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Abstract

Our previous studies have linked gestational methylmercury exposure, originating from seafood, to changes in maternal thy-
roid hormones and infant birth size in a Swedish birth cohort. Herein we aimed to determine associations between maternal
thyroid hormones and infant birth size and elucidate if maternal hormones could mediate the relationship between meth-
ylmercury and lower birth size. In 515 women, without known thyroid disease, we assessed metal exposure by erythrocyte
mercury concentrations (mainly methylmercury, reflecting exposure over the past months) in early third trimester measured
with inductively coupled plasma-mass spectrometry. Plasma concentrations of total and free thyroxine (tT4 and fT4) and
triiodothyronine (tT3 and fT3), and thyroid-stimulating hormone (TSH) were measured at an accredited clinical laboratory.
In multivariable-adjusted linear regression models, maternal tT3 (per 1 nmol/L increase) was positively associated with birth
weight (B: 125 g; 95% CI 36, 214) and length (B: 0.59 cm; 95% CI 0.21, 0.97). Maternal fT4 was inversely associated with
birth weight (B: — 33 g; 95% CI — 57, — 9.5), driven by obese women (n=76). Causal mediation analyses suggested that a
doubling of erythrocyte mercury (> 1 pg/kg; n=374) was associated with a mean tT3-mediated decrease in birth weight of
11 g (95% CI — 25, — 1.6) and in birth length of 0.1 cm (95% CI — 0.12, — 0.01), both equivalent to about 12% of the total
effect. To conclude, tT3 was positively associated with infant birth size. Reduced tT3 levels appeared to mediate a minor
part of the inverse association between methylmercury exposure and birth size.
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Introduction

Methylmercury (MeHg) is an organic and highly toxic
form of mercury. Exposure occurs via consumption of
fish and other seafood (EFSA 2012). Observational stud-
ies have found a link between dietary exposure to MeHg
during pregnancy and lower birth weight (Dack et al.
2021; Gustin et al. 2020; Karagas et al. 2012), a predic-
tor of both perinatal and later-life morbidity (Gluckman
et al. 2008; Katz et al. 2013). Several modes of action
have been suggested to underly the metal-related associa-
tions with birth weight, including induction of oxidative
stress (Fujimura and Usuki 2020), which has been associ-
ated with intra-uterine growth restriction (Kamath et al.
2006). Also, experimental studies suggest that MeHg
may have endocrine disruptive properties and may inter-
fere with the hypothalamic-pituitary-thyroid axis (Iavicoli
et al. 2009), a hormonal system that is essential for fetal
growth. Indeed, we have previously found inverse associa-
tions between MeHg exposure and plasma triiodothyronine
(T3; the active form of thyroid hormone) concentrations in
pregnancy in the mother—child cohort NICE (Nutritional
impact on the Immunological Maturation during Child-
hood in relation to the Environment) in northern Sweden
(Gustin et al. 2021).

The main product of the thyroid gland is the prohor-
mone thyroxine (T4), produced under the influence of
thyroid-stimulating hormone (TSH). In peripheral tissue,
most of the T3 is produced by conversion of T4 (about
80%; Robbins 1981). Circulating thyroid hormone levels
are regulated via negative feedback mechanisms, where
increasing levels of T4 and T3 signal back to reduce the
secretion of TSH, in turn leading to reduced hormone
production in the thyroid (Ortiga-Carvalho et al. 2016).
Both T3 and T4 play important roles in placental (Bar-
ber et al. 2005; Kilby et al. 2005) and fetal development
(Mullur et al. 2014). The fetus is entirely dependent on
the mother’s thyroid hormone production until mid-preg-
nancy, when the fetus’ own thyroid hormone production
starts (Obregon et al. 2007), yet maternal transfer of T4 to
the fetus continues throughout gestation (Obregon et al.
2007). Both low and elevated maternal thyroid hormones
levels have been associated with impaired fetal develop-
ment (Korevaar et al. 2016). In pregnant women with no
apparent thyroid disease, especially elevated free T4 (fT4)
levels have been associated with lower birth weight (Johns
et al. 2018; Leon et al. 2015; Medici et al. 2013; Zhang
et al. 2019; Zhou et al. 2020).

In the present study, we aimed to assess the potential
mediation of maternal thyroid hormones in the previously
observed relationship of gestational exposure to MeHg
with infant size at birth in the NICE cohort (Gustin et al.
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2020). To that end, we first evaluated the impact of mater-
nal thyroid hormone and TSH levels in pregnancy with
infant weight and length at birth.

Methods
Study Population

The women and children included in this study are part of
the ongoing birth-cohort NICE in northern Sweden. As
described in more detail elsewhere (Barman et al. 2018),
the primary aim of the NICE cohort is to elucidate how the
early-life environment influences allergy development and
immune maturation during the first years of life. Secondary
outcomes are infant and child anthropometry, growth, dental
health, and neurological development. The cohort was estab-
lished 2015-2018 in the catchment area of Sunderby Hos-
pital in Norrbotten county, in northern Sweden. Expecting
parents were given an information leaflet about NICE at their
visit to the local maternity clinics in early pregnancy. To be
included in the study, the parents had to be residents in the
southern or eastern part of Norrbotten county, planning to
give birth at Sunderby Hospital, and be able to communicate
in written and spoken Swedish. At the routine ultrasound
in gestational weeks 18—19, parents wishing to participate
were given additional information and an informed consent
to sign at home and send back.

