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Abstract

Nonalcoholic fatty liver disease (NAFLD) is the most prevalent cause of liver disease in
children. Mercury (Hg), a ubiquitous toxic metal, has been proposed as an environmental
factor contributing to toxicant-associated fatty liver disease. We investigated the effect of
prenatal exposure to Hg on childhood liver injury by combining epidemiological results from
a multicenter mother-child cohort with complementary in vitro experiments on monocyte
cells that are known to play a key role in liver immune homeostasis and NAFLD. We used
data from 872 mothers and their children (median age, 8.1 years; interquartile range [IQR],
6.5-8.7) from the European Human Early-Life Exposome (HELIX) cohort. We measured Hg
concentration in maternal blood during pregnancy (median, 2.0 pg/L; IQR, 1.1-3.6). We also
assessed serum levels of alanine aminotransferase (ALT), a common screening tool for
pediatric NAFLD, and plasma concentrations of inflammation-related cytokines in children.
We found that prenatal Hg exposure was associated with a phenotype in children that was
characterized by elevated ALT (>22.1 U/L for females and >25.8 U/L for males) and
increased concentrations of circulating interleukin (IL)-1p, IL-6, IL-8, and tumor necrosis
factor a (TNF-a). Consistently, inflammatory monocytes exposed in vitro to a
physiologically relevant dose of Hg demonstrated significant up-regulation of genes encoding
these four cytokines and increased concentrations of IL-8 and TNF-a in the supernatants.
Conclusion: These findings suggest that developmental exposure to Hg can contribute to

inflammation and increased NAFLD risk in early life.



Nonalcoholic fatty liver disease (NAFLD), a prevalent cause of liver disease in developed
countries, is diagnosed at increasingly younger ages," pointing toward an early-life etiologic
origin.®® The definitions of NAFLD and its subphenotypes (e.g., nonalcoholic steatohepatitis
[NASH]) in children are similar to adults, but steatosis may be more abundant and
inflammation more concentrated in the portal tracts in children.®) Prevalence of elevated
levels of alanine aminotransferase (ALT), a biomarker of liver injury and clinical screening
tool for NAFLD risk, is estimated to be 6% to 12% in the pediatric population.() If current
trends continue, NAFLD prevalence is estimated to increase by 20% over the next 10 years,®
resulting in increased morbidity from hepatic and extrahepatic (e.g., cardiovascular)
complications.®® Hence, there is an urgent need to identify modifiable risk factors for liver

injury and NAFLD that can be targeted for prevention strategies.

Mercury (Hg), a heavy metal designated as a high-priority pollutant by the US Environmental
Protection Agency (EPA),® concentrates in the liver and has been proposed to be an
environmental risk factor contributing to toxicant-associated liver injury and fatty liver.(”) Hg
is a naturally occurring toxic metal that has been directly mobilized by humans into the
earth’s ecosystems as a result of mining, coal-fired electric power plants, waste incineration,
use in consumer products (e.g., electronic devices, paint), and chlor-alkali plants and other
industrial activity.® Human biomonitoring studies report widespread exposure levels.® 10
Studies in animal models show that Hg exposure increases liver enzyme levels, including
ALT and aspartate aminotransferase (AST), and causes hepatic fat accumulation and
fibrosis.(!': 12 In humans, there is limited evidence, mostly from cross-sectional studies,
showing that Hg blood levels are associated with elevated liver enzymes in adolescents!?)

and adults.('*19 The Developmental Origins of Health and Disease paradigm identifies

pollutant exposures during fetal development as important in eliciting metabolic changes and



increased disease risk throughout childhood and into adult life.® Indeed, Hg can readily cross
the placenta and deposit in fetal tissues, and, as we have recently shown,!” maternal
exposure may increase offspring susceptibility to metabolic syndrome, a condition closely
linked to NAFLD. However, to date, there is no study examining the potential hepatotoxic

effect of prenatal Hg exposure.

Mechanisms underlying hepatotoxicity of Hg remain largely unknown. Limited evidence
from experimental models!'? '® and a few cross-sectional adult studies'*- 20 suggests a link
between Hg exposure and proinflammatory cytokine responses, including tumor necrosis
factor a (TNF-a) and interleukin (IL)-1p, IL-6, and IL-8. Recruitment of innate immune cells
to the liver is a major contributing factor to the inflammatory process characteristic of fatty
liver. Monocytes are a highly prevalent innate immune population that rapidly respond to
environmental signals. Trafficking of bone marrow—derived monocytes to adipose tissue and
the liver and secretion of inflammatory cytokines has been shown to be critical for the
progression of NAFLD.?!-22) Indeed, inhibition of circulating monocyte recruitment has been

shown to ameliorate hepatic inflammation and fibrosis in animal models of NASH.?3

Here, in our multicenter mother-child cohort, the European Human Early-Life Exposome
(HELIX),?" we found that prenatal Hg exposure positively associates with a phenotype in
children that is characterized by elevated ALT and increased concentrations of inflammatory
cytokines. In an in vitro model of human monocytes, we then demonstrated that Hg induces a
similar cytokine response. Our findings suggest that developmental exposure to Hg can
contribute to inflammation and increased NAFLD risk and that inflammatory monocytes may

respond directly to Hg and, thus, play a role in Hg-induced hepatotoxicity.



