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Abstract

IMPORTANCE The balance of mercury risk and nutritional benefit from fish intake during pregnancy
for the metabolic health of offspring to date is unknown.

OBJECTIVE To assess the associations of fish intake and mercury exposure during pregnancy with
metabolic syndrome in children and alterations in biomarkers of inflammation in children.

DESIGN, SETTING, AND PARTICIPANTS This population-based prospective birth cohort study
used data from studies performed in 5 European countries (France, Greece, Norway, Spain, and the
UK) between April 1, 2003, and February 26, 2016, as part of the Human Early Life Exposome
(HELIX) project. Mothers and their singleton offspring were followed up until the children were aged
6 to 12 years. Data were analyzed between March 1 and August 2, 2019.

EXPOSURES Maternal fish intake during pregnancy (measured in times per week) was assessed
using validated food frequency questionnaires, and maternal mercury concentration (measured in
micrograms per liter) was assessed using maternal whole blood and cord blood samples.

MAIN OUTCOMES AND MEASURES An aggregate metabolic syndrome score for children was
calculated using the z scores of waist circumference, systolic and diastolic blood pressures, and levels
of triglyceride, high-density lipoprotein cholesterol, and insulin. A higher metabolic syndrome score
(score range, −4.9 to 7.5) indicated a poorer metabolic profile. Three protein panels were used to
measure several cytokines and adipokines in the plasma of children.

RESULTS The study included 805 mothers and their singleton children. Among mothers, the mean
(SD) age at cohort inclusion or delivery of their infant was 31.3 (4.6) years. A total of 400 women
(49.7%) had a high educational level, and 432 women (53.7%) were multiparous. Among children,
the mean (SD) age was 8.4 (1.5) years (age range, 6-12 years). A total of 453 children (56.3%) were
boys, and 734 children (91.2%) were of white race/ethnicity. Fish intake consistent with health
recommendations (1 to 3 times per week) during pregnancy was associated with a 1-U decrease in
metabolic syndrome score in children (β = −0.96; 95% CI, −1.49 to −0.42) compared with low fish
consumption (<1 time per week) after adjusting for maternal mercury levels and other covariates. No
further benefit was observed with fish intake of more than 3 times per week. A higher maternal
mercury concentration was independently associated with an increase in the metabolic syndrome
score of their offspring (β per 2-fold increase in mercury concentration = 0.18; 95% CI, 0.01-0.34).
Compared with low fish intake, moderate and high fish intake during pregnancy were associated with
reduced levels of proinflammatory cytokines and adipokines in children. An integrated analysis
identified a cluster of children with increased susceptibility to metabolic disease, which was
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Abstract (continued)

characterized by low fish consumption during pregnancy, high maternal mercury levels, decreased
levels of adiponectin in children, and increased levels of leptin, tumor necrosis factor α, and the
cytokines interleukin 6 and interleukin 1β in children.

CONCLUSIONS AND RELEVANCE Results of this study suggest that moderate fish intake consistent
with current health recommendations during pregnancy was associated with improvements in the
metabolic health of children, while high maternal mercury exposure was associated with an
unfavorable metabolic profile in children.
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Introduction

Cardiovascular disease, a common cause of mortality worldwide,1 has its origins in early life.2

Traditional cardiometabolic risk markers, including central obesity, high blood pressure (BP),
dyslipidemia, and hyperinsulinemia, share common pathophysiological mechanisms, including
inflammation, and are likely to not only coexist in childhood but to continue into adulthood.3,4

Therefore, it is important to identify early determinants of risk that can be targeted for preventive
interventions.

Fish is the major dietary source of ω-3 long-chain polyunsaturated fatty acids, which may have
anti-inflammatory properties and may be associated with cardiometabolic benefits.5,6 However, fish
is also a common source of exposure to mercury, which may be associated with opposing
consequences.7-10 Adult studies suggest that moderate fish consumption is associated with a lower
risk of cardiovascular disease, with little or no further benefit observed with fish intake of more than 3
times per week.7,11 Nevertheless, to date, the extent to which prenatal fish intake is associated with
the metabolic health of children remains uncertain. Prenatal biomarker levels or the intake of ω-3
long-chain polyunsaturated fatty acids were associated with a better cardiometabolic profile among
children in some, but not all, studies.12,13 One birth cohort study examined fish intake during
pregnancy and reported an association only among women with gestational diabetes.14

Most previous studies did not consider concomitant mercury exposure, which may at least
partially attenuate the benefits of fish consumption and account for the inconsistent findings. Cross-
sectional data in studies of children have associated mercury exposure with greater adiposity and
increased cholesterol levels.15,16 The limited investigations of maternal mercury exposure and the
cardiometabolic health of their offspring have focused primarily on blood pressure (BP), with reports
of positive (ie, increased BP)17,18 or null19,20 associations.

In this study, we aimed to (1) assess the associations between maternal fish intake, mercury
exposure during pregnancy, and the metabolic profile of offspring; (2) examine whether maternal
fish intake and mercury exposure are associated with concentrations of inflammatory cytokines and
adipokines in the plasma of children; and (3) identify clusters of children with increased susceptibility
to metabolic disease by integrating fish intake and mercury exposure during pregnancy and markers
of inflammation in children using an innovative latent variable analysis.

Methods

Approval for the Human Early Life Exposome (HELIX) project was obtained from the local ethics
committees at each site. In addition, our study was approved by the institutional review board of the
University of Southern California, Los Angeles. All participating families provided written informed
consent. Our study followed the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline for cohort studies.21
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Study Population
We used data from the HELIX project,22 which was a collaboration of the following European
population-based birth cohort studies: (1) the Born in Bradford (BiB) study (Bradford, UK); (2) the
Etude des Determinants Pre et Postnatals du Developpement et de la Sante de l’Enfant (EDEN) study
(Poitiers, France); (3) the Kaunas Newborn Cohort (KANC) study (Kaunas City, Lithuania); (4) the
Infancia y Medio Ambiente (INMA) study (Sabadell, Spain); (5) the Norwegian Mother, Father and
Child (MoBa) study (Norway)23; and (6) the Rhea Mother-Child (RHEA) study (Herakion, Greece). The
studies were conducted between April 1, 2003, and February 26, 2016, and the total recruitment
period across cohorts was from April 1, 2003, to January 30, 2009. Our study population consisted
of 805 mothers and their singleton children, with information on fish intake and mercury exposure
obtained during pregnancy, and complete data on the cardiometabolic factors and protein
concentrations of children obtained during follow-up between December 1, 2013, and February 26,
2016. Mothers and their singleton offspring were followed up until the children were aged 6 to
12 years.

Fish Intake and Mercury Concentration
Information on maternal fish intake was derived from cohort-specific food frequency questionnaires
(eTable 1 in the Supplement).24 The KANC cohort had no information on maternal diet and was
therefore not included in our analysis. As in previous work,25 we categorized fish intake into low (<1
time per week), moderate (1-3 times per week, consistent with recommendations from the US Food
and Drug Administration and the Environmental Protection Agency),26 and high (>3 times per week).

Mercury levels were assessed in maternal whole blood samples using inductively coupled
plasma mass spectrometry or in cord blood samples using thermal decomposition, amalgamation,
and atomic absorption spectrometry (eMethods 1 in the Supplement). Cord blood concentrations
were divided by 1.7 to be comparable with whole blood concentrations.27

Adiposity, Lipid Levels, and Blood Pressure
Waist circumference and BP were measured in children using a common protocol.22 High-density
lipoprotein (HDL) cholesterol and triglyceride levels were assessed in serum using homogeneous
enzymatic colorimetric methods in the MODULAR ANALYTICS system (Roche Diagnostics) according
to the manufacturer’s instructions. Insulin levels were assessed using the human adipokine 15-plex
magnetic panel (Life Technologies) (eMethods 2 in the Supplement).

