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Abstract

Background—Rice ingestion is an important dietary exposure pathway for methylmercury.
There are few studies concerning prenatal methylmercury exposure through rice ingestion, yet the
health risks are greatest to the developing fetus, and thus should be investigated.

Objectives—Our main objective was to quantify dietary methylmercury intake through rice and
fish/shellfish ingestion among pregnant mothers living in southern China, where rice was a staple
food and mercury contamination was considered minimal.

Methods—A total of 398 mothers were recruited at parturition, who donated scalp hair and blood
samples. Total mercury and/or methylmercury concentrations were measured in biomarkers, in
rice samples from each participant’s home, and in fish tissue purchased from local markets.
Additional fish/shellfish mercury concentrations were obtained from a literature search. Dietary
methylmercury intake during the third trimester was equivalent to the ingestion rate for rice (or
fish/shellfish) x the respective methylmercury concentration.

Results—Dietary methylmercury intake from both rice and fish/shellfish ingestion averaged 1.2
+ 1.8 pg/day (median=0.79 pug/day, range=0-22 pg/day), including on average 71% from rice
ingestion (median: 87%, range: 0-100%), and 29% from fish/shellfish consumption (median 13%,
range: 0-100%). Median concentrations of hair total mercury, hair methylmercury, and blood total
mercury were 0.40 pg/g (range: 0.08-1.7 pg/g), 0.28 pg/g (range: 0.01-1.4 pg/g), and 1.2 pg/L
(range: 0.29-8.6 ug/L), respectively, and all three biomarkers were positively correlated with
dietary methylmercury intake through rice ingestion (Spearman’s rho=0.18-0.21, p < 0.0005),
although the correlations were weak. In contrast, biomarkers were not correlated with fish/
shellfish methylmercury intake (Spearman’s rho=0.04-0.08, p=0.11-0.46).

Conclusions—Among pregnant mothers living in rural inland China, rice ingestion contributed
to prenatal methylmercury exposure, more so than fish/shellfish ingestion.

"Corresponding authors. xdyu1108@163.com (X. Yu), rothenbs@mailbox.sc.edu (S.E. Rothenberg).
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1. Introduction

Fish consumption is the main dietary source for methylmercury (MeHg), a potent neurotoxin
(National Research Council (NRC), 2000); however MeHg exposure also occurs through
rice ingestion (Rothenberg et al., 2014). Most rice is cultivated under 5-10 cm of standing
water (unlike other terrestrial crops), providing optimal conditions for microbial mercury
(Hg) methylation (Qiu et al., 2008; Rothenberg et al., 2014; Windham-Myers et al., 2014).
In submerged rice paddy fields, anaerobic microorganisms convert less toxic inorganic Hg to
MeHg (Rothenberg and Feng, 2012), which is efficiently translocated from paddy soil to the
rice endosperm (i.e., polished rice grain) (Rothenberg et al., 2011a, 2014).

The prenatal period is the most vulnerable exposure window for MeHg (Clarkson and
Magos, 2006), yet there are few studies reporting dietary MeHg intake through rice
consumption among pregnant mothers. We searched Thomas Reuters (ISI) Web of Science
using the phrase “rice and mercury” combined with “hair”, “blood”, or “urine”, which
yielded a total of 101 studies. Hair Hg is a biomarker for dietary MeHg intake, blood Hg
reflects both MeHg and inorganic Hg exposure, and urine Hg mostly represents elemental
and inorganic Hg (reviewed by Clarkson and Magos (2006)). Overlapping studies were
excluded, as well as those not reporting data for human health or for rice ingestion and/or
rice Hg, resulting in 17 studies (Table Al).

In summary, rice consumption was positively correlated with blood Hg in a U.S. population
(n=16,236) (Davis et al., 2014). In a Hg-contaminated area of China, hair and blood Hg
were positively correlated with rice MeHg (n=17) (Rothenberg et al., 2013), and one or both
biomarkers were correlated with MeHg intake through rice ingestion (ug/kg bw/day) (n=98,
Feng et al., 2008; n=168, Li et al., 2015). Only two studies reported data for pregnant
mothers (Maramba et al., 2006; Rothenberg et al., 2013); both had small sample sizes (n=35
and n=17, respectively), and pregnant mothers were recruited from Hg-contaminated sites.

