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ARTICLE INFO ABSTRACT

Handling Editor: Heather Stapleton Background: Prenatal exposure to persistent organic pollutants (POPs) has been linked to cardiometabolic (CM)
risk factors in childhood, but there are no studies evaluating the persistence of these associations into adoles-

Keywords: cence, a period of relevant changes in endocrine-dependent organ systems and rapid increases in lean and fat

Persistent organic pollutants (POPs) mass. We examined the associations of prenatal POP exposures with body mass index (BMI) from age 4 to 18
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years, and with other CM risk markers in adolescence.

Methods: We analysed 379 children from the Spanish INMA-Menorca birth cohort study with measured cord
blood POP concentrations. We calculated BMI z-scores at ages 4, 6, 11, 14 and 18 years using the WHO growth
reference. Body fat % was measured at 11 and 18 years and waist-to-height ratio (WHtR) and blood pressure (BP)
at 11, 14 and 18 years. We measured CM biomarkers in fasting blood collected at age 14 years and calculated a
CM-risk score as the sum of the sex-, and age-specific z-scores for waist circumference, mean arterial BP, ho-
meostatic model assessment of insulin resistance, fasting blood triglycerides, and high-density lipoprotein
cholesterol (HDL-C) (n = 217). Generalised estimating equations and multivariate linear regression models
assessed the associations with repeated and single time-point measures, respectively.

Results: Hexachlorobenzene (HCB) exposure in the third tertile, compared to the first tertile, was associated with
higher BMI (f = 0.24; 95% CI: 0.01, 0.47) and WHtR z-score (f = 0.27; 95% CI: 0.04, 0.51). A continuous in-
crease in HCB was associated with an elevated body fat % ( per 10-fold increase = 4.21; 95% CI: 0.51, 7.92),
systolic BP (p = 0.32; 95% CI: 0.02, 0.64) and diastolic BP z-score (p = 0.32; 95% CI: 0.02, 0.62) across all ages,
and with higher CM-risk score (f = 1.59; 95% CI: 0.02, 3.18) and lipid biomarkers (total cholesterol, triglycerides
and low-density lipoprotein cholesterol (LDL-C)) at 14 years. Dichlorodiphenyltrichloroethane (p,p’-DDT)
exposure was non-monotonically associated with BMI and systolic BP. p,p’-DDE and Z-polychlorinated biphenyls
(PCBs) (sum of congeners 118, 138, 153, 180) were not associated with adiposity or BP. p,p’-DDT exposure was
associated with an increased CM-risk score, and XPCBs concentrations with LDL-C in all adolescents and with
total cholesterol only in girls (p-sex interaction = 0.05).

Abbreviations: BMI, body mass index; BP, blood pressure; CM, cardiometabolic; DAG, directed acyclic graph; p,p’-DDE, p,p’-dichlorodiphenyldichloroethane; p,p’-
DDT, p,p’-dichlorodiphenyltrichloroethane; EDCs, endocrine-disrupting chemicals; GAM, generalised additive models; GC, gas chromatography; GEE, generalised
estimating equations; HCB, hexachlorobenzene; HDL-C, high-density lipoprotein cholesterol (LDL-C); HOMA-IR, homeostatic model assessment of insulin resistance;
INMA, Infancia y Medio Ambiente; LDL-C, low-density lipoprotein cholesterol; LOD, limit of detection; LOQ, limit of quantification; MAP, mean arterial pressure;
PCBs, polychlorinated biphenyls; POP, persistent organic pollutant; T2D, type II diabetes mellitus; WHO, World Health Organization; WHtR, Waist-to-Height Ratio.
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Conclusion: This first longitudinal study from 4 to 18 years suggests that the previously reported POP associations
with child BMI persist later in adolescence and that prenatal POP exposures are associated with major risk factors

for adult CM syndrome.

1. Introduction

Over the past four decades the prevalence of obesity, insulin resis-
tance, dyslipidemia, and hypertension - the main risk factors for adult
metabolic syndrome - has increased worldwide in adults and children
(NCD Risk Factor Collaboration (NCD-RisC), 2020, 2017a, 2017b,
2016). Lifestyle factors, such as a poor-quality diet and sedentarism, and
genetic susceptibility are primary contributors to the development of the
metabolic disease (Ruiz et al., 2019). However, these factors alone
cannot explain their current global trends (Heindel et al., 2015a).

The ‘metabolic disruptor hypothesis’ postulates that endocrine-
disrupting chemicals (EDCs), including persistent organic pollutants
(POPs), may promote metabolic changes predisposing an organism to
obesity, type II diabetes mellitus (T2D), or other aspects of metabolic
syndrome, especially if exposure occurs during sensitive windows of
foetal and child development (Grun and Blumberg, 2006; Heindel et al.,
2017; Heindel et al., 2015). This hypothesis is currently supported by
data from in vivo and in vitro studies and to a lesser extent from
observational studies (Heindel et al., 2017). POPs include carbon-based
chlorinated lipophilic pesticides [i.e. dichlorodiphenyltrichloroethane
(p,p’-DDT), its prime metabolite dichlorodiphenyldichloroethane (p,p’-
DDE), and hexachlorobenzene (HCB)] as well as industrial chemicals
[polychlorinated biphenyls (PCBs)]. They accumulate in animal and
human lipid-containing tissues like adipose tissue and, similar to other
EDCs, may disrupt critical biological processes of the endocrine and
metabolic systems through mimicking or blocking the action of natural
hormones (Heindel et al., 2017). The production and use of these
chemicals have been banned (PCBs, HCB) or restricted (p,p’-DDT) under
the Stockholm Convention (2004). However, due to their environmental
persistence and the slow rate of biodegradation (between 3 and 15 years
of half-lives) (Milbrath et al., 2009), these chemicals are still detected in
international biomonitoring study populations, including pregnant
women and children (Porta et al., 2008). Contaminated food, especially
animal products, is the primary source of human exposure (Porta et al.,
2008). In early life, maternal concentrations of POPs are transmitted to
the child through the placenta, and postnatally, via breast milk (Carrizo
et al., 2006).

In the Spanish INMA birth cohort studies, we have previously re-
ported that prenatal exposure to p,p’-DDT, p,p’-DDE, HCB and poten-
tially PCBs may increase the risk for rapid weight gain in infancy
(Mendez et al., 2011; Valvi et al., 2014) and elevated body mass index
(BMI) later in childhood (Agay-Shay et al., 2015; Smink et al., 2008;
Valvi et al., 2012). Positive associations between prenatal exposure to p,
p’-DDE and p,p’-DDT with BMI and other obesity-related outcomes in
children, such as waist-to-height ratio (WHtR) and waist circumference,
have also been reported in other longitudinal birth cohorts (Coker et al.,
2018; Delvaux et al., 2014; Heggeseth et al., 2015; Iszatt et al., 2015;
Tang-Péronard et al., 2014, p. -; Vafeiadi et al., 2015; Warner et al.,
2017; Warner et al., 2014). Fewer cohorts found null associations be-
tween p,p’-DDE or p,p’-DDT and childhood obesity (Cupul-Uicab et al.,
2013; Garced et al., 2012; Hgyer et al., 2014; Karlsen et al., 2017;
Lauritzen et al., 2018). Findings for the association with prenatal PCBs
have been less consistent (Cupul-Uicab et al., 2013; Delvaux et al., 2014;
Hgyer et al., 2014; Iszatt et al., 2015; Karlsen et al., 2017; Lauritzen
et al., 2018; Tang-Péronard et al., 2014; Vafeiadi et al., 2015; Verhulst
et al., 2009) as well as with prenatal HCB exposure (Cupul-Uicab et al.,
2013; Karlsen et al., 2017; Lauritzen et al., 2018; Vafeiadi et al., 2015).

A major limitation of the current state of evidence is that the effects
of prenatal POP exposure on cardiometabolic (CM) traits other than
indirect measures of obesity have been rarely explored. To our

knowledge, only one previous study has assessed associations of pre-
natal POP exposures with other CM risk factors beyond child anthro-
pometry (Vafeiadi et al., 2015). Further, no studies have assessed
whether the associations shown between prenatal POPs exposure and
childhood obesity and CM traits persist later in puberty, a sensitive
period characterised by relevant changes in hormones with an essential
role in metabolism and weight homeostasis and rapid developmental
increases in lean and fat mass. As CM risk factors tend to track from
childhood and adolescence into adulthood (Chen and Wang, 2008;
Franks et al., 2010; Juhola et al., 2011; Juonala et al., 2011; Wright
et al., 2010), the early identification of adolescents who are at risk of
developing metabolic syndrome in later life is important. Therefore, we
aimed to explore the persistency of the previously reported POP asso-
ciations with BMI throughout adolescence and further, to assess the
association with other CM markers (body fat %, blood pressure, lipids,
and insulin resistance), as well as a combined CM-risk score, in adoles-
cents from the Spanish INMA-Menorca birth cohort.

2. Methods
2.1. Study population

Women presenting for antenatal care were recruited into the INMA
(INfancia y Medio Ambiente — Environment and Childhood) birth cohort
set up in the Spanish Island of Menorca between April 1997 and June
1998 (n = 482). The protocol of the INMA study has been reported
elsewhere (Guxens et al., 2012). Mothers were included if they (i) were
resident in the study area, (ii) were at least 16 years old, (iii) had a
singleton pregnancy, (iv) did not follow any assisted reproduction pro-
gramme, (v) wished to deliver in the reference hospital and (vi) had no
communication barrier. POP levels were measured in cord blood sam-
ples of 405 mothers, and their children were followed periodically until
they reached the age of 18 years old. Of these, 379 children (78.6% of
the initially enrolled cohort) had available data of at least one anthro-
pometric (BMI, waist circumference) or blood pressure (BP) outcome
between the age of 4 and 18 years and were included in the present study
(Fig. 1). This study was approved by the ethics committee of the Hospital
del Mar Research Institute (IMIM), and all mothers and adolescents
signed written informed consent.