Materials and Methods

Study design and sample collection in the HELIX cohort

This study was part of HELIX,?# a collaboration across six established and ongoing
longitudinal population-based birth cohort studies in Europe: the Born in Bradford (BiB)
study in the United Kingdom; the Etude des Déterminants pré- et postnatals précoces du
développement et de la santé de I’ENfant (EDEN) study in France; the INfancia y Medio
Ambiente (INMA) cohort in Spain; the Kaunas Cohort (KANC) in Lithuania; the Norwegian
Mother, Father and Child Cohort Study (MoBa)®%; and the Rhea Mother-Child Study (Rhea)
in Crete, Greece. Across these cohorts, a subcohort of 1,301 mothers and their singleton
children (approximately 200 children in each cohort) was followed in 2014 to 2015 for a
clinical examination, a computer-assisted interview with the mother, and the collection of
additional biological samples. Data collection was standardized across cohorts and performed

by trained staff. The full HELIX protocol and database are described elsewhere.?*

Our study population consisted of 872 mothers and their children (median age, 8.1 years;
international quartile range [IQR], 6.5-8.7) from the HELIX subcohort with available
information on Hg exposure during pregnancy and liver enzyme levels in childhood. A
subsample of 792 children also had serum cytokine profiling data. All participating families
provided written informed consent. Approval for the HELIX project was obtained from the
local ethical committees at each site. Additionally, the current study was approved by the

University of Southern California institutional review board.

Analysis of maternal Hg blood levels during pregnancy in HELIX
Maternal blood samples were collected in mid-pregnancy for MoBa (mean [SD], 18.7 [0.9]

weeks) and Rhea (14.1 [3.7] weeks) in late pregnancy for BiB (26.6 [1.4] weeks), EDEN



(26.1 [1.2] weeks), and KANC (39.4 [1.3] weeks), whereas for INMA, we collected cord
blood samples at delivery. Total Hg levels in BiB, EDEN, KANC, MoBa, and Rhea were
assessed in whole-blood samples using inductively coupled plasma-mass spectrometry. For
INMA, total Hg concentration was assessed in cord whole-blood samples using thermal
decomposition, amalgamation, and atomic absorption spectrometry. Cord blood Hg
concentrations were then divided by 1.7 to be comparable with maternal whole-blood
concentrations.®® Total blood Hg reflects exposure to both methylmercury (organic Hg) and
inorganic Hg. We did not have information available on blood Hg speciation. A detailed
description of the methods, quality assurance, and quality control in HELIX has been

published.?®

Liver enzyme levels in HELIX children

Children provided blood samples during the subcohort follow-up visit at the end of the
clinical examination after a median (5th, 95th percentile) fasting time of 3.3 (2.2, 5.9) hours.
Blood samples were collected and processed according to identical predefined standardized
protocols across all six cohorts. We assessed levels of ALT, AST, and gamma-
glutamyltransferase (GGT) in child serum at the Biochemistry Laboratory of the Clinica
Universidad de Navarra using homogenous enzymatic colorimetric methods on a Cobas 8000
analyzer according to the manufacturer’s instructions (Roche Diagnostics GmbH,

Mannheim). All coefficients of variation (CVs) were less than 3%.

Cytokine assessment in HELIX children
We assessed concentrations of adiponectin, interferon-y (IFN-y), IL-1p, IL-6, IL-8 (or
chemokine [C-X-C motif] ligand 8 [CXCLS]), IL-12, leptin, monocyte chemoattractant

protein 1 (MCP-1), plasminogen activator inhibitor-1 (PAI-1), and TNF-a in child plasma



samples using the Luminex xXMAP multiplex platform (Luminex Corporation). These
cytokines were selected because they are known to play a key role in hepatic inflammation

and have been associated with liver injury and NAFLD.?7-32)