In 2013, we initiated a birth and child cohort study in rural China, where rice is a staple
food. In this report, our main objective was to quantify dietary MeHg intake through rice and
fish/shellfish ingestion, and correlate with biomarkers for prenatal MeHg exposure. We also
queried mothers concerning other potential sources of inorganic Hg, including proximity to
a mine or working in a mine, whether mothers had dental fillings, and the use of skin
whiteners during pregnancy; the latter often contain Hg and are routinely used in Asia
(Murphy et al., 2009). We did not specify the kind of mine because Hg often co-occurs with
other minerals, which are simultaneously emitted into the environment (Feng et al., 2006).
We chose a background site for this investigation rather than a Hg-contaminated site because
findings would be relevant to a wider range of rice-eating communities, and to minimize
confounding from other Hg sources (e.g., atmospheric Hg). In a companion report, we
assessed the impacts of prenatal MeHg exposure on offspring neurodevelopment at 12
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months, including maternal hair total Hg (THg), hair MeHg, and blood THg also reported in
the present study (Rothenberg et al., submitted for publication).

Rice is a staple food for half the global population (Food and Agriculture Association
(FAO), 2015). Compared to fish, rice does not contain the same beneficial micronutrients
(Rothenberg et al., 2011b). Thus maternal rice ingestion may represent a potentially
important exposure pathway for MeHg.

2. Methods

2.1. Recruitment and data collection

The study site was located inland, in Daxin county, Guangxi Zhuang Autonomous Region,
near the China-Vietnam border. Daxin county is 2742 km?2 with a population of 359,800
(Guangxi Daxin County Government, 2011), including ~50,000 residents (14%) living in the
town of Daxin. There were no significant sources of Hg nearby (e.g., coal-fired power
plants). Rice THg from the surrounding villages was low, averaging 1.7 ng/g (range: 0.30-
3.7 ng/g, n=15, unpublished data), which was 4.8 times lower compared to other non-
contaminated sites (average rice THg: 8.2 ng/g, reviewed by Rothenberg et al. (2014)),
suggesting the area was relatively non-contaminated for Hg.

Between May 2013 and March 2014, adult women were recruited at parturition at the
Maternal and Child Health Hospital in Daxin county. Eligible mothers were in good general
health, resided in Daxin county during the three previous months, and planned to remain for
the next year. Protocols were reviewed and approved by the Institutional Review Boards at
the University of South Carolina (USA) and XinHua Hospital (China). Mothers provided
written informed consent prior to enrollment in the study.

Upon enrollment, a hair sample was collected form the occipital region using stainless steel
scissors, the proximal end was tied with dental floss, and the hair sample was stored in a
plastic bag at room temperature. A blood sample was collected by venipuncture (6 mL) into
two vials, including one with lithium heparin anticoagulant, and a second vial for separation
of serum by centrifugation (Yu et al., 2011). Whole blood and aliquots of serum were stored
frozen at —26 °C for up to 10 months, then stored at =80 °C until analysis. A family member
brought a ~100 g polished rice sample from home (all participants donated a rice sample),
which was stored at —26 °C, and then archived at —80 °C until analysis.

While in the hospital mothers filled out a questionnaire, including maternal health, maternal/
paternal education, occupation, and household income, and neonatal statistics (e.g., gender,
length, and weight). Mothers also filled out a modified 102-item semi-quantitative food
frequency questionnaire (FFQ) (Cheng et al., 2009) about their food intake during the third
trimester, including rice, fish/shellfish, pork, other meat, eggs, fruits and vegetables. The
FFQ asked mothers to chose from eight options ranging from “never or rarely” to “ = twice/
day”, and frequencies were converted to servings per day as follows: O=never or rarely,
1/30.5=monthly, 2.5/30.5=two to three times/month, 1/7=once per week, 2.5/7=two to three
times/week, 5/7=four to six times/week, 1=once per day, and 2.5=at least twice per day. For
rice, mothers were asked to select portion size (grams per serving) from one of three bowls
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using a picture and/or actual bowls. The daily rice ingestion rate (grams per day) was
calculated by multiplying frequency (servings per day) x the portion size (grams per
serving). Mothers also reported the consumption frequency for seven categories of fish/
shellfish (including freshwater fish, ocean fish, shrimp, eel, shrimp, crab, and other shellfish)
using the same eight options (from “never or rarely” to “ > twice/day”) and frequencies were
converted to servings per day as described above. To calculate fish/shellfish ingestion (grams
per day), we assumed 170 g/serving for ocean fish and freshwater fish [170 g=6 oz, the
recommended serving size from the U.S. Food and Drug Administration (USFDA) (2001)],
and 100 g/serving for other categories (Cheng et al., 2009).