2.2. Prenatal POPs assessment

Concentrations of p,p’-DDT, p,p’-DDE, HCB, and the PCB congeners
28, 52,101, 118, 138, 153, 180 were measured in cord blood using gas
chromatography (GC) with electron capture detection (Hewlett-Packard
6890 N GC-ECD; Hewlett-Packard, Avondale, PA, USA) and GC coupled
to chemical ionisation negative-ion mass spectrometry (Hewlett-Pack-
ard 5973 MSD) in the Department of Environmental Chemistry (IDEAE-
CSIC) in Barcelona (Spain) (Carrizo et al., 2007; Valvi et al., 2012).
Details on the sample extraction and clean up can be found elsewhere
(Grimalt et al., 2010). The limits of detection (LOD) and quantification
(LOQ) for all POPs ranged between 0.007 (p,p’-DDT) and 0.323 (HCB)
ng/mlL, and 0.011 and 0.485 ng/mL, respectively (Table S1). PCB con-
geners 28, 52 and 101 were excluded from this analysis because their
percentages of values above the LOQ were less than 70% (Valvi et al.,
2012). Since PCB-153 has been suggested as a good marker for overall
exposure to PCBs (Hagmar et al., 2006), we calculated the sum of PCB
congeners 118, 138, 153, and 180 to create one single variable (XPCBs).


http://chm.pops.int/?_ga=2.264205260.1376485351.1614436020-1347105812.1614436020
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2.3. Anthropometric measurements

All anthropometric measurements were measured by trained staff
using a standard protocol (i.e. in light clothing and without shoes) at
ages 4 years (n = 240), 6 years (n = 360), 11 years (n = 335), 14 years (n
= 275), and 18 years (n = 224) for height and weight, and at ages 11
years (n = 335), 14 years (n = 273), and 18 years (n = 225) for waist
circumference (Fig. 1). We calculated BMI (weight/lengthz) age- and
sex-specific z-scores using the World Health Organization (WHO)
Growth reference (de Onis et al., 2009; de Onis et al., 2007). Overweight
was defined as a BMI z-score equal to or above the WHO age- and sex-
specific 85th percentile. Waist circumference was measured using an
inelastic tape (SECA model 201) at the midpoint between the right lower
rib and the iliac crest after gentle expiration. We used waist circumfer-
ence (cm) and height (cm) to calculate the waist-to-height ratio (WHtR)
as a proxy of central obesity (Ashwell et al., 2012). We derived age-, and
sex-specific WHtR z-scores, as the standardised residuals from regression
models of WHtR as the dependent variable, and age and sex as the
predictors (Eisenmann, 2008).

Tetrapolar bioelectric impedance analyses were conducted using the
RJL device at ages 11 (n = 334) and 18 years (n = 219). Fat-free mass at
11 and 18 years old, was determined by using the Horlick et al. (2002)
equation. Body fat was obtained by subtracting the fat-free mass from
measured total body weight. Body fat % was calculated as body fat (kg)
divided by the total body weight (kg) and multiplied by 100.

2.4. Blood pressure (BP)

Systolic and diastolic BP was measured using an automatic digital
monitor (OMRON 705-CPII) at ages 11 years (n = 335), 14 years (n =
273), and 18 years (n = 225) of age. After five minutes of rest, three
consecutive measurements were taken with one-minute time intervals
between them. We took the average of the second and third measure-
ments to reduce measurement error, and like WHtR, we used regression
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models to derive BP z-scores standardised by age, sex, and height.

2.5. Blood biomarkers

Serum samples were collected at fasting conditions from adolescents
at 14 years (n = 219) and were stored at —20 °C until analysis was
carried out at the CQS laboratory in Madrid (Spain) using standard
procedures. We measured biomarkers related to childhood obesity and
insulin resistance, including fasting total cholesterol, high-density li-
poprotein cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C), triglycerides, insulin, and glucose. Total cholesterol was
determined by cholesterol esterase and oxidase, HDL-C and LDL-C were
measured by a direct method (particle elimination, cholesterol esterase
and colourimetry) and triglycerides were quantified by lipase/glycerol
kinase and colourimetric analysis. Insulin and glucose were analysed
with hexokinase and luminescence immunoassay, respectively. Ho-
meostatic model assessment for insulin resistance (HOMA-IR), a marker
of insulin sensitivity validated in adolescents (Atabek and Pirgon, 2007;
Keskin et al., 2005), was calculated as fasting insulin (pIUml — 1) x
fasting glucose (mmol 1 — 1)/22.5) (Keskin et al., 2005).

2.6. CM risk score

We generated a continuous score of CM risk by summing the z-scores
specific for age and sex of five individual CM markers commonly used
for the definition of adult metabolic syndrome: waist circumference,
mean arterial pressure (MAP), HDL-C, triglycerides, and HOMA-IR. We
used MAP instead of accounting for both systolic and diastolic BP to deal
with the significant correlation shown between the two BP variables, as
suggested previously (Eisenmann, 2008). HDL-C was summed after
values were multiplied by —1 because it is inversely associated with CM
risk. In the absence of a widely accepted definition for metabolic syn-
drome in children and adolescents, similar CM risk scores are increas-
ingly used in epidemiological studies and have been shown to associate
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Fig. 1. Flow chart of sample populations in our study. Note: POPs, persistent organic pollutants.
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with risk factors of metabolic syndrome and to track CM risk from
adolescence into adulthood (Eisenmann, 2008). The CM score was
calculated for 216 subjects who had all five CM risk factors measured
(Fig. 1).

2.7. Covariates

Information on the following covariates was obtained through
interviewer-administered questionnaires answered by mothers at
recruitment: maternal age, educational level, country of origin, parity
(first child or not), smoking during pregnancy (“yes” if they smoke at the
moment of the questionnaire), self-reported pre-pregnancy BMI (weight
(kg)/height(m)?) and social class (using the UK Registrar General’s 1990
classification according to parental occupation by ISCO88 code). We
classified professional/managerial/technical occupations as
nonmanual; skilled, partially skilled, and unskilled occupations as
manual; and unemployed and housewives as unclassified. Infant sex,
gestational age, birth weight and type of delivery were collected by
clinical records. Exclusive breastfeeding duration and gestational dia-
betes were self-reported by mothers at follow-up visits after birth.

2.8. Statistical analysis

We log-transformed all cord blood POP concentrations to handle the
right-skewed distributions. We, therefore, expressed p coefficients as the
increase of 10-fold of the exposure is equal to a p*log (10) additive
change in the mean of the outcome. We performed multiple imputations
by chained equations of missing values in covariate data (<5%) to avoid
loss of participants in the study (Spratt et al., 2010; Sterne et al., 2009).
POP measurements below the LOQ were imputed using distribution-
based multiple imputations by assuming a log-normal distribution of
POPs and conditioning the imputation to the range (0, LOD) for values
< LOD and (LOD, LOQ) for values < LOQ (Baccarelli et al., 2005). We
generated five complete data sets by using the ice package for Stata
(Royston, 2005), and estimates on each data set were combined using
Rubin’s rules for multiple imputations (Little and Rubin, 2014). A
detailed description of this procedure is provided in Table S2. Distri-
butions in imputed datasets were similar to those observed (Table S3).
We performed generalised additive models (GAMs) with the R package
‘mgcv’ to assess departures from linearity in the relationship between
log-transformed POPs and each outcome. If the effective degrees of
freedom were equal to 1, the relationship was closer to linear. Because a
few GAM models showed evidence of non-linearity (Fig. S1-S2), we
modelled POPs concentrations as both continuous and categorical var-
iables using tertile cut-offs.

We estimated associations between prenatal POPs exposure and
repeated anthropometric and BP measures using generalised estimating
equations (GEE) with an unstructured correlation matrix. To assess
whether the exposure effect differs over time, an interaction term be-
tween age at outcome assessment (4 years, 6 years, 11 years and/or 14
years, and 18 years) and the POP exposure variable was included.
Multivariable linear regression models were used to evaluate the asso-
ciations between the POPs concentrations and the CM biomarkers and
risk score at 14 years old.

Covariates included in the multivariate-adjusted GEEs and linear
regression models were selected based on prior knowledge and directed
acyclic graphs (DAGs) using DAGitty software (Shrier and Platt, 2008).
Prior knowledge was acquired from previous analyses conducted in this
cohort (Smink et al., 2008; Valvi et al., 2012) and evidence from other
prospective studies (Ibarluzea et al., 2011; Ong et al., 2002; Vafeiadi
et al., 2015). We additionally examined if maternal diet variables (daily
intake of fruits and nuts, meat, fish, dairy products and vegetables)
confounded the associations; since coefficient estimates did not change,
these variables were not retained. Therefore, final multivariate models
included the following maternal characteristics at pregnancy: parity
history (nulliparous/multiparous), —pre-pregnancy BMI (kg/m?),
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education (less secondary/secondary completed), socioeconomic status
(non-manuals/manuals/unclassified), smoking (yes/no), and age
(years) (Fig. S3). We additionally adjusted by child’s sex and age (years)
at outcome assessment in the models without standardized outcomes.
Gestational diabetes, delivery type, gestational duration, birth weight,
and breastfeeding duration may be mediating factors in the association
of prenatal POP exposures and child CM outcomes at later ages (Fig. S3).
Therefore, we did not adjust associations for these variables as we are
interested in the total effect of prenatal POP exposures on CM outcomes
(VanderWeele, 2009).

We performed a sensitivity analysis by splitting up the PCBs into
dioxin-like (11 8) and non-dioxin like (sum of 138, 153, 180 congeners)
PCBs, as they have shown to exhibit different modes of action in
experimental studies (Kim et al., 2011). We stratified by sex to obtain
sex-specific estimates, and we tested sex-interactions by inserting cross-
product terms (POP*sex) in the statistical models, as POP effects have
been suggested to differ by sex in previous studies (Valvi et al., 2012;
Warner et al., 2017). Multipollutant models adjusted for the four main
exposure variables (p,p’-DDT, p,p’-DDE, HCB and XPCBs) were also
performed to evaluate whether associations for each POP are
confounded by the effect of other POPs. We assessed collinearity with
variance inflation factors (VIFs) for each model. Since all VIFs were less
than 2 (Kim, 2019), none of the exposures was removed from the mul-
tipollutant models. The statistical package STATA version 15.0 (Stata
Corporation, College Station, TX, USA) and R version 4.0.2 (R Founda-
tion, Vienna, Austria) were used for statistical analyses.

3. Results
3.1. Study population characteristics

Children with at least one outcome measured from 4 to 18 years old
(n = 379) and its subgroup of adolescents with biomarkers measured at
14 years (n = 219) had similar offspring and maternal characteristics
(Table 1). Table S4 shows that children included in the study (n = 379)
were similar to those excluded (because of missing exposure or outcome
data, n = 103), except for higher birth weight. In the full analysis pop-
ulation, about half of the children (49.3%) were females, and almost
40% were breastfed for more than six months (Table 1). Almost all
mothers were predominantly Spanish (97%), 21% of them had pre-
pregnancy overweight, 58% were nulliparous, and 6% developed
gestational diabetes during pregnancy (Table 1). The highest POP con-
centration on average was found for p,p’-DDE, followed by HCB, ZPCBs,
and p,p’-DDT (Table 1). The correlation between these compounds
ranged from 0.15 (between p,p’-DDT and £PCBs) to 0.46 (between p,p’-
DDT and p,p’-DDE) (data not shown). The prevalence of overweight was
28-29% at 4, 6 and 11 years and 23% and 20% at 14 and 18 years,
respectively (Table 2).

Pearson’s correlation analysis showed strong positive correlations
between BMI z-score and WHIR z-score at all ages (r>=0.82). Correla-
tions of body fat % with BMI z-score and WHtR z-score decreased with
age (0.79 and 0.82 respectively, at 11 years, and 0.63 and 0.62
respectively, at 18 years) (Tables S5-S7). Within-age correlations be-
tween BP (systolic and diastolic) and anthropometric measurements
were significant at 14 years (r between 0.25 and 0.35), whereas they
were small and at some cases non-significant at 11 and 18 years old
(Tables S5-S7). Total cholesterol and LDL-C were the most strongly
correlated CM biomarkers (r = 0.89) (Table S6). HDL-C was inversely
correlated with all markers except for total cholesterol, and HOMA-IR
correlated positively and significantly with all biomarkers (Table S6).
CM risk correlated moderately and significantly with all anthropo-
metric, BP and biomarkers at 14 years (between 0.32 and 0.72), except
for total cholesterol (r = 0.11) (Table S6).

