USDA food codes for “Fruits and Vegetables” (Ahuja et al. 2012; USDA
2012). The total amount of fiber (g) consumed within the previous 24 hours was also
obtained from the Day 1 Dietary Interview. Alcohol consumption (for adults) was
determined from the Day 1 Dietary Interview (1=alcohol consumed within the previous 24
hours, 0=not consumed). Smoking status for participants (=12 years) was obtained from the
NHANES Questionnaire (1=smoke cigarettes every day or some days, 0=not at all);
however smoking status was coded 0 for all children. Demographics included age, gender,
ethnicity, education, and income (for adults). Ethnic groups included Mexican-American,
Hispanic, White, Black, and other races/ethnicities (the latter included Asian, Pacific and
Caribbean Islanders, Native Americans, Alaska Natives, multi-ethnic, and unknown race).
Elemental Hg from dental amalgams diffuses into the bloodstream and increases blood Hg
levels (Clarkson and Magos 2006); however an estimate of the number of amalgams is not
part of the NHANES data.

Participants were excluded from the analysis if fish ingested was unknown or data on Hg
content of the fish were not available (n=577), or if confirmed pregnant, or data were
missing for BMI, blood Hg or hematocrit (n=155), thereby reducing the number of included
participants from 1888 to 1156 (2007-2008: n=510, 2009-2010: n=646), which represented
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5.2% and 6.3% of the total number of examined participants in 2007-2008 and 2009-2010,
respectively (CDC 2011). See Table 1 for distribution of blood Hg by categories of all
covariates.

Fish/shellfish type ingested

To investigate the association between BMI (or BMI z-scores) and fish/shellfish type
consumed, fish/shellfish species were categorized into six groups, including tuna, shrimp,
salmon, other shellfish, and other finfish with low Hg levels (i.e., [Hg]<0.2 pg/g) and high
Hg levels (i.e., [Hg]>0.2 pg/g) (Mahaffey et al. 2009).

Laboratory analyses

Statistics

RESULTS

Total Hg concentrations were measured in whole blood samples (ug/L) using inductively
coupled plasma mass spectrometry (ICP-MS) (CDC Method # ITBO01A) (CDC 2004).
Concentrations of total Hg in blood increase following a fish meal (Kershaw et al. 1980),
and therefore, blood (total) Hg is an appropriate proxy for blood MeHg. For observations
below the limit of detection (0.33 ug/L), the imputed value was the detection limit divided
by the square root of two (=0.23 ug/L). The hematocrit (%) is part of the Complete Blood
Count, which is determined in duplicate for all NHANES study participants =1 year using a
Coulter® HMX (CDC 2010).

Our primary question concerned the influence of BMI on blood Hg levels, after controlling
for dietary MeHg intake and other confounders. Data were analyzed by multivariable
weighted least squares regression using weights provided by the National Center for Health
Statistics, which accounted for oversampling of population subgroups, noncoverage and
nonresponse bias. The logg-transformation was applied to right-skewed variables to
improve normality of the residuals. Regression diagnostics included examination of added
variable plots, comparison of Cook’s distance, and investigation of residual plots to ensure
model assumptions were met (mean=0, constant variance). Multicollinearity between
covariates was assessed using bivariate analyses and regression diagnostics. For
multicollinear covariates, the most predictive of blood Hg remained in the regression model.
The percentage of variability in blood Hg concentrations explained by a single variable (i.e.,
the partial r-squared), was determined after controlling for the contributions of other
covariates in the regression model.

Unadjusted oneway analysis of variance (ANOVA) was applied to analyze three or more
groups. Two or more groups were assessed using Wilcoxon ranksum test (for skewed
variables). An alpha-level of 0.05 was chosen as guide for significance where appropriate.
Stata 9.2 (College Station, Texas) and the R-platform were used for all statistical analyses.

Fish/shellfish consumption

Current guidelines emphasize more frequent consumption of fish with low Hg levels and
high omega-3 fatty acids (e.g., salmon), and less consumption of fish species with high Hg
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levels (e.g., tuna) (Mahaffey et al. 2011). For adults and children, consumption of tuna and
high Hg finfish comprised <10% of fish/shellfish ingested, while salmon and low Hg finfish
represented 52% and 40% of fish/shellfish consumed by adults and children, respectively,
indicating greater prevalence of healthier fish choices within this NHANES timeframe
(2007-2010) (Table 2).