A total of 655 pregnancies were registered in the NICE
cohort (Englund-Ogge et al. 2022). For the present study, we
identified 629 mothers who had singleton live births (Fig. 1).
Of these mothers, we excluded those with any notation of
thyroid dysfunction in their pregnancy hospital records
(n=43) and one woman with a TSH concentration above
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20 mIU/L (Gustin et al. 2021). We also excluded women
with missing plasma samples for hormone analyses (n=15),
missing erythrocyte samples for metal analyses (n=38), and
women of infants with missing birth anthropometry data
(n=22). Lastly, women with missing information on edu-
cation (n=4) and pre-pregnancy smoking (n=1) were also
excluded, leaving 515 mother—child dyads to be included in
the main analyses.

The study was performed in accordance with the Helsinki
declaration and approved by the Regional Ethical Review
Board, Umed, Sweden. At enrollment, the mothers provided
a written consent about their own participation and at deliv-
ery they gave an additional written consent regarding the
participation of their child. All participants were informed
that they could withdraw from the study at any time point
without explanation.

Sample Collection

As previously described (Gustin et al. 2021), venous blood
samples were collected from the women at the local mater-
nity health clinics in the early third trimester (mean ges-
tational week: 29; min—max: 24-36). Blood was collected
in 6 mL trace element-free Na-heparin tubes (Greiner bio-
one, Kremsmiinster, Austria) for metal analyses, and in
10 mL EDTA tubes (Becton Dickinson, Plymouth, U.K.)
for hormone analyses. The samples were stored at 4°C until
they were transported cold to the hospital laboratory, at lat-
est the following workday. At the hospital laboratory, the
blood tubes were centrifuged at 2400 rpm for 5 min (Hettich
Rotina 420, Hettich Lab Technology, Tuttlingen, Germany)
for separation of the erythrocyte and plasma fractions. The
plasma fraction was transferred into 1.4 mL polypropylene
tubes (Micronic, Nordic Biolabs AB, Sweden). All samples
were kept at — 20 or — 80 °C until transported frozen to
Karolinska Institutet, Sweden, for trace element analyses, or
to the Department of Clinical Chemistry at the University
Hospital of Malmo, Sweden, for hormone analyses.

Mercury Analysis

Assessment of maternal methylmercury exposure has been
described previously in more detail (Gustin et al. 2021). In
short, total mercury was measured in maternal blood (eryth-
rocyte fraction), which is considered to reflect the exposure
over the past few months, related to the lifespan of eryth-
rocytes (Shemin and Rittenberg 1946; Zhang et al. 2018).
Total mercury in erythrocytes reflects the women’s exposure
mainly to MeHg since it, unlike inorganic mercury, accu-
mulates in the erythrocyte fraction (Berglund et al. 2005).
The concentration of mercury in erythrocytes was meas-
ured with inductively coupled plasma-mass spectrometry
(ICP-MS; Agilent 7700x, Agilent Technologies, Tokyo,

Japan), as described in detail previously (Gustin et al. 2020;
Lu et al. 2015). The limit of detection (LOD; defined as three
times the standard deviation of the blank concentrations)
was 0.010 pg/kg, and only two samples had a mercury con-
centration below the LOD and were replaced by LOD/ \/ 2.
For quality control of the ICP-MS analyses, two commercial
whole blood reference materials were included in each run,
and there was good agreement between obtained values and
recommended reference values (Gustin et al. 2020, 2021).

Hormone Analyses

Maternal plasma hormone concentrations were measured
in an accredited laboratory at the Department of Clinical
Chemistry, University Hospital of Malmo, Sweden, as previ-
ously described (Gustin et al. 2021). In brief, free and total
T4 (fT4, tT4) and free and total T3 (fT3, tT3) were meas-
ured with automated electrochemiluminescence immunoas-
says (ECLIA) by Roche Cobas (Roche Diagnostics, Solna,
Sweden), comprising a two-step immunometric-competitive
technique followed by chemiluminescent emission measure-
ment. Plasma concentrations of TSH were measured using
a one-step sandwich method with ECLIA by Roche Cobas
(Roche Diagnostics, Solna, Sweden).