We constructed z scores for the waist circumference, systolic and diastolic BPs, triglyceride
level, HDL cholesterol level, and insulin level of children using sex and age standardization.28 For BP,
we also standardized for height.28 Triglyceride levels had a skewed distribution and were
log-transformed before analysis. Our primary outcome of interest was a continuous metabolic
syndrome score built according to the following formula: metabolic syndrome = z waist
circumference + (–z HDL cholesterol level + z triglyceride level)/2 + z insulin + (z systolic BP + z
diastolic BP)/2.

This score was used to reflect a metabolic health profile, with a higher score indicating a poorer
profile. This scoring system has been previously validated in the European multicenter Identification
and Prevention of Dietary and Lifestyle-Induced Health Effects in Children and Infants
(IDEFICS) study.28

Inflammatory Cytokines and Adipokines
Three protein panels, the human cytokine 30-plex magnetic panel, the human apolipoprotein 5-plex
magnetic panel, and the human adipokine 15-plex magnetic panel (Life Technologies), were used to
measure the plasma of children at the University Pompeu Fabra Centre for Genomic Regulation
Proteomics Unit (Barcelona, Spain) using the Luminex xMAP multiplex platform (Luminex Corp)
(eMethods 2 in the Supplement).
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Using previous knowledge from the Kyoto Encyclopedia of Genes and Genomes database, we
grouped proteins into 5 pathways that are considered to play key roles in inflammation and
cardiometabolic health: the Janus kinase signal transducer and activator of transcription proteins
signaling pathway,29 the adipocytokine signaling pathway,30 the cholesterol metabolism pathway,31

the nuclear factor-kappa B pathway,32 and the chemokine signaling pathway.33

Covariates
The selection of covariates for adjustment (eMethods 3 in the Supplement) was based on previous
studies and a directed acyclic graph approach (eFigure 1 in the Supplement).

We included the following covariates in the models: maternal age (in years), maternal and
paternal educational level (low, middle, and high), maternal prepregnancy body mass index
(calculated as weight in kilograms divided by height in meters squared), maternal parity
(primiparous, defined as having 1 pregnancy only, and multiparous, defined as having �2
pregnancies), and the children’s race/ethnicity (white, Asian, and other).

Statistical Analysis
Health Outcomes, Proteins, and Pathways
We assessed the associations of fish intake and mercury levels during pregnancy with the metabolic
syndrome score of children as well as with the individual components of the metabolic syndrome
score as secondary outcomes. Mercury concentration (measured in micrograms per liter) was log2-
transformed for normality and then treated as a continuous variable because no departures from
linearity in the associations between mercury levels and health outcomes were observed, either
visually or statistically (P for linearity >.28), using generalized additive models. We performed
regression models that included separate maternal fish intake and mercury levels. We then included
both fish intake and mercury levels in the models to assess their independent associations with the
health outcomes of children. We also included a product term between fish intake and mercury levels
in the regression analysis to assess interaction. To simplify interpretation of this model, we
categorized maternal mercury levels as high and low based on the cutoff of 3.5 μg/L, which is
considered the level of concern for a developing fetus.34 In all models, we included a cohort indicator
as a fixed effect because doing so in the context of an observational study can provide unbiased
control of the cohort effects.35 We imputed missing values for covariates using the multivariate
imputation by chained equations (MICE) package in R software (R Foundation).36 We performed
analyses with both original (total missingness, 8.8% in covariates) and imputed data. The results
were similar; hence, we presented those findings using the imputed covariate data.

We performed several sensitivity analyses to assess the robustness of our results. First, we
assessed between-cohort heterogeneity by computing the I2 statistic.37 Second, we repeated the
analysis while excluding 1 cohort at a time. Third, we assessed the effect modification by maternal
educational level (low/middle or high), gestational diabetes status (yes or no), and sex of the children
by testing the interactions between the potential effect modifiers and the maternal fish intake or
mercury levels. Based on previous studies, we hypothesized that the exposure-outcome associations
would be stronger among girls25 and children whose mothers had a lower educational level38 or
gestational diabetes.14 Fourth, we further adjusted for gestational weight gain, available food
indicators of maternal diet quality (consumption of fruits, vegetables, cereals, and fast food),
breastfeeding, and the sedentary behavior, mercury concentration, and diet (consumption of fast
food, sugar-sweetened beverages, sweets, and fish intake) of the children. Fifth, we also adjusted for
maternal blood levels of environmental pollutants (polychlorinated biphenyls and
dichlorodiphenyldichloroethylene) and arsenic.7,39

We then examined the associations of maternal fish intake and mercury concentration with the
protein levels of the children using linear regression models adjusted for the same covariates plus
the age and sex of the children. We subsequently employed a second-stage hierarchical model to
calculate pathway-level effect estimates by modeling each individual protein as a linear function of
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the Kyoto Encyclopedia of Genes and Genomes pathway indicator variables (distinguishing whether
a protein does or does not belong to a prespecified pathway) using an inverse-variance weight.40

This approach allowed us to estimate an overall effect for each pathway (ie, the effect estimate of
exposure on a protein within a specific pathway).

Integrated Analysis
We performed an integrated latent variable analysis to identify clusters of children associated with
increased susceptibility to metabolic disease based on variables including maternal fish intake,
mercury exposure during pregnancy, and the children’s protein profile by using the latent unknown
clustering with integrated data (LUCIDus) package in R software (R Foundation).41 We obtained
effect estimates for the association of estimated latent clusters with the metabolic syndrome score
(eMethods 4 in the Supplement). Proteins were selected if they were significantly associated with
the exposures of interest at a significance level of P < .05.

All data analyses were conducted using Stata software, version 14.2 (StataCorp), and R
software, version 3.5.3 (R Foundation). Data were analyzed between March 1 and August 2, 2019.

Results

Participant Characteristics
Among 805 mothers in the analysis, the mean (SD) age at cohort inclusion or delivery of an infant
was 31.3 (4.6) years (Table 1). A total of 400 women (49.7%) had a high educational level, and 432
women (53.7%) were multiparous. The mean (SD) fish intake during pregnancy was 3.7 (3.3) times
per week. Compared with women with low fish intake (n = 117), women with moderate and high fish
intake (n = 317 and n = 371, respectively) were more likely to be older (mean [SD] age, 30.6 [4.8]
years among women with low intake vs 30.9 [5.0] years among women with moderate intake and
31.9 [4.2] years among women with high intake) and to have a high educational level (51 women
[43.6%] with low intake vs 155 women [48.9%] with moderate intake and 194 women [52.3%] with
high intake) (eTable 2 in the Supplement). The median (interquartile range) concentration of
maternal blood mercury was 2.5 (1.5-4.2) μg/L. Mercury concentrations were modestly associated
with fish consumption during pregnancy (Spearman r = 0.2). Women with high fish consumption
were more likely to have mercury concentrations equal to or greater than the level of concern given
as 3.5 μg/L (155 women [41.8%] with high intake vs 36 women [30.8%] with low intake and 79
women [24.9%] with moderate intake) (eTable 2 in the Supplement).

Among 805 children in the study, the mean (SD) age was 8.4 (1.5) years (age range, 6-12 years).
A total of 453 children (56.3%) were boys, and 734 children (91.2%) were of white race/ethnicity.
Additional data regarding mercury exposure and other characteristics of the study population are
shown in Table 1.