Blood samples were randomized and blocked by cohort prior to measurement to ensure a
representation of each cohort in each plate (batch). For protein quantification, an 8-point
calibration curve per plate was performed with protein standards provided in the Luminex kit
and following the procedures described in the vendor’s standard procedures. Commercial
heat-inactivated, sterile-filtered plasma from human male AB plasma (#H3667; Sigma) was
used to control for intra- and inter-plate variability. Four control samples were added per
plate. Raw intensities obtained with the Luminex system for each sample were converted to
picograms per milliliter using the calculated standard curves of each plate and accounting for
the dilutions that were made prior to measurement. The percent CVs for each protein,
estimated by plate and then averaged, ranged from 8.1% to 16.9%. For each protein, the limit
of detection (LOD) was determined, and the lower and upper limits of quantification (LOQI
and LOQ?2, respectively) were obtained from the calibration curves. Protein data were log,-
transformed to achieve normal distribution. Plate batch effect was then corrected by
subtracting for each individual and each protein the plate-specific protein average from the
overall protein average. Finally, values below LOQ1 and above LOQ2 were imputed using a

truncated normal distribution.

In vitro monocytes cells and inflammatory response
The THP-1 human leukemia monocytic cells (ATCC TIB-202) were cultured in the presence
or absence of mercuric chloride (HgClz) (Sigma-Aldrich). Cells were cultured in triplicate in

12-well plates at a concentration of 0.5 x 10° cells per milliliter of Roswell Park Memorial

10



Institute 1640 medium (RPMI-1640) (ATCC) supplemented with 0.05 mM 2-
mercaptoethanol (Sigma-Aldrich) and 10% fetal bovine serum (Gibco). To determine the
non-toxic concentrations of HgCl,, THP-1 cells were stained with CytoLight Rapid Red
Reagent (Sartorius) at 0.33 uM for 20 minutes and plated at 5 x 10° cells per well in 96-well
plates. Plates were placed in the Incucyte Live-Cell Analysis System SC3 and incubated at
37°C/5% COz exposed to increasing concentrations of HgClz (2.5-50 uM) for 24 and 48
hours. Wells were scanned using a 10x objective and analyzed with Incucyte S3 software.
Cellular RNA was isolated using RNeasy Mini Kit (QIAGEN) and quantified using a
NanoDrop spectrophotometer (Thermo Fisher Scientific), and 0.5 pg of RNA was used to
transcribe complementary DNA (cDNA) using the QuantiTect Reverse Transcription (RT)
Kit (QTAGEN). Quantitative reverse transcription—polymerase chain reaction (qQRT-PCR)
was performed in triplicate for each sample using SYBR Green primers and master mix from
QIAGEN and run on a StepOnePlus gPCR machine (Applied Biosystems). Cytokine gene
expression data between Hg-treated and control monocytes were analyzed using the AACT
method. Supernatants were collected and stored at —80°C for protein analysis. Cytokine
protein levels were assayed using an R&D Systems multiplex Luminex Human Magnetic
Assay Kit (IL-1p, IL-8, IL-6, and TNF-a) according to the manufacturer’s protocol. All

supernatants samples were assayed using Luminex xXMAP technology.

Statistical analysis

Human study

HELIX study data were analyzed with R version 4.0 (R Project for Statistical Computing)
and STATA version 15 (StataCorp LLC, USA). Maternal concentrations of blood Hg were
right-skewed and log,-transformed to improve model fit. Child concentrations of liver

enzymes were also right-skewed, and a natural logarithm transformation was used.

11



Generalized additive models (GAMs) were applied to explore the shape of the relationships
between prenatal Hg and liver enzyme levels in HELIX. These models indicated clear linear
relationships (P for non-linearity >0.29); thus, linear and logistic regression models were
used to evaluate the associations between prenatal Hg exposure and child liver enzyme
concentrations and NAFLD risk (defined as ALT >22.1 U/L for females and >25.8 U/L for
males).®3 For the linear regression effect estimates, we calculated percent change by
exponentiating beta coefficients, subtracting 1, and multiplying by 100. We identified
potential confounders and predictors of the outcomes of interest based on previous
knowledge and a directed acyclic graph (DAG) approach (Supporting Fig. S1). The following
covariates were included in the models: cohort of inclusion, maternal age (in years), maternal
education level (low, middle, high), maternal pre-pregnancy body mass index (BMI) (in
kg/m?), maternal smoking in pregnancy (smoker, non-smoker), child age (in years), and child
sex. We imputed missing values for covariates using multivariate imputation by chained
equations and performed analyses with both original (total missingness, 3.4% in covariates)
and imputed data. The results were of similar direction and magnitude; hence, we present

those findings using the imputed covariate data.