Dietary MeHg intake from rice and fish/shellfish consumption (micrograms per day) was
quantified by multiplying the ingestion rate (grams per day) x the concentration of rice
MeHg (micrograms per gram) or fish/shellfish THg (micrograms per gram). Rice MeHg was
measured in each participant’s rice sample brought from home. We measured rice MeHg
(not THg) because average rice %MeHg (of THg) ranged from 17 to 75% (reviewed by
Rothenberg et al., 2014), while fish THg was >90% MeHg (NRC, 2000). THg
concentrations for freshwater fish were analyzed in seven commonly consumed varieties
purchased in Daxin markets in 2014 (n=13); however other fish/shellfish varieties were not
available for purchase. Therefore a comprehensive literature search was conducted using
Thomas Reuters (ISI) Web of Science and the phrase “mercury and China”, which was
combined with “seafood”, “fish”, “eel”, “shrimp”, “crab”, “mollusk”, “shellfish”, “snail”,
“scallop”, “oyster”, “lobster”, “spiral shell”, or “bivalve”, resulting in 209 studies. Data were
included if most or all fish/shellfish samples were collected after 1 January 2011, studies
were conducted in non-contaminated sites in China, and THg (or MeHg) concentrations
were reported in wet weight (n=11 studies). For “eel”, just one study for China was
published in 2006 and was included, resulting in a total of 12 studies (Table 1 and Table A2).
For fish/shellfish varieties from the literature search, summary statistics were calculated if
possible (mean, median and standard deviation); for studies reporting the sample size,
summary statistics were calculated using the sample size as the analytical weight. Daily
MeHg intake through fish/shellfish (micrograms per day) was quantified by multiplying the
ingestion rate (grams per day) x the average THg concentration (micrograms per gram). The
distribution for fish/shellfish THg was highly skewed; therefore the daily MeHg intake was
also calculated using the median fish/shellfish THg concentration.

Total dietary MeHg intake (micrograms per day) was equivalent to the daily rice MeHg
intake+the daily fish/shellfish MeHg intake; proportional contributions from rice and fish/
shellfish ingestion were also determined.

2.2. Hg analyses

Prior to Hg analysis for hair and rice, all labware was acid-washed for >24 h using 1.2 N
hydrochloric acid, then triple-rinsed with deionized-water (DDI-H50), and dried in a Class
Il biosafety Hood (Baker Company, Sanford, USA) to prevent further Hg contamination,
then double-bagged. Blood THg was analyzed directly, and no preparatory steps were
needed.
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Hair samples corresponding to trimester 3 (34 mm) were analyzed, assuming a growth rate
of 0.41 mm/day for Asian women (Loussouarn et al., 2005), and 83 days for trimester 3,
reflecting a 10-day lag between ingestion and incorporation of MeHg into the hair shaft
(Cernichiari et al., 1995). Before hair THg and MeHg analyses began, two hair-washing
methods were compared, including Formula 409™ and 2-mercaptoethanol. Formula 409™
is considered as effective than acetone (the International Atomic Energy Agency hair
washing method) (Rothenberg et al., 2013), while 2-mercaptoethanol removes high
concentrations of inorganic Hg from hair (Li et al., 2011) and plant material (North and
Nobel, 2000). Hair samples were weighed into acid-washed porcelain dishes, 25 mL of 1%
(v/v) Formula 409™ or 0.1% (v/v) 2-mercaptoethanol were added, samples were gently
shaken for 1 h, then triple-rinsed with DDI-H,0, and samples were air-dried in a biosafety
cabinet (Baker Company, Sanford, USA). Two-mercaptoethanol removed on average 19%
more exogenous Hg compared to Formula 409™ (range: 14-26%, n=6 samples, 1-3
replicates/sample) (Table A3), and was used for all hair samples.

THg concentrations for hair, blood and fish tissue were measured by thermal decomposition,
amalgamation and atomic absorption spectrophotometry following EPA Method 7473 (U.S.
Environmental Protection Agency (USEPA), 2007) using a Lumex for hair and fish tissue
(Model RA-915+/PYRO-915+, St. Petersburg, Russia) and a DMA-80 for blood (Milestone,
Inc., Shelton, CT, USA).

For hair MeHg analysis, samples were weighed into 50 mL Teflon tubes (Savillex, MN,
USA) and 5 mL of 25% (w/v) sodium hydroxide-DDI H,0 were added, and samples were
digested for 3 h at 75°C, then DDI-H,0 was added to a total volume of 50 mL (personal
communication, Lian Liang, CEBAM). Digests were analyzed following EPA Method 1630
(USEPA, 2001a), including ethylation with sodium tetraethylborate, purge and trap onto
Tenax traps, and quantification using gas chromatography-cold vapor atomic fluorescence
spectrometry (Brooks Rand Model 111, Seattle, WA, USA).