Fish Intake, Mercury Exposure, and Metabolic Syndrome
Compared with low fish intake during pregnancy, moderate fish intake was associated with a 1-U
decrease in the metabolic syndrome score of children (β = −0.96; 95% CI, −1.49 to −0.42) (P < .001),
while high fish intake was associated with a smaller 0.7-U decrease in the metabolic syndrome score
(β, −0.71; 95% CI, −1.33 to −0.10; P = .02; Table 2). A doubling in maternal blood mercury
concentration was associated with a 0.18 higher metabolic syndrome score (β = 0.18; 95% CI, 0.01-
0.34; P = .03). Inclusion of maternal fish intake and mercury exposure in the same model slightly
strengthened the effect estimates, especially for high fish intake. Compared with low fish intake and
low mercury exposure, the combination of moderate fish consumption and low mercury exposure
was associated with the greatest decrease in metabolic syndrome score (β = −0.70; 95% CI, −1.33 to
−0.07; P = .03), while the combination of low fish consumption and high mercury exposure was
associated with the greatest increase in metabolic syndrome score (β = 0.93; 95% CI, 0.06-1.79;
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Table 1. Characteristics of Study Populationa

Characteristic
No. (%)
(N = 805)

Cohort

BiB, UK 104 (12.9)

EDEN, France 143 (17.8)

INMA, Spain 204 (25.3)

MoBa, Norway 211 (26.2)

RHEA, Greece 143 (17.8)

Parent

Maternal fish intake
during pregnancy,
mean (SD), times/wk

3.7 (3.3)

Frequency of fish intake
during pregnancy

Low (<1 time/wk) 117 (14.5)

Moderate (≥1 to ≤3 times/wk) 317 (39.4)

High (>3 times/wk) 371 (46.1)

Maternal age,
mean (SD), y

31.3 (4.6)

Missing, No. (%) 3 (0.4)

Maternal prepregnancy BMI,
mean (SD)

24.0 (4.4)

Maternal prepregnancy weight

Normal (BMI<25) 552 (68.6)

Overweight (BMI≥25) 243 (30.2)

Missing 10 (1.2)

Maternal smoking
during pregnancy

No 662 (82.2)

Yes 131 (16.3)

Missing 12 (1.5)

Gestational diabetes
status

No 384 (47.7)

Yes 41 (5.1)

Missing 380 (47.2)

Maternal parity

Primiparous 368 (45.7)

Multiparous 432 (53.7)

Missing 5 (0.6)

Maternal educational level

Low 106 (13.2)

Medium 283 (35.2)

High 400 (49.7)

Missing 16 (2.0)

Paternal educational level

Low 130 (16.1)

Medium 294 (36.5)

High 331 (41.1)

Missing 50 (6.2)

Maternal mercury concentration,
median (interquartile range),
μg/L

2.5 (1.5-4.2)

(continued)
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P = .04). However, the interaction between fish intake and mercury exposure was not significant
(P = .32).

In analyses examining the individual components of the metabolic syndrome score, we found
that maternal fish intake was most strongly inversely associated with the waist circumference and
insulin level of children and was positively associated with the HDL cholesterol level of children
(Figure 1). Maternal mercury exposure was positively associated with the waist circumference and
insulin level of children.

In sensitivity analyses, we did not find evidence of between-cohort heterogeneity (I2 = 0% for
all estimates), and the results remained similar after the exclusion of 1 cohort at a time (eFigure 2 in
the Supplement). We also did not find indications that the associations differed by the sex of the
child, the maternal educational level, or the gestational diabetes status (eTable 3 in the Supplement).
The results did not materially change when we also adjusted for dietary and lifestyle factors among

Table 1. Characteristics of Study Populationa (continued)

Characteristic
No. (%)
(N = 805)

Child

Age at assessment,
mean (SD), y

8.4 (1.5)

Sex

Male 453 (56.3)

Female 352 (43.7)

Birth weight,
mean (SD), g

3347 (488)

Gestational age,
mean (SD), wk

39.7 (1.7)

Race/ethnicity

White 734 (91.2)

Asian 55 (6.8)

Other 16 (2.0)

Waist circumference,
mean (SD), cm

59.3 (7.7)

HDL cholesterol level,
mean (SD), mg/dL

60.1 (12.5)

Triglyceride level,
median (interquartile range), mg/dL

75.3
(58.5-99.2)

Insulin level,
median (interquartile range), μg/mL

5.5 (4.2-8.5)

Blood pressure,
mean (SD), mm Hg

Systolic 100.5 (10.6)

Diastolic 58.2 (9.4)

Metabolic syndrome score,
mean (SD)b

−0.1 (2.3)

Abbreviations: BiB, Born in Bradford study; BMI, body mass index (calculated as
weight in kilograms divided by height in meters squared); EDEN, Etude des
Determinants Pre et Postnatals du Developpement et de la Sante de l’Enfant
study; HDL, high-density lipoprotein; INMA, Infancia y Medio Ambiente study;
MoBa, Norwegian Mother, Father and Child study; RHEA, Rhea Mother-
Child study.

SI conversion factors: To convert HDL cholesterol from mg/dL to mmol/L,
multiply by 0.0259; triglycerides from mg/dL to mmol/L, multiply by 0.0113; and
insulin from micromoles per milliliter to picomoles per liter, multiply by 6.945.
a Continuous data are presented as means (SDs) if normally distributed or as

medians (interquartile range) if not normally distributed.
b The metabolic syndrome score (expressed in mean [SD]) was derived using z

scores for waist circumference, HDL cholesterol level, triglyceride level, insulin
level, and systolic and diastolic blood pressure.
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Table 2. Association of Fish Intake During Pregnancy and Maternal Mercury Levels
With Metabolic Syndrome Score Among Children Aged 8 Years

Model

Metabolic Syndrome Score (N = 805)a

β Estimate (95% CI) P Value
Separate models

Fish intake, times/wk

<1 [Reference] NA NA

≥1 to ≤3 −0.92 (−1.45 to −0.38) .001

>3 −0.59 (−1.20 to 0.02) .06

Mercury exposure, log2 μg/L 0.17 (0.01 to 0.33) .04

Mutually adjusted model

Fish intake, times/wk

<1 [Reference] NA NA

≥1 to ≤3 −0.96 (−1.49 to −0.42) <.001

>3 −0.71 (−1.33 to −0.10) .02

Mercury exposure, log2 μg/L 0.18 (0.01 to 0.34) .03

Effect heterogeneityb

Fish intake, times/wk (mercury exposure, μg/L) .32c

<1 (<3.5) [Reference] NA NA

<1 (≥3.5) 0.93 (0.06 to 1.79) .04

1-3 (<3.5) −0.70 (−1.33 to −0.07) .03

1-3 (≥3.5) −0.56 (−1.27 to 0.16) .13

>3 (<3.5) −0.51 (−1.20 to 0.18) .15

>3 (≥3.5) −0.06 (−0.79 to 0.67) .87

Abbreviation: NA, not applicable.
a The metabolic syndrome score is expressed in mean

(SD) and was derived using z scores for waist
circumference, high-density lipoprotein cholesterol
level, triglyceride level, insulin level, and systolic and
diastolic blood pressure. Estimates are β coefficients
(95% CIs) calculated by linear regression models that
were adjusted for maternal age, maternal
prepregnancy body mass index (calculated as weight
in kilograms divided by height in meters squared),
parental education, maternal parity, children’s race/
ethnicity, and cohort.

b The following numbers of participants were included
for each combination of fish intake and mercury
exposure: 80 participants for low fish intake (<1
time/week) and low mercury exposure (<3.5 μg/L);
37 participants for low fish intake and high mercury
exposure (�3.5 μg/L); 238 participants for moderate
fish intake (1-3 times per week) and low mercury
exposure; 79 participants for moderate fish intake
and high mercury exposure; 216 participants for high
fish intake (>3 times per week) and low mercury
exposure; and 155 participants for high fish intake
and high mercury exposure.

c P value for interaction between fish intake and
mercury exposure.

Figure 1. Association of Fish Intake During Pregnancy and Maternal Mercury Levels With Metabolic Risk Factors of Children Aged 8 Years
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The figure represents data from 805 mothers and their singleton offspring who
participated in the Human Early Life Exposome study. Metabolic risk factors are
expressed as z scores. Effect estimates represent β coefficients (squares) and 95% CIs
(error bars) calculated by linear regression models that included maternal fish intake and
mercury concentrations and were further adjusted for maternal age, maternal
prepregnancy body mass index (calculated as weight in kilograms divided by height in

meters squared), parental education, maternal parity, children’s race/ethnicity, and
cohort. For fish intake, the reference category was low intake (<1 time per week).
Moderate fish intake was defined as 1 to 3 times per week. High fish intake was defined
as more than 3 times per week.

BP indicates blood pressure; HDL, high-density lipoprotein.