We performed several sensitivity analyses to assess the robustness of our results in

HELIX. First, we assessed between-cohort heterogeneity in Hg effect estimates by computing
the P2 statistic. Second, we repeated analysis while excluding one cohort at a time to assess
whether a specific cohort had a marked influence on the overall Hg effect. Third, we
additionally adjusted for Hg concentration in child serum measured at the age of outcome
assessment. Fourth, we additionally adjusted for gestational weight gain, maternal fish intake
during pregnancy, and child lifestyle predictors of NAFLD, including sedentary behavior and

consumption of sugar-sweetened beverages and sweets. Fifth, we conducted additional

12



adjustment for child weight status (i.e., normal weight, overweight, or obese) based on the
age- and sex-specific BMI cutoffs proposed by the World Health Organization (WHO).G¥
Sixth, we examined effect measure modification by maternal fish intake based on fish intake
advisories,% timing of Hg assessment in pregnancy, and child sex by testing the interactions
between each potential effect modifier and maternal Hg concentration and conducting

stratified analyses.

Finally, for the identification of subgroups of children at risk for NAFLD based on
inflammatory cytokine profiling and ALT levels and characterization of their association with
prenatal Hg, we performed an integrated latent variable analysis.*® In this analysis, we
included the same set of covariates as previously mentioned. For the estimation of the
number of latent groups, we used the Bayesian Information Criterion. The integrated analysis
links the measured Hg exposure variation (X) on unmeasured subgroups (C) estimated by
both elevated ALT (Y) and levels of cytokines (M). Here, a model describing the elevated
ALT (Y) as a function of group, C is (uy) = Y, + YsC, where yg represents the effect of each
estimated group C, on the elevated ALT Y. The groups are related to the cytokines as a
multivariate normal model, M ~ MVN(0(C), 2(C)), where 0 represents mean differences of
the cytokine levels M by each group, and X is the group-specific covariance of the cytokines.
The estimation of the groups, C, follows a multinomial logistic regression with Hg exposure
X as a predictor, giving Pr(C = k | X, B), for a subgroup k and corresponding effect

estimates. Standard errors for parameters are estimated with a bootstrap procedure.

In vitro study

13



Experimental data were processed and analyzed using GraphPad Prism version 7.0
(GraphPad Software, Inc.). All P values for differences between Hg-treated and control

monocytes were derived by unpaired ¢ test.

Results

Characteristics of participants in the human cohort

A total of 872 mother-child pairs participating in six cohorts across Europe were included in
this study (Fig. 1). A total of 72 children (8.3%) had elevated ALT levels above gender-
specific clinical cutoffs indicating NAFLD risk. Children with elevated ALT were more
likely to have a higher BMI and to be born from mothers with lower educational status and

higher pre-pregnancy BMI (Table 1).

The median maternal (IQR) Hg blood concentration was 2.0 (1.1-3.6) pg/L (Supporting
Table S1). A total of 85 mothers (9.8%) had Hg concentrations above 5.8 ug/L (a value that
corresponds to the current US Environmental Protection Agency [EPA] reference level),®”

with the highest percentage being observed in Spanish mothers (28.9%).

Prenatal Hg exposure is associated with elevated ALT in children

A doubling in maternal blood Hg concentration (e.g., from the 25th to 50th percentile) was
associated with a 3.7% increase in ALT (95% confidence interval [CI], 0.1%, 7.4%) and 1.4
times higher risk for elevated ALT (95% CI, 1.0, 2.1) (Table 2). Higher maternal Hg levels

were also associated with increased serum GGT levels in childhood.

In sensitivity analyses, we did not find evidence of between-cohort heterogeneity (12 < 8%),

and results remained similar following exclusion of one cohort at a time (Supporting Fig. S2).
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Maternal and childhood Hg blood concentrations were moderately correlated (Spearman Rho
= 0.5) and effect estimates for maternal Hg remained of similar direction and magnitude
when we further adjusted for blood Hg concentrations of the children, measured at the same
time as liver enzymes (Supporting Table S2). Results also remained similar following
additional adjustment for gestational weight gain (a proxy for total energy intake), maternal
fish intake, and child lifestyle risk factors for NAFLD, including breastfeeding, sedentary
behavior, and total sweet and beverage intake. We further conducted additional adjustment
for child weight status to examine the extent to which it can affect the observed associations,
and the results remained similar. When we stratified by maternal fish intake during
pregnancy, a key source of Hg exposure but also the main dietary source of the anti-
inflammatory n-3 fatty acids, we observed similar effect estimates for prenatal Hg on ALT
elevation in children of mothers with low (< 2 times/week) and high (>2 times/week) fish
intake (Supporting Table S3). Moreover, given that maternal Hg blood concentration has
been shown to vary across trimesters and correlate differently with cord blood
concentration,®® we conducted further stratified analysis by timing of Hg assessment across
participating cohorts (1st to 2nd trimester, 2nd to 3rd trimester, and delivery) to explore
potential differential associations. No heterogeneity in effect estimates of Hg were observed
by timing of assessment. Because of the sex specificity of Hg effects reported in some
studies,!) we additionally stratified by sex. Effect estimates of Hg were similar in boys and

girls.

