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Abstract

Background—@Gestational diabetes mellitus (GDM) is associated with increased availability of
glucose and macronutrients in fetal circulation and macrosomia. Therefore, the role of GDM in the
association between metabolism-disrupting chemicals and birth size deserves attention.

Objective—We examined whether GDM may mediate or modify the associations between
maternal environmental pollutant exposures and offspring birth size measures.

Methods—We analysed 604 Faroese pregnant women and their offsprings born in 1997-2000.
Maternal pregnancy serum concentrations of organochlorine compounds (OCs: polychlorinated
biphenyl (PCB) congeners and dichlorodiphenyldichloroethylene (DDE)), and five perfluoroalkyl
substances (PFASSs), and hair and cord blood mercury concentrations were measured. We used
regression (single-pollutants) and structural equation models (SEMs) (multiple-pollutant analyses
using latent constructs of OCs, PFASs and mercury) to estimate the associations with GDM and
birth size measures, accounting for mediation and/or effect modification by GDM.

Results—Serum-DDE and hair-mercury concentrations were associated with GDM (adjusted OR
per concentration doubling: 1.29; 95% CI: 0.94, 1.77 for DDE, and 0.79; 95% ClI: 0.62, 0.99 for
mercury), but in multiple pollutant-adjusted SEMs only a positive association between OC
exposure and GDM remained significant (change in GDM odds per OC doubling: 0.45; 95% CI:
0.05, 0.86). PCB and overall OC exposure were positively associated with head circumference
(SEM; mean change per OC doubling: 0.13 cm; 95% CI, 0.01. 0.25). Overall PFAS exposure was
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inversely associated with birth weight (SEM; mean change per PFAS doubling: -169 g; 95% CI:
-359, 21), and for many single-PFASs we found a pattern of inverse associations with birth weight
and head circumference in boys, and positive or null associations in girls. None of the
environmental pollutants was associated with offspring length. GDM neither modified nor
mediated the associations with birth size measures.

Conclusions—We found associations with GDM and offspring birth size to be specific to the
environmental pollutant or pollutant group. Associations with birth size measures appear to be
independent of GDM occurrence.

Introduction

The prevalence of gestational diabetes mellitus (GDM) is on the rise, currently affecting
between 3% and 25% of pregnancies, depending on the population and the clinical criteria
used for diagnosis (Zhu and Zhang 2016). GDM is associated with a higher risk of fetal
macrosomia (i.e. increased fetal growth and body fat deposition) (Kc et al. 2015) as well as,
with higher risks of metabolic abnormalities in later life in the mothers and also their
offsprings (Bellamy et al. 2009: Ehrlich et al. 2013; Zhu and Zhang 2016). The etiology of
GDM is multifactorial, and modifiable risk factors likely include exposures to environmental
pollutants that can act as endocrine and metabolism disruptors in promoting weight gain and
insulin resistance (Janesick and Blumberg 2016; Lee et al. 2014; Magliano et al. 2014;
Taylor et al. 2013). Exposures to persistent organic pollutants (POPSs), such as
organochlorine compounds (OCs) and perfluoroalkyl substances (PFASSs), and exposures to
metals, such as mercury, have been associated with increased risk for type 2 diabetes
(reviewed in Lee et al. 2014; Kuo et al. 2013; Magliano et al. 2014; Taylor et al. 2013).
However, only a few previous studies, with inconclusive findings, have specifically focused
on risk of GDM (Jaacks et al. 2016; Peng et al. 2015; Shapiro et al. 2015 and 2016; Smarr et
al. 2016; Vafeiadi et al. 2016; Zhang et al. 2015).

Exposure to POPs and metals may also interfere with intrauterine growth and adversely
affect birth size (Casas et al. 2015; Govarts et al. 2012; Vrijheid et al. 2016; Bach et al.
2015; Murcia et al. 2016). Because the exposure passes from the mother to the fetus through
the placenta (Kim et al. 2014; Needham et al. 2011), early life health outcomes may be
affected through the direct action and toxicity of the pollutants to fetal tissues and the
placenta, or they may be indirectly affected through alterations in hormone balance and
tissue functions of the mother. However, whether potentially diabetogenic effects of
environmental pollutants in the mother may mediate health outcomes seen in the offspring
has not been previously examined.

We evaluated the associations of maternal exposures to several pollutants (OCs, PFASs and
mercury) in regard to GDM occurrence and offspring birth size measures in a Faroese birth
cohort, where a wide range of exposures occur through the consumption of fish and seafood
(Weihe et al. 1996 and 2008). Given the suspected association of environmental pollutant
exposures with GDM occurrence, and the causal role of maternal hyperglycemia in regard to
fetal metabolic programming and macrosomia (Kahraman et al. 2014; Kc et al. 2015), we
hypothesized that the occurrence of GDM may mediate the associations of diabetogenic
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environmental pollutants with birth size measures. An alternate and plausible hypothesis is
that the increased availability of glucose and other macronutrients in fetal circulation
through the placenta in GDM cases (Araujo et al. 2015) may change the metabolic responses
of the fetus to intrauterine chemical exposures (Goran et al. 2013; La Merrill et al. 2014;
Valvi et al. 2012). Thus, we have also tested GDM status as a potential modifier of the
association between environmental pollutant exposures and birth size measures.