JAMA Network Open | Nutrition, Obesity, and Exercise Fish Consumption and Mercury Exposure in Pregnancy and Metabolic Health in Children

JAMA Network Open. 2020;3(3):e201007. doi:10.1001/jamanetworkopen.2020.1007 (Reprinted) March 16, 2020 8/16

Downloaded From: https://jamanetwork.com/ by a Norwegian Institute of Public Health User  on 11/27/2020



mothers and children (eTable 4 in the Supplement) or maternal exposure to environmental
pollutants (eTable 5 in the Supplement).

Fish Intake, Mercury Exposure, and Inflammatory Biomarkers
Compared with low maternal fish intake, moderate and high fish intake were associated with lower
levels of the cytokines interleukin (IL) 1β (IL-1β; percentage change, −16.7%; 95% CI, −27.9% to
−3.9%; P = .01) and IL-6 (percentage change, −16.2%; 95%, CI, −24.9% to −6.6%; P = .001),
adiponectin (percentage change, −11.4%; 95% CI, −18.7% to −3.4%; P = .01), and tumor necrosis
factor α (TNF-α) (percentage change, −5.7%; 95% CI, −10.5% to −0.6%; P = .03) (Figure 2; eTable 6
in the Supplement). There was also a decrease in apolipoprotein E levels associated with moderate
and high fish intake compared with low fish intake (percentage change, −9.7%; 95% CI, −18.7% to
−0.3%; P = .06). Maternal mercury blood concentrations were not associated with protein levels in
children (eTable 6 in the Supplement). The hierarchical pathway analysis indicated that moderate
and high fish intake during pregnancy were associated with an average decrease of 5.7% in protein
levels (95% CI, −10.80% to −0.32%; P = .04) within the adipocytokine pathway (Figure 2; eTable 6 in
the Supplement).

Figure 2. Association of Fish Intake During Pregnancy With Child Protein Levels at Age 8 Years
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The figure represents data from 805 mothers and their singleton offspring who
participated in the Human Early Life Exposome study. Effect estimates represent
percentage changes in protein levels expressed as log2 picograms per milliliter (squares)
and their 95% CIs (error bars) for fish intake of equal to or more than 1 time per week
compared with less than 1 time per week. Models were adjusted for maternal mercury
concentrations, maternal age, maternal prepregnancy body mass index (calculated as
weight in kilograms divided by height in meters squared), parental education, maternal
parity, children’s race/ethnicity, and cohort.

apo indicates apolipoprotein; BAFF, B-cell activating factor of the tumor necrosis factor
(TNF) family; EGF, epidermal growth factor; IFN, interferon; IL, interleukin; JAK-STAT,
Janus kinase signal transducer and activator of transcription proteins signaling pathway;
MCP, methyl-accepting chemotaxis protein; MIG, CXC chemokine 9; MIP, macrophage
inflammatory protein; NF-κB, nuclear factor–kappa B; and TNF-α, tumor necrosis
factor α.
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Integrated Analysis
In the integrated latent analysis, we identified 2 clusters of children. Cluster 2 was defined as the
high-risk cluster, which was characterized by a 2.7-U higher metabolic syndrome score compared
with cluster 1 (the reference cluster; Figure 3). Cluster 2 was negatively associated with maternal fish
intake and positively associated with maternal mercury levels. This cluster was also characterized by
increased levels of leptin, TNF-α, IL-1β, and IL-6 and lower levels of adiponectin. To understand how
fish intake, mercury exposure, and protein profiles were associated with the latent cluster
estimation, we assigned each child to 1 of the 2 clusters based on an estimated probability greater
than 0.5 for membership within a cluster in a post hoc analysis. Children assigned to the high-risk
cluster had associations reflective of the proteins that characterized cluster 2 and a poorer
cardiometabolic profile than children assigned to cluster 1 (eTable 7 in the Supplement).

Discussion

The findings of this study suggest that fish intake during pregnancy, especially moderate fish intake
that is consistent with current recommendations, is associated with improvements in the metabolic
profile of children, as indicated by a lower metabolic syndrome score. Higher mercury exposure
during pregnancy was associated with a poorer metabolic profile in children. We also found that fish
intake and mercury levels during pregnancy could be used to characterize subgroups of children with
alterations in inflammatory cytokines and adipokines and that these subgroups were associated with

Figure 3. Integrated Analysis of Fish Intake During Pregnancy, Maternal Mercury Levels, and Individual Protein Levels of Children for the Identification
of a Subgroup of Children With Poorer Metabolic Health
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(≥1 to ≤3 times per week)
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The thick light gray lines connecting fish intake categories to cluster 2 indicate negative
associations. The thick dark gray line connecting mercury to cluster 2 indicates a positive
association. The dark gray lines connecting the clusters to proteins indicate positive
associations, and the light gray lines suggest negative associations. The width of the lines
is proportional to the effect size. The thick gray line connecting cluster 2 and metabolic
syndrome score indicates that children in the latent cluster 2 had a higher metabolic

syndrome score compared with children in cluster 1. The metabolic syndrome score is
expressed in SD and was derived using z scores for waist circumference, high-density
lipoprotein cholesterol level, triglyceride level, insulin level, and systolic and diastolic
blood pressure. IL-1β indicates interleukin 1β; IL-6, interleukin 6; and TNF-α, tumor
necrosis factor α.
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metabolic health in children; these results are consistent with a role for inflammation in the metabolic
consequences of fish intake and mercury exposure.

We used an aggregate metabolic syndrome score as an indicator of overall metabolic
dysfunction. Previous research has indicated that the metabolic syndrome score is a useful tool for
detecting subclinical atherosclerotic risk based on carotid intima-media thickness and vascular
stiffness parameters42 and that this risk is likely to continue into adulthood.43 Our study suggests
that compared with low fish intake, the intake of more than 1 but less than 3 servings of fish per week
was associated with a better metabolic syndrome score in children. This better score was primarily
owing to beneficial associations with waist circumference, HDL cholesterol levels, and insulin levels.
An attenuation of the metabolic benefit was observed with maternal fish intake that was higher than
the recommended amount (>3 times per week). Similar to our findings, adult studies have suggested
a nonlinear threshold association between fish consumption and the risk of cardiovascular disease,
with the highest benefit observed among those with moderate fish consumption levels.7,11 Our study
did not confirm the findings of a previous Danish study, which suggested that gestational diabetes
status may modify the consequences of prenatal fish intake. The smaller number of participants with
gestational diabetes in our study compared with the Danish study (5% vs 44.3%, respectively) or
diabetes status misclassification may explain the inconsistency in findings.

Concomitant mercury exposure may mask or counterbalance the benefits of fish consumption,
especially at high levels of intake. Mercury exposure has been associated with metabolic syndrome,
visceral adiposity, and insulin resistance, especially in adults.44-47 We observed an association of
prenatal mercury exposure with a higher metabolic syndrome score in children, which was largely
owing to positive associations with waist circumference and insulin levels. The effect estimates of
mercury exposure were smaller in magnitude but independent of those of maternal fish
consumption. To our knowledge, no previous study has examined the association of prenatal
mercury exposure with overall metabolic profile or adiposity and insulin measures in children. The
adjustment for maternal mercury exposure in our analysis strengthened the effect estimates for the
high intake of fish. However, this adjustment did not fully explain the lower metabolic benefit
observed with high intake compared with moderate intake. This attenuation in benefit remained
even after further adjustment for organic pollutants (polychlorinated biphenyls and
dichlorodiphenyldichloroethylene) and arsenic, which are commonly found in fish and might have
adverse metabolic effects.48

Using a novel integrated analysis, this is the first human study, to our knowledge, to report that
alterations in the cytokines TNF-α, IL-6, and IL-1β and the adipokines leptin and adiponectin in
response to maternal fish consumption and mercury exposure during pregnancy might be associated
with metabolic consequences in children. Experimental evidence suggests that n-3 fatty acids found
in fish may be associated with reductions in TNF-α, IL-6, and IL-1β gene expression via activation of
the G protein–coupled receptor 120.49 In contrast, mercury exposure has been reported to activate
p38 mitogen-activated protein kinase and alter secretion of these cytokines.50 Moreover, ω-3 fatty
acids and mercury can alter adipokine secretion and modulate inflammatory response through
changes in endoplasmic reticulum stress and the peroxisome proliferator-activated receptor
signaling pathway.6,51 Further studies are needed to replicate these results and identify the
underlying biological mechanisms that may explain the association of prenatal fish intake and
mercury exposure with metabolic health in children.