Rice samples were ground into a powder using a coffee grinder, which was cleaned with
ethanol after each sample to prevent carry-over of Hg. Rice MeHg was extracted following
Liang et al. (1996), including solvent extraction and back extraction into water. Briefly, ~0.5
g rice was digested in 2 mL of 25% (w/v) potassium hydroxide-methanol for 3 h at 75 °C,
then 6 mL of dichloromethane and 1.5 mL hydrochloric acid were added, samples were
shaken for 30 min, centrifuged (4000 rpm=3000 x g, 30 min), and the phases were
separated, DDI-H,0 was added, and samples were heated for 1.5 h in a water bath at 60—
70 °C to expel dichloromethane. Extracts were measured using EPA Method 1630 as
described above for hair MeHg (USEPA, 2001a).

Quality assurance and quality control for Hg analyses are summarized in Table A4. For hair,
rice and fish tissue, average recovery of standard reference material ranged from 78 to 96%,
matrix spikes averaged 96-98%, and the average relative percent difference between sample
replicates ranged from 4.2 to 8.4%. For blood, recovery of standard reference material
ranged from 85 to 115%, and the relative percent difference between sample replicates was
< 20%. The limits of detection were instrument- and matrix-specific, including hair THg
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(0.0095 pg/g), hair MeHg (0.0001 pg/g), blood THg (0.14 pg/L), fish THg (0.001 pg/g), and
rice MeHg (0.002 ng/g). All observations were above the limits of detection.

Rice and hair THg and/or MeHg analyses were completed at the University of South
Carolina, USA, fish tissue THg was analyzed at Beijing Lumex Analytical Co. Ltd., China,
and blood THg was analyzed at the Shanghai State Key Lab for Children’s Environmental
Health, China.

2.3. Statistical analyses

3. Results

Data were assessed using univariate and bivariate analyses. Correlations were determined
using Spearman’s correlation (for non-symmetrical variables) or Pearson’s correlation (for
symmetrical variables). For Pearson’s correlation, a log;g-transformation was applied to
variables with a right-skewed distribution. Prior to the logqg-transformation, a value of 0.01
was added to all observations for fish/shellfish MeHg intake (micrograms per day) because
more >40% of mothers rarely or never ingested fish/shellfish. We defined an alpha-level of <
0.05 as a guide for significance, where appropriate. Analyses were performed using SAS 9.4
software (SAS Institute Inc., Cary, NC, USA) or the R-platform.

For the rice ingestion rate, 5.5% of mothers did not choose a frequency (servings per day) or
quantity (grams per serving). Missing observations were imputed based on the multivariate
normal distribution (Schafer, 1997), conditional on biomarker concentrations and maternal,
paternal and offspring characteristics. For fish/shellfish consumption, 4.3% did not choose a
frequency for one or more fish/shellfish categories, and a value of 0 was imputed for these
observations, which was appropriate for this inland region in rural China. We assumed
mothers skipped some categories for fish/shellfish because these varieties were often
unavailable. Data analyses were checked with and without imputed observations, and results
did not differ.

3.1. Recruitment

During the 10-month recruitment window, a total of 1261 mothers gave birth at the Maternal
and Child Health Hospital, including 408 (32%) eligible mothers who provided informed
consent. Ten mothers were subsequently excluded because they did not give birth in the
hospital (n=1), gave birth to twins (n=1), did not live in Daxin during the previous three
months (n=3), or data collection was incomplete (n=5), resulting in a final cohort of 398
mothers. The average maternal age at parturition was 28 + 5.7 years, a majority of mothers
were Zhuang ethnicity (85%), 13% were Han (the majority in China), and 2% of mothers
were other ethnicities, 6.8% lived near a mine, one or both parents worked as a miner in
2.9% of households, 11% of mothers had dental fillings, and 5.2% used whitening cosmetics
during pregnancy. Most mothers were farmers (77%), while 8.1% were workers (including
civil servants, white-collar workers, skilled/unskilled workers or shopkeepers), 11% were
unemployed, and 13% selected “other” for occupation.
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3.2. Rice and fish/shellfish consumption

On average mothers ingested 1.8 servings/day of rice (median: 2.5 servings/day, range: 0—
2.5 servings/day). Most mothers ingested rice daily (86%), and only three mothers (< 1%)
rarely or never ingested rice. Rice consumption averaged 231 g/day (median: 210 g/day;
range: 0-650 g/day), which was similar to the rate of the general Chinese population (214 g/
day) (FAO, 2015), and was similar to the rice ingestion rate among 17 pregnant mothers in
rural Guizhou province, China (200 g/day, from Rothenberg et al. (2013)).