Birth Anthropometry and Covariates

Data on the infants’ birth weight (g) and birth length (cm)
were collected from the hospital records, as was information
on gestational age at birth (days) and the infants’ sex. Data
regarding early-pregnancy body mass index [BMI (kg/m?),
based on body weight (kg) and height (cm) measured at reg-
istration to the maternity clinic in the first trimester], mater-
nal age (years), maternal education (elementary school, high
school, or university), parity (number of previous births),
maternal pre-pregnancy alcohol consumption (never, some-
times, or daily), and pre-pregnancy smoking (never, some-
times, or daily) was also collected from the hospital records.
Since the thyroid hormone and TSH levels may be influ-
enced by season (Mahwi and Abdulateef 2019; Wang et al.
2018), the collection dates for maternal blood samples were
classified into four seasons (spring: March—May; summer:
June—August; fall: September—November; winter: Decem-
ber—February). Information on maternal seafood (i.e., fish
and shellfish) consumption in pregnancy was obtained from
semi-quantitative food frequency questionnaires, adminis-
tered around gestational week 34 with questions concerning
the intake over the past month, as described in detail else-
where (Gustin et al. 2020; Stravik et al. 2019). In short, the
total seafood intake in grams per day was estimated based
on reported portion size and intake frequency.
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Statistical Analyses

Statistical analyses were performed using the software
Stata/IC 15.0 (StataCorp, TX, U.S.) and R 4.1.2 (R Core
Team 2021). P-values below 0.05 were considered statisti-
cally significant for all tests. Prior to assessing the asso-
ciations between maternal hormones (fT4, tT4, fT3, tT3,
TSH, and the fT3:fT4 ratio) and the children’s size at birth
(birth weight and birth length), covariates were identified by
exploring their associations with both the maternal hormone
concentrations and the birth outcomes. Spearman rank cor-
relation was used for continuous variables and Kruskal-Wal-
lis or Mann—Whitney U test for categorical variables. Vari-
ables that were associated with at least one of the hormones
and at least one of the birth size measurements (i.e., par-
ity and maternal education) were considered as covariates
and included in a directed acyclic graph (DAG) to identify
potential confounders of the hormone-birth size associa-
tions (Supplementary Fig S1). Although gestational age at
birth and infant sex were not significantly associated with
the maternal hormones, they were still included in the DAG,
and in the final models, since they were strongly correlated
with the outcomes. Since there was a tendency of lower
birth weight among the few pre-pregnancy smokers (mean
smokers: 3531 g; mean non-smokers: 3631 g), and maternal
smoking previously has been associated with both low birth
weight (Pereira et al. 2017) and maternal thyroid function
(Shields et al. 2009), smoking was also included in the DAG.
The minimal adjustment suggested in the DAG included par-
ity, maternal education, and smoking. Therefore, the final
models were adjusted for these variables, as well as gesta-
tional age at birth and infants’ sex. Maternal BMI was not
included in the DAG as the relationship between thyroid
function and BMI is complex and likely involves multiple
levels of interaction (Garcia-Solis et al. 2018; Korevaar
et al. 2017), making it difficult to determine the direction
of the BMI-hormone associations. However, previous stud-
ies have shown that obesity may influence thyroid hormone
homeostasis, possibly through adaptive processes to increase
energy expenditure or altered deiodinase activity (Fontenelle
et al. 2016), making obesity a potential confounder. There-
fore, we also conducted analyses stratifying by obesity
(defined as early-pregnancy BMI > 30 kg/m?). Maternal
age was correlated with fT4 (rho: — 0.09; p=0.034) and
season of sampling was associated with tT3 (p=0.043), but
neither was associated with the birth outcomes and therefore
not included in the DAG or the final models. Pre-pregnancy
alcohol consumption was neither associated with the hor-
mones nor the birth size measurements and it was therefore
also excluded from further analyses.

The distributions of the hormone concentrations were
close to normal, according to histograms. Linearity of
the hormone-birth size associations was explored with
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generalized additive models (GAMs), with two degrees of
freedom and adjusted as described above. These analyses
excluded non-linear associations in all of the hormone-birth
size associations (p-gain > 0.05; Royston and Ambler 1998),
and the associations were then explored in linear regression
models, adjusted as described above.

The mediation analyses were performed using the media-
tion package in R software (Tingley et al. 2014). The model-
based causal mediation is conducted in two steps. First, two
models are specified: (i) a mediator model modeling the
mediator against the exposure and appropriate covariates,
and (ii) an outcome model modelling the outcome against the
exposure, mediator, and covariates. In the second step, the
two models are used to estimate the average causal mediation
effect, the average direct effect, and the total effect. Eryth-
rocyte mercury concentrations were skewed and therefore
log,-transformed prior to the analyses. Since the associations
of maternal erythrocyte mercury with tT3 and birth size out-
comes differed below and above the mercury concentration
of 1 pg/kg (Gustin et al. 2020, 2021), we let the effect of
the exposure be different for positive and negative values of
the exposure (since 1 ug/kg equals O when log-transformed)
also in the underlying models in the mediation analyses (see
details in the Supplementary extended method description).
Uncertainty in the mediation effect estimates was assessed
using a non-parametric bootstrap (boot=TRUE argument)
with 1000 replications.

