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A

AA: acetic anhydride

ADME: absorption, distribution, metabolism and excretion
AOPs: adverse outcome pathways

ABS: dermal absorption factor

B

BBZP: butyl benzyl phthalate

BMI: body mass index

BPA: bisphenol A

BPF: bisphenol F

BPS: bisphenol S

BFR: brominated flame retardants

BW: body weight

BW,ew: body weight at 20 gestational weeks

C

C: creatinine corrected

Cepa/oenp: BPA or DEHP concentration

C.: concentration of BPA or DEHP in PCPs

cindoor concentration of BPA or DEHP in the indoor air
€outdoor concentration of BPA or DEHP in the outdoor air
Cd: cadmium

C/EBPa: CCAAT/enhancer binding protein a

CLA: 9¢,11t-octadecadienoic acid

cx-MiNP: Mono-4-methyl-7-carboxyoctyl phthalate

D

DEHP: di (2-ethylhexyl) phthalate

DEP: diethyl phthalate

DHA: docosahexaenoic acid

DI: dietary intake

DiBP: diisobutyl phthalate

DINCH: 1,2-cyclohexane dicarboxylic acid diisononyl ester
DiNP: diisononyl phthalate

DnBP: di-n-butyl phthalate

DMSO: dimethyl sulfoxide

DPHP: di(2-propylheptyl) phthalate
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Dusting: dust ingestion

ECHA: European Chemical Agency
ED: endocrine disruptor
pl. EDs: endocrine disruptors
EFSA: European Food Safety Authority
El: electron ionization
EPA: Environmental Protection Agency
ESI: electrospray ionization
EU: European Union

FABP4: Fatty acid-binding protein 4

FAO: Food and Agriculture Organization

Fs: food frequency consumption

FFQ: food frequency questionnaire
pl.FFQs: food frequency questionnaires

F.: food ingestion ration

FUE: urinary excretion factor

G

G: gamma distribution
GW: gestational weeks

GC-MS: gas chromatography—mass spectrometry

H

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Hg: mercury

HMWP: high-molecular-weight phthalates

HPLC: high-performance liquid chromatography

IARC: International Agency for Research on Cancer

ICP-OES: inductively coupled plasma optical emission spectrometry
ICP-MS: inductively coupled plasma mass spectrometry

lh, moderate: iNhalation rate during moderate activities

Ih; sedentary: inhalation rate while sedentary activities
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Ih; sieep:: inhalation rate during sleep
Ing;: ingestion factor

Inh: inhalation rate

IQR: interquartile range

I;: ingestion rate

IS: internal standards

LA: linolenic acid

LC-MS/MS: liquid chromatography—tandem mass spectrometry
LMWP: low-molecular-weight phthalates

LOD: limit of detection

LOQ: limit of quantification

LN: log-normal distribution

M

mAb: primary monoclonal antibodies

MBzP: mono benzyl phthalate

MCFA: medium-chained fatty acids

MeCN: acetonitrile

MEHHP: mono-2-ethyl-5-hydroxyhexyl phthalate
MEHP: mono (2-ethylhexyl) phthalate

MIiBP: mono-iso-butyl phthalate

MEOHP: mono-2-ethyl-5-oxohexyl phthalate
MECPP: mono-2-ethyl-5-carboxypentyl phthalate
MMCHP: mono-2-carboxymethyl hexyl phthalate
MnBP: mono-n-butyl phthalate

MRM: multiple reaction monitoring

MS: mass spectrometry

MTT: metabolic dye [4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
MUSFA: monounsaturated fatty acids

N

N: normal distribution

NA: not available

NaOH: sodium hydroxide

NIST: National Institute of Standards and Technology
NTP: national toxicology program



UNIVERSITAT ROVIRA I VIRGILI

ENDOCRINE DISRUPTION ASSESSMENT: EXPOSURE, BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD
ENDOCRINE DISRUPTORS DURING

PREGNANCY AND EARLY STAGES OF LIFE

Maria Angeles Martinez Rodriguez

0)

OD: optical density

OECD: Organisation for Economic Cooperation and Development

oh-MINCH: 2-(((Hydroxy-4methyloctyl) oxy) carbonyl) cyclohexanecarboxylic Acid
oh-MiNP: mono-4-methyl-7-hydroxyoctyl phthalate

oh-MPHP: 6-Hydroxy Monopropylheptylphthalate

oxo-MINCH: 2-(((4-Methyl-7-oxyooctyl) oxy) carbonyl) cyclohexanecarboxylic Acid
oxo-MiNP: mono-4-methyl-7-oxooctyl phthalate

P-AKT: phosphorylated AKT

Pb: lead

PUFA: polyunsaturated fatty acids

POPs: persistent organic pollutants

PBPK: physiologically based pharmacokinetic (model)
PC: polycarbonate

PCPs: personal care products

PVC: polyvinyl chloride

PFOS: perfluorooctane sulfonic acid

PFOA: perfluorooctanoic acid

PFASs: perfluoroalkylated substances

PPARYy: peroxisome proliferator-activated receptor gammay
PBS: phosphate-buffered saline

P: punctual

PCP, amount per application of personal care products
PCPs.: frequency application of personal care products
P5: percentile 5

P50: percentile 50

P 95: percentile 95

PUFA: poliunsaturated fatty acids

R

R¢: retention factor for rinse-off products

S

SFA: saturated fatty acids
SPSS: Statistical Package for the Social Sciences software
SD: standard deviation
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SG: specific gravity corrected
SIM: selected ion monitoring
SFA: saturated fatty acids

T

T: triangular distribution

TBBPA: tetrabromobisphenol A

TCA: trichloroacetic acid

TDI: tolerable daily intake

TFA: trans fatty acids

t indoor : time spending indoor (at work and at home)
t outdoor: time spending in doing activity outdoor

t sleep : time sleeping

TWI: tolerable weekly intake

TACE: tetrachloroethylene

U

U: uniform distribution

w

WHO: World Health Organization
WMP: whole milk powder
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SUMMARY

Endocrine disruptors (EDs) are exogenous substances that alter function(s) of the endocrine
system and consequently causes adverse health effectsin anintact organism, or its progeny,
or (sub)populations. There is a group of EDs that takes an important place due to their
widespread distribution and presence in food-packaging or food contact materials. The
packaging is an essential element in food manufacture. However, packaging could be a
source of contamination as migration can occur from these materials with the transfer of
chemicals or particles into the food. According to that, bisphenol A (BPA) and two analogues
of it, bisphenol S (BPS) and bisphenol F (BPF); phthalate and non-phthalate plasticizers;
perfluorooalkilated substances (PFAS) specifically perfluorooctane sulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA) and tetrabromobisphenol A (TBBPA) were selected in this

thesis.

The general hypothesis of this thesis is that, there is exposure to EDs during the prenatal
period and early stages of life and this exposure can cause adverse outcomes. Therefore,
the general objective is to assess the exposure levels to different EDs from pregnant women
of EXHES cohort in Tarragona, Spain and to study how these chemicals can affect normal
cellular development. This main goal has been divided into four different specific objectives:
(1) to estimate the exposure to EDs for pregnant women and their babies. (II) Biomonitoring
the levels of EDs in urine, blood and breast milk from pregnant women. (lll) To reconstruct
the exposure to EDs using biomonitored levels and the physiologically based
pharmacokinetic (PBPK) model. (IV) To determine the endocrine potential activity of some
widely used EDs.

In Chapter 1 (publication 1 and 2), exposure to two high distributed EDs, BPA and DEHP
from the EXHES Tarragona, Spain, cohort of pregnant women and their babies were
calculated. Exposure assessments based on data obtained from questionnaires and
personal interviews were used. Subsequently, the contribution of each item to the total
exposure for the EXHES cohort was evaluated. Results showed that diet had the highest

contribution to total exposure with >99.9% for BPA and 63% for DEHP. However, with this
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method, based on data obtained from questionnaires and interviews, it is possible to
underestimate the exposure due to a lack of knowledge of all possible sources that would
also contribute to total exposure. Consequently, another possible approach for
investigating human exposure to different chemicals could be to reconstruct the exposure
through biomonitoring data. For that reason, it was compared the previously estimated
exposure with the reconstructed exposure using the DEHP in urine as a case study (chapter
2, publication 3). Apart from phthalate metabolites determination, DINCH metabolites were
also measured in urine. Surprisingly, phthalates and DINCH metabolites were detected in
almost all (94 %) pregnant women's urine samples. Results showed a correlation between

lower birth weights with higher levels of DINCH metabolites in maternal urine (p<0.05).

Both approaches, the estimated and the reconstructed, were combined with PBPK
modelling to predict the amount of BPA and MEHP (DEHP metabolite) that can reach the
fetus. The results showed that both values obtained from the PBPK model using estimated
or reconstructed data were close to each other. However, the PBPK simulated exposure for
reconstructed dose was closer to the extrapolated 24 h biomonitoring data. In general
terms, BPA and MEHP stay longer in the fetal body, which may cause a higher risk to fetuses
and makes the fetus more vulnerable to the exposure compared with the mothers.
Consequently, PBPK results from dose reconstruction were more accurate compared with
the previously estimated PBPK-simulation. These results suggested that is possible to
estimate the exposure of a chemical from their metabolites concentrations in spot urine.
Also, these results from reconstructed data are closer to a real exposure scenario. Our
values for BPA and DEHP estimated and reconstructed were far away from the tolerable
daily intake (TDI) values of the EFSA (4 pg/kgow/day) and ECHA (50 pg/kguw/day) for BPA and

DEHP, respectively.