GAMs examining the shape of the relationships between anthropo-
metric and BP outcomes and POPs concentrations showed that re-
lationships with all study outcomes were linear with few exceptions
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Table 1

Offspring and maternal characteristics of the study population.

Characteristics Children with at least Adolescents with
one outcome measured biomarkers measured
from 4 to 18 years (n = at 14 years (n = 219)
379)
Offspring characteristics
Sex, female (%) 49.34 48.86
Gestational age (weeks; 39.36 + 1.54 39.32 + 1.47
mean + SD)
Birth weight (g; mean + SD)  3218.80 + 457.35 3242.99 + 464.52
Delivery type, caesarean 19.26 17.81
section (yes; %)
Breastfeeding > 6 months 39.05 41.10
(yes; %)

Concentrations of prenatal

POP exposure [median

(25th, 75th) — ng/mL]
p,p’-DDE 1.04 (0.58, 1.94)
p,p’-DDT 0.08 (0.04, 0.20)
HCB 0.68 (0.46, 1.01)

1.02 (0.56, 1.95)
0.08 (0.04, 0.17)
0.67 (0.44, 0.97)

>"PCBs 0.55 (0.41, 0.78) 0.53 (0.41, 0.75)
Maternal characteristics
Maternal country of origin, 96.68 98.45

Spain (yes; %)

Age at delivery (years; mean  29.84 + 4.48 30.07 + 4.47
+ SD)

Maternal pre-pregnancy 20.58 20.64
overweight (yes, %)

Maternal secondary 40.79 42.00
education completed (%)

Social class (%)

Non-manuals 45.12 47.03

Manuals 33.98 31.42

Unclassified 20.90 21.55

Maternal gestational 5.54 4.11
diabetes (yes; %)

Smoking during pregnancy 36.68 34.25
(yes, %)

Maternal parity history, 58.05 63.01
nulliparous (yes, %)

Note: p,p’-DDE, dichlorodiphenyldichloroethylene; p,p’-DDT, dichlor-

odiphenyltrichloroethylene; HCB, hexachlorobenzene; PCBs, polychlorinated
biphenyls; POP, Persistent Organic Pollutant.

indicating non-linearity (Fig. S1): HCB with BMI z-score and WHIR z-
score, and XPCBs with Systolic BP z-score. Regarding CM outcomes at
14 years, there was a non-linear relationship between all POPs and total
cholesterol and LDL-C except for HCB, and p,p’-DDE and triglycerides
(Fig. S2).

3.2. POPs associations with anthropometric and BP outcomes

Increased concentrations of p,p’-DDT and HCB, but not p,p’-DDE and
PCBs, were associated with higher BMI z-scores across the ages
(Table 3). These associations reached statistical significance for cord
blood p,p’-DDT concentrations in the second tertile (0.05 — 0.15 ng/mL)
vs first tertile (<0.05 ng/mL) p = 0.23; 95% CI: 0.01, 0.45) and for HCB
in the third tertile (>0.90 ng/mL) (B = 0.24; 95% CI: 0.01, 0.47)
(Table 3). WHtR z-score and body fat % were only significantly associ-
ated with HCB (in the third tertile, f = 0.27; 95% CI: 0.04, 0.51; for a 10-
fold increase, p = 4.21; 95% CI: 0.51, 7.92, respectively) (Table 3).

p,p’-DDT concentrations in the second (0.05 — 0.15 ng/mL) and third
tertile (>0.15 ng/mL) were associated with higher systolic BP z-scores
(B = 0.22; 95% CI: 0.03, 0.41; p = 0.29; 95% CI: 0.08, 0.50, respec-
tively). A continuous increase in HCB concentrations was associated
with higher systolic BP (for a 10-fold increase in HCB, p = 0.32; 95% CI:
0.02, 0.64) (Table 3) and with higher diastolic BP (for a 10-fold increase,
B = 0.32; 95% CI: 0.02, 0.62) (Table 3). Conversely, p,p’-DDE concen-
trations were negatively associated with both systolic and diastolic BP z-
score, but these only reached statistical significance for p,p’-DDE in the
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Table 2
Descriptive of anthropometric, and cardiometabolic characteristics of the study
population at each follow-up.

4y 6y 11y 14y 18y
n = 240 n = 360 n =335 n =275 n =225
Age (years; mean 4.37 + 6.67 + 11.55 + 14.59 + 17.64 +

+ SD) 0.16 0.20 0.65 0.21 0.23
Anthropometric measurements

Weight (kg; mean 18.60 + 24.33 £ 43.89 + 57.97 + 64.11 +
+ SD) 2.76 4.24 10.33 11.39 11.82

Height (cm; mean 107.05 120.95 149.63 165.08 168.79
+ SD) + 5.03 +5.07 +8.31 + 8.08 +9.33

BMI (kg/mz; mean 16.17 + 16.55 + 19.44 + 21.20 + 22.45 +
+ SD)* 1.57 2.07 3.43 3.41 3.50

BMI z-score (mean 0.57 £ 0.58 + 0.57 £ 0.34 + 0.21 +
+SD)* 1.03 1.11 1.17 1.03 0.99

Overweight (yes; 28.75 27.86 28.66 22.55 19.64
%)J

Waist — — 65.80 + 76.01 + 77.11 +
circumference 8.91 9.64 9.57
(cm; mean +
sp)’

WHtR (mean + SD)  — — 0.44 + 0.46 + 0.46 +
b 0.05 0.06 0.06

WHIR z-score — — —-0.01 + 0.00 + 0.00 +
(mean + SD) 1.01 1.02 1.00

Fat Free Mass (kg; — — 35.19 + — 52.39 +
mean + SD)° 6.04 10.38

Body fat mass (kg; — — 8.74 + — 11.71 +
mean + SD)" 6.37 8.69

BIA- Body Fat % — — 18.33 + — 17.76 +
(mean + SD) © 9.98 11.24

BP®

Systolic BP — — 117.18 120.91 122.91
(mmHg; mean + + 9.48 +11.33 + 10.81
SD)

Systolic BP z-score — — —0.01 + —0.02 + 0.01 +
(mean + SD) 0.97 0.95 0.87

Diastolic BP — — 72.10 £ 75.79 £ 74.70 +
(mmHg; mean + 6.79 8.09 7.50
SD)

Diastolic BP z-score ~ — — 0.00 + 0.00 + 0.00 +
(mean + SD) 0.97 0.93 0.85

Cardiometabolic biomarkers (n
=219)

HOMA IR (mean + — — — 1.90 + —
SD) 0.78

Total cholesterol — — — 154.85 —
(mg/dL; mean + + 25.13
SD)

HDL-C (mg/dL; — — — 50.43 + —
mean + SD) 10.06

LDL-C (mg/dL; — — — 86.21 + —
mean + SD) 21.92

Triglycerides (mg/ — — — 66.03 + —
dL; mean + SD) 27.02

CM-risk score (n = — — — 0.06 + —
216) (mean + 2.78
SD)

Note: —, no data; BMI, body mass index; BP, blood pressure; CM, car-

diometabolic; HOMA IR, homeostatic model assessment for insulin resistance;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; WHtR, waist-to-height ratio.

®n=224at18y.

bn=273at14y.

‘n=334atllyn=219at18y.

second tertile and systolic BP (Table 3). Effect estimates did not change
notably in complete cases analyses (data not shown). In unadjusted
models, most coefficients were of larger magnitude (Table S8) and were
attenuated mostly after adjustment of the maternal pre-pregnancy BMI
covariate.

The associations between POPs and BMI, WHtR and body fat % were
largely consistent over the ages at follow-up (p for interaction > 0.10)
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Table 3
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Adjusted associations” between prenatal cord blood concentrations of POPs and anthropometric and blood pressure outcomes during childhood and adolescence.

Anthropometric and BP outcomes?

POP exposure level

p,p’-DDT B (95% CI)

p.p’-DDE B (95% CI)

HCB B (95% CI)

>"PCBs p (95% CI)

BMI z-score (n = 379 subjects/ 1433 measures)

WHIR z-score (n = 339/ 833 measures)

Body Fat % (n = 335/ 553 measures)

Systolic BP z-score (n = 338/ 833 measures)

Diastolic BP z-score (n = 338/ 833 measures)

T2
T3
10-fold increase
T2
T3
10-fold increase
T2
T3
10-fold increase
T2
T3
10-fold increase
T2
T3
10-fold increase

0.23 (0.01, 0.45)

0.16 (-0.07, 0.39)
0.14 (-0.02, 0.30)
0.06 (-0.17, 0.28)
0.19 (-0.05, 0.43)
0.14 (-0.05, 0.30)
0.23 (-1.99, 2.44)
0.02 (-2.35, 2.39)
—0.18 (-1.87, 1.5)
0.22 (0.03, 0.41)

0.29 (0.08, 0.50)

0.14 (-0.02, 0.28)
0.10 (-0.09, 0.28)
0.11 (-0.09, 0.31)
0.07 (-0.07, 0.21)

0.15 (-0.07, 0.37)
0.16 (-0.07, 0.39)
0.14 (-0.09, 0.39)
0.18 (-0.04, 0.41)
0.20 (-0.03, 0.44)
0.07 (-0.18, 0.30)
1.64 (-0.66, 3.94)
1.23 (-1.10, 3.56)
0.37 (-2.07, 2.83)

—0.22 (-0.42, —0.01)

—0.16 (-0.36, 0.05)
—0.09 (-0.32, 0.12)
—0.10 (-0.29, 0.09)
—0.13 (-0.33, 0.06)
—0.14 (-0.35, 0.07)

—0.03 (-0.25, 0.19)
0.24 (0.01, 0.47)
0.39 (0.05, 0.76)Y
—0.05 (-0.27, 0.18)
0.27 (0.04, 0.51)
0.39 (0.02, 0.76)
—0.82 (-3.06, 1.42)
2.93 (0.62, 5.24)
4.21 (0.51, 7.92)
0.16 (-0.04, 0.36)
0.20 (-0.01, 0.41)
0.32 (0.02, 0.64)
0.18 (-0.01, 0.37)
0.26 (0.06, 0.46)
0.32 (0.02, 0.62)

—0.06 (-0.27, 0.16)
0.08 (-0.15, 0.31)
—0.16 (-0.53, 0.21)
0.01 (-0.21, 0.24)
0.05 (-0.19, 0.28)
—0.14 (-0.51, 0.25)
0.04 (-2.19, 2.28)
0.48 (-1.89, 2.85)
—1.08 (-4.88, 2.74)
—0.03 (-0.22, 0.17)
0.08 (-0.13, 0.28)
—0.16 (-0.46, 0.21)Y
0.02 (-0.17, 0.20)
0.01 (-0.18, 0.21)
—0.09 (-0.41, 0.21)

Note: ¥, non-linear association; BMI, body mass index; BP, blood pressure; CI, confidence interval, WHtR, waist-to-height ratio. Second (T2) or third tertile (T3)

compared with first.