Covariates for the mediator and outcome models were
selected as described for the regression analyses above (Sup-
plementary Fig S1). The mediator [maternal tT3 (nmol/L)]
was modelled with linear regression against the exposure
[maternal erythrocyte mercury (ug/L; log,-transformed)]
and covariates [parity (‘0’ and ‘> 0’), maternal education
(‘lower than university’ and ‘university’), maternal pre-
pregnancy smoking (‘never’ and ‘sometimes or daily’)].
The outcomes [birth weight (g), or birth length (cm)] were
then modelled with linear regression against the exposure,
mediator, and covariates [parity, education, pre-pregnancy,
gestational length at birth (weeks), and infant’s sex].

MeHg exposure comes almost exclusively from consump-
tion of seafood, including freshwater fish, and seafood also
contain micro- and macronutrients (such as iodine, selenium,
polyunsaturated fatty acids, and proteins) that may be ben-
eficial for both thyroid function (Obregon et al. 2005) and
fetal growth (Leventakou et al. 2014), as well as other envi-
ronmental pollutants (such as polychlorinated biphenyls and
dioxins) that can be harmful to fetal development (Lundqvist
et al. 2006). Therefore, we performed sensitivity analyses
additionally adjusting the outcome and mediator models for
the mothers’ total seafood intake (g/day), which was posi-
tively correlated with maternal erythrocyte mercury (rho:
0.49; p <0.001). Information on consumption of different
types of fish and other seafood in pregnancy was available
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for 493 of the included women only, therefore the model
estimates were compared to those of the same mothers with-
out adjustment for seafood intake.

Results

The general characteristics of the 515 women and infants
included in the present study are shown in Table 1, together
with the corresponding information for the women excluded
due to missing data, and the women excluded due to thyroid
disease and/or medication with thyroid hormone-interfering
drugs. Women excluded due to missing information regard-
ing metal concentrations, hormone levels, birth anthropom-
etry, and/or covariate data, had lower education and slightly
lower fT3 than those included in the present analyses, and
their children had a lower birth weight and a shorter length
of gestation than those in the included group. The women

excluded due to thyroid disease or medication with thyroid
hormone-interfering drugs had significantly higher fT4 and
tT4 levels, and lower fT3 and tT3 levels, and their children
were slightly shorter at birth.

Hormone-Birth Size Associations

Bivariate associations of the maternal hormones with birth
weight and birth length (assessed with Spearman rank cor-
relation; Supplementary Table S1) showed a weak positive
correlation between maternal tT3 and birth weight (rho:
0.09, p=0.036), and an inverse correlation between fT4
and birth weight (rho: — 0.11, p=0.012). The fT3:fT4 ratio
was positively correlated with both birth weight (rho: 0.10,
p=0.020) and birth length (rho: 0.10, p=0.018). In the
multivariable-adjusted linear regression models (Table 2),
a 1 pmol/L increase in maternal fT4 was associated with a
mean decrease in birth weight of 33 g (95% CI — 57, — 9.5).

Table 1 General characteristics of the women and infants included in the present analyses, compared to the women and children excluded due to
missing data, and the women and children excluded due to maternal thyroid disease

Included Excluded due to missing data® Excluded due to thyroid
disease®
n Median (min—max) n Median (min—-max)® n Median (min—-max)®
Maternal characteristics
Age (y) 515 30 (19-45) 66 29 (20-44) 47 32 (23-43)
Early-pregnancy BMI (kg/m2) 500 24.3 (16.6-50.4) 67 24.2 (16.7-41.5) 47 25.1(19.4-41.0)
Nulliparity (%) 515 49 59 56 47 43
Education (% with university education) 515 71 60 50%:* 45 64
Pre-pregnancy smoking (% yes) 515 6.8 57 8.8 46 2.2
Gestational week at sampling 479 29 (24-36) 28 29 (24-36) 43 29 (27-32)
TSH (mIU/L) 515 1.6 (0.07-7.0) 31 1.3(0.42-5.1) 44 1.5 (0.01-20)
fT4 (pmol/L) 515 12 (7.9-18) 31 12 (9.3-16) 44 14 (9.7-20)***
tT4 (nmol/L) 515 122 (72-193) 31 118 (71-153) 44 144 (98-204 )%
fT3 (pmol/L) 515 4.1 (2.8-5.6) 31 3.9 (3.0-5.0)* 44 3.7 (3.0-5.1)*%*%*
tT3 (nmol/L) 515 2.6 (1.5-4.5) 31 2.5(1.7-3.8) 44 2.3 (1.4-3.4)**
fT3:fT4 ratio 515 0.33 (0.20-0.55) 31 0.32 (0.21-0.47) 44 0.26 (0.18-0.41)***
Ery-Hg (ug/kg) 515 1.5 (<0.01-11) 31 1.4 (<0.01-4.8) 45 1.6 (0.11-5.0)
Total seafood intake (g/day) 493 26 (0-137) 41 20 (0-103) 44 28 (0-91)
Infant characteristics 515