Study population and data collection

We used information from 604 of the mother-child pairs recruited at 34 weeks of gestation at
the National Hospital in Torshavn in the Faroe Islands between 1997 and 2000 (92% of the
656 mother-child pairs initially enrolled with complete data on key covariates). The ethical
review committee of the Faroe Islands and the institutional review board at the Harvard T.H.
Chan School of Public Health approved the study protocol, and written informed consent
was obtained from all pregnant women.

Only singleton births were included. Information about maternal age at delivery, gestational
age and child sex was extracted from the obstetric and medical records. Additional
information was collected through interviews with the mothers at 14 days postpartum and
included maternal education, parity, pre-pregnancy body mass index (BMI, i.e. weight in kg/
[height in m]2), gestational weight gain, family history of diabetes and smoking during
pregnancy. Offspring weight (nearest 0.1 kg) and head circumference (nearest 0.1 cm) were
measured at birth, and length (nearest 0.5 cm) was measured at postpartum day 14 by the
midwife.

GDM diagnosis was extracted from the medical records. Following standard clinical
guidelines (Berger et al. 2003) women with elevated fasting blood glucose concentrations
and/or those considered at elevated risk for GDM based on their age, pre-pregnancy BMI,
family history of diabetes, GDM in previous pregnancy, previous stillbirth, macrosomia in
previous delivery and polyhydramnios were identified at 24-28 weeks of gestation and given
a 2h-oral glucose tolerance test (OGTT) (13% of the analysis population) to establish a
possible GDM diagnosis (Berger et al. 2003; Dalgard et al. 2016). The reference group
(GDM-free category) consisted of women at low risk who did not undergo an OGTT, and
women non-diagnosed for GDM based on the OGTT results. Information from medical
records was extracted also in regard to related pregnancy comorbidities including
preeclampsia, which was not frequent in this cohort (prevalence equal to 1.5%).

Assessment of environmental pollutant exposures

Maternal serum was obtained at gestational week 34. Cord blood and maternal hair were
collected at parturition, and transition milk 4-5 days later. All blood and milk samples were
stored at -80° C until chemical analyses were performed at the University of Southern
Denmark, as previously detailed (Grandjean et al. 2012; Heilmann et al. 2010).

OC concentrations in maternal serum were measured using gas chromatography with
electron capture detection as the standard at the time. The OCs quantified included the major
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PCB congeners 138, 153 and 180, p,p ~dichlorodiphenyldichloroethylene (DDE) and p,p -
dichlorodiphenyltricloroethane (DDT). OC concentrations measured in breast milk were
used to estimate serum concentrations for 20% of the mothers who did not have measured
OC concentrations in serum (Pearson r between milk and serum concentrations =0.87
depending on OC) (Needham et al. 2011; Tang-Peronard et al. 2014). We substituted serum
concentrations below the limit of detection (LOD) of 0.03 ng/mL by a value equal to half of
the LOD. We calculated the sum of PCB congeners in maternal serum (ZPCB) as the sum of
PCB congeners 138, 153 and 180 multiplied by 2, because these were the most commonly
detected congeners representing close to 50% of the total serum PCB concentrations
(Grandjean et al. 1995). Because OCs are highly lipophilic concentrations were divided by
the serum lipid concentrations and are expressed in pg/g lipid. The serum lipid content was
calculated from cholesterol and triglyceride concentrations (Phillips et al. 1989) as
determined by a kit-based analysis on a Konelab 20 Clinical Chemistry Analyzer (Thermo
Fischer Scientific, Waltham, MA, US). In complimentary sensitivity analyses associations of
OC concentrations uncorrected for lipids (in ng/mL) were adjusted by including the lipid
content as a separate covariate in the models. Maternal serum PFAS concentrations were
measured using high-pressure liquid chromatography with tandem mass spectrometry. The
quantified substances were: perfluorooctane sulfonate (PFOS), perfluorooctanoic acid
(PFOA), perfluorohexane sulfonic acid (PFHxS), perfluorodecanoic acid (PFDA) and
perfluorononanoic acid (PFNA). Concentrations in all samples were above the LOD (>0.03
ng/mL) and are expressed in ng/mL.

Hair and cord-blood mercury analyses have been described previously (Grandjean and
Budtz-Jorgensen 2007; Kim et al. 2014). Total mercury concentrations were measured in the
proximal 1-cm hair segment (expressed in pg/g hair) that mainly reflects methylmercury
exposure in particular during the second and third trimesters (Grandjean et al. 1999).
Mercury in umbilical cord blood (expressed in pg/L) is almost entirely found in its
methylated form, which can pass the placental barrier, and it is considered a better proxy of
recent fetal exposure as compared to hair mercury (Grandjean et al. 1999). All measured
concentrations in hair and cord blood were above the LODs.

Statistical analysis

A total of 604 mother-child pairs had complete information about maternal serum PFAS
concentrations and the study outcomes, and fewer mother-child pairs had information about
OC concentrations (N=564), and hair (N=561) and cord blood (N=538) mercury
concentrations.

Environmental pollutant exposure variables were log,-transformed to normalize the right-
skewed distributions, and analyzed both continuously and categorically using tertile groups.
Generalized additive models (GAMs) were used to assess the linearity of dose-response
relationships between continuous exposures and outcome measures (Royston and Ambler
1998). In single-pollutant analyses, we used logistic regression to determine the associations
with GDM (nolyes), and linear regression to evaluate the associations with continuous birth
size measures (i.e. weight, length and head circumference). Effect modification by GDM
was evaluated by including interaction cross product terms (GDM*exposure) in the birth

Environ Int. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Valvi et al.