On average mothers ingested 0.13 servings/day of fish/shellfish (median: 0.03 servings/day,
range: 0-2.9 servings/day), i.e., 14 times lower compared to servings per day of rice. A total
of 172 mothers (43%) rarely or never consumed fish/shellfish, while 45 mothers (11%)
consumed fish/shellfish = twice/weekly. Fish/shellfish consumption averaged 18 g/day
(median: 5.6 g/day, range: 0-470 g/day), which was lower than the average rate in China (95
g/day) (FAO, 2015). Of the seven categories of fish/shellfish, the average consumption for
freshwater fish was highest (12 g/day), followed by shrimp (2.3 g/day), marine fish: (1.6 g/
day), and eel (1.1 g/day), and other categories each averaged < 1 g/day (snails, other
shellfish, and crabs) (median=0 g/day for all categories).

Rice and fish/shellfish ingestion (servings per day) were weakly positively correlated
(Spearman’s rho=0.12, p=0.02).

3.3. Rice and fish/shellfish Hg concentrations

Concentrations of rice MeHg and fish/shellfish THg were considered low-level (Table 1).
Among Daxin participants, 92% (n=367) of rice MeHg concentrations were < 5.8 ng/g, i.e.,
within the range previously reported for background sites (Rothenberg et al., 2014). THg
concentrations for freshwater fish purchased in Daxin markets averaged 0.031 + 0.031 pg/g
(n=13), which was 16 times lower than the Chinese dietary guideline (0.5 ug/g) (U.S.
Department of Agriculture (USDA), 2014) and 9.7 times lower than the U.S. EPA human
health criterion (0.3 pg/g) (USEPA, 2001b). Average THg concentrations for fish/shellfish
obtained through a literature search were also up to 30 times lower than the U.S. EPA
criterion (USEPA, 2001b).

The estimated daily MeHg intake from rice and fish/shellfish was calculated using mother’s
responses recorded in the FFQ and the MeHg concentrations for rice and THg
concentrations for fish/shellfish (Table 2). Using the average THg fish/shellfish
concentration, for mothers ingesting rice and/or fish/shellfish (n=396), %MeHg intake from
rice averaged 71% (median: 87%, range: 0-100%), while %MeHg intake from fish/shellfish
averaged 29% (median 13%, range: 0-100%). Using the median THg fish/shellfish
concentration, results did not change; %MeHg intake from rice averaged 73% (median:
89%, range: 0—-100%), while %MeHg intake from fish/shellfish averaged 27% (median 11%,
range: 0-100%). Results indicated maternal rice ingestion was a significant source of dietary
MeHg intake in this non-contaminated site in rural China.
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3.4. Hg biomarkers

Hair and blood THg concentrations for Daxin mothers (Table 2) were compared with hair
and blood THg concentrations corresponding to the EPA reference dose (i.e., 0.1 ug/kg bw/
day, USEPA, 1997). A total of eight mothers (2.0%) had hair THg concentrations >1.2 pug/g,
which is the National Research Council hair THg level corresponding to the reference dose
(NRC, 2000), an additional four mothers (1.0%) had hair THg concentrations >1.1 ug/g,
which is the EPA hair THg level corresponding to the reference dose (USEPA, 1997), and
four mothers (1%) had blood Hg concentrations exceeding 5.8 pg/L, which is the National
Research Council cord blood THg level corresponding to the reference dose (NRC, 2000).
Just one mother had blood and hair THg concentrations exceeding both the NRC and EPA
recommended levels.

Hair %MeHg (of THg) averaged 67% (median: 67%, range: 14-108%) (Table 2), which was
lower than the expected value of 90% (NRC, 2000). This result was not surprising given the
wide range of values previously reported in the literature (13-100%, reviewed by
Rothenberg et al. (2013)), suggesting more research is needed to understand potential
demethylation of MeHg after incorporation into the hair shaft.

Hair THg and MeHg concentrations were highly correlated (Spearman’s rho=0.92, p <
0.0001), and both were positively correlated with blood THg concentrations (for both:
Spearman’s rho=0.69, p < 0.0001). Using logyg-transformed variables, hair THg and MeHg
were strongly correlated (Pearson’s rho=0.92, p < 0.0001), and both variables were strongly
correlated with blood THg (for both: Pearson’s rho=0.67-0.69, p < 0.0001) (Fig. 1).