Birth weight (g) 515 3580 (1924-5120) 57 3420 (1200-4335)** 47 3450 (2700-5165)
Birth length (cm) 515 50 (42-58) 41 50 (37-57) 47 49 (46-57)*
Gestational age at birth (weeks) 515 40 (34-43) 59 40 (29-42)*** 47 40 (34-42)
Sex (% girls) 515 54 62 52 47 47

BMI body mass index, Ery-Hg total erythrocyte mercury, fT'3 free triiodothyronine, fT4 free thyroxine, 173 total triiodothyronine, 174 total thy-

roxine, TSH thyroid-stimulating hormone

*Excluded due to missing information on metal exposure, hormone concentrations, birth anthropometry, and/or covariate data, and having no

known thyroid disease

"Excluded due to any notation in their hospital records regarding any form of thyroid disease or medication with any thyroid interfering drugs,

and one woman excluded due to extreme TSH concentration (>20 mIU/L)

“Tested against the included group using Kruskal-Wallis test (continuous data) and chi-square or Fisher’s exact tests (categorical data). Asterisks
indicates statistical significance as follows: *0.01 <p <0.5; **0.001 <p <0.01; ***p <0.001
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Table 2 Linear regression analyses of maternal plasma hormone concentrations in early third trimester with children’s weight and length at birth

(n=515)
IQR B 95% CI p
Birth weight (g)*
TSH (mIU/L) 1.2-2.2 6.6 (- 37,50) 0.77
fT4 (pmol/L) 11-13 -33 (—=57,-9.5) 0.006
tT4 (nmol/L) 109-135 -0.79 (=27, 1.1) 0.42
fT3 (pmol/L) 3844 20 (— 68, 109) 0.66
tT3 (nmol/L) 2.3-2.9 125 (36, 214) 0.006
fT3:fT4 ratio (per 0.1 increase) 0.30-0.37 91 (22, 161) 0.010
Birth length (cm)?®
TSH (mIU/L) 1.2-2.2 0.006 (—0.28,0.19) 0.95
fT4 (pmol/L) 11-13 -0.073 (—0.18, 0.028) 0.16
tT4 (nmol/L) 109-135 -0.0010 (= 0.009, 0.007) 0.86
fT3 (pmol/L) 3844 0.25 (—0.13,0.63) 0.20
tT3 (nmol/L) 2.3-29 0.59 (0.21, 0.97) 0.003
fT3:fT4 ratio (per 0.1 increase) 0.30-0.37 0.29 (= 0.004, 0.059) 0.053

fT3 free triiodothyronine, f74 free thyroxine, /QR interquartile range, 173 total triiodothyronine, ¢74 total thyroxine, 7SH thyroid-stimulating hor-

mone. Bold numbers indicate statistically significant associations

#Adjusted for: parity (‘0” or ‘>1’), maternal education (‘lower than university’ or ‘university’), maternal pre-pregnancy smoking (‘never’ or

‘sometimes or daily’), gestational length at birth (weeks), and infant sex

In contrast, a 1 nmol/L increase in maternal tT3 was associ-
ated with a mean increase in birth weight of 125 g (95% CI
36, 214) and in birth length of 0.59 cm (95% CI1 0.21, 0.97).
Also, a 0.1 increase in the fT3:fT4 ratio was associated with
an increase in birth weight of 91 g (95% CI 22, 161) and in
birth length of 0.29 cm (95% CI — 0.004, 0.059).

Compared to the leaner women, obese women
(BMI>30 kg/mz; n=76) had lower fT4 (median: 11.9 and
12.4 pmol/L, for women with BMI above and below 30,
respectively; p=0.031), higher fT3 (4.3 versus 4.0 pmol/L;
p<0.001) and tT3 (2.8 versus 2.5 nmol/L; p <0.001), and a
higher fT3:fT4 ratio (0.36 versus 0.32 pmol/L; p <0.001).
The children of the obese women also differed slightly in
birth length from those of leaner women (51 versus 50 cm,
for women with BMI> 30 and < 30 km/m?, respectively;
p=0.018). In the stratified analyses, the positive associations
of maternal tT3 with birth weight and length persisted in
the women with BMI < 30 kg/m? (Supplementary Table S2),
while the inverse association of maternal fT4 with birth
weight was diminished and no longer statistically signifi-
cant. The positive association of the fT3:fT4 ratio with birth
weight was also sharply reduced and became statistically
non-significant. In women with a BMI> 30 kg/m?, only the
inverse association between fT4 and birth weight remained
(Supplementary Table S2).
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Mediation Analyses

We have previously shown that maternal erythrocyte mer-
cury (log,-transformed) was non-linearly associated with
birth size (Gustin et al. 2020) and non-linearly associated
with maternal fT3, tT3, and the fT3:fT4 ratio in early third
trimester (Gustin et al. 2021). Above the erythrocyte mer-
cury concentration of 1 pg/kg, inverse associations were
observed with both birth weight and length, as well as with
fT3, tT3, and the fT3:fT4 ratio. Since erythrocyte mercury
was not associated with fT4, and fT3 was not significantly
associated with birth anthropometry, and the association
of the fT3:fT4 ratio with birth weight did not persist after
excluding obese women, only tT3 was further explored as a
potential mediator in the associations of erythrocyte mercury
with both birth weight and length.