@ All models were adjusted for maternal characteristics (i.e. parity history, pre-pregnancy BMI, education, socioeconomic status, smoking, and age at pregnancy),
and child’s follow up visit. Body fat % model was additionally adjusted by sex. "Generalized estimating equation models include BMI measured at ages 4, 6, 11, 14 and
18 years, WHtR and BP at ages 11, 14 and 18 years, and body fat % at ages 11 and 18 years.

(Fig. 2). As the only exception, a higher WHtR z-score associated with p,
p’-DDT was observed at age 14 years, but not at 11 or 18 years (p for
interaction = 0.08) (Fig. 2B, Table S8). We observed the same patterns of
association for systolic and diastolic BP z-scores (p for interaction =
0.01) (Fig. 2, Table S9). Overall, 18 years was the only age-point that did
not show any statistically significant associations (Fig. 2A-E, Table S8).
We found no associations between XPCBs and any of the outcomes
assessed (Table 3). Dioxin-like PCB-118 had positive associations with
BMI z-score and body fat % compared to non-dioxin-like congeners, but
none of these associations was statistically significant (Table S10). We
did not find statistical evidence of sex interaction (p interaction > 0.10)
(Table S11). Estimates from the multipollutant model revealed stronger
associations between p,p’-DDT and systolic BP z-score, and between
HCB and body fat %, systolic BP and diastolic BP (Table S12).

3.3. POPs associations with CM outcomes at 14 years

Increased prenatal HCB concentrations were associated with higher
CM risk scores in children at 14 years (for a 10-fold increase, f = 1.59;
95% CI: 0.02, 3.18), as was p,p’-DDT exposure in the third tertile (>0.15
ng/mL) (B = 1.09; 95% CI: 0.11, 2.07) (Table 4). HCB exposure in the
third tertile (>0.90 ng/mL) was also associated with higher total
cholesterol, triglycerides and LDL-C concentrations [(f = 14.47 mg/dL;
95% CI: 5.73, 23.21); (p = 11.93 mg/dL; 95% CI: 2.31, 21.54); (B =
11.62 mg/dL; 95% CI: 3.84, 19.39), respectively] (Table 4). ZPCBs only
reached statistical significance with LDL-C (for a 10-fold increase in
¥PCBs, = 11.44 mg/dL; 95% CI: 0.02, 22.89) and p,p’-DDE was not
significantly associated with any of the CM outcomes. HOMA-IR and
HDL-C were not associated with any of the measured POPs (Table 4).
Nevertheless, we observed a positive association between dioxin-like
PCB-118 and HOMA-IR in the sensitivity analysis (for a 10-fold in-
crease in PCB-118, § = 0.37; 95% CL: 0.02, 0.71) (Table S14).

Total cholesterol and LDL-C levels showed a stronger positive asso-
ciation with XPCBs in girls [for a 10-fold increase, (B = 26.02 mg/dL;
95% CI: 8.77, 43.24) and (p = 24.71 mg/dL; 95% CI: 9.03, 40.36),
respectively] than in boys [(f = -3.64 mg/dL; 95% CI: -23.62, 16.37)
and (B = —2.65 mg/dL; 95% CI: —19.99, 14.69), respectively] (p-
interaction = 0.05) (Table S15). Including all four POPs in one multi-
pollutant reduced some of the effect estimates and the following asso-
ciations were no longer statistically significant: p,p’-DDT and HCB with
CM-risk score, HCB and triglycerides, and XPCBs and LDL-C (Table S16).

4. Discussion

This is the first birth cohort study examining the long-term effects of
prenatal exposure to POPs on obesity and other CM risk factors in ad-
olescents. We found that prenatal exposure to p,p’-DDT and HCB was
associated with increased BMI, other adiposity measures, and BP in
childhood and adolescence, and a higher CM risk at 14 years. These
findings provide prospective evidence that in utero exposure to POPs
increases the risk for metabolic disorders in the first years of life and that
these effects may persist through age 18 years.

4.1. POPs and adiposity

We found that prenatal p,p’-DDT and HCB concentrations were
significantly associated with increased BMI during childhood and
adolescence (from 4 to 18 years old), as well as WHtR during adoles-
cence. We also found a positive association between prenatal HCB and
body fat % in adolescence. These findings confirm that the relationship
between prenatal p,p’-DDT and HCB and BMI reported previously in this
cohort at 6 years old persists at later stages (Smink et al., 2008; Valvi
et al., 2012). HCB has also been associated with an increased risk of
overweight in childhood and rapid growth in early infancy in other
INMA-Spanish cohorts (Agay-Shay et al., 2015; Valvi et al., 2014) as
well as in birth cohorts from the Faroe Islands and Greece (Karlsen et al.,
2017; Vafeiadi et al., 2015). Conversely, two cohorts from Belgium and
the US reported non-significant associations of prenatal exposures to
HCB and child anthropometry in childhood (Cupul-Uicab et al., 2013;
Delvaux et al., 2014). Higher exposure levels of HCB in Menorca
compared to these cohorts could partly explain these inconsistencies.

Prenatal exposure to p,p’-DDE has been linked to a higher child BMI
in many previous prospective studies (Coker et al., 2018; Delvaux et al.,
2014; Heggeseth et al., 2015; Iszatt et al., 2015; Tang-Péronard et al.,
2014; Vafeiadi et al., 2015; Warner et al., 2017; Warner et al., 2014),
including the Spanish-INMA cohorts (Agay-Shay et al., 2015; Valvi et al.,
2014; Valvi et al., 2012), but non-significant associations have been also
reported in other studies (Cupul-Uicab et al., 2013; Garced et al., 2012;
Hgyer et al., 2014; Karlsen et al., 2017; Lauritzen et al., 2018). In the
prior INMA-Menorca cohort analysis of 344 children at age 6 years only,
we found a non-monotonic association between prenatal p,p’-DDE
exposure and the risk for overweight that was stronger and significant in
girls only (Valvi et al., 2012). In the present longitudinal analysis,
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Fig. 2. Adjusted associations between prenatal cord blood concentrations of POPs and BMI z-score (A), WHtR z-score (B), Body Fat % (C), Systolic BP z-score (D),
and Diastolic BP z-score (E) at each age of follow-up from 4 years until age 18 years. Generalized estimating equation models were adjusted for maternal char-
acteristics (i.e. parity history, pre-pregnancy BMI, education, socioeconomic status, smoking, and age at pregnancy), and child’s follow up visit. Body fat % model
was additionally adjusted by sex. Upper values represent the p-values of the age at follow-up interaction term.
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Fig. 2. (continued).

associations with continuous BMI z-scores across all ages between 4 and
18 years did not reach the level of significance at either sex, but a pattern
of non-significant positive associations was observed at all ages most of
which were of the same magnitude as the associations seen for p,p’-DDT.
Our findings for prenatal p,p’-DDT exposure are consistent with previ-
ous studies that found positive associations with WHtR in girls at 2 years
(Coker et al., 2018), BMI in boys at 12 years (Warner et al., 2017), BMI
growth trajectories (Heindel et al., 2015), BMI and overweight risk at 9
years (Warner et al., 2014). On the contrary, other cohorts reported non-
significant associations with BMI at 5 years (Karlsen et al., 2017; Laur-
itzen et al., 2018) and 7 years (Cupul-Uicab et al., 2013).

We did not find a clear association of prenatal exposure to PCBs and
adiposity apart from the non-monotonic positive association with
childhood overweight at age 6 years in girls shown previously in the
INMA-Menorca study (Valvi et al., 2012). Our findings are in line with
previous INMA-studies (Valvi et al., 2014) and other longitudinal co-
horts (Cupul-Uicab et al., 2013; Delvaux et al., 2014; Karlsen et al.,
2017; Lauritzen et al., 2018; Vafeiadi et al., 2015), but not with the
findings of one other Spanish-INMA subcohort that found a positive

association between PCB-138 and child BMI (Agay-Shay et al., 2015),
and the study by Tang-Péronard et al. an association between high levels
of > PCBs (138, 153, 180) and an elevated BMI in girls (Tang-Péronard
et al., 2014). Overall, the evidence from birth cohorts about the po-
tential obesogenic role of PCBs exposure is inconclusive, which could be
partially due to the different PCB exposure mixture and ranges across
studies.

The underlying mechanism(s) of p,p’-DDT and HCB-induced
adiposity in humans are understood only in part. New experimental
studies have shown mixtures of POPs to increment weight and visceral
fat in animals, as well as fat uptake and storage in adipocytes (Cano-
Sancho et al., 2017). p,p’-DDT is suggested to be an oestrogen receptor o
agonist and androgen receptor antagonist, while HCB an androgen re-
ceptor and oestrogen receptor-related y antagonist (Li et al., 2008). The
pivotal role of oestrogens in regulating energy balance is well known,
either by acting directly on the brain or through activation of oestrogen
receptor on adipocytes (Mauvais-Jarvis et al., 2013). Several in vitro
models showed that p,p’-DDT exposure increased lipid accumulation
and adipocyte differentiation, by increasing the mRNA expression of
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Table 4
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Adjusted associations® between prenatal cord blood concentrations of POPs and cardiometabolic traits at 14 years old.

CM outcomes

POP exposure level

p.p’-DDT B (95% CI)

p,p’-DDE B (95% CI)

HCB $ (95% CI)

>-PCBs p (95% CI)

HOMA-IR (n = 219)

Total Cholesterol (mg/dL) (n = 219)

Triglycerides (mg/dL) (n = 219)

HDL-C (mg/dL) (n = 219)

LDL-C (mg/dL) (n = 219)

CM risk Score (n = 216)

T2
T3
10-fold increase
T2
T3
10-fold increase
T2
T3
10-fold increase
T2
T3
10-fold increase
T2
T3
10-fold increase
T2
T3
10-fold increase

—0.08 (-0.34, 0.18)
0.02 (-0.26, 0.30)
0.02 (-0.21, 0.18)
—2.84 (-10.90, 5.22)
1.21 (-7.62, 10.03)
—0.74 (-7.07, 5.60)]
—4.25 (-13.03, 4.52)
—1.21 (-10.81, 8.38)
—3.94 (-10.78, 2.90)
—1.76 (-5.03, 1.50)
0.38 (-3.19, 3.95)
0.83 (-1.73, 3.38)
—1.23 (-8.39, 5.93)
0.22 (-7.61, 8.06)
—1.73 (-7.30, 3.85)]
0.75 (-0.14, 1.64)
1.09 (0.11, 2.07)
0.51 (-0.21, 1.20)

0.01 (-0.27, 0.28)
0.14 (-0.13, 0.41)
—0.05 (-0.35, 0.25)
—0.40 (-8.90, 8.11)
1.36 (-6.97, 9.69)
—1.57 (-10.96, 7.83)Y
7.04 (-2.17, 16.24)
5.51 (-3.51, 14.52)
1.68 (-8.52, 11.90)
—0.19 (-3.64, 3.26)
—0.04 (-3.42, 3.33)
—0.58 (-4.37, 3.22)
—1.15 (-8.68, 6.38)
1.35 (-6.02, 8.73)
—0.78 (-9.10, 7.53))
0.30 (-0.65, 1.25)
0.41 (-0.53, 1.34)
0.14 (-0.92, 1.20)