Fish/shellfish consumption differed between weight classes (i.e., underweight, healthy
weight, overweight and obese) (Figure 1). Adults in all weight categories ingested all 6 fish/
shellfish types, while children in the obese category did not ingest salmon, and underweight
children did not ingest salmon, other shellfish, and other finfish with high Hg levels. For
those adults who consumed salmon, BMI (logo-transformed) was significantly lower
compared to adults who consumed shrimp (ANOVA, p<0.01) and low Hg finfish (ANOVA,
p<0.05). For children, there were no significant differences between BMI z-scores and fish/
shellfish types consumed (ANOVA, p>0.69 for all comparisons). For adults and children,
results did not differ using fish tissue Hg concentrations from the USFDA (USFDA 2014) or
Karimi et al. (2012).

Regression results for adults

Blood Hg levels were inversely correlated with BMI in unadjusted models, and this result
was modestly attenuated in adjusted models (Table 3, Figure 2a). In adjusted models, BMI
explained 1.4% and 1.6% of the variability in blood Hg concentrations, when exogenous
MeHg exposure was calculated using fish tissue Hg concentrations reported by the USFDA
(USFDA 2014) and Karimi et al. (2012), respectively. When BMI was replaced by an
indicator variable for obesity (0 = normal weight and overweight, n=611; 1 = obese, n=339),
the slope (B) was —0.11 [95% confidence interval (Cl): —0.17, —0.037], which was
interpreted as a 22% (=1-1070-11) (95% CI: —33%, —8.2%) decrease in blood Hg for obese
individuals, holding other factors constant including dietary MeHg intake. As noted above,
fish/shellfish consumption for adults differed by weight class, including lower BMI for those
who consumed salmon compared to those who consumed shrimp or low Hg finfish. From
Table 2, average salmon Hg concentrations were similar or lower than average Hg
concentrations for both shrimp and low Hg finfish; therefore the association of lower blood
Hg with higher BMI was unlikely to be explained by type of fish/shellfish ingested.

Blood Hg was significantly higher for those classified as “other races/ethnicities,” compared
to the other 4 ethnic groups. Results were consistent with other NHANES analyses relating
blood Hg and ethnicity, which reported highest blood Hg among “other races/ethnicities”
because these populations consumed more fish (Mahaffey et al. 2009; Xue et al. 2012).
However, BMI was significantly lower for “other races/ethnicities” (ANOVA, p<0.0001 for
all groups) and possibly explained the main finding of this analysis (i.e., the association
between higher blood Hg and lower BMI). When participants identified as “other races/
ethnicities” were excluded from regression analysis, the relationship between BMI and
blood Hg remained inverse, but was weaker [Karimi et al. (2012): f (95% CI) = -0.39
(-0.76, —0.0097), n=886; USFDA (USFDA 2014): § (95% CI) =-0.34 (-0.71, 0.040),
n=881], while other parameter estimates were similar.
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Increased MeHg exposure due to fish/shellfish consumption within the previous 24 hours
corresponded to increased blood Hg concentrations, as expected (Kershaw et al. 1980);
however, there was no association between fiber and blood Hg as hypothesized (Passos et al.
2003; Rowland et al. 1986). Although fruit/vegetable consumption was excluded from the
regression model due to multicollinearity, blood Hg concentrations did not differ between
those consuming fruits/vegetables and those who did not (Wilcoxon ranksum, p=0.42)
(Table 1). Alcohol consumption within the previous 24 hours was positively associated with
higher blood Hg. In other studies, correlations of blood Hg with alcohol intake have been
inverse, positive, or none (Bjermo et al. 2013; Grandjean et al. 1997; Park and Lee 2013),
possibly reflecting variability in lifestyle or dietary correlates of fish intake across different
populations. For both alcohol and fiber/fruit intake, our analysis was based on intake in the
24 hours prior to blood Hg assessment, and this short time period possibly reflected different
information than longer term intake evaluated in other studies. Blood Hg was positively
correlated with higher income and college level education, which was consistent with other
reports (e.g., Lincoln et al. 2010; Mahaffey et al. 2009); however, only education level was
included in the regression model due to multicollinearity.

Regression results for children

For children, blood Hg concentrations were inversely correlated with BMI z-scores but the
trend was not significant in unadjusted models or in adjusted models (Table 3, Figure 2b).
Inclusion of BMI z-scores in adjusted models increased the r-squared by <0.5% [(when
MeHg exposure was based on fish Hg content from Karimi et al. (2012) and the FDA
(USFDA 2014)]. The contribution of BMI did not differ when children were subdivided into
2 groups and regression models re-analyzed (2-11 years, n=109, p=0.80 for BMI z-scores;
12-19 years, n=85, p=0.33 for BMI z-scores). When BMI was replaced with an indicator
variable for obesity (0 = normal weight and overweight, n=142; 1 = obese, n=44), the slope
(B) was —0.0073 (95% CI: —0.16, 0.14), which indicated only a 1.7% (=1-1070-0073) (9504
Cl: —31%, +39%) decrease in blood Hg for obese children compared with normal/
overweight children, holding other factors constant.