Prenatal Hg exposure associates with a proinflammatory phenotype linked to NAFLD
risk
Systemic low-grade inflammation is related to liver injury and considered the hallmark of

NAFLD pathogenesis.®) We therefore integrated ALT and inflammatory cytokine profiling to
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identify subgroups of children at risk for NAFLD and assess how these subgroups associate
with prenatal Hg exposure. We used a supervised (i.e. incorporating ALT) latent variable
analysis using information on ALT, cytokine levels, and Hg and identified two subgroups of
children. Subgroup 2 was defined as the high-risk group which, compared to subgroup 1, had
4.9 times higher odds for elevated ALT (95% CI, 2.4-9.9) and increased levels of IL-1p3, IL-6,
IL-8, and TNF-a, as indicated by non-overlapping 95% CIs for their corresponding effect
estimates between subgroups (Fig. 2A and Supporting Table S4). Higher prenatal Hg
exposure was associated with higher odds of being in this high-risk group (odds ratio [OR],
1.5; 95% CI, 1.1-2.0). To understand how Hg exposure, ALT, and cytokine profiles were
associated with the subgroup estimation, we assigned each child to 1 of the 2 groups based on
an estimated probability greater than 0.5 for membership within a group in a post hoc
analysis. Children assigned to the high-risk group had associations reflective of the cytokines
that characterized subgroup 2 and higher prenatal Hg exposure and ALT levels than children
assigned to subgroup 1 (Fig. 2B). Results remained similar when we additionally controlled

for child weight status (Supporting Table S5).

Hg exposure induces an inflammatory response in monocyte cells

To evaluate the direct effect of Hg exposure on inflammation related to liver injury, we
exposed THP-1 cells to HgCl> (Fig. 1). To determine the non-toxic concentrations of HgCla,
monocytes were exposed to increasing concentrations of HgClz (2.5-50 uM) for 24 hours and
48 hours, based on previous studies.*”) After 24-hour exposure, 10 uM of HgCl, did not
affect cell viability, whereas higher concentrations (25 pM and 50 pM) or longer exposure
(48 hours) induced cell death (Fig. 3A). Therefore, for subsequent studies, we used the
concentration of 10 uM for 24 hours. This concentration has been reported to be within the

estimated human plasma levels in individuals without known exposure and relevant to
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calculated exposure levels in the environment and the corresponding human plasma and
tissue levels.®”) We isolated cellular RNA from monocytes to assess expression of genes
encoding IL-1f, IL-6, IL-8, and TNF-a. We found that monocytes cultured in the presence of
Hg demonstrated significant up-regulation of these proinflammatory genes compared to
control monocytes (Fig. 3B). Moreover, we assayed the monocyte supernatants to assess the
effect of Hg on the concentrations of cytokines. Concentrations of IL-1f and IL-6 were below
the LOD for this assay (LOD <3 pg/mL). Concentrations of IL-8 and TNF-a were more than
10 times higher in monocyte supernatants following Hg exposure compared to control (Fig.

30).

Discussion

We investigated the effect of prenatal Hg exposure on childhood liver injury by combining
epidemiological results from a well-characterized multicenter mother-child cohort with
complementary in vitro experiments. We demonstrated for the first time that maternal blood
Hg concentration during pregnancy is associated with a phenotype in children characterized
by elevated levels of ALT and circulating inflammatory cytokines. Consistently, Hg induced
a similar proinflammatory cytokine response in vitro in human monocyte cells, which are
known to play a key role in liver immune homeostasis and constitute the main source of
inflammation in NAFLD. Our findings suggest that developmental exposure to Hg can
contribute to inflammation and increased risk for NAFLD and that inflammatory monocytes

may respond directly to Hg and, thus, play a role in Hg-induced hepatotoxicity.

Given that the prevalence of NAFLD in children is increasing,(! these results have potential

implications for public health and prevention policy. Our study population had total Hg levels

broadly relevant to many populations around the world. The median maternal level of 2.0
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ug/L was between those reported in highly exposed women in the Seychelles (15.97 nug/L),#0
South Korea (2.94 pg/L),*" and China (4.93 pug/L)“Y and those reported in the US National
Health and Nutrition Examination Survey (NHANES) (2005-2006 cycle, 0.83 pg/L; 2015-
2016 cycle, 0.6 ug/L).® The dose-response relationship on the log scale with ALT implies
that the effect of an absolute increase resulting from a dietary or other exposure in a low-
exposure population has a large impact on ALT. For example, assuming generalizability
across populations of the estimates of effect, a 0.6 pg/L increase in the 2015-2016 NHANES

sample® from 0.6 pg/L to 1.2 pg/L implies a 3.7% increase in ALT.