Page 5

size models and both overall and GDM stratified coefficients are shown. We evaluated effect
modification by sex using the same approach, as sex-dimorphic associations between
exposure to metabolism-disrupting chemicals and growth patterns are possible (Bach et al.
2015; Casas et al. 2015; Heindel et al. 2016; Valvi et al. 2012 and 2014).

All associations of interest were assessed in both unadjusted models and multivariable-
adjusted models including important confounders. Potential confounders were selected
based on previous literature using directed acyclic graphs. The GDM models were initially
adjusted for maternal age, education, parity, pre-pregnancy BMI and smoking during
pregnancy. The birth size models were adjusted for the same set of covariates along with
child sex, as this is an important determinant of birth size and a hypothesized effect modifier.
Further, we evaluated in these initial multivariable-adjusted models confounding by
gestational weight gain, family history of diabetes (i.e. self-reports of type 1 and 2 diabetes
in lineal ascendant relatives), and concentrations of 25-hydroxy vitamin D. Fish and seafood
intake is a common source of vitamin D and the environmental pollutants under study, and a
positive association between cord blood vitamin D and offspring length has been reported in
this cohort (Dalgard et al. 2016), whereas vitamin D insufficiency during pregnancy has
been associated with a higher risk for GDM in previous studies (Wei et al. 2013). The
inclusion of gestational weight gain, family history of diabetes, and vitamin D
concentrations in the models did not change the coefficients for the exposure-outcome pairs
of interest by more than 10%, and these covariates were therefore not retained in the final
statistical models. Further, in restricted analysis of 126 mother-child pairs with measured
maternal serum concentrations of fatty acids (Bjerve et al. 1987), concentrations of
docosahexaenoic acid (i.e. the main indicator of n-3 polyunsaturated fatty acids that similar
to environmental pollutant exposures occur from the consumption of fish and seafood),
which are associated with offspring birth weight (Grandjean et al. 2001; Oken et al. 2004),
did not confound the associations with birth size measures (coefficient change<10%).
Gestational age is an important birth size determinant that could also be a mediator in the
association between environmental pollutants and birth size measures; however, adjustment
for gestational age in the models did not materially change the magnitude or precision of
coefficients.

In multiple-pollutant analyses, we used structural equation models (SEMs) to assess the joint
associations of environmental pollutant exposures with GDM or birth size measures, and to
examine mediation effects. The conceptual framework of the SEM analysis is shown in the
Supplementary Material (Figure S1). In contrast to common regression analysis, SEMs
permit the modeling of covariance matrices and provide parameter estimates by minimizing
the differences between the observed covariances and those predicted by the model. SEM
analyses include a measurement part in which the observed variables are linked to a limited
number of latent functions (latent constructs, hereafter), and a structural part describing
potential causal dependencies among the latent constructs and with other observed variables
(Budtz-Jorgensen, Keiding et al. 2002). For the measurement part, we specified latent
constructs describing the overall exposure to three groups of environmental pollutants as
previously reported (Oulhote et al. 2017): (1) a latent construct for OCs based on the
concentrations of XPCB, DDE and DDT quantified in maternal serum (DDT was not
analyzed as a single-pollutant because of its high percentage of values below the LOD, but
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the inclusion of DDT as the third parameter in the confirmatory factor analyses improved the
model fit); (2) a latent construct for PFASs based on the concentrations of the five PFAS
compounds in maternal serum; and (3) a latent construct for mercury based on maternal hair
and cord blood concentrations. All environmental pollutants showed significant correlations
with their latent construct (Supplementary Material, Table S1). The structural model part
identified the association dependencies between the three latent exposure constructs and
GDM or birth size measures, with adjustment for the same set of covariates applied in
regression analysis. We accounted for GDM as a mediator in the SEMs for birth size
measures and estimated the total (i.e. unadjusted for any mediator), direct (adjusted for
mediator) and indirect effects (i.e. ~difference between total and direct effects). SEMs
exhibited an acceptable to very good fit to the data, indicated by a high comparative fit index
(CFI between 0.918 and 0.999) and a low root mean square error of approximation (RMSEA
between 0.05 and 0.01) for all study outcomes. Information in additional covariates was
missing in less than 1% of observations and we used Full Information Maximum Likelihood
estimation, which utilizes all available information and minimizes bias compared to
conventional methods for handling missing data, such as list-wise deletion (Allison 2003).

SEM analyses were performed using the “lavaan” package in R statistical computing
software version 3.2.3 that calculates diagonally weighted least square estimators with
robust variance for the associations with dichotomous outcomes (i.e., GDM), and maximum
likelihood estimators with robust variance for the associations with continuous outcomes
(i.e., birth size measures) (Rosseel 2012). The SEM estimators presented for GDM reflect an
increase (if estimator>0) or a decrease (if estimator<0) in the odds (probit function) of GDM
diagnosis per doubling of the exposures accounted in the latent construct. The estimators for
continuous birth outcomes reflect the change in the offspring size measure per doubling of
the exposures accounted in the latent construct. Statistical analyses other than SEMs were
performed using STATA 14. All statistical tests were two-sided and the level of significance
was set at a P-value<0.05 for all associations including interactions. Results are interpreted
based on the consistency in the associations found among the single- and multiple-pollutant
statistical approaches applied, along with the magnitude and precision of effect estimates
rather than solely relying on statistical significance.