0.02 (-0.25, 0.29)
0.22 (-0.07, 0.50)
0.23 (-0.23, 0.71)
7.79 (-0.26, 15.84)
14.47 (5.73, 23.21)
12.55 (-1.66, 26.73)
5.95 (-2.90, 14.80)
11.93 (2.31, 21.54)
12.41 (-3.41, 28.23)
1.56 (-1.78, 4.90)
1.63 (-2.00, 5.26)
0.83 (-4.97, 6.61)
5.57 (-1.59, 12.73)
11.62 (3.84, 19.39)
10.13 (-2.42, 22.66)
0.26 (-0.65, 1.18)
1.14 (0.16, 2.13)
1.59 (0.02, 3.18)

0.03 (-0.23, 0.29)
0.07 (-0.22, 0.35)
0.12 (-0.30, 0.53)
0.20 (-7.88, 8.29)
7.68 (-1.21, 16.58)
11.93 (-1.01, 24.87)Y
1.68 (-7.15, 10.51)
7.46 (-2.24, 17.16)
12.83 (-1.22, 26.87)
3.02 (-0.25, 6.29)
—0.34 (-3.94, 3.26)
—2.39 (-7.67, 2.86)
—3.61 (-10.71, 3.49)
6.87 (-0.93, 14.68)
11.44 (0.02, 22.89)]
—0.18 (-1.10, 0.73)
0.28 (-0.71, 1.28)
0.18 (-1.27, 1.63)

Note: {, non-linear association; CI, confidence interval; CM, cardiometabolic; HOMA IR, homeostatic model assessment for insulin resistance; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol. Second (T2) or third tertile (T3) compared with first. “All linear regression models were adjusted for
maternal characteristics (i.e. parity history, pre-pregnancy BMI, education, socioeconomic status, smoking, and age at pregnancy), and child’s sex and age.

peroxisome proliferator-activated receptor y (PPARy), the master regu-
lator of adipogenesis (Cano-Sancho et al., 2017).

4.2. POPs and BP

We found that p,p’-DDT and HCB were associated with higher BP in
adolescence. Prenatal exposure to HCB and p,p’-DDE has also been
associated with increased BP levels in Greek preschool children
(Vafeiadi et al., 2015). In South Korea, circulating PCBs in 8-year-old
children were related to higher BP levels after a one-year follow-up
(Lee et al., 2016). In adults, exposure to p,p’-DDT, p,p’-DDE and PCBs
have been associated with a higher risk for hypertension (Donat-Vargas
et al., 2018; Goncharov et al., 2011; La Merrill et al., 2014; Lind et al.,
2014; Valera et al., 2013) and stroke (Lim et al., 2018). HCB has also
been linked to hypertension (Arrebola et al., 2015) and abnormal
growth of the left ventricle in the elderly (Sjoberg Lind et al., 2013). Our
study suggests that any impact of HCB and p,p’-DDT exposure on BP may
already start early in life.

We did not detect sex interaction between DDT and BP, which could
be due to methodological limitations, such as the modest sample size.
However, based on prior knowledge, we hypothesized that the associ-
ation between p,p’-DDT and high BP may be due to its effects on
adiposity or its anti-androgen activity that may directly affect BP levels,
as low testosterone levels are linked to hypertension; and p,p’-DDT
levels have been inversely associated with testosterone levels in men
(Park et al., 2016). Experimental studies have also reported hyperten-
sion in animal models due to exposure to p,p’-DDT (La Merrill et al.,
2016) and HCB (Castilla et al., 2018).

4.3. POPs and CM risk at 14 years old

Our study showed that prenatal exposure to p,p’-DDT and HCB was
associated with an increased CM risk at 14 years. HCB was also associ-
ated with greater levels of serum lipids (total cholesterol, triglycerides,
and LDL-C). We further observed an association between prenatal
exposure to PCBs and LDL-C. This relationship was stronger in girls, who
presented an association with total cholesterol as well. PCBs are known
to exhibit estrogenic, antiestrogenic, and antiandrogenic effects (Li
et al., 2008), which may explain in part the sex-specific associations.
These results differ from a previous study in which prenatal exposure to
p,p’-DDE, HCB and PCBs (118, 138, 153, 156, 170, 180) was not asso-
ciated with blood lipids (total cholesterol, HDL-C, and LDL-C) at 4 years

old (Vafeiadi et al., 2015). None of the POPs was associated with HOMA-
IR, except for the dioxin-like PCB-118, which may be due to its binding
on the aryl-hydrocarbon receptor (Lee, 2011). A previous study con-
ducted in the Faroe Islands reported positive associations between pre-
natal non-dioxin like £PCBs (138, 153, 180), p,p’-DDE and HCB with
high insulin levels in 5-7-year-old girls (Tang-Péronard et al., 2015).
Differences in POPs levels and low HOMA-IR levels in our population
could explain, at least in part, the inconsistencies in findings across
studies. Experimental studies have suggested that POPs and other EDCs
may disturb blood lipids balance at different levels. First, by enhancing
the liver synthesis of cholesterol and triglycerides (BOLL et al., 1998).
Second, via down-regulation the expression of genes that regulate lipid
homeostasis, such as gene-1 (Insig-1) and Lpinl (Ruzzin et al., 2010).
Third, by disrupting nuclear receptor pathways, including aryl hydro-
carbon receptor, pregnane X receptor and constitutive androstane,
which may induce the expression of genes involved in the inflammatory
pathway contributing in higher adiposity deposition, insulin resistance,
and ultimately to metabolic syndrome (Ruzzin et al., 2010).

5. Strengths and limitations

Menorca is an island with rural and suburban environments without
chemical plants producing POPs (Carrizo et al., 2007). However, some
POPs were used as pesticides for agricultural purposes, which explains
the high concentrations of HCB and p,p’-DDE, as a residual of p,p’-DDT
use in the past. Compared with previous birth cohorts, exposure to p,p’-
DDE (median, 1.04 ng/mL) was lower than the median exposure in other
studies (Vafeiadi et al., 2015, 2.04 ng/mL; Cupul-Uicab et al., 2013,
24.59 ng/mL; Garced et al., 2012, 7.60 ng/mL; Lauritzen et al., 2018,
1.30 ng/mL). Conversely, HCB concentrations (0.68 ng/mL) were higher
than those previously reported (Vafeiadi et al., 2015, 0.09 ng/mL;
Cupul-Uicab et al., 2013, 0.24 ng/mL; Lauritzen et al., 2018, 0.10 ng/
mL). Exposure to PCBs (0.55 ng/mL) was lower than previously reported
levels in the USA (Cupul-Uicab et al., 2013, 2.74 ng/mL) and in the
Faroe Islands (Karlsen et al., 2017, 3.56 ng/mL) but somewhat higher
than in another cohort in Greece (Vafeiadi et al 2015., 0.32 ng/mL).
Therefore, this cohort represents a general western population with little
industrial activity but with high exposure to some POPs in the past.

Strengths of this study include its prospective design with repeated
outcome assessments, and its long follow-up period (from pregnancy to
late adolescence). This study is also strengthened by detailed childhood
adiposity and CM measurements. We included body fat %, which
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represents a more direct and reliable measure of adiposity, and a com-
posite CM-risk score (based on waist circumference, BP, lipids, and
HOMA-IR). Study limitations include its modest sample size, which may
have hindered the detection of statistically significant associations,
especially interactions and estimates stratified by sex. Further, cord
blood lipids were not measured at birth, and thus, POP concentrations
were not lipid-adjusted in our study. However, in a meta-analysis of
9000 mother—child pairs, the effect estimates between POPs (PCB-153
and p,p’-DDE), and birth outcomes were similar when using lipid-
adjusted (ng/g lipid) and unadjusted (ng/mL) POPs (Casas et al.,
2015). Another study on prenatal POPs (p,p’-DDT, p,p’-DDE, HCB and
PCBs) and rapid weight gain and overweight in infancy also found
similar results (Valvi et al., 2014). Although we adjusted by pre-
pregnancy BMI, an important determinant of cardiometabolic health
both in pregnancy (Bozkurt et al., 2016; Roland et al., 2020; Savitri
et al., 2016) and in the offspring (Gaillard et al., 2014; Ludwig-Walz
et al., 2018), residual confounding may have occurred due to unmea-
sured maternal lipid levels. Likewise, we cannot rule out potential
confounding by other chemicals correlated with POPs.

6. Conclusion

This study suggests that the previously reported associations with
child BMI of at least some of the POPs may persist later in adolescence
and further, that prenatal POP exposure may be related to major risk
factors for adult metabolic syndrome. These findings require further
exploration in other settings and larger cohorts.

Declaration of Competing Interest

The authors declared that there is no conflict of interest.

Acknowledgements

We thank all study participants for their generous collaboration. This
study received funding from the European Community’s Horizon 2020
programme under grant agreement no 825712, the Oberon project. The
Menorca cohort was funded by grants from Instituto de Salud Carlos III
(Red INMA G03/176; CB06/02/0041; 97/0588; 00/0021-2; PI061756;
PS0901958; PI114/00677 incl. FEDER funds), CIBERESP, Beca de la IV
convocatoria de Ayudas a la Investigacion en Enfermedades Neuro-
degenerativas de La Caixa, and EC Contract No. QLK4-CT-2000-00263.

Maribel Casas holds a Miguel Servet fellowship (CP16,/00128) fun-
ded by Instituto de Salud Carlos III and co-funded by European Social
Fund “Investing in your future”. Monica Guxens is funded by a Miguel
Servet fellowship (CPII18/00018) awarded by the Spanish Institute of
Health Carlos III. Damaskini Valvi is supported by the U.S. National
Institute of Environmental Health Sciences (NIEHS P30ES023515 and
R21ES029328). ISGlobal acknowledges support from the Spanish Min-
istry of Science, Innovation and Universities through the “Centro de
Excelencia Severo Ochoa 2019-2023” Program (CEX2018-000806-S),
and from the Generalitat de Catalunya through the CERCA Program.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.envint.2021.106469.

References

Agay-Shay, K., Martinez, D., Valvi, D., Garcia-Esteban, R., Basagana, X., Robinson, O.,
Casas, M., Sunyer, J., Vrijheid, M., 2015. Exposure to Endocrine-Disrupting
Chemicals during Pregnancy and Weight at 7 Years of Age: A Multi-pollutant
Approach. Environ. Health Perspect. 123 (10), 1030-1037. https://doi.org/
10.1289/ehp.1409049.

Arrebola, J.P., Fernandez, M.F., Martin-Olmedo, P., Bonde, J.P., Martin-Rodriguez, J.L.,
Exposito, J., Rubio-Dominguez, A., Olea, N., 2015. Historical exposure to persistent

Environment International 151 (2021) 106469

organic pollutants and risk of incident hypertension. Environ. Res. 138, 217-223.
https://doi.org/10.1016/j.envres.2015.02.018.

Ashwell, M., Gunn, P., Gibson, S., 2012. Waist-to-height ratio is a better screening tool
than waist circumference and BMI for adult cardiometabolic risk factors: systematic
review and meta-analysis: Waist-to-height ratio as a screening tool. Obes. Rev. 13,
275-286. https://doi.org/10.1111/j.1467-789X.2011.00952.x.