Man-made emissions result in widespread Hg pollution; in 2015, they were estimated to
contribute to a release of 2,220 metric tons of Hg worldwide.?) Developing fetuses are
considered to be particularly vulnerable to pollutant exposures due to their rapid cellular
differentiation and tissue development, as well as incomplete development or function of
protective mechanisms, such as xenobiotic metabolism and immune function.® Our study is
the first, to our knowledge, to examine hepatotoxicity of prenatal exposure to Hg. In line with
our findings that prenatal Hg exposure associates with liver injury and NAFLD risk in
childhood, animal studies have shown that exposure to Hg increases liver enzyme levels and
liver fat accumulation.('!- ' Human studies have also linked Hg exposure to ALT elevation
in US adolescents and adults in NHANES(!3!3 and to increased ALT and GGT in adults
from South Korea.(1%43) Most previous human studies were cross-sectional and thus not able

to establish that exposure preceded the outcome.

The exact mechanisms through which Hg can affect liver injury and NAFLD remain unclear,

but as for other hepatotoxins, both direct cytotoxic injury or immune-mediated mechanisms

may be operating, depending on dose and timing. Our study showed that prenatal Hg is
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associated with a proinflammatory phenotype of elevated circulating IL-18, IL-6, IL-8, and
TNF-a cytokine levels in childhood and that this phenotype was linked to NAFLD risk.
Additional analysis controlling for childhood BMI showed the same results, pointing out that
the observed associations were not affected by obesity status. A mechanism by which Hg can
exert long-term hepatotoxic effects is by altering the epigenome, which — owing to its
heritable nature — can persist across many cell generations and throughout the life course.*¥
In livers of prepubertal rats, developmental Hg exposure was shown to reduce mRNA levels
of DNA methyltransferase -1 and -3b,*> epigenetic “writers” of DNA methylation that can
alter propensity for NAFLD via the reprogrammed expression of genes involved in hepatic
lipid pathways.“¥ The hypothesis that early-life exposure to Hg might increase later risk of
fatty liver disease by altering patterns of DNA methylation is intriguing but largely
unexplored. Further mechanistic studies are needed to better understand how chemical
exposures including Hg affect the epigenome to reprogram hepatic gene expression and

promote NAFLD.

Chronic low-grade inflammation is considered a key pathophysiologic feature of NAFLD.
The cytokines IL-1p, IL-6, IL-8, and TNF-a have been reported to be elevated in NAFLD,?"
29 and studies in animal models of fatty liver disease have shown that suppression of activity
of these proinflammatory cytokines improves hepatic fat accumulation and fibrosis.#*4” Hg
exposure has been previously related to proinflammatory cytokine responses in animal and
human studies.('829 The inflammatory cytokines we found to be associated with NAFLD risk
and prenatal Hg exposure are classically associated with monocytes, which are known to play
a key role in liver immune homeostasis and inflammation.>) We therefore investigated
whether exposure of resting monocytes to physiological levels of Hg would induce an active

proinflammatory response in these cells. THP-1 cells, a spontaneously immortalized

19



monocyte cell line derived from the peripheral blood of a childhood case of acute monocytic
leukemia, are a valuable tool for investigating the role of human monocytes in both health
and disease. Hg induced transcriptional expression of these proinflammatory cytokines in
monocytes. Moreover, concentrations of TNF-a and IL-8 were also elevated in monocyte
supernatants following Hg exposure. Several murine and human studies have implicated
TNF-a and IL-8 in both NAFLD pathogenesis and progression.** 3% At an early stage of
disease, TNF-a is linked to hepatocyte expansion and fat accumulation.®!-3? TNF-a. is also
known to bind to death receptors of the TNF superfamily, induces activation of caspases and
leads to hepatocyte apoptosis in NAFLD.3 IL-8 is a proinflammatory chemokine that
recruits neutrophils, contributing to liver injury in NAFLD.®% In addition to promoting
neutrophil infiltration, IL-8 activates neutrophils to release granular enzymes leading to tissue
damage. Chronic inflammation associated with sustained TNF-a and IL-8 release ultimately
leads to the accumulation of extracellular matrix, and the development of fibrosis.®? A recent
clinical study of patients with biopsy-proven NAFLD identified higher plasma TNF-a and IL-
8 levels as biomarkers of significant fibrosis (versus mild/no fibrosis).> These data suggest

that circulating levels of both TNF-a and IL-8 may be directly related to NAFLD progression.