3.5. Hg biomarkers and rice/fish ingestion

Associations between Hg biomarkers and rice and fish/shellfish ingestion (servings per day)
were determined. Trends were positive (but non-significant) between Hg biomarkers and
servings per day of rice (Spearman’s rho: 0.04-0.09, p=0.07-0.42) and servings per day of
fish/shellfish (Spearman’s rho: 0.03-0.08, p=0.14-0.54). Using rice+fish/shellfish servings
per day, trends were weakly positive and significant for hair THg (Spearman’s rho=0.10,
p=0.04) and non-significant for hair MeHg and blood THg (Spearman’s rho=0.05-0.06,
p=0.23-0.30).

Associations between Hg biomarkers and dietary MeHg exposure were strengthened when
using dietary MeHg intake for rice+fish/shellfish (micrograms MeHg per day), although
associations remained weak (Spearman’s rho=0.16-0.18, p < 0.002). The contributions of
rice and fish/shellfish to dietary MeHg intake were considered separately. Dietary MeHg
intake through rice ingestion was weakly positively correlated with all three biomarkers
(hair THg, hair MeHg and blood THg) (Spearman’s rho=0.17-0.21, p < 0.0005), while the
trends for Hg biomarkers and dietary MeHg intake through fish/shellfish ingestion were
non-significant (Spearman’s rho=0.04-0.08, p=0.11-0.46). Results were similar after
applying the logqg-transformation (Fig. 2): all three biomarkers were weakly positively
correlated with MeHg intake through rice ingestion (Pearson’s rho=0.20-0.22, p < 0.0001),
while MeHg intake through fish/shellfish ingestion was not strongly correlated with Hg
biomarkers (Pearson’s rho=0.03-0.08, p=0.11-0.55).
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We compared Hg sources between mothers with low hair THg (< 1.1 pg/g, n=386) and with
high hair THg (>1.1 ug/g, n=12), using the EPA hair THg level corresponding to the
reference dose (USEPA, 1997) (Table 3). Median fish/shellfish ingestion and MeHg intake
through fish/shellfish ingestion were 1.5 and 1.3 times higher, respectively, for mothers with
hair THg > 1.1 ug/g compared to mothers with lower hair Hg. Rice ingestion (median
servings per day) did not differ between both groups (2.5 servings/day); however median
MeHg intake through rice was 1.2 times higher for mothers with lower hair THg. A greater
proportion of mothers with higher hair THg lived near a mine (25%) compared to mothers
with lower hair THg (6.2%); however, 0% of mothers with higher hair THg (and fathers) did
not work in the mines. Lower hair THg was also associated with higher use of skin
whiteners and dental fillings. Skin whiteners contain inorganic Hg and dental fillings contain
elemental Hg, which are less likely to accumulate in hair (Clarkson and Magos, 2006).

3.6. Comparison with fish-eaters

We compared hair THg and blood THg from the present study to values for pregnant
mothers with low-level MeHg exposure mainly through fish ingestion (Table 4). Low-level
was defined as hair THg < 4 pg/g and blood THg < 12 pg/L (Karagas et al., 2012), and
cohorts included at least 100 participants (there were no low-level Hg studies reporting hair
MeHg). Estimated fish/shellfish consumption from other studies was up to 5.3 times higher,
while mothers in the present study ingested up to 21 times more rice. For other studies,
median (or geometric mean or average) hair THg ranged from 0.23 to 0.60 pg/g, while blood
THg ranged from 0.38 to 3.9 ug/L. Despite differences in dietary MeHg intake (rice versus
fish), hair THg and blood THg reported for the present study were comparable to other
cohorts of pregnant women with low-level MeHg exposure.

4. Discussion

Rice ingestion is an important dietary source for MeHg (Rothenberg et al., 2013, 2014), and
MeHg exposure is considered most harmful to the developing fetus (Clarkson and Magos,
2006). In rural Guangxi province, China, rice ingestion was a significant dietary source of
prenatal MeHg exposure, contributing on average 71% of dietary MeHg intake (median:
87%, range: 0-100%), while fish/shellfish ingestion contributed on average 29% (median
13%, range: 0—100%). Daxin county was a relatively non-contaminated site for Hg, yet
maternal biomarker Hg concentrations were comparable to populations of pregnant mothers
where fish ingestion was the primary MeHg exposure pathway. Given the global importance
of rice as a staple food (FAQ, 2015), results suggest rice-eating communities may be at risk
for MeHg exposure, similar to fish-eaters.