The prevalence of GDM diagnosis in this population was 8% (N=49). Mothers diagnosed
with GDM compared to mothers without GDM diagnosis were of older age, had on average
higher pre-pregnancy BMIs, were more likely to report a family history of diabetes, and
their offspring presented on average higher birth weights (Table 1). Maternal serum POP
concentrations and hair and cord-blood mercury concentrations did not significantly differ
according to GDM status (Table 2). The highest correlations among environmental pollutant
concentrations were seen between hair and cord blood mercury (Pearson r=0.83), and
between ZPCB and DDE in serum (r=0.88), while poorer correlations were observed for
pairs of PFASs (r ranged from 0.08 for PFHxS-PFNA to 0.63 for PFOS-PFNA)
(Supplementary Material, Table S2).
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In single-pollutant regression analyses (Table 3), maternal serum DDE concentrations were
associated with higher odds of GDM in the unadjusted model (OR per doubling of DDE
concentrations: 1.33; 95% CI: 1.00, 1.77). This association was slightly attenuated and
nonsignificant in the multivariable-adjusted model (adjusted OR per doubling of DDE
concentrations: 1.29; 95% CI: 0.94, 1.77). We also observed a non-significant and
nonmonotonic association between maternal serum PFDA concentrations and GDM
diagnosis (adjusted OR in exposure tertile group 2 versus 1: 1.97; 95% CI: 0.94, 4.12).
Effect estimates for the associations between other POPs and GDM were non-significant and
closer to unity. Maternal hair-mercury concentrations were associated with lower odds of
GDM in both the unadjusted and adjusted models (OR per doubling of hair mercury
concentrations: 0.81; 95% CI: 0.65, 1.01, and adjusted OR: 0.79; 95%ClI: 0.62, 0.99). The
associations of cord-blood mercury concentrations with GDM diagnosis were in the same
direction and non-significant.

GAMs indicated linear dose-response relationships between log,-transformed single-
pollutant exposures and birth size measures (i.e., p gain for linearity >0.10 for all pairs of
exposure-outcomes evaluated). Linear regression analyses (Table 4) in regard to birth weight
(in g) showed a non-significant inverse association for maternal serum PFOS concentrations
(adjusted B per doubling of PFOS concentrations: -81; 95% CI: -173, 11), and inverse
associations of smaller magnitude were also seen for other PFASs. Further, for PFOA and
less clearly PFOS, we found evidence that associations with birth weight may differ
according to sex (P-sex interaction=0.04 and 0.08, respectively) (Supplemental Material,
Table S3). Concentrations of OCs and mercury were not associated with birth weight, and
we did not find clear association patterns between the environmental pollutants examined
and offspring length (Table 4). In regard to birth head circumference (in cm), positive
associations were seen for serum ZPCB (adjusted B per doubling of ZPCB: 0.15; 95% ClI:
0.03, 0.26) and less evidently for DDE concentrations (Table 4). Associations of maternal
serum PFAS concentrations with head circumference were positive for some compounds
(PFDA, PFNA and PFHxS) and statistically significant for PFHxS (adjusted p per doubling
of PFHxS: 0.11; 95% CI: 0.01, 0.20). Further, for some PFAS compounds, we found
evidence that the associations with head circumference may differ according to sex (P-sex
interaction<0.05 for PFOS, PFHxXS and PFDA). Non-significant positive associations with
head circumference were also seen for hair and cord blood mercury concentrations. We did
not find clear evidence for effect modification by GDM in the associations between
environmental pollutants and birth size measures (P-GDM interaction>0.05 for all exposure-
outcome pairs).

SEM estimates adjusted simultaneously for the three exposure latent constructs (OCs,
PFASs and mercury) and additional covariates are presented in Table 5, where for
comparison purposes we also show the estimates for maternal smoking status in pregnancy
(no/yes) obtained from the same models. OC exposure was associated with increased odds
of GDM (change in GDM probit per doubling of OC exposure: 0.45; 95%CI: 0.05, 0.86),
while no clear association was shown for PFAS and mercury exposures. Interaction terms
between any of the three exposure latent constructs and GDM were non-significant (P-GDM
interaction>0.30 in all SEM maodels). Further, we did not find evidence that GDM may
mediate the associations of environmental pollutant exposures with birth size outcomes (i.e.,
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estimates for indirect effects per doubling of exposure close to 0 for all exposure latent
constructs and birth size measures) (Table 5). In agreement with the results of the single-
PFAS linear regression analyses, we found a non-significant inverse association between
PFAS exposure and birth weight using SEMs (mean change per doubling of the PFAS
exposure: -169¢g; 95% CI: -359, 21), which was similar in magnitude as the association
between maternal smoking and birth weight (-144g). A nonsignificant inverse association
was seen with head circumference, while no association was found between PFAS exposure
and offspring length. Exposure to OCs was associated with an increase in head
circumference (mean change in head circumference per doubling of OC exposure: 0.13 cm;
95%Cl: 0.01, 0.25) and unrelated to offspring weight or length. Mercury exposure was not
associated with birth size measures.