Our study is the first translational research study to examine the hepatotoxic potential of Hg
exposure. Strengths of the human study include the longitudinal study design and the
inclusion of mother-child pairs from six different population-based cohorts spanning northern
to southern Europe, thereby increasing the generalizability of study findings. When we
adjusted for childhood exposure to Hg, results did not change, underscoring the importance
of the pregnancy period as a vulnerable exposure period for the development of liver injury.
Inflammatory cytokines in children were assessed at the same time as liver enzyme levels,

thus facilitating the correlation between these factors contemporaneously. With our in vitro
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experiment, we confirmed a role of Hg in inflammation related to NAFLD. The analysis
integrating ALT and inflammatory cytokine profiling with prenatal Hg has the potential to
offer a new personalized paradigm with potential clinical application to the identification of

pediatric populations at risk for liver injury.

Although novel and large in scale, our study is not without limitations. We characterized liver
injury and NAFLD risk based on serum liver enzymes levels, as the current diagnostic gold
standard liver biopsy for NAFLD has well-known limitations of high cost, risk, and ethical
restrictions in population studies of overall healthy children, such as HELIX. We used THP-1
cells, as we did not have blood samples available to isolate study participants’ monocytes and
assess their inflammatory cytokine status in association to Hg exposure. Disentangling the
role of monocyte-mediated inflammation in chemical-induced hepatotoxicity is a promising
field for future investigation. As in any observational study, residual confounding due to
unmeasured covariates cannot be ruled out. We did not have information on maternal
hepatitis history, Cytomegalovirus or other infections that may have a contributary role in
liver injury later in children; however, there is no prospective evidence to suggest that status
of viral infections can confound associations of mercury exposure with later liver injury
outcomes. Moreover, our results were robust to adjustment for a large variety of maternal and
child social and lifestyle factors, and we did not find evidence for effect estimate
heterogeneity across the different cohorts; this argues against residual confounding as the

sole explanation for our results.

In conclusion, our findings suggest that developmental exposure to Hg can contribute to
inflammation and increased risk for NAFLD in childhood. The study addresses an important

gap in our understanding of the contribution of early-life environmental exposures to the
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NAFLD epidemic. Regulatory and behavioral interventions aimed at lowering Hg

contamination and early-life exposure may help prevent NAFLD in children.
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FIGURE LEGENDS

FIG. 1. Summary scheme of the present investigation describing the translational research
design of the study. In a mother-child cohort across six European countries, Hg blood
concentration was determined from pregnant mothers, and liver enzyme and inflammatory
cytokine levels were assessed in children. The in vitro experiment assessed the inflammatory
effects of Hg exposure on monocyte cells, whose recruitment in the liver is known to be a
major factor contributing to NAFLD. The human leukemia monocytic cell line (THP-1) was
exposed to a physiologically relevant concentration of Hg (10 uM HgCl) for 24 hours, and
then gene expression and concentration of inflammatory cytokines were assessed in RNA and
supernatants, respectively. Abbreviations: Hg, mercury; HgCl,, mercuric chloride; NAFLD,

nonalcoholic fatty liver disease; PCR, polymerase chain reaction.

FIG 2. Maternal blood Hg concentration is associated with a high-risk subgroup of children
characterized by elevated ALT and increased inflammatory cytokine levels. (A) Latent
variable analysis integrating serum ALT and plasma cytokine profiling in childhood with
maternal blood Hg concentration during pregnancy. The thick dark green line connecting
subgroup 2 and elevated ALT (defined as >22.1 U/L for females and >25.8 U/L for males)
indicates that children in subgroup 2 had a higher risk for elevated ALT compared to children
in subgroup 1 (reference). The dark green lines connecting the subgroups to cytokines
indicate positive associations, with the width of the lines being proportional to the effect size.
The thick dark green line connecting Hg to subgroup 2 indicates a positive association
compared to subgroup 1. Model was adjusted for cohort, maternal age, maternal pre-
pregnancy BMI, maternal education level, maternal smoking status during pregnancy, and
child sex and age at outcome assessment. (B) Distribution of Hg, ALT, and inflammatory
cytokines in children with high probability of inclusion to subgroup 2 (posterior probability

of inclusion >0.5) compared to those with low probability of inclusion (defined as subgroup

30



1). Values are median (25", 75" percentile) or n (%). Abbreviations: ALT, alanine
aminotransferase; BMI, body mass index; CI, confidence interval; IFN-y, interferon-y; IL,
interleukin; MCP-1, monocyte chemoattractant protein 1; OR, odds ratio; PAI-1,

plasminogen activator inhibitor-1; TNF-o, tumor necrosis factor-a.