The same methodology applied in chapters 1 and 2 to assess the estimated exposure was
used again for PFASs, a group of synthetic chemicals, which include PFOS and PFOA (chapter
2, publication 4). Besides, to verify the accuracy of this method, the estimated exposure was

compared with biomonitoring data for the same cohort. In agreement with many other
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studies, results showed that again, dietary intake was the main route of exposure to PFOS
(>99%) and PFOA (>96%). Concerning the prenatal exposure, the model simulation results
obtained for plasma were compared with biomonitoring data from the same cohort. To
achieve this goal, PFOA and PFOS were biomonitored in maternal blood. It was detected
traces of PFOS in all samples. PFOA and PFOS plasma levels in the first trimester were
significantly higher than those at delivery and in cord blood. Decreases of 69% and 25% in
PFOA and PFOS plasma levels, respectively, between the first trimester and at delivery were
registered. This fact could be due to both a placental transfer and a dilution process caused
by the increase of blood plasma volume. In this study, around 70% and 60% of maternal
plasma levels in the first trimester were found in cord blood for PFOA and PFOS,
respectively. Modelled levels were higher than those obtained by biomonitoring. The
performance of the PBPK model can be further improved by introducing temporal dynamics
of exposure concentration and physiological parameters for long-term exposure. Despite
this, the PBPK model was able to validate analytical data from biomonitoring samples, even
with a small cohort population. Dietary exposure of PFOA in our study were close to, but
below, the provisional tolerable weekly intake (TWI) set by EFSA (13 ng/kguw/week). In turn,
the dietary intake of PFOS was calculated to be well above the most updated provisional

TWI (6 ng/kgnw/week). Therefore, more studies regarding the exposure of PFOS are needed.

Apart from estimate the prenatal exposure to EDs (publications from 1 to 4), the exposure
to BPA during the early stages of life through breast and infant formula milk (chapter 2,
publication 5) was established. To assess that, it was used the concentration levels of BPA
in breast and formula milk. The presence of some pollutants like BPA, TBBPA, fatty acids
and a wide spectrum of major and trace elements were analysed in human milk and infant
formula. The concentration of BPA was significantly higher in infant formula samples than
in breast milk, which also contained significantly lower values of some essential elements.
The fatty acid profiling also revealed major differences between human milk and infant
formulas, which should be taken into account in the development of new formulas as well
as in specific recommendations for the diet of breastfeeding mothers. Results showed that

the estimated exposure to BPA was higher in formula-fed infants than in breastfed infants.
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However, BPA intake was far below the TDI threshold set by EFSA (4 ug/kgow/day) for both
formula-fed and breastfed infants. Consequently, the results of this study reinforce that

breastfeeding should be always the first feeding option in early life.

Finally, in this thesis, it was also evaluated the effects of endocrine-disrupting activity. BPA
and its analogues, BPS and BPF, were selected as a case study. The European Union (EU)
banned the use of BPA in plastic materials that can be in contact with food intended for
children (0-3 years). However, the principal analogues of BPA, BPS, and BPF are still being
used. Then, in publication 6 (chapter 3) we wanted to clarify if BPA has equal or different
effects than its analogues, BPS and BPF, in cell toxicity and on the adipocyte differentiation
process. This was assessed by in vitro experiments with preadipocytic 3T3-L1 cell line.
Results suggest that BPA has a greater toxic effect at equal and even lower concentrations
than its analogues. However, BPS followed by BPF has higher endocrine-disrupting activity
compared with BPA and the control. Further studies on these analogues would be necessary
to corroborate these results, and consequently, changes in the legislation on the bisphenols'

family would be necessary.

As a general conclusion, the exposure to selected EDs (BPA, and its analogues, BPS and BPF;
phthalate and non-phthalate plasticizers; PFAS, specifically PFOS and PFOA, and TBBPA) is
a common phenomenon in adult populations and during early stages of life, such as prenatal
and newborn children. This exposure can cause adverse outcomes. For that reason, more
studies regarding endocrine potential activity are crucial to reevaluate the statements and
the TDI exposure including dietary and non-dietary sources. Regulations based on the
assessment of the safety of the most vulnerable exposure population, pregnant women and

their children, should be established in the endocrine disruption context.
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RESUM

Els disruptors endocrins (DEs) sdn substancies exogenes que alteren les funcions del sistema
endocri i, per tant, provogquen efectes adversos sobre la salut en un organisme intacte, o la
seva descendeéncia, o (sub) poblacions. Hi ha un grup DEs que tenen una gran rellevancia a
causa de la seva distribucid generalitzada i de la seva preséncia en envasos o materials en
contacte amb aliments. Els envasos sén un element essencial en la fabricacié d’aliments.
Tot i aix0, aquestes envasos poden ser una font de contaminacid, ja que es poden produir
migracions de productes quimics o particules al menjar. D’acord amb aix0, en aquesta tesi
s'han seleccionat: el bisfenol A (BPA) i dos analegs d’aquest, el bisfenol S (BPS) i el bisfenol
F (BPF); plastificants no ftalats i ftalats; substancies perfluoroalcanilades (PFAS)
especificament acid sulfonic perfluoroocta (PFOS) i acid perfluorooctanoic (PFOA) i

tetrabromobisfenol A (TBBPA).

La hipotesi general d’aquesta tesi doctoral és que hi ha exposicié als DEs durant el periode
prenatal i les primeres etapes de la vida i aquesta exposicid pot causar efectes adversos. Per
tant, I'objectiu general és avaluar els nivells d’exposicié a diferents DEs en una poblacio
d’estudi de dones embarassades —EXHES- a Tarragona, Espanya, i estudiar com aquests
productes quimics poden afectar el desenvolupament cel-lular normal. Aquest objectiu
principal s’ha dividit en quatre objectius especifics diferents: (I) estimar I'exposicio als DEs
en dones embarassades i en els seus nadons. (Il) Biomonitoritzar els nivells d'EDs en orina,
sang i llet materna de dones embarassades. (lll) Reconstruir I'exposicido a DEs utilitzant
nivells en les mostres biologiques i mitjancant el model farmacocinétic (PBPK). (IV)

Determinar l'activitat | endocrina d'alguns DEs ampliament distribuits i utilitzats.

Al capitol 1 (publicacions 1 2), es va calcular I'exposicio a dos DEs altament distribuits, BPA
i DEHP de la cohort EXHES de dones embarassades i els seus nadons. Es va avaluar
I’exposicié mitjancant dades obtingudes a partir de qliestionaris i entrevistes personals.
Posteriorment, es va avaluar la contribucié de cada producte (alimentari i no alimentari) a
I’exposicié total. Els resultats van mostrar que la dieta va tenir la major contribucio a

I'exposicid total amb>99,9% per a BPA i 63% per a DEHP. Pero amb aquest metode, a partir
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de dades obtingudes dels qliestionaris i entrevistes personals, possiblement es subestima
I’exposicié pel desconeixement de totes les fonts possibles que també contribuirien a
I’exposicié total. En conseqliéncia, un altre enfocament possible per investigar I'exposicié
humana a diferents productes quimics podria ser reconstruir I'exposicié mitjancant la
biomonitoritzacid. Per aix0d, es va comparar |'exposicid previament estimada (capitol 1,

publicacid 1 i 2) amb I'exposicié reconstruida utilitzant el DEHP en orina com a cas d’estudi

(capitol 2, publicacid 3). A part de la determinacié dels metabolits de ftalats, també es van
mesurar els metabolits del DINCH en I'orina. Sorprenentment, es van detectar gairebé en
totes (94%) les mostres d’orina de dones embarassades. Els resultats van mostrar una
correlacid entre pesos inferiors dels nadons al part amb nivells més elevats de metabolits

del DINCH en I'orina materna.

Ambdds enfocaments, I'estimacio i la reconstruccid, es van combinar amb el model PBPK

per predir la quantitat de BPA i MEHP (metabolit DEHP) que poden arribar al fetus. Els
resultats van mostrar que tots dos valors obtinguts del model PBPK mitjancant dades
estimades o reconstruides eren propers. No obstant aixo, I'exposicié simulada per PBPK per
a dosis reconstruides es va apropar a les dades de biomonitoritzacié extrapolades de 24
hores. En termes generals, el BPA i el MEHP es mantenen més temps en el fetus, cosa que
pot causar un risc més elevat als fetus i fa que el fetus sigui més vulnerable a I’exposicid en
comparacié amb les mares. Els resultats del PBPK considerant els valors reconstruits, van
ser més precisos en comparacié amb la simulacié previament estimada del PBPK. Aquests
resultats suggereixen que és possible estimar I’exposicié d’una substancia quimica a partir
de les concentracions dels seus metabolits en una mostra d’orina puntual. A més, aquests
resultats de les dades reconstruides s’aproximen més a un escenari d’exposicié real. Els
valors per a BPA i DEHP estimats i reconstruits en el nostre estudi estaven lluny dels valors

tolerables d’ingesta (TDI) I'EFSA i ECHA, 4 pg/kgpw/dia i 50 pg/kgow/dia per a BPA i DEHP,

respectivament.