The correlation between Hg biomarkers and dietary MeHg sources (servings per day) was
weaker compared to studies among pregnant mothers where fish ingestion was the primary
dietary source of MeHg. As noted above, the strongest correlation was between hair THg
and rice+fish ingestion (Spearman’s rho=0.10, p=0.04). In Mexico, Spearman’s correlation
between maternal blood Hg (for trimesters 2 and 3) and seafood consumption was 0.246 and
0.173 (p < 0.001 for both), respectively (Basu et al., 2014). In Sweden, the correlation
between hair THg and total seafood consumption (< 5 meals/month, 5-9 meals/month, >9
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meals/month) was 0.41 (p < 0.01) (Ask Bjornberg et al., 2003). In the U.K., ingestion of
seafood explained 6.98% of the variability in blood THg (Golding et al., 2013), i.e.,
rho=0.26. In New Jersey, the correlation between total fish intake (log,o-transformed) and
hair THg was 0.18 (p=0.02) (Stern et al., 2001). Differences between the present study and
others suggest potential variability in MeHg metabolism between rice and fish/shellfish. For
example, rice contains more fiber compared to fish (cooked white rice: 0.6 g fiber/cup, fish:
0 g fiber/cup), which may reduce the accumulation of MeHg in tissues (Rowland et al.,
1986), although the mechanism is uncertain.

In this analysis, we assumed rice and fish/shellfish ingestion represented the main dietary
MeHg sources. However other foods may contain MeHg, including pork, chicken and hen
eggs (Ask Bjornberg et al., 2003; Cheng et al., 2013; Lindberg et al., 2004; Tang et al.,
2015). In Sweden, this was attributed to feeding farm animals fish meal (Ask Bjérnberg et
al., 2003; Lindberg et al., 2004), while in an e-waste region of China, pigs and hens were fed
MeHg-contaminated rice (Tang et al., 2015). In the present study, MeHg concentrations
were not measured in other foods; however we queried mothers concerning servings per day
of pork, chicken, eggs, and other meat (beef and sheep) (Table 2). The direction of
correlation between Hg biomarkers and pork, chicken and eggs was inverse or the
correlation was=0 (Spearman’s rho= —0.08-0, p=0.13-0.96), while the correlation was non-
significant between Hg biomarkers and other meat (Spearman’s rho=0.02 for all biomarkers,
p=0.64-0.76). Results suggested these foods were not important dietary sources of MeHg in
this population.

Although there are a number of strengths to our study, including a sample size of 398
mothers and recruitment of mothers from an area without significant Hg contamination,
there are also limitations, which are worth acknowledging. The FFQ was self-completed by
mothers, reflecting food intake for the previous three months. The FFQ was previously
validated among pregnant mothers in a rural area in western China (Cheng et al., 2009);
however, measures for food consumption were estimates, with potentially large error.
Maternal biomarkers for prenatal MeHg exposure (hair THg, hair MeHg, and blood THg)
were more strongly correlated with dietary MeHg intake through rice ingestion compared to
fish/shellfish consumption. Differences may be due in part to greater precision in rice MeHg
data because each participant brought a rice sample from home, while data for fish/shellfish
were obtained by measuring fish THg, which was purchased in local markets, and through a
literature search.

5. Conclusions

Although, fish/shellfish consumption is considered the primary MeHg exposure pathway
(NRC, 2000), rice ingestion contributed significantly to prenatal MeHg exposure in this rural
area of China. Rice MeHg concentrations were similar to rice MeHg from background sites,
and >40% of mothers rarely or never ingested fish/shellfish. However biomarkers for Hg
(hair THg and blood THg) were comparable to values reported for pregnant mothers who
were fish-eaters. In China, rice ingestion rates average more than 10 times higher compared
to fish/shellfish ingestion (FAO, 2015), compensating for the low MeHg concentrations in
rice. This likely occurs in other communities, where rice is a staple food. Researchers

Environ Res. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hong et al. Page 11

investigating prenatal MeHg exposure should include rice ingestion as a dietary source of
MeHg, even if rice MeHg levels are considered low (Doérea, 2014).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Bivariate scatterplots relating biomarker concentrations of total mercury (THg) and

methylmercury (MeHg) for A) hair THg versus hair MeHg, B) hair THg versus blood THg,
and C) hair MeHg versus blood THg (all variables logyg-transformed), including p-value for
Pearson’s correlation (n =397-398 mothers).
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Fig. 2.