In the analyses exploring tT3 as mediator (Table 3), a
doubling of erythrocyte mercury concentrations above 1 g/
kg (which 73% of the included women had) was associated
with a mean tT3-mediated decrease in birth weight of 11 g
(95% CI — 25, — 1.6), corresponding to 12% of the total
effect of maternal erythrocyte mercury on birth weight.
Similarly, a doubling in erythrocyte mercury (> 1 pg/kg)
was associated with a mean tT3-mediated decrease in birth
length of 0.05 cm (— 0.12, — 0.01), equivalent to 12% of the
total effect.
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Table 3 Mediation analyses with maternal erythrocyte mercury
(above 1 ug/kg; log,-transformed; n=374) as exposure, maternal

causal mediation effect (ACME), average direct effect (ADE), and the
total effect (the sum of ACME and ADE), as well as the proportion of

total plasma T3 (nmol/L) as mediator, and birth weight (g) or birth mediated effect in relation to the total effect

length (cm) as the outcome. The table shows estimates for the average

Birth weight (g)* Birth length (cm)®

Estimate 95% CI° p Estimate 95% CI° p
ACME -11 (—25,-1.6) 0.016 —0.053 (= 0.12, — 0.01) 0.016
ADE - 83 (—153,-15) 0.004 —0.38 (— 0.66, — 0.11) 0.006
Total effect - 95 (— 168, — 31) 0.002 - 043 (—=0.72, - 0.17) 0.002
Proportion mediated 0.12 (0.02, 0.45) 0.018 0.12 (0.02, 0.40) 0.018

ACME average causal mediation effect, ADE average direct effect, Ery-Hg erythrocyte mercury. Bold numbers indicate statistically significant
associations

®The underlying outcome models were adjusted for parity (‘0” or ‘> 1), maternal education (‘below university’ or ‘university’), pre-pregnancy
smoking (‘yes’ or ‘no’), gestational age at birth (weeks), and infant sex, and the mediator model was adjusted for parity, maternal education, and

pre-pregnancy smoking

Confidence intervals were based on 1000 non-parametric bootstrap replicates

Table4 Mediation analyses with maternal erythrocyte mercury
(>1 pg/kg; log,-transformed; n=361) as exposure, maternal total
plasma T3 (nmol/L) as mediator, and birth weight (g) or birth length

(cm) as outcomes, exploring the change in estimates when including
additional adjustment for maternal seafood intake (g/day) in preg-
nancy

Adjusted as main models?

Adjusted for seafood intake®

Estimate 95% CI° p Estimate 95% CI° )4
Birth weight (g)
ACME -9.7 (- 25,—-0.59) 0.038 -95 (— 24, — 0.68) 0.034
ADE —-95 (— 164, — 25) 0.012 —115 (— 187, — 44) 0.006
Total effect — 105 (=172, — 36) 0.004 —124 (— 196, — 55) <0.001
Proportion mediated 0.093 (0.003, 0.33) 0.042 0.076 (0.01, 0.25) 0.034
Birth length (cm)
ACME —0.049 (= 0.11, — 0.01) 0.014 —0.048 (= 0.11, — 0.01) 0.012
ADE —0.44 (= 0.73, — 0.15) 0.004 —0.52 (—0.81, — 0.22) 0.002
Total effect —0.48 (—0.77 -0.20) <0.001 —0.56 (— 0.85, — 0.28) <0.001
Proportion mediated 0.10 (0.01, 0.34) 0.014 0.084 (0.01, 0.25) 0.012

The table shows estimates for the average causal mediation effect (ACME), average direct effect (ADE), and the total effect, as well as the pro-
portion of mediated effect in relation to the total effect. Bold numbers indicate statistically significant associations

ACME average causal mediation effect, ADE average direct effect, Ery-Hg erythrocyte mercury

“The underlying outcome models were adjusted for parity (‘0” or ‘> 1"), maternal education (‘below university’ or ‘university’), pre-pregnancy
smoking (‘yes’ or ‘no’), gestational age at birth (weeks), and infant sex, and the mediator model was adjusted for parity, maternal education, and
pre-pregnancy smoking

bAdditionally adjusted for maternal total seafood (fish and shellfish) intake in pregnancy (g/day) in the underlying outcome and mediator models