La mateixa metodologia aplicada als capitols 1 i 2 per avaluar I'exposicié estimada es va

tornar a utilitzar per PFASs, un grup de productes quimics sintétics, que inclouen PFOS i
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PFOA (capitol 2, publicacié 4). A més, per verificar la precisié d’aquest metode, es va
comparar I'exposicio estimada amb les dades de biomonitoritzacié del mateix grup d’estudi.
D'acord amb molts altres estudis, els resultats van demostrar que de nou, la ingesta
dietetica va ser la principal via d'exposicié a PFOS (>99%) i PFOA (> 96%). Quant a I'exposicid
prenatal, es van comparar els resultats de la simulacié del model obtinguts per plasma amb
les dades de biomonitoritzacid. Per assolir aquest objectiu, PFOA i PFOS van ser
biomonitoritzadese n sang materna. Es van detectar traces de PFOS en totes les mostres.
Els nivells de plasma PFOA i PFOS al primer trimestre van ser significativament superiors als
del moment del part i en sang de cordd. Es va registrar una disminucid del 69% i del 25% en
els nivells de plasma PFOA i PFQOS, respectivament, entre el primer trimestre i el moment
del part. Aquest fet es podria deure tant a una transferéncia placentaria com a un procés
de dilucié causat per I'augment del volum de plasma sanguini. En aquest estudi, al voltant
del 70% i el 60% dels nivells de plasma matern del primer trimestre es van trobar en sang
de cordd per PFOA i PFOS, respectivament. Els nivells modelats van ser superiors als
obtinguts per biomonitoritzacié. El rendiment del model PBPK es pot millorar mitjancant la
introduccié temporal dinamica de concentracié d’exposicié i parametres fisiologics per a
exposicié a llarg termini. Malgrat aix0, el model PBPK va ser capa¢ de validar dades
analitiques de mostres de biomonitoritzacid. L'exposicié dietetica de PFOA al nostre estudi
es va aproximar a la ingesta provisional tolerable setmanal (TWI) fixada per EFSA (13
ng/kgow/setmana). Al seu torn, la ingesta dietética de PFOS va resultar per sobre del TWI
provisional més actualitzat (6 ng/kgsw/setmana). Per tant, es necessiten més estudis sobre
I’exposicié de PFOS. Si escau, I'EFSA hauria de realitzar una reavaluacié dels valors

d'exposicio a PFOS.

A part de I'estimacié de I'exposicié prenatal als DEs (publicacions de I'1 al 4), es va establir
I'exposicid a BPA durant les primeres etapes de la vida a través de llet de férmula i materna
(capitol 2, publicacid 5). Es va utilitzar els nivells de concentracié de BPA a la llet materna i
de formula i es va analitzar la presencia d'alguns contaminants com el BPA, TBBPA, acids
grassos i un ampli espectre d'elements principals i traces en la llet humanaien la de férmula

infantil. En conseqiiéncia, pel que fa a l'exposicio, la concentracié de BPA va ser
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significativament més elevada en mostres de férmula infantil que en la llet materna, que
també contenia valors significativament inferiors d’alguns elements essencials. Els acids
grassos també van ser diferents entre les dues llets, per aixo s’han de tenir en compte en
I’elaboracid de noves formules aixi com en recomanacions especifiques per a la dieta de les
mares que alleten. Els resultats van demostrar que el BPA estimat era més elevada en els
nadons alimentats amb férmules que en els lactants. No obstant aixo, la ingesta de BPA
estava molt per sota del TDI establert per EFSA (4 ug/kgww/dia) tant per a lactants alimentats
amb férmules com per a lactants. En conseqliencia, els resultats d’aquest estudi reforcen
que l'alletament matern hauria de ser sempre la primera opcié d’alimentacié a la vida

primerenca.

Finalment, en aquesta tesi també es van avaluar els efectes de I'activitat disruptora
endocrina. Es va seleccionar BPA i els seus analegs, BPS i BPF com a estudi de cas. La Unid
Europea (UE) va prohibir I'is de BPA en materials plastics que podrien estar en contacte
amb aliments destinats a nens (0-3 anys). Tot i aix0, encara s’utilitzen els principals analegs
de BPA, BPSi BPF. Després, a la publicacio 6 (capitol 3) voliem aclarir si la BPA té els mateixos
efectes que els seus analegs, en la toxicitat cel-lular i en el procés de diferenciacié adiposa.
Per aix0 es va avaluar mitjancant experiments in vitro amb la linia cel-lular preadipocitica
3T3-L1. Els resultats suggereixen que el BPA té un efecte toxic major a concentracions iguals
i fins i tot inferiors que els seus analegs. Tot i aixd, el BPS seguit de BPF té una activitat
endocrina més elevada en comparacié amb el BPA i el control. Serien necessaris més estudis
sobre els analegs per corroborar aquests resultats obtinguts i, si escau, serien necessaris

canvis en la legislacio de la familia dels bisfenols.

Com a conclusid general, I'exposicioé als DEs seleccionats (BPA, i els seus analegs, BPS i BPF;
ftalats i plastificants no ftalats; PFAS, especificament PFOS i PFOA, i TBBPA) és un fenomen
habitual en poblacions adultes i també durant les etapes primerenques de la vida, com els
nens durant la gestacid i en les primeres etapes del desenvolupament. Aquesta exposicio
pot provocar efectes adversos. Per aix0, son crucials més estudis sobre I'activitat endocrina

per revaluar els informes i I'exposicioé diaria tolerable incloent les fonts no dietétiques. Les

10
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regulacions basades en l'avaluacié de la seguretat de la poblacié d’exposicid6 més
vulnerable, les dones embarassades i els seus fills, haurien d’establir-se en el context de la

alteracié endocrina.
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1. Endocrine disruptors: history and regulation

In the last few decades, it has been demonstrated that pollutants present in the
environment (soil, air, water) and in food coming directly from human sources (such as
industrial manufacturing, agricultural run-off, wastewater discharges, chemical additives in
consumer goods) or from natural sources can interfere with the endocrine system of
humans and wildlife and produce adverse effects. The natural and anthropogenic chemicals
that interfere with the body’s hormonal system are known as Endocrine Disruptors (EDs).
“EDs are exogenous substances or mixtures that alters function(s) of the endocrine system
and consequently causes adverse health effects in an intact organism, or its progeny, or
(sub)populations” (WHO, 2012). The potential of the EDs to exhibit hormone activity is not
a recent discovery. In 1985, Dr. Colborn showed during her PhD studies how in different
species the transfer of persistent human-made chemicals to their offspring was possible,
which undermined the development and programming of their youngsters' organs before
they were born or hatched (Kwiatkowski et al., 2016). In light of this evidence, in 1991, she
convened 21 international scientists from 15 different disciplines to share their research
relevant to transgenerational health impacts. During that historic meeting at the
Wingspread Conference Center in Racine, Wisconsin, the term -endocrine disruption- was
coined (Kwiatkowski et al., 2016). From this meeting, laws were being drafted to identify
endocrine-disrupting chemicals. This led to the creation, in 1996, of the Endocrine Disruptor
Screening and Testing Advisory Committee, a group of multiple stakeholders tasked with
advising the U.S. Environmental Protection Agency (EPA, 1998). In addition, in 1999, the
European Commission established a legislative-based strategy for EDs, to address the
potential impacts of endocrine disruption on the health of humans and wildlife and to
establish an agreed integrated plan for future research (EC, 1999). Dr. Colborn's work has
prompted the enactment of new laws around the world and redirected the research of
academicians, governments, and the private sector.

Nowadays, there is a growing concern in the European Union (EU) and worldwide about
negative human health and environmental impacts possibly caused by EDs. These

substances have been associated with a wide variety of disorders in humans and/or wildlife,
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including cancer, reproductive and neurological developmental and metabolic diseases
(Weihrauch-Bliher and Wiegand, 2018). The legislative and approval procedures for active
substances in biocides and plant protection products are described in the Biocidal Product
Regulation (No 528/2012, 2012) (EP, 2012) and Plant Protection Products Regulation (No
1107/2009, 2009) (EP, 2009), respectively. These regulations state that EDs must be
excluded from the market on the basis of hazard identification (although there are some
derogations such as negligible exposure or risk) (Daston et al., 2003). In the regulation on
industrial chemicals (Registration, Evaluation, Authorization, and restriction of Chemicals,
EC 1907/2006, REACH), a chemical identified as an ED may be banned and subject to
authorisation based on risk assessment and socio-economic analysis. However, with the
currently available tests that are included in the OECD (Organisation for Economic
Cooperation and Development)-Test Guidelines and describe which tests should be used
for hazard identification of EDs, they cannot be properly identified (EFSA and ECHA, 2017).
Additionally, not all of the available tests can discriminate between general toxicological
effects of chemical substances and effects that are specifically caused by interference of the
chemical substance with the endocrine system (EP, 2019). These limitations pose the risk
that chemical substances with endocrine-disrupting activity will be approved for market
introduction based on false-positive test results, or that chemical substances which are not
EDs are excluded from the market on basis of false-negative results. Because of the urgent
need to adequately assess EDs, the EU Commission presented in 2016 a first draft of the
scientific criteria for the identification of EDs (EC, 2016). According to these criteria, an
exogenous substance will be identified as an ED if it obeys the following:
¢ |t shows an adverse effect in an intact organism or its progeny, which is a change in the
morphology, physiology, growth, development, reproduction or life span of an
organism system or (sub)population, that results in an impairment of functional
capacity, an impairment of the capacity to compensate for additional stress or an
increase in susceptibility to other influences.

e |t has an endocrine mode of action, i.e. it alters the function(s) of the endocrine system.
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e The adverse effect is a consequence of the endocrine mode of action; therefore, a
biologically plausible link between adverse effects and endocrine mode of action has to
be shown.