Strengths and Limitations
The main strengths of the study are the multicentric design, which included mother-child pairs from
5 countries spanning northern to southern Europe, the use of standardized protocols for outcome
assessment, the detailed characterization of inflammatory biomarkers in children to gain insight into
potential underlying pathways, and the application of a novel integrated analysis for identifying
subgroups of children with a poor metabolic profile.
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Our study had several limitations. We used self-reported dietary information; hence, maternal
fish intake may have been misclassified. Nevertheless, the use of validated food frequency
questionnaires and the consistency of the associations across cohorts suggest that misclassification
of fish intake is an unlikely explanation for the observed results. Among fish species, there is
considerable variation in the content of both ω-3 long-chain polyunsaturated fatty acids, which are
considered the most likely active beneficial nutrients, and mercury. However, we did not have
information regarding the types of fish consumed or the ω-3 long-chain polyunsaturated fatty acid
intake; therefore, it was not possible to examine the associations of fish intake with different nutrient
and mercury content. As in any observational study, the possibility of unmeasured residual
confounding existed. However, the results did not change when we adjusted our models for a
number of dietary and lifestyle factors among mothers and children. In addition, our study
population consisted of primarily healthy children, which did not allow us to examine clinical
metabolic end points owing to small numbers.

Conclusions

This study’s findings appear to indicate that fish intake during pregnancy, especially moderate fish
intake of 1 or more to 3 or less servings per week, was associated with an improved metabolic profile
in offspring. Higher mercury exposure during pregnancy was associated with a poorer metabolic
profile. The novel integrated latent variable approach suggested that changes in key inflammatory
cytokines and adipokines characterize these associations. Our results suggest that, for pregnant
women, the benefit of fish intake that is consistent with recommendations from the US Food and
Drug Administration and the Environmental Protection Agency exceeds the risk in terms of the
metabolic health of children. We believe the potential metabolic harm of mercury exposure is of
concern and that efforts to limit mercury contamination are needed.

ARTICLE INFORMATION
Accepted for Publication: January 27, 2020.

Published: March 16, 2020. doi:10.1001/jamanetworkopen.2020.1007

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2020 Stratakis N
et al. JAMA Network Open.

Corresponding Author: Leda Chatzi, MD, PhD, Department of Preventive Medicine, Keck School of Medicine,
University of Southern California, 2001 N Soto St, Los Angeles, CA 90089-9239 (chatzi@usc.edu).

Author Affiliations: Department of Preventive Medicine, Keck School of Medicine, University of Southern
California, Los Angeles (Stratakis, Conti, Farzan, McConnell, Chatzi); Department of Complex Genetics and
Epidemiology, CAPHRI School for Public Health and Primary Care, University of Maastricht, Maastricht, the
Netherlands (Stratakis, Chatzi); Universitat Pompeu Fabra, Barcelona, Spain (Borras, Sabido, Basagana,
Bustamante, Casas, Fossati, Gonzalez, Maitre, Urquiza, Vrijheid); Proteomics Unit, Centre de Regulacio Genomica,
Barcelona Institute of Science and Technology, Barcelona, Spain (Borras, Sabido); Department of Social Medicine,
Faculty of Medicine, University of Crete, Heraklion, Crete, Greece (Roumeliotaki, Vafeiadi); Department of
Environmental Health, Norwegian Institute of Public Health, Oslo, Norway (Papadopoulou, Brantsaeter, Meltzer);
Team of Environmental Epidemiology Applied to Reproduction and Respiratory Health, Inserm, CNRS, University
Grenoble Alpes, Institute for Advanced Biosciences, U1209 Joint Research Center, La Tronche, Grenoble, France
(Agier); Institute for Global Health, Barcelona, Spain (Basagana, Bustamante, Casas, Fossati, Gonzalez, Maitre,
Urquiza, Vrijheid); Consorcio de Investigacion Biomedica en Red de Epidemiologia y Salud Publica, Madrid, Spain
(Basagana, Bustamante, Casas, Fossati, Gonzalez, Maitre, Urquiza, Vrijheid); Department of Environmental
Sciences, Vytautas Magnus University, Kaunas, Lithuania (Grazuleviciene); Centre of Research in Epidemiology and
Statistics, Inserm, Institut National de la Recherche Agronomique, Universite de Paris, Paris, France (Heude);
Bradford Institute for Health Research, Bradford Teaching Hospitals NHS Foundation Trust, Bradford, UK
(McEachan, West, Wright); Foundation for Research and Technology, Institute of Molecular Biology and
Biotechnology, Heraklion, Greece (Theologidis).

JAMA Network Open | Nutrition, Obesity, and Exercise Fish Consumption and Mercury Exposure in Pregnancy and Metabolic Health in Children

JAMA Network Open. 2020;3(3):e201007. doi:10.1001/jamanetworkopen.2020.1007 (Reprinted) March 16, 2020 12/16

Downloaded From: https://jamanetwork.com/ by a Norwegian Institute of Public Health User  on 11/27/2020

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2020.1007&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.1007
https://jamanetwork.com/journals/jamanetworkopen/pages/instructions-for-authors#SecOpenAccess/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.1007
mailto:chatzi@usc.edu


Author Contributions: Drs Stratakis and Chatzi had full access to all of the data in the study and take responsibility
for the integrity of the data and the accuracy of the data analysis.

Concept and design: Stratakis, Agier, Farzan, McEachan, Vafeiadi, Wright, Brantsaeter, Meltzer, Vrijheid, Chatzi.

Acquisition, analysis, or interpretation of data: Stratakis, Conti, Borras, Sabido, Roumeliotaki, Papadopoulou,
Basagana, Bustamante, Casas, Farzan, Fossati, Gonzalez, Grazuleviciene, Heude, Maitre, McEachan, Theologidis,
Urquiza, Vafeiadi, West, Wright, McConnell, Vrijheid, Chatzi.

Drafting of the manuscript: Stratakis, Conti, Urquiza, Vafeiadi, Wright, Chatzi.

Critical revision of the manuscript for important intellectual content: Stratakis, Conti, Borras, Sabido, Roumeliotaki,
Papadopoulou, Agier, Basagana, Bustamante, Casas, Farzan, Fossati, Gonzalez, Grazuleviciene, Heude, Maitre,
McEachan, Theologidis, Vafeiadi, West, Wright, McConnell, Brantsaeter, Meltzer, Vrijheid, Chatzi.

Statistical analysis: Stratakis, Conti, Borras, Papadopoulou, Agier, Basagana, Farzan, Gonzalez, Theologidis,
Vafeiadi.

Obtained funding: Grazuleviciene, McEachan, Wright, Meltzer, Vrijheid, Chatzi.

Administrative, technical, or material support: Borras, Sabido, Roumeliotaki, Papadopoulou, Casas, McEachan,
Urquiza, Vafeiadi, West, Wright, Brantsaeter, Meltzer, Chatzi.

Supervision: Gonzalez, Wright, McConnell, Vrijheid, Chatzi.

Conflict of Interest Disclosures: Dr Stratakis reported receiving grants from the National Institute for Health
Sciences and the National Institute of Diabetes and Digestive and Kidney Diseases during the conduct of the study.
Dr Conti reported receiving grants from the National Institute for Health Sciences during the conduct of the study.
Dr Fossati reported receiving grants from the European Commission during the conduct of the study. Dr McConnell
reported receiving grants from the National Institute for Health Sciences during the conduct of the study. Dr Chatzi
reported receiving grants from the National Institute for Health Sciences during the conduct of the study. No other
disclosures were reported.