Atabek, M.E., Pirgon, O., 2007. Assessment of Insulin Sensitivity from Measurements in
Fasting State and During an Oral Glucose Tolerance Test in Obese Children. J.
Pediatr. Endocrinol. Metab. 20. https://doi.org/10.1515/JPEM.2007.20.2.187.

Baccarelli, A., Pfeiffer, R., Consonni, D., Pesatori, A.C., Bonzini, M., Patterson Jr., D.G.,
Bertazzi, P.A., Landi, M.T., 2005. Handling of dioxin measurement data in the
presence of non-detectable values: Overview of available methods and their
application in the Seveso chloracne study. Chemosphere 60 (7), 898-906. https://
doi.org/10.1016/j.chemosphere.2005.01.055.

Boll*, M., Weber, L.W.D., Messner, B., Stampfl, A., 1998. Polychlorinated biphenyls
affect the activities of gluconeogenic and lipogenic enzymes in rat liver: is there an
interference with regulatory hormone actions? Xenobiotica 28 (5), 479-492. https://
doi.org/10.1080/004982598239407.

Bozkurt, L., Gobl, C.S., Hormayer, A.-T., Luger, A., Pacini, G., Kautzky-Willer, A., 2016.
The impact of preconceptional obesity on trajectories of maternal lipids during
gestation. Sci. Rep. 6 (1) https://doi.org/10.1038/srep29971.

Cano-Sancho, G., Salmon, A.G., La Merrill, M.A., 2017. Association between Exposure to
p,p '-DDT and Its Metabolite p,p '-DDE with Obesity: Integrated Systematic Review
and Meta-Analysis. Environ. Health Perspect. 125 (9), 096002. https://doi.org/
10.1289/EHP527.

Carrizo, D., Grimalt, J.O., Ribas-Fito, N., Sunyer, J., Torrent, M., 2006. Physical-chemical
and Maternal Determinants of the Accumulation of Organochlorine Compounds in
Four-Year-Old Children. Environ. Sci. Technol. 40 (5), 1420-1426. https://doi.org/
10.1021/es0518427.

Carrizo, D., Grimalt, J.O., Ribas-Fito, N., Torrent, M., Sunyer, J., 2007. In utero and post-
natal accumulation of organochlorine compounds in children under different
environmental conditions. J. Environ. Monit. 9 (6), 523. https://doi.org/10.1039/
b700247e.

Casas, M., Nieuwenhuijsen, M., Martinez, D., Ballester, F., Basagana, X.,

Basterrechea, M., Chatzi, L., Chevrier, C., Eggesbg, M., Fernandez, M.F., Govarts, E.,
Guxens, M., Grimalt, J.O., Hertz-Picciotto, I., Iszatt, N., Kasper-Sonnenberg, M.,
Kiviranta, H., Kogevinas, M., Palkovicova, L., Ranft, U., Schoeters, G., Patelarou, E.,
Petersen, M.S., Torrent, M., Trnovec, T., Valvi, D., Toft, G.V., Weihe, P., Weisglas-
Kuperus, N., Wilhelm, M., Wittsiepe, J., Vrijheid, M., Bonde, J.P., 2015. Prenatal
exposure to PCB-153, p,p’-DDE and birth outcomes in 9000 mother—child pairs:
Exposure-response relationship and effect modifiers. Environ. Int. 74, 23-31.
https://doi.org/10.1016/j.envint.2014.09.013.

Castilla, R., Asuaje, A., Riviere, S., Romero, C.G., Martin, P., Cao, G., Kleiman de
Pisarev, D., Milesi, V., Alvarez, L., 2018. Environmental pollutant
hexachlorobenzene induces hypertension in a rat model. Chemosphere 195,
576-584. https://doi.org/10.1016/j.chemosphere.2017.11.117.

Chen, X., Wang, Y., 2008. Tracking of Blood Pressure From Childhood to Adulthood: A
Systematic Review and Meta—-Regression Analysis. Circulation 117 (25), 3171-3180.

Coker, E., Chevrier, J., Rauch, S., Bradman, A., Obida, M., Crause, M., Bornman, R.,
Eskenazi, B., 2018. Association between prenatal exposure to multiple insecticides
and child body weight and body composition in the VHEMBE South African birth
cohort. Environ. Int. 113, 122-132. https://doi.org/10.1016/j.envint.2018.01.016.

Cupul-Uicab, L.A., Klebanoff, M.A., Brock, J.W., Longnecker, M.P., 2013. Prenatal
Exposure to Persistent Organochlorines and Childhood Obesity in the U.S.
Collaborative Perinatal Project. Environ. Health Perspect. 121 (9), 1103-1109.

de Onis, M., Garza, C., Onyango, A.W., Rolland-Cachera, M.-F., 2009. Les standards de
croissance de 1'Organisation mondiale de la santé pour les nourrissons et les jeunes
enfants. Archives de Pédiatrie 16 (1), 47-53. https://doi.org/10.1016/j.
arcped.2008.10.010.

de Onis, M., Onyango, A.W., Borghi, E., Siyam, A., Nishida, C., Siekmann, J., 2007.
Development of a WHO growth reference for school-aged children and adolescents.
Bull. World Health Organ. 85, 660-667. https://doi.org/10.2471/blt.07.043497.

Delvaux, I., Van Cauwenberghe, J., Den Hond, E., Schoeters, G., Govarts, E., Nelen, V.,
Baeyens, W., Van Larebeke, N., Sioen, L., 2014. Prenatal exposure to environmental
contaminants and body composition at age 7-9 years. Environ. Res. 132, 24-32.
https://doi.org/10.1016/j.envres.2014.03.019.

Donat-Vargas, C., Akesson, A., Tornevi, A., Wennberg, M., Sommar, J., Kiviranta, H.,
Rantakokko, P., Bergdahl, I.A., 2018. Persistent Organochlorine Pollutants in
Plasma, Blood Pressure, and Hypertension in a Longitudinal Study. Hypertension 71
(6), 1258-1268. https://doi.org/10.1161/HYPERTENSIONAHA.117.10691.

Eisenmann, J.C., 2008. On the use of a continuous metabolic syndrome score in pediatric
research. Cardiovasc Diabetol 7 (1), 17. https://doi.org/10.1186/1475-2840-7-17.

Franks, P.W., Hanson, R.L., Knowler, W.C., Sievers, M.L., Bennett, P.H., Looker, H.C.,
2010. Childhood Obesity, Other Cardiovascular Risk Factors, and Premature Death.
N. Engl. J. Med. 362 (6), 485-493. https://doi.org/10.1056/NEJM0a0904130.

Gaillard, R., Steegers, E.A.P., Duijts, L., Felix, J.F., Hofman, A., Franco, O.H., Jaddoe, V.
W.V., 2014. Childhood Cardiometabolic Outcomes of Maternal Obesity During
Pregnancy: The Generation R Study. Hypertension 63 (4), 683-691. https://doi.org/
10.1161/HYPERTENSIONAHA.113.02671.

Garced, S., Torres-Sanchez, L., Cebrian, M.E., Claudio, L., Lopez-Carrillo, L., 2012.
Prenatal dichlorodiphenyldichloroethylene (DDE) exposure and child growth during
the first year of life. Environ. Res. 113, 58-62. https://doi.org/10.1016/j.
envres.2011.12.002.

Goncharov, A., Pavuk, M., Foushee, H.R., Carpenter, D.O., 2011. Blood Pressure in
Relation to Concentrations of PCB Congeners and Chlorinated Pesticides. Environ.
Health Perspect. 119 (3), 319-325.


https://doi.org/10.1016/j.envint.2021.106469
https://doi.org/10.1016/j.envint.2021.106469
https://doi.org/10.1289/ehp.1409049
https://doi.org/10.1289/ehp.1409049
https://doi.org/10.1016/j.envres.2015.02.018
https://doi.org/10.1016/j.chemosphere.2005.01.055
https://doi.org/10.1016/j.chemosphere.2005.01.055
https://doi.org/10.1080/004982598239407
https://doi.org/10.1080/004982598239407
https://doi.org/10.1038/srep29971
https://doi.org/10.1289/EHP527
https://doi.org/10.1289/EHP527
https://doi.org/10.1021/es0518427
https://doi.org/10.1021/es0518427
https://doi.org/10.1039/b700247e
https://doi.org/10.1039/b700247e
https://doi.org/10.1016/j.envint.2014.09.013
https://doi.org/10.1016/j.chemosphere.2017.11.117
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0065
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0065
https://doi.org/10.1016/j.envint.2018.01.016
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0075
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0075
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0075
https://doi.org/10.1016/j.arcped.2008.10.010
https://doi.org/10.1016/j.arcped.2008.10.010
https://doi.org/10.2471/blt.07.043497
https://doi.org/10.1016/j.envres.2014.03.019
https://doi.org/10.1161/HYPERTENSIONAHA.117.10691
https://doi.org/10.1186/1475-2840-7-17
https://doi.org/10.1056/NEJMoa0904130
https://doi.org/10.1161/HYPERTENSIONAHA.113.02671
https://doi.org/10.1161/HYPERTENSIONAHA.113.02671
https://doi.org/10.1016/j.envres.2011.12.002
https://doi.org/10.1016/j.envres.2011.12.002
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0120
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0120
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0120

N. Giiil-Oumrait et al.

Grimalt, J.O., Carrizo, D., Gari, M., Font-Ribera, L., Ribas-Fito, N., Torrent, M.,
Sunyer, J., 2010. An evaluation of the sexual differences in the accumulation of
organochlorine compounds in children at birth and at the age of 4 years. Environ.
Res. 110 (3), 244-250. https://doi.org/10.1016/j.envres.2010.01.005.

Griin, F., Blumberg, B., 2006. Environmental obesogens: organotins and endocrine
disruption via nuclear receptor signaling. Endocrinology 147, S50-55. https://doi.
org/10.1210/en.2005-1129.

Guxens, M., Ballester, F., Espada, M., Fernandez, M.F., Grimalt, J.O., Ibarluzea, J., Olea,
N., Rebagliato, M., Tardon, A., Torrent, M., Vioque, J., Vrijheid, M., Sunyer, J., 2012.
Cohort Profile: The INMA—INfancia y Medio Ambiente—(Environment and
Childhood) Project. Int. J. Epidemiol. 41, 930-940. https://doi.org/10.1093/ije/
dyr054.

Hagmar, L., Wallin, E., Vessby, B., Jonsson, B.A., Bergman, A., Rylander, L., 2006. Intra-
individual variations and time trends 1991-2001 in human serum levels of PCB, DDE
and hexachlorobenzene. Chemosphere 64, 1507-1513. https://doi.org/10.1016/j.
chemosphere.2005.12.054.

Heggeseth, B., Harley, K., Warner, M., Jewell, N., Eskenazi, B., 2015. Detecting
Associations between Early-Life DDT Exposures and Childhood Growth Patterns: A
Novel Statistical Approach. PLOS ONE 10, e0131443. https://doi.org/10.1371/
journal.pone.0131443.