European Food Safety Authority (EFSA) and European Chemicals Agency (ECHA) have

recently developed a guidance document that describes how to implement the scientific

criteria for the identification of endocrine-disrupting properties of chemicals pursuant to
the Biocidal Products Regulation and the Plant Protection Products Regulation (EFSA and

ECHA, 2017). These guidances refer to lines of evidence, or adverse outcome pathways

(AOPs), which are structured representations of biological events leading to adverse effects.

Although EDs are heavily studied and knowledge on AOPs is rapidly increasing, a robust and

comprehensive picture of AOPs is from far complete. More knowledge on the biological

relevant link between a mode of action and adversity must become available for the hazard
identification and risk assessment of EDs (EFSA and ECHA, 2017). In addition, this proposal
version highlighted the following urgent and lacking points:

e Regarding the endocrine mode of action, there is only a limited number of OECD-
accepted in-vitro and/or in-vivo tests available that qualify for assessing endocrine
disrupting activities. There is an urgent need for additional OECD accepted tests to
cover a broader range of endocrine activities for regulatory decision making.

e Risk assessment is explicitly not included in the guidance.

e The in vivo tests in the OECD Test Guidelines do not consider all adverse effects of
EDs. For example, female reproductive disturbances which are related to the
human ovulation cycle and placental development/function and result from

maternal exposure to EDs cannot be assessed up till now.

2. Vulnerability to EDs

Nowadays, it is known that there are two important windows of exposure, the pregnancy
and early postnatal life (infants and toddlers); these are exceedingly sensitive periods for
EDs exposure (Heindel and Vandenberg, 2015). This is not surprising, given the fact that it

is during these periods (especially early pregnancy) that all the organs (brain, liver, muscles,
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skeleton) are formed and that certain endocrine feedback mechanisms are not yet mature
(Bourguignon et al., 2018).

Several lines of evidence show that many childhood and adult diseases, including
cardiovascular disease, obesity and metabolic disorders including type-2 diabetes, certain
reproductive cancers, and neurodevelopmental disease, are consequences of EDs exposure
during pregnancy (Bourguignon et al., 2018). Even though there is less data on childhood
and adolescence, given their marked dependence on the endocrine system, adverse ED
effects are suspected, and have been documented on animal models and in epidemiological
studies (Cohn et al., 2007; Sergeyev et al., 2017).

These two windows of exposure are also important because during pregnancy, not only the
mother and the fetus are exposed, even the next generation via the germinal cells (the eggs
and the sperm) that are forming in the unborn child are affected (EP, 2019). During fetal
development, significant changes in methylation patterns in the germ cells occur, with
complex waves of DNA demethylation and re-methylation occurring modulating gene
expression through epigenetic changes. These may contribute to the extreme sensitivity of

the developing fetus (EP, 2019).

3. Selected EDs

Close to 800 chemicals are known or suspected to be capable of interfering with hormone
receptors, hormone synthesis or hormone conversion (WHO, 2012; 2018). Among these
EDs, some take an important place due to their widespread presence in food-packaging or
food contact materials.

The packaging is an essential element in the food manufacture which protects foods from
physical, chemical and microbiological alterations and promotes the safety and marketing
strategy of the product. However, according to EFSA (2006), the packaging may be a source
of contamination as migration can occur from these materials with the transfer of chemicals
or particles into the food. Food packaging components like paper, glue, inks, and cardboard
or the epoxy resin from canned food and teflon coating from non-stick cookware are

important sources of EDs. According to that, the following EDs were selected in this thesis:
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bisphenol A (BPA) and two analogues of it, bisphenol S (BPS) and bisphenol F (BPF);
phthalate and non-phthalate plasticizers; perfluorooalkilated substances (PFAS) specifically
perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) and
tetrabromobisphenol A (TBBPA). These EDs selected have also been used for many
industrial applications including textiles, paints, waxes, polishes, electronics, personal care
products (PCPs) and adhesives. Consequently, all of them are related to oral exposure
sources and with other non-dietary sources such as dermal, dust and air.

These EDs are considered as a particularly high concern for human health (Fromme et al.,
2009; Groh et al., 2019; Muncke, 2011; Vandermeersch et al., 2015).

The exposure to pregnant mothers to these EDs is directly related to the fetus’ exposure,
due to a bi-directional transfer of chemicals through the placenta (Li et al., 2013).
Consequently, this prenatal window exposure is related to some potential diseases, obesity
and concomitant diseases in midlife such as type 2 diabetes, cardiovascular disease, or

arterial hypertension (Weihrauch-Bliiher and Wiegand, 2018).

3.1. Bisphenol A and two analogues, BPS and BPF

BPA is a phenolic chemical that has been used for over 50 years in the manufacture of
polycarbonate plastics and epoxy resins, in thermal paper production, and as a
polymerization inhibitor in the formation of some polyvinyl chloride plastics.
Polycarbonates are used to make products such as compact discs, automobile parts, baby
bottles, plastic dinnerware, eyeglass lenses, toys, and impact-resistant safety equipment
(Geens et al., 2009). Epoxy resins containing BPA are used in protective linings of some
canned food containers, wine vat linings, epoxy resin-based paints, floorings, and some
dental composites (Geens et al., 2012). Around 3 billion kilograms of BPA are produced
annually worldwide and over 100,000 kg of this compound are released annually into the
atmosphere (Myridakis et al., 2016).

The exposure to bisphenol, in general population, mostly occurs through the ingestion of
foods in contact with bisphenol containing materials (Wilson et al., 2007). Exposures from

indoor air and dermal contact are smaller compared with dietary exposure sources (Wilson
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et al., 2007). BPA is well absorbed orally and is glucuronidated in the liver. However, free
bisphenol from dermal and little free bisphenol after oral absorption can circulate and
accumulate in adipose tissue (Vandenberg et al., 2012). The glucuronidated BPA is excreted
in the urine within 24 hours, but the human exposure to this chemical is chronic (Volkel et
al., 2002). Consequently, regarding biomonitoring, BPA can be accurately measured without
contamination in human urine as the best matrix and it can also be measured in serum. The
conjugated and unconjugated forms reflect recent exposure to the chemical (Vom Saal and
Welshons, 2014).

BPA is a well-known ED and has an estrogenic effect. The adverse effects of BPA are largely
related to its estrogenic activity and they can disturb reproductive function (Hiroi et al.,
1999; Kurosawa et al., 2002). In addition, recent epidemiologic evidence has also shown
that BPA is implicated in cardiovascular disease, type 2 diabetes mellitus, and obesity
(Giulivo et al., 2016). Furthermore, the effects of prenatal and early exposure to BPA may
be manifested at any time in life (Giulivo et al., 2016).

Therefore, BPA has been regulated in many countries. BPA was banned in baby bottles in
Canada in 2008, in France in 2010, and in the European Union in 2011 (Cano-Nicolau et al.,
2016). However, the principal analogues of BPA, BPS, and BPF are still in them (Martinez et
al., 2018). Both have similar chemical structures to BPA (Figure 1) and have been suggested
to be endocrine-disrupting chemicals. There are some studies that confirm that they are
involved in the processes of preadipocytes differentiation and lipid accumulation as BPA
(Liu et al., 2019).

The tolerable daily intake (TDI) of BPA is 4 ug/kgww/day (EFSA, 2015). However, other studies
have demonstrated that dosages below the current TDI could cause significant effects in
animal models (Rezg et al.,2014). In the context of developmental risk, some authors affirm
that BPA can affect the reproductive system and adipocyte differentiation (Myridakis et al.,
2016). Especially for children, exposure to these EDs appears to be related to altered birth
weight, male genital abnormalities, and behavioral and neurodevelopmental problems

(Rochester, 2013; Tewar et al., 2016).
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Figure 1. Chemical structures of (A) bisphenol A, (B) bisphenol S, and (C) bisphenol F.

3.2. Phthalate and non-phthalate plasticizers

Phthalates are ubiquitous environmental contaminants. They are a chemical family of
several dozen derivative compounds (salts or esters) of phthalic acid. They all share a
common chemical structure (Figure 2(A)). They are composed of a benzene ring and of two
carboxylate groups placed in ortho (Grinbaum et al., 2019). The size of the carbon alkyl chain
may be longer or shorter. Phthalates can thus be classified according to their molecular
weight. Consequently, high-molecular-weight phthalates (HMWP) can be found in tubing,
vinyl flooring, and wall covering (Mallozzi et al., 2016). Low-molecular-weight phthalates
(LMWP) more commonly can be present in PCPs (shampoo, cosmetics, fragrances, and nail
polish) (Mallozzi et al., 2016).

Human exposure to phthalates is widespread and occurs mostly through ingestion,
inhalation, and dermal contact (Giovanoulis et al., 2018; Wormuth et al., 2006). Phthalates
are easily released from the products that contain them to the environment. In general,
they do not persist due to rapid biodegradation, photodegradation, and anaerobic
degradation (Rudel and Perovich, 2009). It is known that food is the major source of
exposure to di (2-ethylhexyl) (DEHP) phthalate (Figure 2), it is very widespread (Wormuth
et al., 2006). The exposure to DEHP, in general population, mostly occurs through the
ingestion of foods in contact with this chemical. However, other sources such as dermal
contact with products that contain them, dust ingestion and inhalation, are also potential
contributors to human exposure (Arbuckle et al., 2016). Non-dietary sources can contribute
more to the total DEHP exposure than other EDs (Wormuth et al., 2006). After ingestion,

DEHP is metabolized to more than 30 metabolites which are rapidly eliminated in the urine
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(Albro et al., 1982; Albro and Lavenhar, 1989). Regarding biomonitoring, urine is the best
matrix to measure phthalates, but it can also be detected in blood and sweat (Genuis et al.,
2012).