Surprisingly MeHg exposure from fish/shellfish consumption did not contribute
significantly to blood Hg levels in children, explaining <0.2% of the variability in blood Hg
concentrations. This suggested other unmeasured Hg sources increased blood Hg
concentrations, e.g. silver-Hg amalgams. Like adults, fiber was not associated with blood
Hg, and blood Hg did not differ between those consuming fruits/vegetables and those who
did not (Wilcoxon ranksum, p=0.13) (Table 1). In addition, higher blood Hg levels were
observed for those identified as “other races/ethnicities” compared to the four other ethnic
groups. BMI z-scores were significantly lower for “other races/ethnicities” compared to
children categorized as Mexican-American or White (BMI z-score average + 1 sd: “other
races/ethnicities” —0.35 £ 1.3, Mexican-American 0.65 £+ 1.2, White: 0.68 = 1.1; ANOVA,
p<0.05). Like adults, when this group was dropped from the analysis, the association
between BMI z-scores and blood Hg was somewhat attenuated [Karimi et al. (2012): § [95%
CI)] =-0.0078 (-0.067, 0.051), n=178; USFDA (USFDA 2014):  (95% CI) = -0.012
(-0.072, 0.047), n=177], and remained non-significant.
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DISCUSSION

For adults, higher BMI was associated with lower blood Hg after controlling for MeHg
exposure through fish/shellfish consumption and other confounders, indicating potential
differences in MeHg uptake, metabolism or excretion related to BMI. Alternatively, the
observed findings could result if blood Hg was a proxy for dietary differences that are
associated with lower BMI. However, the association between BMI and blood Hg persisted,
albeit somewhat attenuated, when participants classified as “other race/ethnicity” (who ate
more fish and were slimmer) were excluded from the analysis. Although the observed
association was significant (for adults), the clinical importance of the modest effect of BMI
on blood Hg is uncertain and requires more research. That said, given growing evidence of
adverse human health effects of MeHg at low exposure levels (Orenstein et al. 2014), small
changes in blood Hg concentrations are likely of interest. Furthermore, modest increases (or
decreases) in the mean value of population MeHg levels can reflect substantial increases (or
decreases) in the population prevalence of relatively high MeHg levels (Bellinger 2004;
Korrick and Bellinger 2007). Inverse associations between blood Hg and BMI z-scores were
also observed for children but confidence limits were wide and included the null, consistent
with the small sample size (n=194) and limited power to detect modest associations in this
age group. Alternatively, there may be differences in MeHg metabolism between adults and
children.

Comparison with other epidemiologic studies

Our findings regarding BMI (for adults) differed from most other epidemiologic studies
investigating MeHg exposure, which included BMI as a covariate. In unadjusted models,
hair Hg (or hair MeHg) (dependent variable) was not strongly correlated with BMI
(independent variable) among fish consumers in southern Italy (n=237 adults) (Diez et al.
2008), or among inhabitants in the Amazon Basin in Brazil (n=50 adults and children)
(Barbosa et al. 2001). BMI did not predict toenail Hg values among residents of New
Hampshire (n=27 adults) (Rees et al. 2007). Among Louisiana recreational anglers, BMI did
not add information to regression models relating fish consumption frequency (independent
variable) and hair Hg (dependent variable) (n=534 adults) (Lincoln et al. 2010). In an elderly
Korean population, BMI (independent variable) was positively correlated with blood Hg
(dependent variable), but the association was non-significant in models adjusted for age,
gender, frequency of fish intake, drinking and smoking (You et al. 2011). Among U.S. men
and women (n=6045 adults), an inverse, significant trend was observed in unadjusted
bivariate analyses between toenail Hg (dependent variable) and BMI (independent variable),
but this trend was non-significant in adjusted models (Mozaffarian et al. 2012). Among
women of reproductive age who were NHANES study participants, an inverse trend
between blood Hg (dependent variable) and BMI (independent variable) was also observed
in adjusted models (Sheehan et al. 2012).

Differences in findings between most studies and the present analysis may reflect choice of
biomarker. There is a lag between MeHg exposure and accumulation of Hg species in hair

or toenails, including 20 days for hair (Clarkson and Magos 2006) and at least 6 months for
toenails (Longnecker et al. 1993), while blood Hg represents a shorter time period between
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exposure and accumulation (minutes to hours) (Kershaw et al. 1980). Additionally, MeHg is
not re-mobilized once deposited into the hair shaft or toenail, while the blood compartment
is more variable due to enterohepatic cycling of MeHg (Clarkson and Magos 2006).