Funding/Support: This study was supported by grant 308333 from the European Community Seventh
Framework Programme; grant 874583 from the European Union Horizon 2020 Research and Innovation
Programme; grant SEV-2012-0208 from the Centro de Excelencia Severo Ochoa 2013-2017, Spanish Ministry of
Science, Innovation and Universities; grant 2017SGR595 from the Secretaria d’Universitats i Recerca del
Departament d’Economia i Coneixement de la Generalitat de Catalunya; grant CB06/021/0041 from the Consorcio
de Investigacion Biomedica en Red de Epidemiologia y Salud Publica; grant 1999SGR00241 from the Comissio
Interdepartamental de Recerca i Innovacio Tecnologica, Generalitat de Catalunya; grant 31V-66 from the
Lithuanian Agency for Science Innovation and Technology; grant PT17/0019 via the Plan Estatal de I+D+I 2013-
2016 project from the Instituto de Salud Carlos III and the European Regional Development Fund; grants R21
ES029681 and P30 ES007048-23 from the National Institute for Health Sciences (Dr Stratakis); grant P30
DK048522-24 from the National Institute of Diabetes and Digestive and Kidney Diseases (Dr Stratakis); grants
P01CA196569, R01CA140561, and R01 ES016813 from the National Institute for Health Sciences (Dr Conti); grant
MS16/00128 from the Ministry of Economy and Competitiveness at the Instituto de Salud Carlos III (Dr Casas);
grants R21 ES029681, P30 ES007048-23, and P01 ES022845 from the National Institute for Health Sciences (Dr
McConnell); grant RD-83544101 from the Environmental Protection Agency (Dr McConnell); and grants R01
ES029944, R21 ES029681, R21 ES028903, and P30 ES007048-23 from the National Institute for Health Sciences
(Dr Chatzi).

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

Additional Contributions: Joane Quentin, PhD, Lise Giorgis-Allemand, PhD, and Remy Slama, PhD, of the EDEN
study group from the University Grenoble-Alpes, France, assisted with the HELIX study data collection and
management. Sonia Brishoual, BS, Angelique Serre, BS, and Michele Grosdenier BS, of Poitiers Biobank in Poitiers,
France, provided biological sample management. Frederic Millot, PhD (principal investigator), Elodie Migault, BS,
Manuela Boue, BS, and Sandy Bertin, BS, of the Clinical Investigation Center in Poitiers, France, assisted with
planning and investigation. Isabella Annesi-Maesano, PhD, Jonathan Bernard, PhD, Jeremie Botton, PhD, Marie-
Aline Charles, PhD, Patricia Dargent-Molina, PhD, Blandine de Lauzon-Guillain, PhD, Pierre Ducimetiere, PhD, Maria
de Agostini, PhD, Bernard Foliguet, MD, Anne Forhan, PhD, Xavier Fritel, MD, Alice Germa, PhD, Valerie Goua, MD,
Regis Hankard, MD, Monique Kaminski, PhD, Beactrice Larroque, PhD, Nathalie Lelong, MsC, Johanna Lepeule,
PhD, Guillaume Magnin, MD, Laetitia Marchand, MsC, Catherine Nabet, MD, Fabrice Pierre, MD, Marie-Joseph
Saurel-Cubizolles, PhD, Michel Schweitzer, MD, and Olivier Thiebaugeorges, MD, of the EDEN study group from the
Institut National de la Sante et de la Recherche Medicale (Inserm) assisted with the EDEN study data collection
and management. No compensation was received. We thank all of the field workers for their dedication and
efficiency. We are grateful to all of the participating families in the Born in Bradford, EDEN, INMA, MoBa, and RHEA

JAMA Network Open | Nutrition, Obesity, and Exercise Fish Consumption and Mercury Exposure in Pregnancy and Metabolic Health in Children

JAMA Network Open. 2020;3(3):e201007. doi:10.1001/jamanetworkopen.2020.1007 (Reprinted) March 16, 2020 13/16

Downloaded From: https://jamanetwork.com/ by a Norwegian Institute of Public Health User  on 11/27/2020



cohorts who took part in this study. The Born in Bradford study was only possible because of the enthusiasm and
commitment of the participating children and parents; we thank all of the participants, health professionals, and
researchers who made Born in Bradford happen. We thank all of the children and families who participated in the
EDEN-HELIX mother-child cohort. We are also grateful to all of the participating families in Norway who are
currently taking part in the ongoing MoBa cohort study.

REFERENCES
1. GBD 2013 Mortality and Causes of Death Collaborators. Global, regional, and national age-sex specific all-cause
and cause-specific mortality for 240 causes of death, 1990-2013: a systematic analysis for the global burden of
disease study 2013. Lancet. 2015;385(9963):117-171. doi:10.1016/S0140-6736(14)61682-2

2. Bibbins-Domingo K, Grossman DC, Curry SJ, et al; US Preventive Services Task Force. Screening for lipid
disorders in children and adolescents: US Preventive Services Task Force recommendation statement. JAMA.
2016;316(6):625-633. doi:10.1001/jama.2016.9852

3. Magge SN, Goodman E, Armstrong SC; Committee on Nutrition; Section on Endocrinology; Section on Obesity.
The metabolic syndrome in children and adolescents: shifting the focus to cardiometabolic risk factor clustering.
Pediatrics. 2017;140(2):e20171603. doi:10.1542/peds.2017-1603

4. Weiss R. Childhood metabolic syndrome: must we define it to deal with it? Diabetes Care. 2011;34(suppl 2):
S171-S176. doi:10.2337/dc11-s214

5. Yan Y, Jiang W, Spinetti T, et al. Omega-3 fatty acids prevent inflammation and metabolic disorder through
inhibition of NLRP3 inflammasome activation. Immunity. 2013;38(6):1154-1163. doi:10.1016/j.immuni.2013.05.015

6. Kalupahana NS, Claycombe KJ, Moustaid-Moussa N. (n-3) Fatty acids alleviate adipose tissue inflammation and
insulin resistance: mechanistic insights. Adv Nutr. 2011;2(4):304-316. doi:10.3945/an.111.000505

7. Mozaffarian D, Rimm EB. Fish intake, contaminants, and human health: evaluating the risks and the benefits.
JAMA. 2006;296(15):1885-1899. doi:10.1001/jama.296.15.1885

8. Gardner RM, Nyland JF, Silva IA, Ventura AM, de Souza JM, Silbergeld EK. Mercury exposure, serum antinuclear/
antinucleolar antibodies, and serum cytokine levels in mining populations in Amazonian Brazil: a cross-sectional
study. Environ Res. 2010;110(4):345-354. doi:10.1016/j.envres.2010.02.001

9. Nyland JF, Fillion M, Barbosa F Jr, et al. Biomarkers of methylmercury exposure immunotoxicity among fish
consumers in Amazonian Brazil. Environ Health Perspect. 2011;119(12):1733-1738. doi:10.1289/ehp.1103741

10. Toomey CB, Cauvi DM, Hamel JC, Ramirez AE, Pollard KM. Cathepsin B regulates the appearance and severity
of mercury-induced inflammation and autoimmunity. Toxicol Sci. 2014;142(2):339-349. doi:10.1093/toxsci/kfu189

11. Mozaffarian D. Dietary and policy priorities for cardiovascular disease, diabetes, and obesity: a comprehensive
review. Circulation. 2016;133(2):187-225. doi:10.1161/CIRCULATIONAHA.115.018585

12. Voortman T, van den Hooven EH, Braun KV, et al. Effects of polyunsaturated fatty acid intake and status during
pregnancy, lactation, and early childhood on cardiometabolic health: a systematic review. Prog Lipid Res. 2015;
59:67-87. doi:10.1016/j.plipres.2015.05.001

13. Stratakis N, Gielen M, Margetaki K, et al. Polyunsaturated fatty acid status at birth, childhood growth, and
cardiometabolic risk: a pooled analysis of the MEFAB and RHEA cohorts. Eur J Clin Nutr. 2019;73(4):566-576. doi:
10.1038/s41430-018-0175-1

14. Maslova E, Hansen S, Strom M, et al. Fish intake in pregnancy and offspring metabolic parameters at age 9-16—
does gestational diabetes modify the risk? Nutrients. 2018;10(10):E1534. doi:10.3390/nu10101534