Mono-(2-ethyl-5-hexyl) phthalate (MEHP) is primarily formed by the hydrolysis of DEHP in
the gastrointestinal tract and then absorbed. It is the most toxic and active one among the
metabolites (Gobas et al., 2016).

Phthalates are considered as EDs; they can mimic or block naturally occurring hormones in
our body, changing the final cellular response (Zoeller et al., 2012). Prenatal exposure to
these EDs is associated with potential diseases, diabetes and insulin resistance, breast
cancer, obesity, metabolic disorders, and immune function (Bansal et al., 2018). Despite
being metabolized quickly, they are able to reach the fetus by crossing the placenta barrier
(Li et al., 2013). For that reason, DEHP has been removed from or replaced in most children
toys and food packaging in the United States and EU (Hutzinger, 1982).

The ECHA established a TDI of 50 ug/kgww/day for DEHP (ECHA, 2010). Nowadays, due to
the increasing evidence for adverse health effects on humans, there is a need for an
alternative. One extended non-phthalate plasticizer is 1,2-cyclohexane dicarboxylic acid
diisononyl ester (DINCH), which is used as an alternative for some phthalate plasticizers
(Figure 2). People are exposed to DINCH through ingestion and possibly, through dermal
contact, indoor air and dust (Fromme et al., 2016; Nagorka et al., 2011). However, dietary
sources have been considered the major exposure route (Fromme et al., 2016; Nagorka et
al., 2011). Children may also ingest DINCH when they mouth toys or other DINCH-containing
plastics. Intravenous or parenteral exposure can occur in persons undergoing medical
procedures involving devices or materials containing DINCH. Researchers detected that the
best matrix to measure their metabolites is urine, but serum can be used too (Silva et al.,
2012).

Currently available toxicological data suggest that DINCH does not induce reproductive
toxicity or endocrine disruption (EFSA, 2008). DINCH has not been evaluated for human

carcinogenicity by the International Agency for Research on Cancer (IARC), National
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Toxicology Program (NTP), or the U.S. Environmental Protection Agency (U.S. EPA). The
European Union has established a TDI for DINCH at 1 mg/kgww/day (EFSA, 2006).

e
OR4 (0]
OR> O\/E/\/
¢]

(A) (B)

Figure 2. Chemical structures of general phthalates (A), DEHP (B) and DINCH (C).

3.3. Perfluorinated alkylated substances (PFASs)

PFASs include a wide group of synthetic compounds, such as, PFOS and PFOA among others
(Figure 3), that are water- and oil-repellents and are able to reduce surface tension (Mancini
et al., 2019). Due to these characteristics, PFASs have gained an important commercial
value, which resulted in their use in a large number of industrial and consumer applications.
The dramatic amount of PFASs produced in the last 60 years, combined with their high
resistance to biodegradation, resulted in their global dissemination in the environment
(Lindstrom et al., 2011). The PFASs have applications in waterproofing and protective
coatings of clothes, furniture, and other products; and as constituents of floor polish,
adhesives, fire retardant foam, and insulation of the electrical wire. A major application has
been the heat-resistant non-stick coatings used on cooking ware and other protected
surfaces. Because of their properties, they are used in a wide range of industries including
aerospace, automotive, building/construction, chemical processing, electrical and
electronics, semiconductor, and textiles (Lindstrom et al., 2011). Many chemicals in this

group, including PFOS and PFOA, have been a concern because they do not break down in
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the environment, can move through soils and contaminate drinking water sources, and they
build up (bioaccumulate) in fish and wildlife. PFASs have been found in rivers and lakes and
in many types of animals on land and in the water (Kannan et al., 2005; Keller et al., 2005).
All sources of human exposure are uncertain, but probably dietary sources are the most
important (Kannan et al., 2005; Prevedouros et al., 2006; Tittlemier et al., 2007). The
ingestion of contaminated food or the migration of these substances from food packaging
or cookware has been identified as key sources of human exposure to PFASs (Begley et al.,
2005; Domingo, 2012; Ericson et al., 2012; Fromme et al., 2009). In contrast, the indoor
environment (dust and air) has a minor contribution, with less than 1 % and 2 % for PFOS
and PFOA, respectively (Ericson et al., 2012). PFOA and PFOS do not tend to accumulate in
fat tissue but still can have long residence times in the body. PFOA is mostly excreted in the
urine in animal studies, but limited observations in humans suggest that only one-fifth of
the total body clearance is renal (Harada et al., 2004). The elimination half-life of PFOA in
humans is roughly estimated to be 3.5 years and for PFOS, approximately 4.8 years (Olsen
et al., 2007). So, regarding biomonitoring, the amount of PFASs that have entered people’s
bodies can be detected by measuring PFASs in serum (Ericson et al., 2007). Concerning the
exposure of pregnant women, the placental barrier is not impermeable to the passage of
PFOS and PFOA (Liu et al., 2011; Kim et al., 2011). Furthermore, these toxic substances can
be also transferred from mother to child during breastfeeding (Karrman et al., 2010; Motas
Guzman et al., 2016).

PFOS and PFOA have been recognized as endocrine-disrupting chemicals (WHO, 2013).
Moreover, prenatal and early exposure to PFASs is associated with a decreased birth weight
and gestational age (Meng et al., 2018), developmental problems (Chen et al., 2013),
reproductive system problems (Lyngsg et al., 2014), and increased susceptibility to disease
in adulthood (Tsai et al., 2015; Zhang et al., 2018). Finally, according with the regulation,
recently, EFSA (2018) updated the values regarding the provisional tolerable weekly intake
(TWI) of PFOA at 13 ng/kgpw/week (1.86-103pug/ kgow/day) and of PFOS at 6 ng/kgpw/week
(8.6:10™ g/ kgow/day).
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Figure 3. Chemical structures of (A) PFOA and (B) PFOS.

3.4. Tetrabromobisphenol A (TBBPA)

Tetrabromobisphenol A (TBBPA) is also an analog of BPA, however, the presence of bromine
gives it the property of a flame retardant. It is used in a variety of products, including epoxy
and polycarbonate resins (Hays and Kirman, 2019) (Figure 4). TBBPA is the most widely
produced brominated flame retardant (Kacew and Hayes, 2019), representing around 60 %
of the total brominated flame retardants (Vandermeersch et al., 2015). TBBPA is employed
as a flame retardant in a variety of consumer products including printed circuit boards,
communication and electronic equipment, appliances, transportation devices (Birnbaum
and Staskal 2004; BSEF 2012).

Human exposure to TBBPA and TBBPA-containing products from all sources is estimated to
be low, even in the case of specific occupational exposure scenarios (Kacew and Hayes,
2019). TBBPA is absorbed from the gastrointestinal tract and excreted rapidly after Phase Il
metabolism/conjugation to more water-soluble metabolites (Knudsen et al., 2014). The
absorption of TBBPA by the dermal route is expected to be poor based on its
physicochemical properties (EFSA, 2011; Lai et al., 2015). TBBPA does not accumulate in
human fat tissue, it is not a neurotoxicant and the brain is not a target for this compound
(Kacew and Hayes, 2019). However, limited data are available on the consequences of
human exposure attributed to TBBPA (Kacew and Hayes, 2019). Regarding biomonitoring
TBBPA is present in human breast milk and serum, relevant exposure to TBBPA has been
assessed by measuring TBBPA in the blood (Liu et al., 2018). TBBPA exposure can have
adverse health effects, affecting thyroid hormones, the neurological function, and the

reproductive system (Cruz et al., 2009).
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The TDI established by the EFSA, 2011 of TBBPA and its derivatives in food, was 1

mg/kgow/day.
Br Br
CHs
o)1
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Figure 4. Chemical structure of TBBPA.
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HYPOTHESIS AND OBJECTIVES

The general hypothesis of this thesis is that, there is exposure to EDs during the prenatal

period and early stages of life and this exposure can cause adverse outcomes.

Therefore, the general objective of this doctoral thesis is to assess the exposure levels to
different EDs and to study how these chemicals can affect normal cellular development.

This main goal has been divided into four different specific objectives:

e To estimate the exposure to EDs for pregnant women cohort and their babies.

e Biomonitoring the levels of EDs in urine, blood and breast milk from pregnant
women.

e To reconstruct the exposure to EDs using biomonitored levels and the
physiologically based pharmacokinetic (PBPK) model.

e To determine the endocrine potential activity of some widespread EDs.
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4. The EXHES study population

The EXHES study population, comprises a Tarragona, Spain cohort of pregnant women and
birth cohort. Pregnant women were recruited during the first trimester of pregnancy as part
of the European “HEALS” project. The recruitment of pregnant mothers started in March
2016 and currently 176 mother-child pairs from Reus (Tarragona, Spain) were included.
Women were informed of the study during their first visit at 12" gestational weeks (GWs)
to the University Hospital “Sant Joan de Reus”, in Reus (Tarragona, Spain). Women were
eligible to participate according to the following inclusion criteria: 2 16 years old, intention
to deliver at the reference hospital, and no problems with the communication language.
This study was approved by the Ethical Committee of Clinical Research of the Hospital and

a written informed consent was obtained from the participants.
4.1. Face-to-face interviews schedule

At 12t 20t 32" GWs and after birth, face-to-face interviews were done in order to know
their habits, diet, lifestyle and general characteristics data of the pregnant women. More

detail information about these questionnaires is described in Martinez et al. 2017, 2018.