“Confidence intervals were based on 1000 non-parametric bootstrap replicates

In sensitivity analyses, we explored the mediation of
tT3 in the relationship of maternal erythrocyte mercury
with size at birth after additionally adjusting the outcome
and mediator models for the mothers’ total seafood intake
in pregnancy and compared the estimates to those of the
same mothers without adjustment for total seafood intake.
The results are shown in Table 4 for erythrocyte mercury
concentrations > 1 ug/kg (n=361). The average causal
mediation effect estimates for birth weight and birth length

were largely unaffected when adjusted for maternal total
seafood intake (— 9.5 g and — 0.05 cm for birth weight and
length, respectively) compared to the estimates in models
with the same women without adjustment for total seafood
intake (— 9.7 g and — 0.05 cm for birth weight and length,
respectively). The direct effects of erythrocyte mercury
became more pronounced (from — 105 to — 124 g for birth
weight and from — 0.48 to 0.56 cm for birth length) after
the adjustment for maternal seafood intake, and the total
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effects became similarly larger. Therefore, the proportion
of the mediated effect was slightly reduced for birth weight
(7.6% vs. 9.3% when adjusting and not adjusting for seafood
intake, respectively) and birth length (8.4% vs. 10% when
adjusting and not adjusting for seafood intake, respectively).

Discussion

In this study of pregnant women in the north of Sweden, the
third trimester plasma concentrations of tT3 were positively
associated with birth weight and length, while the fT4 con-
centrations were inversely associated with birth weight. The
subsequent mediation analysis suggested that 12% of the
total effect of maternal erythrocyte mercury concentrations,
reflecting MeHg exposure, on birth weight and length was
mediated via reduced maternal tT3 levels.

The women included in the present study did not have
any known thyroid disease or thyroid-related medication,
and essentially all (98%) had TSH concentrations below
4.0 mIU/L, an upper reference limit that may be used when
population- and trimester-specific reference ranges are una-
vailable (Alexander et al. 2017). Still, we found that the
rather narrow range of maternal plasma tT3 in early third
trimester (5th-95th percentiles: 1.9-3.4 nmol/L) was posi-
tively associated with both birth weight and length. There
are few previous studies on maternal T3 and birth anthro-
pometry, and measurement of T3 is less common than those
of T4 in thyroid monitoring studies. One of the few available
observational studies, based on a large Chinese birth cohort
(n=9975), reported positive associations of maternal tT3 in
both first and third trimester with birth weight (Zhang et al.
2019). Similarly, in a smaller study in the U.S. (n=439),
early third trimester maternal tT3 levels were positively
associated with birth weight z scores (Johns et al. 2018).
Neither of these two studies explored associations with
birth length. In vitro studies of human trophoblast cells have
shown that T3 increases the production of epidermal growth
factor which regulates the differentiation and proliferation
of trophoblasts (Barber et al. 2005; Kilby et al. 2005), sug-
gesting that T3 may indirectly promote fetal growth through
enhanced placental growth and function.

We have previously reported that gestational MeHg expo-
sure, measured by mercury concentrations in erythrocytes,
was inversely associated with both fT3 and tT3 in early
third trimester in the present cohort (Gustin et al. 2021), as
well as with birth weight and length (Gustin et al. 2020).
The inverse associations of erythrocyte mercury with birth
anthropometry and maternal T3 were consistently observed
above erythrocyte mercury concentrations of 1 ug/kg (high-
est concentration being 11 pg/kg), which would roughly
correspond to 0.4—4.3 ug/L in whole blood (Gustin et al.
2020). Similar MeHg exposure levels are observed in most
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European populations (EFSA 2012), while much higher ges-
tational exposure levels have been reported for island popu-
lations, such as Japan (Kobayashi et al. 2019), the Faroese
Islands (Needham et al. 2011), and the Seychelles (Xu et al.
2019). In the present study, mediation analyses estimated
that around 12% of the total effect of maternal methylmer-
cury exposure (at erythrocyte mercury concentrations above
1 pg/kg) on both birth weight and length were mediated
via reduced tT3 levels. Thus, our findings indicate that
impairment of maternal tT3 levels may be one of the modes
of action by which MeHg exposure impairs fetal growth,
although not the major one, which possibly could be through
oxidative stress (Fujimura and Usuki 2020).

In sensitivity analyses, we explored the influence of addi-
tionally adjusting the mediation models for the women’s
total seafood intake (g/day), mostly consisting of marine
fish (Gustin et al. 2020; Stravik et al. 2019). Seafood, the
main source of MeHg exposure, may contribute to unmeas-
ured confounding as seafood is also an important source of
micronutrients, like iodine and selenium which are essential
for thyroid function (Kohrle 2005; Zimmermann 2009), as
well as polyunsaturated fatty acids (Strain et al. 2020), which
previously have been shown to mask the adverse effects of
MeHg exposure in relation to other outcomes (Strain et al.
2008). In the present analyses, however, the small changes
observed in the mediated effects when additionally adjust-
ing for maternal seafood intake did not indicate confound-
ing by other pollutants in the consumed fish for the effects
mediated via tT3. However, the direct effects of MeHg on
birth weight and length became slightly more pronounced
(inverse) after adjustment for seafood intake, in line with a
positive influence of maternal fish intake on the infants’ birth
size (Rogers et al. 2004).