In analyses stratified by child sex, we found evidence of an inverse association with birth
weight for PFOS, and less clearly PFOA, in boys, but not in girls (Figure 1A and
Supplementary Material, Table S3). Similarly, in regard to head circumference we found a
pattern of inverse or null associations in boys, and mainly positive associations in girls, for
all PFAS compounds with the exception of PFHXS for which the association was positive in
boys only (Figure 1B and Supplementary Material, Table S3). Sex did not significantly
modify the associations between PFAS compounds and offspring length, or the associations
of OCs and mercury with birth size measures (Supplementary Material, Table S3). In
subsequent sensitivity analysis for OCs (data not shown), analysing the OC concentrations
uncorrected for lipids and including maternal lipid concentrations as a separate covariate in
the models, did not significantly change the shown associations between OCs and GDM or
birth size measures.

Discussion

In the present study we combined single-pollutant and multiple-pollutant approaches and
found associations of environmental pollutant exposures with GDM occurrence and
offspring birth size measures, specific to each pollutant or pollutant group examined. The
study findings support an association between OC exposures during pregnancy and higher
odds of GDM diagnosis, while no clear evidence for such association was found for PFAS or
mercury exposures. Moreover, maternal OC exposures were associated with a small increase
in offspring head circumference at birth, and maternal PFAS concentrations showed patterns
of inverse associations with birth weight and head circumference in boys but null or positive
associations in girls, though effect modification by sex was significant only for some PFAS
compounds. The environmental pollutants and mixtures evaluated were not associated with
offspring length. Further, our findings indicate that GDM diagnosis neither modifies nor
mediates the associations between environmental pollutant exposures and birth size
measures, suggesting that associations with offspring size might be independent of GDM
occurrence.

Important strengths of this study include the exposure assessment using biomarkers of
multiple environmental pollutants, the wide list of potential confounders considered
including maternal weight status and essential nutrients, and the homogeneity of the Faroese
population in regard to socioeconomic and lifestyle factors which reduces the likelihood of
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residual confounding. The use of SEMs permitted the simultaneous adjustment for
concurrent correlated exposures, while allowing for measurement error in the exposure
variables, which is essential for unbiased effect estimation (Butdtz-Jorgensen et al. 2002;
Carroll et al. 2006). In the absence of exposure-mediator statistical interactions, as it was the
case in this study, SEMs provide an accurate estimation of mediation effects that coincides
with the estimation of counterfactual approaches (Valeri and Vanderweele 2013). Study
limitations include the lack of information about maternal fasting blood glucose levels,
which would have allowed to identify women with impaired glucose tolerance non-
diagnosed for GDM. Moreover, adjustment for maternal glomerular filtration rate, a marker
of kidney function, has been proposed to attenuate the associations of maternal serum PFASs
with birth weight (Verner et al. 2015) and therefore overestimation in our study of any
potential true PFAS effect is possible. Finally, even though vitamin D and n-3 fatty acid
concentrations did not confound the associations of interest, we cannot completely rule out
confounding by maternal diet.

Extensive evidence from /n vivo and in vitro studies supports obesogenic and diabetogenic
effects of environmental pollutant exposures through multiple hormonal and epigenetic
alterations that may induce metabolic responses in the mother and her offspring (Heindel et
al. 2016; Janesick and Blumberg 2016). Exposure to certain POPs, such as DDE, PFOS and
PFOA, has been previously proposed to alter the secretion and function of human sex
steroids and thyroid hormones (Berg et al. 2016; Ferguson et al. 2012), induce inflammation,
mitochondrial dysfunction and oxidative stress (Kim and Lee 2014; Myre and Imbeault
2014), promote adipogenesis through activation of the peroxisome proliferator activated
receptor gamma (PPARY) (Janesick and Blumberg 2016), and alter lipid peroxidation and
pancreatic beta cell function (Al-Eryani et al. 2015). Findings from experimental studies
also support an interference of mercury exposure to lipid peroxidation and pancreatic beta
cell function (Chen et al. 2006 and 2010; Moreira et al. 2012), though data on metabolic
effects of mercury are sparse (Heindel et al. 2016).

Maternal serum concentrations of OCs in this cohort are higher than those reported in a
more recent Faroese cohort (Karlsen et al. 2016) and in recent pregnancy cohorts in Canada
and Europe (Casas et al. 2015; Shapiro et al. 2016; Vafeiadi et al. 2014). The maternal serum
concentrations of PFASs are comparable to those reported in Europe and North America
though the mixture profiles vary among populations (Casas et al. 2015; Shapiro et al. 2016;
Zhang et al. 2015). PFOS and PFOA have been widely used in the past 60 years in consumer
products and industrial applications due to their oil and water repellent properties
(Grandjean and Clapp 2014), and while PFOS exposure has decreased in the past decade,
exposure to other PFASs (e.g., PFNA and PFHXxS) has emerged (Kato et al. 2011; Oulhote et
al. 2016). In regard to mercury exposure, 30% to 65% of mothers in our study have hair
concentrations above the recommended safety limits of 1.0 pg/g and 0.58 pg/g, which is a
lower proportion compared to Southern European countries, but higher than in most other
EU regions (Bellanger et al. 2013).