4.2. Biological samples: collection schedule and storage

Protocols for the collection of biological samples was applied to pregnant women and
babies. Five blood samples were taken at different times (at 12, 24", 34" GW, at delivery
and one extraction from the umbilical cord). In all of the blood extractions, fasting was
required. Aliquots of plasma, serum and total blood were kept frozen at -80 °C, until
analytical determination. In addition, during their visits to the hospital (at 12, 20" and 32"
GW), urine samples were collected and stored at -80 °C until analytical determination.
Furthermore, at delivery, samples of placenta and umbilical cord were taken and stored at
-80 °C. Finally, breast milk samples were taken after one month of breastfeeding and they
were also stored at -80 °C. Figure 5 shows the schedule of the visits and the sampling period

of the pregnant women cohort.
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Figure 5. Schedule of the visits and the sampling period of the pregnant women cohort.
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5. Exposure assessment

The maternal, prenatal and postnatal exposure to EDs was assess through the external and
internal exposure dosimetry. To assess the exposure, dietary and non-dietary sources

(dermal contact, non-dietary ingestion, and inhalation) were included.

External exposure

The contribution of each pathway, dietary or not (dermal, inhalation, dust ingestion) to the
total exposure to EDs for the EXHES Tarragona, Spain cohort was assessed in a probabilistic
way. To assess that, questionnaires from the interviews, general characteristic data and the
concentration levels of the chemical in different food items, dust, PCPs and in the air were
taken from the literature, applying as preference rule, data from Tarragona country >
Catalonia > Europe. To deal with the variability and uncertainty of parameters, the dietary
and non-dietary exposure was estimated in a probabilistic way by Monte-Carlo simulation,
this is a common approach used to incorporate variability and uncertainty of the

parameters used into the estimation of human exposure.

Internal exposure

The PBPK model was used to estimate the internal exposure. This model can predict the
absorption, distribution, metabolism and excretion (ADME) of synthetic or natural chemical
substances in humans and other animal species. The chemicals’ dose inputs considered to
run the PBPK, were probabilistically estimated by Monte-Carlo (external exposure data).
Simulation was performed for pregnant women and fetuses for 24 h during the 24"GW.
This period was selected because at this time fetus organs are more developed and able to
incorporate the right biological process. The outputs generated after running the model
were selected considering the metabolites generated, their toxicity, gestational period and

ability to reach the fetus.
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6. Biomonitoring analyses

In the present study (the EXHES Tarragona, Spain cohort), EDs were biomonitored in
maternal biological samples such as urine, breast milk, and blood. The biomonitoring data
from just a single biological sample can be used to calculate the reconstructed exposure;
this is the exposure to pregnant women to each parent compound calculated from the
concentration levels of its metabolites found in a biological matrix.

Reconstructed exposure and estimated exposure data (from the same cohort, obtained
from the method based on questionnaires and interviews) were used as an input to run the
PBPK model to estimate the internal exposure. Estimated PBPK simulation exposure and
reconstructed PBPK simulation exposure of pregnant women per day were compared. In

addition, both simulations were compared with the extrapolated 24 h biomonitoring data.

7. Endocrine disruption activity. In vitro experiment

The toxicity effects regarding cell viability and the obesogenic activity of different
widespread EDs were assessed by in vitro assays with preadipocytic 3T3-L1 cell line. To
proceed with that, MTT assay was performed to compare the viability and to select the
optimal concentration, which did not show a cell viability decrease. The cell phenotype (the
mechanism of neutral lipid storage) were determined in differentiated 3T3-L1 adipocytes
by red oil O staining. The expression levels of different adipocyte marker proteins, such as
the transcription factors CCAAT/enhancer-binding protein a (C/EBPa) and peroxisome
proliferator-activated receptor y (PPARy) and the fatty acid-binding protein 4 (FABPA4)
adipokine were determined with Western Blot test. Cells were seeded in 60-mm culture
dishes and treated at the beginning of the adipocyte differentiation process. After 48 h, the
differential growth medium with treatments was removed, and the cells were washed twice
with phosphate-buffered saline (PBS). During the remainder of the differentiating process,
no additional treatment was added. Figure 6 illustrates the treatment schedule and

maturation stages of 3T3-L1 preadipocytes.
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Abstract

Exposure to Endocrine disruptors (EDs), such as Bisphenol A (BPA) and di (2-ethylhexyl)
phthalate (DEHP), has been associated with obesity and diabetes diseases in childhood, as
well as reproductive, behavioral and neurodevelopment problems. The aim of this study
was to estimate the prenatal exposure to BPA and DEHP through food consumption for
pregnant women living in Tarragona Country (Spain). Probabilistic calculations of prenatal
exposure were estimated by integrated external and internal dosimetry modelling,
physiologically based pharmacokinetic (PBPK) model, using a Monte-Carlo simulation.
Physical characteristic data from the cohort, along with food intake information from the
guestionnaires (concentrations of BPA and DEHP in different food categories and the range
of the different food ratios), were used to estimate the value of the total dietary intake for
the Tarragona pregnancy cohort. The major contributors to the total dietary intake of BPA
were canned fruits and vegetables, followed by canned meat and meat products. In turn,
milk and dairy products, followed by ready to eat food, were the most important
contributors to the total dietary intake of DEHP. Despite the dietary variations among the
participants, the intakes of both chemicals were considerably lower than their respective
current tolerable daily intake (TDI) values established by the European Food Safety
Authority (EFSA). Internal dosimetry estimates suggest that the plasma concentrations of
free BPA and the most important DEHP metabolite, mono (2-ethylhexyl) phthalate (MEHP),
in pregnant women were characterized by transient peaks (associated with meals) and
short half-lives (<2 h). In contrast, fetal exposure was characterized by a low and sustained
basal BPA and MEHP concentration due to a lack of metabolic activity in the fetus.
Therefore, EDs may have a greater effect on developing organs in young children or in the

unborn child.
Keywords

Endocrine disruptors; Bisphenol A (BPA); di (2-ethylhexyl) phthalate (DEHP); mono (2-
ethylhexyl) phthalate (MEHP); physiologically based pharmacokinetic (PBPK) model;

Prenatal exposure.
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1. Introduction

The endocrine system secretes hormones which regulate the metabolic functions of the
body. Endocrine disruptors (EDs) are substances that can mimic or partly mimic naturally
occurring hormones in the body like estrogens, androgens, and thyroid hormones (Matsui,
2008). EDs can also bind to a receptor within a cell and block the endogenous hormone from
binding. (Sharma et al., 2016 a). Therefore, EDs can interfere or block the way natural
hormones or their receptors are made or controlled (Thomson and Grounds, 2005).
Bisphenol A (BPA) and di (2-ethylhexyl) phthalate (DEHP), among others, are very important
EDs due to the widespread distribution of products that contain them. According to the
World Health Organization (WHO), both of these chemicals can cause adverse health effects
in an intact organism, or its progeny (Hughes et al., 2006; Meeker, 2012; WHO, 2012). The
effects of prenatal and early exposures to EDs may be manifested any time in life (Giulivo
et al., 2016; Sharma et al., 2016 a).

Around 3 billion kilograms of BPA are produced annually worldwide and over 100,000
kilograms of this compound are released annually into the atmosphere (Myridakis et al.,
2016). BPA is used in industry for the production of resins and polycarbonate plastic.
Although the use of BPA in Europe is banned for the manufacture of plastic materials in
contact with food intended for children (0-3 years) (European-Parliament, 2011), it is not
banned in polycarbonate (PC) plastics for other uses. It can be found in food and beverage
processing, and in many other commercial products such as epoxy resin cans, dental
sealants, personal care products (PCPs), baby bottles, building materials, flame retardant
materials, optical lenses, materials for the protection of window glazing, DVDs, and
household electronics (Geens et al., 2012; Myridakis et al., 2016). Although the ingestion of
BPA from food or water is the predominant route of exposure (Lorber et al., 2015), there
are other nonfood routes, such as inhalation of free BPA (concentrations in indoor and
outdoor air), indirect ingestion (dust, soil, and toys), and dermal route (contact with thermal
papers and application of dental treatment), which contributes to the total BPA exposure
(Myridakis et al., 2016). In addition, recent studies (De Coensel et al., 2009; Sungur et al.,

2014) have seen that temperature has a major impact on the BPA migration level into water;
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an increase from 40 2C to 60 2C can lead to a 6 - 10 fold increase in the migration level (De
Coensel et al., 2009). The TDI of BPA is 4 pg/kgww/day (EFSA, 2015). However, other studies
have demonstrated that dosages below the current TDI could cause significant effects in
animal models (Rezg et al., 2014). In the context of developmental risk, some authors affirm
that BPA can affect the reproductive system and adipocyte differentiation (Myridakis et al.,
2016). Especially for children, exposure to these EDs appears to be related to altered birth
weight, male genital abnormalities, and behavioral and neurodevelopmental problems

(Rochester, 2013; Tewar et al., 2016).