FIG. 3. Hg exposure up-regulates inflammation in human monocyte (THP-1) cells. (A) Cell
viability following HgClz exposure at doses of 2.5, 5, 10, 25, and 50 uM for 24 hours and 48
hours. Cytotoxicity was assessed using the Incucyte Live-Cell Analysis System SC3. (B)
Transcriptional expression of IL-1f, IL-6, and IL-8 and TNF in monocytes cultured in the
presence of HgCl at a dose of 10 uM for 24 hours compared to control. Expression levels
were determined in cellular RNA with real-time PCR. (C) Cytokine concentrations in
supernatants of monocytes exposed to HgCl> (10 uM for 24 hours) compared to control, as
determined with the Luminex multiplex platform. Concentrations of IL-1f and IL-6 were
below the LOD for this assay (<3 pg/mL). Data are expressed as mean = SEM. Significant
differences were derived by ¢ test with *P < 0.05, **P < 0.01, and “*P < 0.001. Abbreviations:
CTL, cytotoxic T lymphocyte; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LOD,

limit of detection.
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TABLE 1. Characteristics of the Study Population in the HELIX Cohort

Overall Normal ALT Elevated ALT
(N=872) (N=802) (N=70) P Value
Maternal age (years) 31.2+4.7 31.2+4.6 30.8+5.1 0.474
Missing 12 (1.4) 12 (1.5) 0(0.0)
Maternal BMI (kg/m?) 24.5+4.8 243 +4.5 26.3+6.5 0.001
Missing 14 (1.6) 13 (1.6) 1(1.4)
Maternal education 0.059
Low 86 (9.9) 76 (9.5) 10 (14.3)
Middle 299 (34.3) 268 (33.4) 31 (44.3)
High 467 (53.6) 438 (54.6) 29 (41.4)
Missing 20(2.3) 20 (2.5) 0(0.0)
Parity 0.100
Nulliparous 391 (44.8) 351 (43.8) 40 (57.1)
Primiparous 320 (36.7) 300 (37.4) 20 (28.6)
Multiparous 146 (16.7) 137 (17.1) 9(12.9)
Missing 15 (1.7) 14 (1.7) 1(1.4)
Smoking during pregnancy 0.169
Non-smoker 745 (85.4) 688 (85.8) 57 (81.4)
Smoker 110 (12.6) 97 (12.1) 13 (18.6)
Missing 17 (1.9) 17 (2.1) 0(0.0)
Child age (years) 7.8+1.3 7.8+1.3 7.8+1.3 0.904
Child sex 0.331
Male 472 (54.1) 364 (45.4) 36 (51.4)

Female 400 (45.9) 438 (54.6) 34 (48.6)



Child BMI (kg/m?) 16.8 £2.5 16.6 +£2.3 18.8+3.8 <0.001

Normal weight 693 (79.5) 658 (82.0) 35 (50.0)

Overweight 123 (14.1) 106 (13.2) 17 (24.3)

Obese 56 (6.4) 38 (4.7) 18 (25.7)
ALT (U/L) 15.7+6.4 143 +4.1 31.5+7.1 <0.001
AST (U/L) 31249.1 30.5+8.2 3894136  <0.001
GGT (U/L) 12.5+3.5 12.3+£3.3 14.6 £ 4.9 <0.001

Values are N (%) or mean £ SD. Elevated ALT was defined as >22.1 U/L for females and >25.8 U/L for
males. P values for difference between children with normal and elevated ALT were derived from chi-
square test for categorical variables and Mann-Whitney U test for continuous variables.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index;

GGT, gamma-glutamyltransferase; HELIX, Human Early-Life Exposome.



TABLE 2. Associations of Maternal Blood Hg Concentration During Pregnancy and Liver

Enzymes Levels in Childhood

Continuous (per log> pg/L) Categorical (>5.8 pg/L)

Estimate 95% CI P Value Estimate 95% CI P Value

Elevated ALT (OR) 1.4 1.0,2.1 0.05 22 1.1,44  0.03
ALT (% change) 3.7 0.1,7.4 0.05 10.6 21,199 001
AST (% change) 1.5 -0.7,3.7  0.20 ~1.0 -5.8,40  0.70
GGT (% change) 2.7 0.1,5.4 0.04 3.0 28,93 032

Shown as ORs for elevated ALT and percent changes for continuous liver enzymes concentrations
(expressed in log U/L) per increase in maternal Hg concentration in log, pg/L and for Hg
concentration above 5.8 pug/L versus below 5.8 pg/L (a value that corresponds to the current US
EPA reference level). Elevated ALT was defined as >22.1 U/L for females and >25.8 U/L for
males. The models were adjusted for cohort, maternal age, maternal pre-pregnancy BMI, maternal
education level, maternal smoking status during pregnancy, and child sex and age at outcome
assessment.

Abbreviations: CI, confidence interval; EPA, Environmental Protection Agency; Hg, mercury; OR,

odds ratio.
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