One recent study in US pregnant women, with a range of serum DDE concentrations similar
to the Faroese mothers, reported a non-significant positive association with GDM risk
(Smarr et al. 2016), in agreement with our findings. However, no association with GDM was

Environ Int. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Valvi et al.

Page 10

seen in Canadian and Greek pregnant women at lower DDE levels (Shapiro et al. 2016;
Vafeiadi et al. 2016). Two studies in Canada and US reported no association between PCB
concentrations and GDM in line with our findings (Jaacks et al. 2016; Shapiro et al. 2016),
but serum PCB concentrations were associated with increased odds of GDM in one study in
Greece (Vafeiadi et al. 2016). In our study, the association between OC exposure and GDM
persisted in multi-pollutant adjusted SEMs, and our findings overall therefore support an
association with increased GDM risk, in agreement with the OC associations with the risk of
type 2 diabetes reported in studies of adults (Lee et al. 2014; Kuo et al. 2013; Magliano et al.
2014; Taylor et al. 2013).

Evidence in regard to the association of PFAS and mercury exposures with GDM is limited
and inconclusive. One smaller study in the US (N=272) at similar serum concentrations of
PFOA and lower concentrations of PFOS and PFNA compared to our study found higher
odds of GDM at increased PFOA concentrations (Zhang et al. 2015). However, a study in
Canada with twice the sample size compared to our study found no clear association for
PFOA or other PFASs (Shapiro et al. 2016). Contrary to the findings of the US study we did
not find an association between PFAS exposures and GDM, which may be due in part to
differences in the PFAS mixture and characteristics of the US population (e.g., lower
education and higher prevalence of obesity and GDM compared to the Faroese mothers).
Non-significant positive associations for blood-mercury and odds of GDM have been
reported in Canada (Shapiro et al. 2015), and for meconium mercury in one study in China
(Peng et al. 2015). In our study, maternal hair mercury was associated with lower odds of
GDM, but this association did not remain significant in the multipollutant-adjusted models
and it was attenuated in particular after adjustment for OC exposures. However, non-
significant associations with GDM in this and previous studies that have relied on GDM
diagnosis from medical registries should be interpreted with caution, as OGTTs are routinely
administered to women considered at higher risk only, possibly leading to an
underestimation of GDM cases, and misclassification error that may most likely attenuate
the associations toward the nu//.

Previous meta-analyses support an inverse association between maternal PCB-153
concentrations and birth weight (Casas et al. 2015; Govarts et al. 2012), which was not
clearly shown in our study. This may be due to reduced power and/or the higher PCB
exposures in this population compared to others, as non-monotonic dose-response
relationships for endocrine disruptors are likely (Vandenberg et al. 2012). However, maternal
PCB and DDE concentrations have been associated with higher offspring BMI later in
childhood in this (Tang-Peronard et al. 2014) and other birth cohorts (Karlsen et al. 2016;
Valvi et al. 2012 and 2014). Associations between maternal OC exposures and offspring
head circumference have been studied at a lesser extent, with our findings and those of one
previous study (de Cock et al. 2014) suggesting a positive association between maternal
DDE exposure and offspring head circumference, whereas other studies have reported
decreases in head circumference associated with higher maternal concentrations of DDT
(Lopez-Espinosa et al. 2011), DDE and PCBs (Vafeiadi et al. 2014). An advantage of our
study compared to prior literature is the multiple-pollutant approach used, however the
relevance of a potentially positive association with head circumference at birth for
neurodevelopmental outcomes in later life is unclear.
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Maternal serum or cord blood concentrations of PFOA and/or PFOS have been associated
with decreases in birth weight in more than fourteen previous studies, although in many
studies associations were non-significant (Bach et al. 2015; Vrijheid et al. 2016). In the
Faroese cohort, associations with birth size measures were more evident for PFOS and in
boys only, whereas previous studies have reported associations mostly for PFOA and
inconclusive findings in regard to interactions by sex (Bach et al. 2015). These discrepancies
could be due in part to the substantial differences in the exposure mixture profiles, and the
moderate to high correlations of PFAS compounds that do not allow to disentangle their
specific contributions to the observed associations. Using a multiple-pollutant approach, we
found a similar trend toward reduced average birth weight (~150 g) for a doubling of PFAS
exposures, as for maternal smoking during pregnancy which is a well-known risk factor for
adverse metabolic outcomes in the offspring (Bakker and Jaddoe 2011; Joubert et al. 2016;
Oken et al. 2008) and effect estimates for the overall PFAS exposure did not significantly
differ between boys and girls. Lower birth weight is associated with increased risk of type 2
diabetes in later life (Whincup et al. 2008), and maternal PFAS exposures have been
associated with adverse metabolic outcomes in children (Hoyer et al. 2015; Karlsen et al.
2016; Tang-Peronard et al. 2014) and adults (Halldorsson et al. 2012). Thus, our findings
suggest that even if associations between exposure to one single PFAS and birth weight may
appear as small or insignificant, the association of PFAS exposure overall could be of
clinical relevance and predict long-term adverse health outcomes. Larger studies with
improved precision and accounting for multiple pollutants are needed to confirm this
possibility and whether PFAS associations with birth outcomes indeed differ according to
sex. In regard to mercury, findings from this and recent birth cohort studies, with reported
lower mercury exposure levels compared to older birth cohorts, do not clearly support
associations with birth size measures (Govarts et al. 2016; Murcia et al. 2016; Vrijheid et al.
2016); however, associations of maternal low-level mercury exposure with adverse
neurodevelopmental outcomes in the offspring in recent birth cohorts are well documented
(Vrijheid et al. 2016), adding to mounting evidence of mercury toxicity.