Phthalates are ubiquitous environmental contaminants made up of dialkylesters or alkyl
and aryl esters oforthophthalic acid (1,2-dicarboxylic acid). High-molecular-weight
phthalates (HMWP) can be found in tubing, vinyl flooring, and wall covering (Mallozzi et al.,
2016). Low-molecular-weight phthalates (LMWP) more commonly can be present in
personal care products (shampoo, cosmetics, fragrances and nail polish) (Mallozzi et al.,
2016). Phthalates are also found as both inert and active ingredients in some pesticide
formulations (EFSA, 2015). It is known that food is the major source of exposure to
diisobutyl (DiBP), di-n-butyl (DnBP), and di (2-ethylhexyl) (DEHP) phthalate (Wormuth et al.,
2006). However, other sources such as dermal contact with products that contain them,
dust ingestion and inhalation, are also potential contributors to human exposure (Arbuckle
et al., 2016). An additional exposure route for young children is through mouthing toys,
childcare articles and other products containing phthalates. Through mouthing of these
products, phthalates can dissolve in saliva and finally be absorbed into the bloodstream.
(De Coensel et al., 2009). Once absorbed, phthalate diesters are quickly metabolized into
monoesters (as MEHP), which are biologically active and ultimately excreted in urine
(Genuis et al., 2012). DEHP metabolite, the mono (2-ethylhexyl) phthalate (MEHP), is the
most toxic and active one among these phthalates (Gobas et al., 2016). The EFSA and the
European Chemical agency (ECHA) established a TDI of 50 pg/kgww/day for DEHP (EFSA,
2015; ECHA, 2010). In the context of risk, DEHP and its metabolite MEHP, mainly affect
estrogen production and action in granulosa cells, resulting in hypo-estrogenic, polycystic

ovary and anovulatory cycles. This leads to infertility and affects the reproductive
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development of the fetus (Das et al., 2014; Davis et al., 1994; Lovekamp-Swan and Dauvis,

2003; Wang et al., 2015).

BPA and phthalates are considered “non-persistent” EDs because they are rapidly
eliminated from the human body. Despite their short biological half-lives, exposure is
prevalent and continuous because of their widespread use in food and everyday products,
leading to consistent detection of these EDs in human biological matrices like urine and
blood. BPA undergoes glucuronidation and sulfation producing BPAG and BPAS in the liver,
respectively (Hanioka et al., 2008; Kim et al., 2003). These metabolites are not toxic in
comparison to BPA (Gramec Skledar and Peterlin Masi¢, 2016). Instead, DEHP is
metabolized into mono (2-ethylhexyl) phthalate (MEHP), which is more toxic than DEHP
(Gobas et al., 2016; Latini, 2005).

Optimal development and health in early life are key factors for health and wellbeing during
later childhood and adulthood. It has been hypothesized that adult health and disease have
their origin in the prenatal and early postnatal environment, a concept referred to as the
Developmental Origins of Health and Disease (Hanson and Gluckman, 2011). There are
various parameters early in life, which are indicators for development later in life. The
exposition to these EDs in the early period of life conditions to suffer and develop illnesses
like obesity and type 2 diabetes in childhood and adulthood (Casas et al., 2011; De Cock et
al., 2014; Myridakis et al., 2016).

The aim of this study is to estimate the prenatal exposure to EDs (BPA and DEHP) through
the dietary intake of pregnant women using integrated external and internal dosimetry
estimation. To assess the prenatal exposure, we used a mathematical physiologically based
pharmacokinetic model (PBPK) adapted for pregnancy, in order to know the internal
dosimetry levels of EDs in the fetus. PBPK models are mathematical representations of the
human body aimed at describing the time course distribution of chemicals in human tissues
(Fabrega et al., 2016). In recent years, PBPK models have been used in human health risk
assessment to estimate the burdens of chemicals in human tissues, thus avoiding the

analysis of this kind of samples (Fabrega et al., 2014; Fabrega et al., 2015; Schuhmacher et
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al., 2014). The present study is in the framework of the “HEALS” project (FP7-603946),

Health and environmental-wide associations based on large population surveys.

2. Materials and Methods
2.1. Study Population cohort

The study population comprises a cohort of pregnant women and ongoing birth cohort. The
pregnant women were recruited during the first trimester of pregnancy as part of the
European “HEALS” project. The recruitment of pregnant mothers has started in March 2016
and in the present study 45 mother-child pairs were included. Women were informed of
the study during their first prenatal visit to the University Hospital “Sant Joan de Reus”, in
Reus, Catalonia, Spain. Women were eligible to participate according to the following
inclusion criteria: 216 years, intention to deliver at the reference hospital, and no problems
with the communication language. This study was approved by the Ethical Committee of
Clinical Research of the University Hospital “Sant Joan de Reus”. Written informed consent

was obtained from the participants.
2.2. Pregnancy and diet

Diet has been considered the primary source of BPA and phthalates exposure (Lakind and
Naiman, 2010; Maffini et al., 2006; Welshons et al., 2006). Therefore, face-to-face food
frequency questionnaires (FFQ) and personal interviews were used in order to determine
the pregnant women’s dietary intake of BPA and DEHP, like other authors had done it
before (Casas et al., 2011; Myridakis et al., 2016). Apart from food frequency questions, the
questionnaires also included a set of questions targeting to know other sources of these
compounds.

Dietary factors were assessed using FFQ (times per week), the questionnaires give
information about general food intakes by mothers during pregnancy trimesters. These
guestionnaires were originally designed to assess average dietary intakes during two phases

of pregnancy: the 1 FFQ covered the year before pregnancy and the 2" FFQ covered the
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whole pregnancy including the last period until birth. Intake frequency for each food item
was converted to an average daily intake for each participant and then expressed like
servings/week. Different food items from the FFQs administered during pregnancy study
were classified in 8 general food groups: a) Grains and grain-based products (cereals, pasta,
and bread), b) Milk and dairy products (milk, yogurt, hard cheese and fresh cheese), c) Meat
and meat products (chicken, turkey, beef, pork, lamb and minced meat), d) Fish and other
seafood (white fish, blue fish and seafood), e) Fruits and vegetables (salad, green beans,
swiss chard, spinach, garnish vegetables, potatoes, and), f) Legumes (lentils, chickpeas, and
white beans), g) Ready to eat (pre-cooked and canned food) and h) Water. In addition,
questions potentially relevant to EDs exposure were asked: type and frequency of water
consumption (bottled water or tap water), organic food consumption, heating and use of
plastic microwave food containers and consumption of plastic packaged food or canned
food. Especially canned food is considered as the predominant source of BPA and DEHP

(Hartle et al., 2016; Schecter et al., 2013).

Face-to-face interviews were conducted with mothers during pregnancy about habits and
lifestyle, in order to know relevant information related to the exposure to EDs, such us
smoking or alcohol drinking, hobbies or activities that they usually do, place of living and

work environment.
2.3. BPA and DEHP total dietary intake assessment

The estimation of the total dietary intake of BPA and DEHP for pregnant women was

calculated according to equation A.1.
Total dietary intake = (Cspa/penp * Fr -Ff) / BW /7 Eq. (A.1)

Where Cgpa/perp is the BPA or DEHP concentration found in the different food categories (in
ug/kg); Fris the food ingestion ration (in kg/ration); Fris the food frequency consumption (in
ration/week), and BW is the body weight (in kg). The total dietary intake is given in pg/kg

bw/day. Data used to assess the total dietary intake of BPA and DEHP is shown in Table 1.
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Concentrations of BPA and DEHP in the different food categories were taken from the
literature with a preference rule of Spanish > Mediterranean > European average > other
available data. The range of the different food rations was taken from Spanish Society of
Community Nutrition (Serra Majem, 2011). Finally, the food frequency and body weight
were taken from the cohort of the present study. To deal with variability and uncertainty of
parameters mentioned, probabilistic estimation of the total dietary intake was performed
using Monte-Carlo simulation. Monte-Carlo simulation is a common approach used to
incorporate variability and uncertainty of the parameters mentioned into the estimation of
human health exposure (Mari et al., 2009; May et al., 2002; Rovira et al., 2016;
Schuhmacher et al., 2001). Table 1 includes the probabilistic distribution of parameters for
the calculation of human health exposure. In this study, Monte-Carlo simulation was carried
out by Oracle Crystal Ball®. This program is able to calculate risk based on the propagation
variable of variability and uncertainty given by each parameter probability function until a
certain number of iterations. An iteration size of 100,000 was used. Appropriate
probabilistic distributions were used according to the input parameters (concentrations of
BPA and DEHP in the different food categories, food fraction, food frequency, and body
weight): Log-normal, triangular and uniform distribution (Table 1). In general, we used
triangular distribution when the literature data was limited; in these cases, the minimum,
maximum and mean values of the parameter were considered. We used log-normal
distributions only for positive values and when literature data was available (mean and
standard values). Finally, we used the uniform distribution when the information available
was only the min-max range assuming equal probability of occurrence. To simulate different
exposure scenarios, detailed data from the cohort study (food frequency and the body
weight of the mothers) has also been considered. A complementary aspect of the Monte-
Carlo study is the possibility of creating sensitivity charts, which show information about
how much each predictor variable (each food item) contributes to the uncertainty or

variability of prediction (Shade and Jayjock, 1997).
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[4S]

Table 1. Monte-Carlo parameter description to assess the total dietary intake of BPA and DEHP

Parameter Symbol Units Type Distribution® Reference

BPA concentration in® Cara - - - -

Grains and grain-based products - ug/kg T 18.0(0-47.5) EFSA, 2015
Fruits and vegetables - ug/kg T 9.93 (0-116) EFSA, 2015
Legumes - ug/kg T 51.5 (0-103) EFSA, 2015
Meat and meat products - ug/kg T 36.9 (0-394) EFSA, 2015