Heindel, J.J., Balbus, J., Birnbaum, L., Brune-Drisse, M.N., Grandjean, P., Gray, K.,
Landrigan, P.J., Sly, P.D., Suk, W., Slechta, D.C., Thompson, C., Hanson, M., 2015a.
Developmental Origins of Health and Disease: Integrating Environmental Influences.
Endocrinology 156, 3416-3421. https://doi.org/10.1210/en.2015-1394.

Heindel, J.J., Blumberg, B., Cave, M., Machtinger, R., Mantovani, A., Mendez, M.A.,
Nadal, A., Palanza, P., Panzica, G., Sargis, R., Vandenberg, L.N., vom Saal, F., 2017.
Metabolism disrupting chemicals and metabolic disorders. Reprod. Toxicol. 68,
3-33. https://doi.org/10.1016/j.reprotox.2016.10.001.

Heindel, J.J., vom Saal, F.S., Blumberg, B., Bovolin, P., Calamandrei, G., Ceresini, G.,
Cohn, B.A., Fabbri, E., Gioiosa, L., Kassotis, C., Legler, J., La Merrill, M., Rizzir, L.,
Machtinger, R., Mantovani, A., Mendez, M.A., Montanini, L., Molteni, L., Nagel, S.C.,
Parmigiani, S., Panzica, G., Paterlini, S., Pomatto, V., Ruzzin, J., Sartor, G., Schug, T.
T., Street, M.E., Suvorov, A., Volpi, R., Zoeller, R.T., Palanza, P., 2015b. Parma
consensus statement on metabolic disruptors. Environ Health 14 (1). https://doi.
org/10.1186/512940-015-0042-7.

Horlick, M., Arpadi, S.M., Bethel, J., Wang, J., Moye, J., Cuff, P., Pierson, R.N., Kotler, D.,
2002. Bioelectrical impedance analysis models for prediction of total body water and
fat-free mass in healthy and HIV-infected children and adolescents. Am. J. Clin. Nutr.
76, 991-999. https://doi.org/10.1093/ajcn/76.5.991.

Hgyer, B.B., Ramlau-Hansen, C.H., Henriksen, T.B., Pedersen, H.S., Goralczyk, K.,
Zviezdai, V., Jonsson, B.A.G., Heederik, D., Lenters, V., Vermeulen, R., Bonde, J.P.,
Toft, G., 2014. Body mass index in young school-age children in relation to
organochlorine compounds in early life: a prospective study. Int. J. Obes. 38 (7),
919-925. https://doi.org/10.1038/ij0.2014.58.

Ibarluzea, J., Alvarez-Pedrerol, M., Guxens, M., Marina, L.S., Basterrechea, M.,
Lertxundi, A., Etxeandia, A., Goni, F., Vioque, J., Ballester, F., Sunyer, J., 2011.
Sociodemographic, reproductive and dietary predictors of organochlorine
compounds levels in pregnant women in Spain. Chemosphere 82 (1), 114-120.
https://doi.org/10.1016/j.chemosphere.2010.09.051.

Iszatt, N., Stigum, H., Verner, M.-A., White, R.A., Govarts, E., Murinova, L.P.,
Schoeters, G., Trnovec, T., Legler, J., Pelé, F., Botton, J., Chevrier, C., Wittsiepe, J.,
Ranft, U., Vandentorren, S., Kasper-Sonnenberg, M., Kliimper, C., Weisglas-
Kuperus, N., Polder, A., Eggesbg, M., 2015. Prenatal and Postnatal Exposure to
Persistent Organic Pollutants and Infant Growth: A Pooled Analysis of Seven
European Birth Cohorts. Environ. Health Perspect. 123 (7), 730-736. https://doi.
org/10.1289/ehp.1308005.

Juhola, J., Magnussen, C.G., Viikari, J.S.A., Kdhonen, M., Hutri-Kdhonen, N., Jula, A.,
Lehtimaki, T., Akerblom, H.K., Pietikdinen, M., Laitinen, T., Jokinen, E.,
Taittonen, L., Raitakari, O.T., Juonala, M., 2011. Tracking of Serum Lipid Levels,
Blood Pressure, and Body Mass Index from Childhood to Adulthood: The
Cardiovascular Risk in Young Finns Study. J. Pediatrics 159 (4), 584-590. https://
doi.org/10.1016/j.jpeds.2011.03.021.

Juonala, M., Magnussen, C.G., Berenson, G.S., Venn, A., Burns, T.L., Sabin, M.A.,
Srinivasan, S.R., Daniels, S.R., Davis, P.H., Chen, W., Sun, C., Cheung, M., Viikari, J.
S.A., Dwyer, T., Raitakari, O.T., 2011. Childhood Adiposity, Adult Adiposity, and
Cardiovascular Risk Factors. N. Engl. J. Med. 365 (20), 1876-1885. https://doi.org/
10.1056/NEJMoal1010112.

Karlsen, M., Grandjean, P., Weihe, P., Steuerwald, U., Oulhote, Y., Valvi, D., 2017. Early-
life exposures to persistent organic pollutants in relation to overweight in preschool
children. Reprod. Toxicol. 68, 145-153. https://doi.org/10.1016/j.
reprotox.2016.08.002.

Keskin, M., Kurtoglu, S., Kendirci, M., Atabek, M.E., Yazici, C., 2005. Homeostasis Model
Assessment Is More Reliable Than the Fasting Glucose/Insulin Ratio and
Quantitative Insulin Sensitivity Check Index for Assessing Insulin Resistance Among
Obese Children and Adolescents. Pediatrics 115 (4), e500-e503.

Kim, J.H., 2019. Multicollinearity and misleading statistical results. Korean J Anesthesiol
72 (6), 558-569.

Kim, M.-J., Marchand, P., Henegar, C., Antignac, J.-P., Alili, R., Poitou, C., Bouillot, J.-L.,
Basdevant, A., Le Bizec, B., Barouki, R., Clément, K., 2011. Fate and Complex
Pathogenic Effects of Dioxins and Polychlorinated Biphenyls in Obese Subjects
before and after Drastic Weight Loss. Environ. Health Perspect. 119 (3), 377-383.

La Merrill, M., Karey, E., Moshier, E., Lindtner, C., La Frano, M.R., Newman, J.W.,
Buettner, C., 2014. Perinatal Exposure of Mice to the Pesticide DDT Impairs Energy
Expenditure and Metabolism in Adult Female Offspring. PLoS ONE 9, e103337.
https://doi.org/10.1371/journal.pone.0103337.

11

Environment International 151 (2021) 106469

La Merrill, M.A., Sethi, S., Benard, L., Moshier, E., Haraldsson, B., Buettner, C., 2016.
Perinatal DDT Exposure Induces Hypertension and Cardiac Hypertrophy in Adult
Mice. Environ. Health Perspect. 124 (11), 1722-1727.

Lauritzen, H.B., Larose, T.L., @ien, T., Sandanger, T.M., Odland, J.@., van de Bor, M.,
Jacobsen, G.W., 2018. Prenatal exposure to persistent organic pollutants and child
overweight/obesity at 5-year follow-up: a prospective cohort study. Environ Health
17 (1). https://doi.org/10.1186/s12940-017-0338-x.

Lee, H., Park, S., Hong, Y., Ha, E., Park, H., 2016. The Effect of Exposure to Persistent
Organic Pollutants on Metabolic Health among KOREAN Children during a 1-Year
Follow-Up. Int. J. Environ. Res. Public. Health 13, 270. https://doi.org/10.3390/
ijerph13030270.

Lee, H.K., 2011. Mitochondrial Dysfunction and Insulin Resistance: The Contribution of
Dioxin-Like Substances. Diabetes Metab. J. 35 (3), 207. https://doi.org/10.4093/
dm;j.2011.35.3.207.

Li, J., Li, N., Ma, M., Giesy, J., Wang, Z., 2008. In vitro profiling of the endocrine
disrupting potency of organochlorine pesticides. Toxicol. Lett. https://doi.org/
10.1016/j.toxlet.2008.10.002.

Lim, J.-E., Lee, S., Lee, S., Jee, S.H., 2018. Serum persistent organic pollutants levels and
stroke risk. Environ. Pollut. 233, 855-861.

Lind, P.M., Penell, J., Salihovic, S., van Bavel, B., Lind, L., 2014. Circulating levels of p,
p’-DDE are related to prevalent hypertension in the elderly. Environ. Res. 129,
27-31.

Little, R.J.A., Rubin, D.B., 2014. Statistical analysis with missing data.

Ludwig-Walz, H., Schmidt, M., Giinther, A.L.B., Kroke, A., 2018. Maternal prepregnancy
BMI or weight and offspring’s blood pressure: Systematic review. Matern. Child.
Nutr. 14. https://doi.org/10.1111/mcn.12561.

Mauvais-Jarvis, F., Clegg, D.J., Hevener, A.L., 2013. The Role of Estrogens in Control of
Energy Balance and Glucose Homeostasis. Endocr. Rev. 34, 309-338. https://doi.
org/10.1210/er.2012-1055.

Mendez, M.A., Garcia-Esteban, R., Guxens, M., Vrijheid, M., Kogevinas, M., Goni, F.,
Fochs, S., Sunyer, J., 2011. Prenatal Organochlorine Compound Exposure, Rapid
Weight Gain, and Overweight in Infancy. Environ. Health Perspect. 119 (2),
272-278.

Milbrath, M.O., Wenger, Y., Chang, C.-W., Emond, C., Garabrant, D., Gillespie, B.W.,
Jolliet, O., 2009. Apparent Half-Lives of Dioxins, Furans, and Polychlorinated
Biphenyls as a Function of Age, Body Fat, Smoking Status, and Breast-Feeding.
Environ. Health Perspect. 117 (3), 417-425.

NCD Risk Factor Collaboration (NCD-RisC), 2020. Repositioning of the global epicentre
of non-optimal cholesterol. Nature 582, 73-77. https://doi.org/10.1038/541586-
020-2338-1.

NCD Risk Factor Collaboration (NCD-RisC), 2017a. Worldwide trends in body-mass
index, underweight, overweight, and obesity from 1975 to 2016: a pooled analysis of
2416 population-based measurement studies in 128-9 million children, adolescents,
and adults. Lancet Lond. Engl. 390, 2627-2642. https://doi.org/10.1016/5S0140-
6736(17)32129-3.

NCD Risk Factor Collaboration (NCD-RisC), 2017b. Worldwide trends in blood pressure
from 1975 to 2015: a pooled analysis of 1479 population-based measurement studies
with 19-1 million participants. Lancet Lond. Engl. 389, 37-55. https://doi.org/
10.1016/50140-6736(16)31919-5.

NCD Risk Factor Collaboration (NCD-RisC), 2016. Worldwide trends in diabetes since
1980: a pooled analysis of 751 population-based studies with 4.4 million
participants. Lancet Lond. Engl. 387, 1513-1530. https://doi.org/10.1016/50140-
6736(16)00618-8.

Ong, Ken K.L., Preece, Michael A., Emmett, Pauline M., Ahmed, Marion L.,

Dunger, David B., 2002. Size at Birth and Early Childhood Growth in Relation to
Maternal Smoking, Parity and Infant Breast-Feeding: Longitudinal Birth Cohort
Study and Analysis. Pediatr. Res. 52 (6), 863-867.