This is the first study to examine GDM as a mediator or modifier in the pollutant-related
associations with offspring birth size measures. Maternal metabolic changes in response to
diabetogenic environmental pollutant exposures could mediate effects in the offspring
(Kahraman et al. 2014; Kc et al. 2015), while increased availability of glucose and
macronutrients in fetal circulation through the placenta in GDM cases (Araujo et al. 2015)
could modify the obesogenic and/or insulinogenic effects of environmental pollutants in the
offspring (Goran et al. 2013; La Merrill et al. 2014). Moreover, although mechanisms are not
well understood, effect modification could be also possible due to common mechanistic
pathways, such as DNA methylation in imprinted genes of the placenta and/or fetal tissues
involved in offspring's metabolism and growth that are thought to underlie the effects of both
GDM (Kc et al. 2015; Ruchat et al. 2013) and environmental pollutant exposures (Kappil et
al. 2016; Kobayashi et al. 2017) on fetal development. We did not find evidence for either a
mediating or modifying role of GDM occurrence in the associations between environmental
pollutant exposures and birth size measures; however, findings from this study should be
interpreted with caution and require replication in larger populations, as the small GDM
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prevalence and sample size has reduced our study power for detecting significant
associations, especially for mediating effects and interactions.

Conclusions

In pregnant women with characterized exposures of multiple environmental pollutants, we
found specific associations with GDM occurrence and offspring birth size measures,
according to the environmental pollutant and group of pollutants examined. Higher OC
exposures during pregnancy were associated with a higher GDM occurrence and increases in
offspring head circumference, while an indication of sex-dimorphic associations with birth
weight and head circumference was found for PFAS exposures. GDM did not appear to
either mediate or modify the associations of environmental pollutant exposures with
offspring birth size measures. However, the potentially mediating or modifying role of GDM
and maternal metabolic responses in the associations of environmental pollutant exposures
with offspring health outcomes deserves more attention in future studies.
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. We hypothesised GDM as mediator and/or modifier of the associations of

. Maternal OC exposure was associated with higher GDM odds and offspring

. Associations of maternal PFAS exposure and birth size measures may differ
by sex.

. Mercury exposure was not clearly associated with odds of GDM or birth size
measures.

. GDM status did not mediate or modify the associations with birth size

Highlights

environmental chemicals with birth size.

head circumference.

measures in this Faroese birth cohort.
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@ Girls
Boys

PFNA  All PFASs

® Girls
Boys

PFNA  All PFASs

Figure 1. (A-B). Linear regression and SEM estimates?® for the associations with birth weight (A)
and head circumference (B) per doubling of maternal serum PFAS concentrations, according to

sex
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@The single-PFAS estimates shown in this figure reflect the mean change in the birth size
measure per doubling of measured PFAS concentrations in maternal serum, after adjustment
for maternal age at delivery, education, parity, pre-pregnancy BMI (continuous) and smoking
during pregnancy. The multiple-PFAS estimates reflect the mean change in the birth size
measure (total effect from SEMs) per doubling of PFAS exposure (i.e. latent construct of all
five PFAS compounds), after adjustment for the latent constructs of OC and mercury
exposures, and maternal age at delivery, education, parity, pre-pregnancy BMI (continuous)
and smoking during pregnancy.

SEM: structural equation model

Environ Int. Author manuscript; available in PMC 2018 October 01.
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Characteristics of the 604 Faroese mother-child pairs overall and according to GDM
diagnosis, with p for difference between the groups

Characteristic

Overall N=604 Mean+SD

GDM - No N=555 (92%)

GDM - Yes N=49 (8%)

or N(%) Mean=SD or N(%) Mean=SD or N(%) p&
Maternal age at delivery, years 29.2+52 29.1£51 30.7+£54 0.03
Family history of diabetes

No 321 (53.2) 310 (55.9) 11 (22.5)

Yes 283 (46.8) 245 (44.2) 38 (77.6) <0.001
Pre-pregnancy BMI, kg/m? 23.8+4.0 23740 24945 0.05
Pre-pregnancy BMI status b

Underweight 21(3.5) 20 (3.6) 1(2.0)

Normal weight 404 (66.9) 375 (67.6) 29 (59.2)

Overweight 133 (22.0) 121 (21.8) 12 (24.5)

Obese 46 (7.6) 39(7.0) 7(14.3) 0.25
Gestational weight gain, kg 14.8+5.2 148+5.2 141+47 0.33
Parity

Nulliparous 162 (26.8) 149 (26.8) 13 (26.5)

Multiparous 442 (73.2) 406 (73.2) 36 (73.5) 0.96
Education

Primary 36 (6.0) 35(6.3) 1(2.0)

Secondary 134 (22.2) 125 (22.5) 9 (18.4)

Terciary 434 (71.8) 395 (71.2) 39 (79.6) 0.34
Smoking during pregnancy

No 434 (71.8) 394 (71.0) 40 (81.6)