15. Zhang Y, Xu C, Fu Z, et al. Associations between total mercury and methyl mercury exposure and
cardiovascular risk factors in US adolescents. Environ Sci Pollut Res Int. 2018;25(7):6265-6272. doi:10.1007/
s11356-017-0905-2

16. Shin YY, Ryu IK, Park MJ, Kim SH. The association of total blood mercury levels and overweight among Korean
adolescents: analysis of the Korean national health and nutrition examination survey (KNHANES) 2010-2013.
Korean J Pediatr. 2018;61(4):121-128. doi:10.3345/kjp.2018.61.4.121

17. Thurston SW, Bovet P, Myers GJ, et al. Does prenatal methylmercury exposure from fish consumption affect
blood pressure in childhood? Neurotoxicology. 2007;28(5):924-930. doi:10.1016/j.neuro.2007.06.002

18. Sorensen N, Murata K, Budtz-Jorgensen E, Weihe P, Grandjean P. Prenatal methylmercury exposure as a
cardiovascular risk factor at seven years of age. Epidemiology. 1999;10(4):370-375. doi:10.1097/00001648-
199907000-00006

19. Gregory S, Iles-Caven Y, Hibbeln JR, Taylor CM, Golding J. Are prenatal mercury levels associated with
subsequent blood pressure in childhood and adolescence? the Avon prebirth cohort study. BMJ Open. 2016;6(10):
e012425. doi:10.1136/bmjopen-2016-012425

JAMA Network Open | Nutrition, Obesity, and Exercise Fish Consumption and Mercury Exposure in Pregnancy and Metabolic Health in Children

JAMA Network Open. 2020;3(3):e201007. doi:10.1001/jamanetworkopen.2020.1007 (Reprinted) March 16, 2020 14/16

Downloaded From: https://jamanetwork.com/ by a Norwegian Institute of Public Health User  on 11/27/2020

https://dx.doi.org/10.1016/S0140-6736(14)61682-2
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.2016.9852&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.1007
https://dx.doi.org/10.1542/peds.2017-1603
https://dx.doi.org/10.2337/dc11-s214
https://dx.doi.org/10.1016/j.immuni.2013.05.015
https://dx.doi.org/10.3945/an.111.000505
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.296.15.1885&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.1007
https://dx.doi.org/10.1016/j.envres.2010.02.001
https://dx.doi.org/10.1289/ehp.1103741
https://dx.doi.org/10.1093/toxsci/kfu189
https://dx.doi.org/10.1161/CIRCULATIONAHA.115.018585
https://dx.doi.org/10.1016/j.plipres.2015.05.001
https://dx.doi.org/10.1038/s41430-018-0175-1
https://dx.doi.org/10.3390/nu10101534
https://dx.doi.org/10.1007/s11356-017-0905-2
https://dx.doi.org/10.1007/s11356-017-0905-2
https://dx.doi.org/10.3345/kjp.2018.61.4.121
https://dx.doi.org/10.1016/j.neuro.2007.06.002
https://dx.doi.org/10.1097/00001648-199907000-00006
https://dx.doi.org/10.1097/00001648-199907000-00006
https://dx.doi.org/10.1136/bmjopen-2016-012425


20. Kalish BT, Rifas-Shiman SL, Wright RO, et al. Associations of prenatal maternal blood mercury concentrations
with early and mid-childhood blood pressure: a prospective study. Environ Res. 2014;133:327-333. doi:10.1016/j.
envres.2014.06.004

21. Vandenbroucke JP, von Elm E, Altman DG, et al; STROBE Initiative. Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE): explanation and elaboration. PLoS Med. 2007;4(10):e297. doi:
10.1371/journal.pmed.0040297

22. Maitre L, de Bont J, Casas M, et al. Human early life exposome (HELIX) study: a European population-based
exposome cohort. BMJ Open. 2018;8(9):e021311. doi:10.1136/bmjopen-2017-021311

23. Magnus P, Birke C, Vejrup K, et al. Cohort profile update: the Norwegian mother and child cohort study
(MoBa). Int J Epidemiol. 2016;45(2):382-388. doi:10.1093/ije/dyw029

24. Papadopoulou E, Haug LS, Sakhi AK, et al. Diet as a source of exposure to environmental contaminants for
pregnant women and children from six European countries. Environ Health Perspect. 2019;127(10):107005. doi:
10.1289/EHP5324

25. Stratakis N, Roumeliotaki T, Oken E, et al. Fish intake in pregnancy and child growth: a pooled analysis of 15
European and US birth cohorts. JAMA Pediatr. 2016;170(4):381-390. doi:10.1001/jamapediatrics.2015.4430

26. US Food and Drug Administration. Advice about eating fish: for women who are or might become pregnant,
breastfeeding mothers, and young children. https://www.fda.gov/food/consumers/advice-about-eating-fish. Updated
July 2, 2019. Accessed July 19, 2019.

27. Stern AH, Smith AE. An assessment of the cord blood: maternal blood methylmercury ratio: implications for
risk assessment. Environ Health Perspect. 2003;111(12):1465-1470. doi:10.1289/ehp.6187

28. Ahrens W, Moreno LA, Marild S, et al; IDEFICS Consortium. Metabolic syndrome in young children: definitions
and results of the IDEFICS study. Int J Obes (Lond). 2014;38(suppl 2):S4-S14. doi:10.1038/ijo.2014.130

29. Dodington DW, Desai HR, Woo M. JAK/STAT—emerging players in metabolism. Trends Endocrinol Metab.
2018;29(1):55-65. doi:10.1016/j.tem.2017.11.001

30. Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and metabolic disease. Nat Rev Immunol.
2011;11(2):85-97. doi:10.1038/nri2921

31. Sniderman AD, Faraj M. Apolipoprotein B, apolipoprotein A-I, insulin resistance and the metabolic syndrome.
Curr Opin Lipidol. 2007;18(6):633-637. doi:10.1097/MOL.0b013e3282f0dd33

32. Baker RG, Hayden MS, Ghosh S. NF-κB, inflammation, and metabolic disease. Cell Metab. 2011;13(1):11-22. doi:
10.1016/j.cmet.2010.12.008

33. Charo IF, Ransohoff RM. The many roles of chemokines and chemokine receptors in inflammation. N Engl J
Med. 2006;354(6):610-621. doi:10.1056/NEJMra052723

34. Mahaffey KR, Clickner RP, Jeffries RA. Adult women’s blood mercury concentrations vary regionally in the
United States: association with patterns of fish consumption (NHANES 1999-2004). Environ Health Perspect.
2009;117(1):47-53. doi:10.1289/ehp.11674

35. Basagana X, Pedersen M, Barrera-Gomez J, et al; ESCAPE Birth Outcomes Working Group. Analysis of
multicentre epidemiological studies: contrasting fixed or random effects modelling and meta-analysis. Int J
Epidemiol. 2018;47(4):1343-1354. doi:10.1093/ije/dyy117

36. Agier L, Basagana X, Maitre L, et al. Early-life exposome and lung function in children in Europe: an analysis of
data from the longitudinal, population-based HELIX cohort. Lancet Planet Health. 2019;3(2):e81-e92. doi:10.1016/
S2542-5196(19)30010-5

37. Higgins JPT, Thompson SG. Quantifying heterogeneity in a meta-analysis. Stat Med. 2002;21(11):1539-1558.
doi:10.1002/sim.1186

38. Huang JY, Gariepy G, Gavin AR, Rowhani-Rahbar A, Siscovick DS, Enquobahrie DA. Maternal education in early
life and risk of metabolic syndrome in young adult American females and males: disentangling life course processes
through causal models. Epidemiology. 2019;30(suppl 2):S28-S36. doi:10.1097/EDE.0000000000001068

39. Birgisdottir BE, Knutsen HK, Haugen M, et al. Essential and toxic element concentrations in blood and urine
and their associations with diet: results from a Norwegian population study including high-consumers of seafood
and game. Sci Total Environ. 2013;463-464:836-844. doi:10.1016/j.scitotenv.2013.06.078