Park, Su Hyun, Lim, Jung-eun, Park, Hyesook, Jee, Sun Ha, 2016. Body burden of
persistent organic pollutants on hypertension: a meta-analysis. Environ. Sci. Pollut.
Res. 23 (14), 14284-14293.

Porta, Miquel, Puigdomenech, Elisa, Ballester, Ferran, Selva, Javier, Ribas-Fitd, Ntria,
Llop, Sabrina, Lopez, Tomas, 2008. Monitoring concentrations of persistent organic
pollutants in the general population: The international experience. Environ. Int. 34
(4), 546-561.

Roland, M.C.P., Lekva, T., Godang, K., Bollerslev, J., Henriksen, T., 2020. Changes in
maternal blood glucose and lipid concentrations during pregnancy differ by
maternal body mass index and are related to birthweight: A prospective, longitudinal
study of healthy pregnancies. PLOS ONE 15, e0232749. https://doi.org/10.1371/
journal.pone.0232749.

Royston, Patrick, 2005. Multiple Imputation of Missing Values: Update of Ice. Stata J. 5
(4), 527-536.

Ruiz, L.D., Zuelch, M.L., Dimitratos, S.M., Scherr, R.E., 2019. Adolescent Obesity: Diet
Quality, Psychosocial Health, and Cardiometabolic Risk Factors. Nutrients 12, 43.
https://doi.org/10.3390/nu12010043.

Ruzzin, Jérome, Petersen, Rasmus, Meugnier, Emmanuelle, Madsen, Lise, Lock, Erik-Jan,
Lillefosse, Haldis, Ma, Tao, Pesenti, Sandra, Sonne, Si Brask, Marstrand, Troels
Torben, Malde, Marian Kjellevold, Du, Zhen-Yu, Chavey, Carine, Fajas, Lluis,
Lundebye, Anne-Katrine, Brand, Christian Lehn, Vidal, Hubert, Kristiansen, Karsten,
Frgyland, Livar, 2010. Persistent Organic Pollutant Exposure Leads to Insulin
Resistance Syndrome. Environ. Health Perspect. 118 (4), 465-471.

Savitri, Ary I, Zuithoff, Peter, Browne, Joyce L, Amelia, Dwirani,

Baharuddin, Mohammad, Grobbee, Diederick E, Uiterwaal, Cuno S P M, 2016. Does
pre-pregnancy BMI determine blood pressure during pregnancy? A prospective
cohort study. BMJ Open 6 (8), e011626. https://doi.org/10.1136/bmjopen-2016-
011626.


https://doi.org/10.1016/j.envres.2010.01.005
https://doi.org/10.1186/s12940-015-0042-7
https://doi.org/10.1186/s12940-015-0042-7
https://doi.org/10.1038/ijo.2014.58
https://doi.org/10.1016/j.chemosphere.2010.09.051
https://doi.org/10.1289/ehp.1308005
https://doi.org/10.1289/ehp.1308005
https://doi.org/10.1016/j.jpeds.2011.03.021
https://doi.org/10.1016/j.jpeds.2011.03.021
https://doi.org/10.1056/NEJMoa1010112
https://doi.org/10.1056/NEJMoa1010112
https://doi.org/10.1016/j.reprotox.2016.08.002
https://doi.org/10.1016/j.reprotox.2016.08.002
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0205
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0205
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0205
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0205
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0210
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0210
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0215
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0215
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0215
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0215
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0225
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0225
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0225
https://doi.org/10.1186/s12940-017-0338-x
https://doi.org/10.4093/dmj.2011.35.3.207
https://doi.org/10.4093/dmj.2011.35.3.207
https://doi.org/10.1016/j.toxlet.2008.10.002
https://doi.org/10.1016/j.toxlet.2008.10.002
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0250
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0250
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0255
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0255
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0255
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0275
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0275
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0275
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0275
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0280
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0280
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0280
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0280
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0305
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0305
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0305
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0305
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0310
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0310
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0310
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0315
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0315
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0315
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0315
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0325
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0325
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0335
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0335
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0335
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0335
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0335
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0335
https://doi.org/10.1136/bmjopen-2016-011626
https://doi.org/10.1136/bmjopen-2016-011626

N. Giiil-Oumrait et al.

Shrier, Ian, Platt, Robert W, 2008. Reducing bias through directed acyclic graphs. BMC
Med. Res. Method. 8 (1) https://doi.org/10.1186/1471-2288-8-70.

Sjoberg Lind, Y., Lind, L., Salihovic, S., van Bavel, B., Lind, P.M., 2013. Persistent organic
pollutants and abnormal geometry of the left ventricle in the elderly: J. Hypertens.
31, 1547-1553. https://doi.org/10.1097/HJH.0b013e32836221b3.

Smink, A., Ribas-Fito, N., Garcia, R., Torrent, M., Mendez, M.A., Grimalt, J.O., Sunyer, J.,
2008. Exposure to hexachlorobenzene during pregnancy increases the risk of
overweight in children aged 6 years. Acta Paediatr. 97, 1465-1469. https://doi.org/
10.1111/j.1651-2227.2008.00937 .x.

Spratt, M., Carpenter, J., Sterne, J.A.C., Carlin, J.B., Heron, J., Henderson, J., Tilling, K.,
2010. Strategies for Multiple Imputation in Longitudinal Studies. Am. J. Epidemiol.
172 (4), 478-487.

Sterne, J.A.C., White, L.R., Carlin, J.B., Spratt, M., Royston, P., Kenward, M.G., Wood, A.
M., Carpenter, J.R., 2009. Multiple imputation for missing data in epidemiological
and clinical research: potential and pitfalls. BMJ 338 b2393-b2393.

Tang-Péronard, J.L., Heitmann, B.L., Andersen, H.R., Steuerwald, U., Grandjean, P.,
Weihe, P., Jensen, T.K., 2014. Association between prenatal polychlorinateSd
biphenyl exposure and obesity development at ages 5 and 7 y: a prospective cohort
study of 656 children from the Faroe Islands. Am. J. Clin. Nutr. 99, 5-13. https://
doi.org/10.3945/ajcn.113.066720.

Tang-Péronard, Jeanett L., Heitmann, Berit L., Jensen, Tina K., Vinggaard, Anne M.,
Madsbad, Sten, Steuerwald, Ulrike, Grandjean, Philippe, Weihe, Pal,

Nielsen, Flemming, Andersen, Helle R., 2015. Prenatal exposure to persistent
organochlorine pollutants is associated with high insulin levels in 5-year-old girls.
Environ. Res. 142, 407-413.

Vafeiadi, Marina, Georgiou, Vaggelis, Chalkiadaki, Georgia, Rantakokko, Panu,
Kiviranta, Hannu, Karachaliou, Marianna, Fthenou, Eleni, Venihaki, Maria,

Sarri, Katerina, Vassilaki, Maria, Kyrtopoulos, Soterios A., Oken, Emily,
Kogevinas, Manolis, Chatzi, Leda, 2015. Association of Prenatal Exposure to
Persistent Organic Pollutants with Obesity and Cardiometabolic Traits in Early

12

Environment International 151 (2021) 106469

Childhood: The Rhea Mother—Child Cohort (Crete, Greece). Environ. Health
Perspect. 123 (10), 1015-1021.

Valera, Beatriz, Jgrgensen, Marit E., Jeppesen, Charlotte, Bjerregaard, Peter, 2013.
Exposure to persistent organic pollutants and risk of hypertension among Inuit from
Greenland. Environ. Res. 122, 65-73.

Valvi, Damaskini, Mendez, Michelle Ann, Garcia-Esteban, Raquel, Ballester, Ferran,
Ibarluzea, Jests, Goni, Fernando, Grimalt, Joan O., Llop, Sabrina, Marina, Loreto
Santa, Vizcaino, Esther, Sunyer, Jordi, Vrijheid, Martine, 2014. Prenatal exposure to
persistent organic pollutants and rapid weight gain and overweight in infancy:
Prenatal POPs and Early Postnatal Growth. Obesity 22 (2), 488-496.

Valvi, Damaskini, Mendez, Michelle A., Martinez, David, Grimalt, Joan O.,

Torrent, Maties, Sunyer, Jordi, Vrijheid, Martine, 2012. Prenatal Concentrations of
Polychlorinated Biphenyls, DDE, and DDT and Overweight in Children: A
Prospective Birth Cohort Study. Environ. Health Perspect. 120 (3), 451-457.

VanderWeele, T.J., 2009. On the relative nature of overadjustment and unnecessary
adjustment. Epidemiol. Camb. Mass 20, 496-499. https://doi.org/10.1097/
EDE.Ob013e3181a82f12.

Verhulst, Stijn L., Nelen, Vera, Hond, Elly Den, Koppen, Gudrun, Beunckens, Caroline,
Vael, Carl, Schoeters, Greet, Desager, Kristine, 2009. Intrauterine Exposure to
Environmental Pollutants and Body Mass Index during the First 3 Years of Life.
Environ. Health Perspect. 117 (1), 122-126.

Warner, M., Wesselink, A., Harley, K.G., Bradman, A., Kogut, K., Eskenazi, B., 2014.
Prenatal Exposure to Dichlorodiphenyltrichloroethane and Obesity at 9 Years of Age
in the CHAMACOS Study Cohort. Am. J. Epidemiol. 179, 1312-1322. https://doi.
org/10.1093/aje/kwu046.

Warner, Marcella, Ye, Morgan, Harley, Kim, Kogut, Katherine, Bradman, Asa,
Eskenazi, Brenda, 2017. Prenatal DDT exposure and child adiposity at age 12: The
CHAMACOS study. Environ. Res. 159, 606-612.

Wright, C.M., Emmett, P.M., Ness, A.R., Reilly, J.J., Sherriff, A., 2010. Tracking of
obesity and body fatness through mid-childhood. Arch. Dis. Child. 95, 612-617.
https://doi.org/10.1136/adc.2009.164491.


https://doi.org/10.1186/1471-2288-8-70
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0360
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0360
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0360
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0365
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0365
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0365
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0375
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0375
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0375
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0375
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0375
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0380
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0380
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0380
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0380
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0380
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0380
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0380
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0385
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0385
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0385
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0390
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0390
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0390
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0390
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0390
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0395
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0395
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0395
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0395
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0405
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0405
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0405
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0405
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0415
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0415
http://refhub.elsevier.com/S0160-4120(21)00094-5/h0415

	Prenatal exposure to persistent organic pollutants and markers of obesity and cardiometabolic risk in Spanish adolescents
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Prenatal POPs assessment
	2.3 Anthropometric measurements
	2.4 Blood pressure (BP)
	2.5 Blood biomarkers
	2.6 CM risk score
	2.7 Covariates
	2.8 Statistical analysis

	3 Results
	3.1 Study population characteristics
	3.2 POPs associations with anthropometric and BP outcomes
	3.3 POPs associations with CM outcomes at 14 ​years

	4 Discussion
	4.1 POPs and adiposity
	4.2 POPs and BP
	4.3 POPs and CM risk at 14 ​years old

	5 Strengths and limitations
	6 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