MeHg and adipose tissue

The mechanistic basis for the observed inverse association of BMI (adjusted for fish/
shellfish MeHg ingestion) with significantly lower blood Hg concentrations is uncertain.
MeHg is not lipophilic; most MeHg in tissues is complexed with hydrophilic compounds
containing thiol groups, including L-cysteine, reduced glutathione (GSH), haemoglobin,
albumin, and other cysteine-containing polypeptides (Clarkson and Magos 2006; Dutczak
and Ballatori 1994; Roos et al. 2010; Simmons-Willis et al. 2002). Simmons-Willis et al.
(2002) noted that lipid-soluble compounds of MeHg were never detected in tissues of
animals dosed with MeHg. However, in a case-control study, Hg was detected in
subcutaneous and visceral fat obtained from women undergoing abdominal surgery for
uterine leiomyoma tumors, and in subcutaneous fat of women receiving liposuction for
cosmetic reasons (average values: 5.9-13 ng Hg/g fat, Qin et al. 2010). Hg has also been
detected in the adipose tissue of rats (<1-5.6 ng/g, Levine et al. 2000) and marine mammals
(3-190 ng/g, Wagemann et al. 1998). Adipose tissue contains adipocytes, which are
comprised mainly of lipid droplets (~95%), as well as stromal vascular cells with less lipid
content (Lee et al. 2013). Like adipocytes, stromal vascular cells increase in size with
increasing BMI, and may be a potential reservoir for lipophobic MeHg.

MeHg and the liver

Changes in GSH or other hepatic enzymes could alter the enterohepatic cycling of MeHg,
thereby affecting blood Hg concentrations (Cave et al. 2010; Sheehan et al. 2012). In the
liver, MeHg forms a complex with GSH, which is secreted into bile using GSH carriers, and
may be reabsorbed or demethylated and excreted in the feces (Clarkson and Magos 2006).
The level of intracellular GSH is considered a rate-limiting step in MeHg transport from the
liver (Dutczak and Ballatori 1994). For example, animal models of reduced MeHg biliary
secretion have demonstrated impaired fecal excretion and enhanced retention in the liver but
no significant alteration in blood Hg (Ballatori et al. 1995). In humans, obesity is associated
with higher risk for nonalcoholic fatty liver disease, which is characterized by changes in
some hepatic enzymes, including GSH depletion (Koek et al. 2011; Rolo et al. 2012).
Changes in hepatic secretion or retention of MeHg are one hypothesized mechanism
whereby BMI-associated alterations in blood Hg- both decreases and increases- might occur.

CONCLUSIONS

For adults, the association of higher BMI with significantly lower blood Hg concentrations
after adjustment for fish/shellfish intake is consistent with potential BMI-related differences
in MeHg uptake, metabolism or excretion. Possible mechanisms of this observed association
and its implication vis-a-vis MeHg health impacts should be further investigated. More
definitive inferences from the observed findings are limited by the cross-sectional design of
NHANES, which precludes defining the direction of associations, lack of information on
non-fish Hg exposure sources (e.g., silver-Hg amalgams), and use of MeHg exposure
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measures based on estimates of fish tissue Hg concentrations rather than measures from the
actual fish ingested, which likely contributed to measurement error in our models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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B regression slope

BMI body mass index

Cl confidence interval

NHANES National Health and Nutrition Examination Survey

Abbreviations

ANOVA oneway analysis of variance

B regression slope

BMI body mass index

CDC Centers for Disease Control and Prevention

Cl confidence interval

GSH reduced glutathione

Hg mercury

ICP-MS inductively coupled plasma mass spectrometry
MeHg methylmercury

n sample size
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NHANES National Health and Nutrition Examination Survey
USDA U.S. Department of Agriculture

USEPA U.S. Environmental Protection Agency
USFDA U.S. Food and Drug Administration
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Figure 1.
Fish/shellfish consumed within the previous 24 hours by weight class for NHANES a) adults

(= 20 years) and b) children (2-19 years), including the number of fish meals consumed for
each weight class.
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Partial regression plots from the fully adjusted regression model relating log;gblood mercury
(Hg) (ug/L) versus logigbody mass index (log1gBMI) (or BMI z-scores) for NHANES a)

Environ Res. Author manuscript; available in PMC 2016 April 01.

adults (=20 years) and b) children (2-19 years) (Table 3). Figures are from models using
fish Hg content from Karimi et al. (2012); figures from models using fish Hg content from
the USFDA (USFDA, 2014) were similar.
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