40. Thomas DC, Conti DV, Baurley J, Nijhout F, Reed M, Ulrich CM. Use of pathway information in molecular
epidemiology. Hum Genomics. 2009;4(1):21-42. doi:10.1186/1479-7364-4-1-21

41. Peng C, Wang J, Asante I, et al. A latent unknown clustering integrating multi-omics data (LUCID) with
phenotypic traits [published online August 29, 2019]. Bioinformatics. doi:10.1093/bioinformatics/btz667

JAMA Network Open | Nutrition, Obesity, and Exercise Fish Consumption and Mercury Exposure in Pregnancy and Metabolic Health in Children

JAMA Network Open. 2020;3(3):e201007. doi:10.1001/jamanetworkopen.2020.1007 (Reprinted) March 16, 2020 15/16

Downloaded From: https://jamanetwork.com/ by a Norwegian Institute of Public Health User  on 11/27/2020

https://dx.doi.org/10.1016/j.envres.2014.06.004
https://dx.doi.org/10.1016/j.envres.2014.06.004
https://dx.doi.org/10.1371/journal.pmed.0040297
https://dx.doi.org/10.1136/bmjopen-2017-021311
https://dx.doi.org/10.1093/ije/dyw029
https://dx.doi.org/10.1289/EHP5324
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamapediatrics.2015.4430&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2020.1007
https://www.fda.gov/food/consumers/advice-about-eating-fish
https://dx.doi.org/10.1289/ehp.6187
https://dx.doi.org/10.1038/ijo.2014.130
https://dx.doi.org/10.1016/j.tem.2017.11.001
https://dx.doi.org/10.1038/nri2921
https://dx.doi.org/10.1097/MOL.0b013e3282f0dd33
https://dx.doi.org/10.1016/j.cmet.2010.12.008
https://dx.doi.org/10.1056/NEJMra052723
https://dx.doi.org/10.1289/ehp.11674
https://dx.doi.org/10.1093/ije/dyy117
https://dx.doi.org/10.1016/S2542-5196(19)30010-5
https://dx.doi.org/10.1016/S2542-5196(19)30010-5
https://dx.doi.org/10.1002/sim.1186
https://dx.doi.org/10.1097/EDE.0000000000001068
https://dx.doi.org/10.1016/j.scitotenv.2013.06.078
https://dx.doi.org/10.1186/1479-7364-4-1-21
https://dx.doi.org/10.1093/bioinformatics/btz667


42. Pandit D, Chiplonkar S, Khadilkar A, Kinare A, Khadilkar V. Efficacy of a continuous metabolic syndrome score
in Indian children for detecting subclinical atherosclerotic risk. Int J Obes (Lond). 2011;35(10):1318-1324. doi:10.
1038/ijo.2011.138

43. Eisenmann JC. On the use of a continuous metabolic syndrome score in pediatric research. Cardiovasc
Diabetol. 2008;7:17. doi:10.1186/1475-2840-7-17

44. EFSA Panel on Contaminants in the Food Chain (CONTAM). Scientific opinion on the risk for public health
related to the presence of mercury and methylmercury in food. EFSA J. 2012;10(12):2985. doi:10.2903/j.efsa.
2012.2985

45. Food and Agriculture Organization of the United Nations/World Health Organization. Report of the Joint
FAO/WHO Expert Consultation on the Risks and Benefits of Fish Consumption. World Health Organization; 2011.

46. Park JS, Ha KH, He K, Kim DJ. Association between blood mercury level and visceral adiposity in adults.
Diabetes Metab J. 2017;41(2):113-120. doi:10.4093/dmj.2017.41.2.113

47. Roy C, Tremblay P-Y, Ayotte P. Is mercury exposure causing diabetes, metabolic syndrome and insulin
resistance? a systematic review of the literature. Environ Res. 2017;156:747-760. doi:10.1016/j.envres.2017.04.038

48. Heindel JJ, Blumberg B, Cave M, et al. Metabolism disrupting chemicals and metabolic disorders. Reprod
Toxicol. 2017;68:3-33. doi:10.1016/j.reprotox.2016.10.001

49. Oh DY, Walenta E, Akiyama TE, et al. A Gpr120-selective agonist improves insulin resistance and chronic
inflammation in obese mice. Nat Med. 2014;20(8):942-947. doi:10.1038/nm.3614

50. Kim SH, Sharma RP. Mercury alters endotoxin-induced inflammatory cytokine expression in liver: differential
roles of p38 and extracellular signal-regulated mitogen-activated protein kinases. Immunopharmacol
Immunotoxicol. 2005;27(1):123-135. doi:10.1081/IPH-51757

51. Rizzetti DA, Corrales P, Piagette JT, et al. Chronic mercury at low doses impairs white adipose tissue plasticity.
Toxicology. 2019;418:41-50. doi:10.1016/j.tox.2019.02.013

SUPPLEMENT.
eMethods 1. Measurement of Mercury Levels During Pregnancy
eMethods 2. Measurement of Inflammatory Biomarkers and Adipokines in Children
eMethods 3. Covariates
eMethods 4. Structural Integrated Latent Variable Analysis
eTable 1. Description of Cohort-Specific Food Questionnaires Used to Assess Maternal Diet During Pregnancy
eTable 2. Comparison of Characteristics of the Study Population (N = 805) by Categories of Maternal Fish
Consumption During Pregnancy
eTable 3. Associations of Fish Intake During Pregnancy and Maternal Mercury Levels With Metabolic Syndrome
Score Among Children Aged 8 Years in HELIX After Stratifying for Child Sex, Maternal Education Level, and
Gestational Diabetes Status
eTable 4. Associations of Fish Intake During Pregnancy and Maternal Mercury Levels With Metabolic Syndrome
Score Among Children Aged 8 Years in HELIX (N = 805) After Further Adjusting for Gestational Weight Gain,
Breastfeeding, Child Sedentary Behavior, Child Mercury Concentration, and a Number of Maternal and Child Food
Indicators of Diet Quality
eTable 5. Associations of Fish Intake During Pregnancy and Maternal Mercury Levels With Metabolic Syndrome
Score Among Children Aged 8 Years in HELIX (N = 805) After Further Adjusting for Maternal Plasma Levels of
Polychlorinated Biphenyls, Dichlorodiphenyldichloroethylene, and Arsenic
eTable 6. Associations of Fish Intake During Pregnancy and Maternal Mercury Concentrations With Protein Levels
Among Children Aged 8 Years in HELIX (N = 805)
eTable 7. Distribution of Exposure and Proteins in Subgroups From the Latent Integrated Analysis Defined With
Individuals Assigned to the Most Likely Cluster
eFigure 1. Directed Acyclic Graph on the Association of Maternal Fish Intake During Pregnancy and Metabolic
Health in Children
eFigure 2. Associations of Fish Intake During Pregnancy and Maternal Mercury Levels With Metabolic Syndrome
Score Among Children Aged 8 Years in HELIX After Omitting 1 Cohort at a Time
eReferences.

JAMA Network Open | Nutrition, Obesity, and Exercise Fish Consumption and Mercury Exposure in Pregnancy and Metabolic Health in Children

JAMA Network Open. 2020;3(3):e201007. doi:10.1001/jamanetworkopen.2020.1007 (Reprinted) March 16, 2020 16/16

Downloaded From: https://jamanetwork.com/ by a Norwegian Institute of Public Health User  on 11/27/2020

https://dx.doi.org/10.1038/ijo.2011.138
https://dx.doi.org/10.1038/ijo.2011.138
https://dx.doi.org/10.1186/1475-2840-7-17
https://dx.doi.org/10.2903/j.efsa.2012.2985
https://dx.doi.org/10.2903/j.efsa.2012.2985
https://dx.doi.org/10.4093/dmj.2017.41.2.113
https://dx.doi.org/10.1016/j.envres.2017.04.038
https://dx.doi.org/10.1016/j.reprotox.2016.10.001
https://dx.doi.org/10.1038/nm.3614
https://dx.doi.org/10.1081/IPH-51757
https://dx.doi.org/10.1016/j.tox.2019.02.013