Yes 170 (28.2) 161 (29.0) 9(18.4) 0.11
Cord serum Vitamin D, nmol/L 28.2+183 28.6 £18.5 23.4+156 0.08
Duration of gestation, weeks 39.6+1.3 39.6+1.3 39.8+1.1 0.19
Preterm birth®

No 594 (98.3) 545 (98.2%) 49 (100%)

Yes 10 (1.7%) 10 (1.8%) 0 (0%) 0.48¢
Child sex

Male 316 (52.3) 290 (52.2) 26 (53.1)

Female 288 (47.4) 265 (47.8) 23 (46.9) 0.91
Birth size measures
Weight, g 3712 £ 497 3695 * 497 3907 + 461 0.004
Macrosomia (birth weight= 4500g)

No 563 (93.2) 520 (93.7) 43 (87.8)

Yes 41 (6.8) 35 (6.3) 6 (12.2) 0.11
Length (at age 14 days), cm 543+21 543+21 547+2.0 0.27
Head circumference, cm 369+1.4 369+1.4 37.0+1.3 0.99
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a. . . . . - . . . . o

Chi-square for categorical variables if not indicated otherwise; Student's t-test for continuous variables (all variables shown in this table are
normally distributed).
bBMI status defined using the World Health Organization recommended cutoffs for white adults.
c . ] . .

Preterm birth defined as <37 weeks of gestational duration.

a_. . . . .
Fisher exact test instead of chi-square because of the low expected cell frequencies of preterm children.

GDM: gestational diabetes mellitus
BMI: body mass index
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Table 3
Odds of GDM per increases in environmental pollutant concentrations in biological
samples (calculated in regard to doubled exposure and for tertile groups)

Environmental pollutant Concentration range OR (95%CI)

Unadjusted models  adjusted models®

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Serum ZPCB per doubling of exposure 1.11 (0.83, 1.49) 0.97 (0.71, 1.33)
0.06-0.93 pg/g-lipid 1 1

0.94-1.70 pg/g-lipid 1.18 (0.55, 2.55) 1.08 (0.49, 2.39)

1.71-11.8 pg/g-lipid 1.61 (0.78, 3.34) 1.26 (0.57, 2.75)

Serum DDE per doubling of exposure 1.33(1.00, 1.77) 1.29 (0.94, 1.77)
0.04-0.37 pg/g-lipid 1 1

0.38-0.73 pg/g-lipid 1.26 (0.49, 3.30) 1.17 (0.44, 3.09)

0.74-11.4 pg/g-lipid 2.11(0.88, 5.10) 1.89 (0.75, 4.76)

Serum PFOS per doubling of exposure 0.89 (0.44, 1.80) 0.86 (0.43, 1.70)
9.3-24.3 ng/mL 1 1

24.4-30.8 ng/mL 0.83 (0.42, 1.65) 0.85 (0.43, 1.70)

30.9-68.8 ng/mL 0.57 (0.27, 1.21) 0.56 (0.26, 1.19)

Serum PFOA per doubling of exposure 0.79 (0.45, 1.36) 0.79 (0.44, 1.41)

Serum PFHXS

Serum PFDA

Serum PFNA

Hair mercury

Cord blood mercury

0.82-2.79 ng/mL
2.80-3.80 ng/mL
3.81-8.43 ng/mL
per doubling of exposure
0.62-2.90 ng/mL
2.91-7.32 ng/mL
7.33-26.4 ng/mL
per doubling of exposure
0.03-0.22 ng/mL
0.23-0.33 ng/mL
0.34-1.22 ng/mL
per doubling of exposure
0.12-0.50 ng/mL
0.51-0.70 ng/mL
0.71-2.51 ng/mL
per doubling of exposure
0.02-1.51 pg/g
1.52-3.43 g /g
3.44-32.8 pg/g
per doubling of exposure
1.57-8.61 pg/L
8.62-17.8 pg/L
17.9-192.8 pg/L

1
1.06 (0.54, 2.09)
0.65 (0.30, 1.39)
1.05 (0.82, 1.34)
1
0.99 (0.48, 2.03)
1.06 (0.52, 2.15)
1.29 (0.81, 2.06)
1
2.08 (1.00, 4.32)
1.17 (0.53, 2.59)
0.99 (0.61, 1.63)
1
0.70 (0.34, 1.45)
0.81 (0.40, 1.62)
0.81 (0.65, 1.01)
1
0.93 (0.45, 1.90)
0.75 (0.35, 1.59)
0.88 (0.67, 1.15)
1
1.09 (0.53, 2.23)
0.74 (0.34, 1.61)

1

1.01 (0.50, 2.06)

0.66 (0.30, 1.48)

1.03 (0.80, 1.33)
1

0.98 (0.47, 2.05)

1.00 (0.48, 2.07)

1.20 (0.73, 1.96)
1

1.97 (0.94, 4.12)

1.02 (0.45, 2.30)

0.88 (0.53, 1.47)
1

0.62 (0.30, 1.30)

0.65 (0.31, 1.36)

0.79 (0.62, 0.99)
1

0.92 (0.4, 1.90)

0.73 (0.34, 1.59)

0.87 (0.66, 1.15)
1

1.08 (0.52, 2.26)

0.73 (0.33, 1.62)
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aModeIs adjusted for maternal age at delivery, education, parity, pre-pregnancy BMI (continuous) and smoking during pregnancy.
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GDM: gestational diabetes mellitus
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