We also found an inverse association of maternal fT4
in the early third trimester with birth weight, but not with
MeHg exposure (Gustin et al. 2021). Associations of mater-
nal fT4 with smaller fetal growth estimates, such as birth
size, have previously been reported in large Chinese (Zhang
et al. 2019; Zhou et al. 2020), Dutch (Medici et al. 2013; Vri-
jkotte et al. 2017), and Spanish (Leon et al. 2015) cohorts, as
well as in smaller studies from the U.S. (Johns et al. 2018;
Kahr et al. 2016), U.K. (Shields et al. 2011) and China (Sun
et al. 2019), despite the fact that the thyroid hormones were
assessed at varying time points during pregnancy. Both T4
and TSH vary markedly in the first half of pregnancy (Kor-
evaar et al. 2017), while T3 levels remain stable across the
whole pregnancy (Patel et al. 2011). In the present analyses,
the inverse association between fT4 and birth weight was
only observed in women with an early-pregnancy BMI of
30 kg/m? or higher, but not among leaner women. Simi-
larly, the positive association observed between the fT3:fT4
ratio and birth weight markedly decreased when excluding
obese mothers. The fT3:fT4 ratio is a potential marker of
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deiodinase type I activity (Panicker et al. 2008), the enzyme
responsible for converting T4 into the active T3 and provid-
ing T3 for circulation (Larsen and Zavacki 2012). Thus, the
inverse association of fT4 with birth weight may be, at least
partly, driven by increased deiodinase type I activity, related
to obesity (Ortega et al. 2012). Indeed, Kahr et al. (2016)
reported reduced maternal T4 levels in mothers with a BMI
over 35 kg/m? and an increased fT3:fT4 ratio in women with
a BMI above 25 kg/m%. Also, a recent large observational
study of pregnant women in Denmark found that maternal
adiposity was positively associated with the T3:T4 ratio in
early pregnancy (Andersen et al. 2021).

The main strengths of this study include the individual
assessments of MeHg exposure using a highly sensitive
ICP-MS method. We measured mercury in erythrocytes,
which reflects the gestational MeHg exposure in the stud-
ied women, but since we did not speciate mercury in eryth-
rocytes, we cannot completely rule out a potential minor
influence of inorganic mercury, which is more evenly dis-
tributed between plasma and erythrocytes (Berglund et al.
2005). However, as previously discussed, the exposure to
inorganic mercury in young Swedish women is most likely
very low (Gustin et al. 2021). A limitation in the mediation
analyses is that the exposure (erythrocyte mercury) and the
mediator (plasma tT3) were measured in samples collected
at the same timepoint. To facilitate causal inference, the
exposure should be measured prior to the mediator. How-
ever, since erythrocyte mercury reflects the exposure over
the past 3—4 months (as discussed in Section "Mercury
analysis") and T3 in plasma has a half-life of less than
two days (Gharib 1974), the measured exposure can still
be considered to have occurred prior to changes in the
mediator. Another limitation is that approximately only
10% of all women giving birth at Sunderby hospital during
the recruitment period participated in the study (Englund-
Ogge et al. 2022). However, although self-selection bias
has been shown for some lifestyle factors in the NICE
cohort, it does not seem to skew pregnancy outcomes, or
influence the impact of certain well-known lifestyle param-
eters on pregnancy outcomes (Englund-Ogge et al. 2022).
Further, the mercury concentrations among the included
women were similar to those previously reported among
pregnant women in central Sweden (Vahter et al. 2000).
Another limitation is that free thyroid hormone concentra-
tions were measured in plasma by immunoassays which
may be sensitive to the pregnancy-related increase in thy-
roxine binding globulin, yet, calculating the fT4 or fT3
index (Villanger et al. 2017) was not feasible. Also, we did
not obtain any measurements of autoimmune thyroid dis-
ease, such as thyroid peroxidase antibody (TPOAD) tests.
However, the implications of TPOAD positivity for birth
weight are unclear (Medici et al. 2013). Still, women with
a notation regarding TPOAD positivity in their hospital

records were excluded from the present analyses. Regard-
ing the sensitivity analyses, where we further adjusted the
mediation models for the women’s seafood consumption,
it should be noted that the semi-quantitative questionnaire
data on total seafood intake during the past month is a
somewhat crude estimate of the women’s true intake. It is
possible that the women’s erythrocyte mercury concentra-
tions better reflect their actual total seafood intake, why
residual confounding from fish intake may still be pre-
sent in the analyses, resulting in an underestimation of
the effects of methylmercury exposure (Budtz-Jorgensen
etal. 2021). Lastly, we assumed no other unmeasured con-
founding in the mediation analyses. Nevertheless, this is
an observational study and unmeasured confounding can-
not be entirely ruled out.

Conclusion

Our study indicates that maternal tT3 in pregnancy is
positively associated with birth weight and birth length
and that this may, to a limited extent, mediate the adverse
effect of maternal MeHg exposure on infant size at birth.
Further studies in other populations of pregnant women
are warranted to confirm these findings, and to identify
other modes of action of MeHg. The present exposure lev-
els were quite low, and similar or higher exposure is likely
experienced by millions of mothers around the world.
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