Bivariate scatterplots relating biomarker concentrations of total mercury (THg) and
methylmercury (MeHg) to dietary MeHg intake through rice ingestion (A—C) and fish/
shellfish consumption (D-F), including A) hair THg versus rice MeHg intake, B) hair MeHg
versus rice MeHg intake, C) blood THg versus rice MeHg intake, D) hair THg versus fish/
shellfish MeHg intake, E) hair MeHg versus fish/shellfish MeHg intake, and F) blood THg
versus fish/shellfish MeHg intake (all variables log,g-transformed), including p-values for
Pearson’s correlation (n=397-398 mothers).
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Concentrations of rice methylmercury and fish/shellfish total mercury (see Table A2).

Average = SD
N (ng/g) Median (Range) (ng/g)  References

Rice 398 2.7+21 2.2 (0.32-15) This study

Freshwater fish 13 31+31 23 (2,98) This study

Marine fish@ 1164 5630 32 (0, 760) Chen et al. (2013), Gao et al. (2014), Geng et al. (2015), Liu et
al. (2014a, 2014b), Pan et al. (2014), and Wu et al. (2016)

Eeld 21 50+ 10 NA Yamashita et al. (2006)

Shrimp? 10 10 NA Tong et al. (2015)

Crab@ 10 74 NA Tong et al. (2015)

Snailsd 10 31 NA Tong et al. (2015)

Other shellfish? 755  68+110 24 (7, 450) Li and Gao (2014), Li et al. (2013), and Zhang and Zhang

(2015)

aFor marine fish and other shellfish, sampling statistics (average, SD and median) were weighted based on sample size. The average + SD was

provided for eel, while the SD was not provided for shrimp, crab, and snails.

Environ Res. Author manuscript; available in PMC 2017 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hong et al.

Table 2

Food intake, dietary methylmercury intake, and biomarker mercury concentration (=398 mothers).

Mean Median (Range)

Foods (servings/day) Rice 18 25(0,2.5)
Fish/shellfish 0.13 0.033 (0, 2.9)
Rice+Fish/Shellfish 0.99 1.0 (0, 3.9)
Porkd b 19 13(0,96)
Eggs? 013 0.08(0,1)
Chicken? 014  0.08(0,1)
Beef and Sheepb 0.02 0(0,1)

Dietary MeHg intake (ug/day) Rice 0.63 0.44 (0, 5.0)
Fish/Shellfish 0.60 0.15 (0, 20)
Rice+Fish/Shellfish 1.2 0.79 (0, 22)

Hg Biomarkers Hair THg (ug/g) 0.48 0.40 (0.077, 1.7)
Hair MeHg (ug/g) 032  0.28(0.011,1.4)
Hair %MeHg (of THg) 67 67 (14, 108)
Blood THg (pg/L) 15 1.2 (0.29, 8.6)

Hg (mercury), MeHg (methylmercury), THg (total mercury).
aPork includes 6 options (pork chops, pork spare ribs, pork feet, pork fat, lean pork, and pork meat).

bMissing data for pork (n=18), eggs (n=25), chicken (n=21), and beef and sheep (n=23), n=398 otherwise.
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Table 3

Page 19

Comparison of mercury sources for mothers with high hair total mercury (>1.1 pg/g) (n=386 mothers) and low
hair total mercury ( < 1.1 ug/g) (n=12 mothers).

Hair THg < 1.1 pug/g
Median or %

Hair THg>1.1 ug/g
Median or %

Ratio between high/low
hair THg

Rice (servings/day)

Fish/Shellfish (servings/day)

Rice+Fish/Shellfish (servings/day)

MeHg Intake Through Rice (pg/day)

MeHg Intake Through Fish/Shellfish (ug/day)
MeHg Intake Through Rice+Fish/Shellfish (ug/day)
Mine Near Home

Use of Skin Whiteners During Pregnancy?

Dental Fillings?

Mothers Who Were Miners?

Fathers Who Were Miners@

25
0.033
0.99
0.45
0.14
0.79
6.2%
5.4%

11%

1.3%

2.1%

25
0.049
11
0.37
0.18
0.74
25%
0%
8.3%
0%

0%

1
15
11
0.82
13
0.94
4.0

0.75

MeHg (methylmercury), THg (total mercury).

aMissing data for skin whiteners (n=15), dental fillings (n=18), mothers mining (n=16), and fathers mining (n=13); n=398 otherwise.
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