Fish and other seafood - ug/kg T 20.7 (0-169) EFSA, 2015
Milk and dairy products - ug/kg T 1.45 (0-15.2) EFSA, 2015
Ready to eat (including canned dinner) - ug/kg T 5.80 (2.90-8.70) Sakhi et al., 2014
Bottle water - ug/L T 0.20 (0-4.40) EFSA, 2015

Tap water - ug/L P 0 EFSA, 2015
DEHP concentration in Coerp - - - -

Grains and grain-based products - ug/kg T 43 (18-61) Sakhi et al., 2014
Fruits and vegetables - ug/kg T 4.80 (0.05-9.50) Sakhi et al., 2014
Meat and meat products - ug/kg T 0 (0-64) Sakhi et al., 2014
Fish and other seafood - ug/kg T 0 (0-35) Sakhi et al., 2014
Milk and dairy products - ug/kg T 126 (19-173) Sakhi et al., 2014
Ready to eat (including canned dinners) - ug/kg T 136 (37-235) Sakhi et al., 2014
Bottle water - ug/L LN 0.11+£0.05 Santana et al., 2014
Tap water - pg/L LN 0.16 £ 0.04 Santana et al., 2014
Food ration Fr - - - -

Grains and grain-based products - kg/ration U 0.05-0.07 Dapcich et al., 2004
Fruits and vegetables - kg/ration u 0.15-0.20 Dapcich et al., 2004
Legumes - kg/ration u 0.06-0.08 Dapcich et al., 2004
Meat and meat products - kg/ration U 0.10-0.13 Dapcich et al., 2004
Fish and other seafood - kg/ration U 0.13-0.15 Dapcich et al., 2004
Milk and dairy products - kg/ration U 0.26-0.34 Dapcich et al., 2004
Ready to eat (including canned dinners) - kg/ration u 0.21-0.41 Dapcich et al., 2004
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Parameter Symbol Units Type Distribution® Reference
Food frequency Ff - - - -
Grains and grain-based products - ration/week LN 9.60 £ 3.57 Present study
Fruits and vegetables - ration/week LN 21.1+7.09 Present study
Legumes - ration/week LN 1.80+1.38 Present study
Meat and meat products - ration/week LN 5.13+2.81 Present study
Fish and other seafood - ration/week LN 2.87+1.74 Present study
Milk and dairy products - ration/week LN 6.86 + 4.59 Present study
Ready to eat (including canned dinners) - ration/week LN 3.09+1.82 Present study
Bottle Water - L/day LN 1.40+0.67 Present study
Tap water - L/day LN 1.02 £0.50 Present study
Conversion factor - day/week - 7

Bodyweight BW kg LN 65.5 + 14.0 Present study

€S

2Mean, minimum, and maximum values were used for triangular distributions; Mean and standard deviation were used for log-normal; minimum,
and maximum values for uniform distributions. *Including canned and non-canned food. LN= Log-normal; T= Triangular; U= Uniform; P= Punctual

S1INS3y
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2.4. Cohort Characteristics

A description of the characteristics of the study population is shown in Table 2. 43 % of
mothers had university studies and 25 % had more than 12 years of education. Almost 75
% of the mothers were between 30 and 39 years old and 15 % were actively smoking during
pregnancy. Regarding water consumption, most of the mothers drink bottled water (70 %)
and most of them never eat organic products (56 %). Almost 50% of our cohort eats fast-
food once a week and 70 % of them eat canned food between 1 and 3 times per week. This
data can be directly related to the cohort’s complexion (around 50 % of the pregnant

mothers were overweight, and 15 % of them were obese).

Table 2.Characteristics of the study population from Reus, Tarragona (Spain) (n=45).

Characteristics of the study population % %
(n = 45) ’ ’
Maternal age at delivery (years) Mother's diet

<20 0 Omnivorous 96
20-29 10 Vegetarians 4
30-39 73 Vegans 0
>40 17 Water consumption (liters)

Twin pregnancy 9 <1 4
Maternal pre-pregnancy BMI* 1-2 85
Underweight (<19 kg/m?2) 11 | >2 11
Normal (19-25 kg/m?) 52 Kind of water consumption

Overweight (>25 kg/m?) 26 | Tap water 16
Obese (>30 kg/m?) 11 | Bottled water 71
Maternal pregnancy (20 GW) BMI* Both 13
Underweight (<19kg/m2) 0 Eat in a plastic recipient (times/week)
Normal (19-25 kg/m?) 41 | Never 69
Overweight (>25 kg/m?) 44 | 1-3 4
Obese (>30 kg/m?) 15 | 4-6 20
Maternal education >6 7
Primary 25 Eat canned food (times/ week)

Secondary 32 Never 18
University 43 1-3 71
Social economic status 4-6 7
High level (> 35000 €/year) 25 | >6 4
Median level (19000-35000 €/year) 57 | Eat Fast-food

Low level (< 9000-19000 €/year) 18 Never 29
Maternal country of origin 1 a week 47
Spain 81 >1 a week 24
Other 19 Eat organic products
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Characteristics of the study population o

% %
(n =45)
Marital Status Never 56
Living with the father 98 Hardly ever 18
Not living with the father 2 Sometimes 20
Maternal smoking Very often 7
Never smoke 74
Not during pregnancy 11
During pregnancy 15

*BMI= Body mass index

2.5. Tissue dosimetry model (PBPK)

A previously developed and validated adult PBPK model of BPA (Sharma et al., 2016 b,
unpublished) and of DEHP (Sharma et al., 2016 c, unpublished) was adapted for the
pregnancy-PBPK model and was used to estimate internal dosimetry of mothers and fetuses
for the present cohort study. The basic structure of adult human PBPK model (which
included plasma, liver, kidneys, filtrate, fat, brain, gonads and a rest of the body
compartment for the remaining tissues) (Figure 1), has been adapted for pregnant women
model. In addition, compartments of placenta and fetus were considered as a sub-model in
order to predict the internal dosimetry for the fetus. It was subcategorized again into liver,
brain, and plasma (Figure 1). The physiological and chemical-specific parameters were
adapted from the adult human model and modified for the fetuses and mothers as a
function of the gestational period. The metabolism capacity in the fetus was scaled from
the adult data. The source of exposure to fetuses was through free fraction of chemicals
into mothers placenta, considering that fetuses exposure is directly related to mother’s
exposure. The placental-fetal unit assumes a bidirectional transfer process describing
chemical transfer between mother’s placenta to fetus plasma and fetus plasma to the
mother. A detailed description of standard and pregnancy specific model equations are
provided in supplementary material (Annex-l). All physiological parameters were
considered as a function of gestational day and model equations were adapted from
different literature sources and are provided in Annex-l. Metabolic kinetic parameters

namely Vmax (maximum rate of reaction) and Km (affinity of the substrate for the enzyme),
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for mothers and fetuses, were taken from in-vitro studies and were scaled to in-vivo. The
chemical-specific parameters are also provided in supplementary material (Annex-1).

PBPK model inputs were the outputs of the Monte-Carlo simulation used previously for the
exposure assessment. We considered three total dietary intake scenarios of BPA and DEHP:
5% percentile, mean and 95" percentile. In addition, a biologically active metabolite of
DEHP, MEHP was considered as relevant internal exposure chemical and was used as an
input in the PBPK simulation model to estimate fetus exposure. DEHP is rapidly metabolized

into MEHP (Latini, 2005) and normally stay in the systemic circulation of mother’s body and

pass to the fetuses.

BLOOD

LOOD g
Brain
Rest of the
body

Amniotic fluid

o B [
Fat
MOTHER N9 &1 s cENTA FETUS

Figure 1. Conceptual structure of pregnancy PBPK model for BPA and DEHP. Adapted PBPK model for
pregnant women and fetus which included the body organs compartments for both. The
compartments like placenta and fetus compartments were considered as a sub-model in order to
predict the internal dosimetry for the fetus.
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3. Results and Discussion

3.1 BPA and DEHP total dietary intake and food categories contribution

The contribution of each food item to the total dietary intake for the Tarragona population
cohort was assessed in a probabilistic way using a Monte-Carlo simulation. Figure 2,
summarizes the food categories contributing to the total dietary intake of BPA (Figure 2,

A.1) and DEHP (Figure 2, A.2)

Regarding BPA (Figure 2, A.1), the total dietary intake mean value was 0.72 pg/kgpw/day
(0.28 and 1.42 pg/kgnw/day for 5™ and 95" percentile, respectively). The variable showing
the greatest contribution to the total dietary intake mean value was “fruits and vegetables”
with 49 %, followed by “meat and meat products” with 26 %. The contribution of the
remaining food categories were 8 %, 5 %, 4 %, 4 %, 2 % and 2 % corresponding to “fish and
other seafood”, “water consumption” (bottled water and tap water were considered, but

n u

only bottled water added risk of exposure to BPA), “grain and grain-base products”, “milk

n o«

and dairy products”, “ready to eat (including canned food)” and “legumes”, respectively.

The high contribution (49 %) of “fruits and vegetables” to the total dietary intake was due
to the high consumption of this food item (an average of 21.1 servings per week), typical of
a Mediterranean diet. The concentration of BPA in fruits and vegetables was not excessively
high compared with other food items, with an average concentration of 9.92 ug/kg,
although there was a maximum value of 116 pg/kg due to canned fruits and vegetables. It
should be noted that fruits and vegetables are also packaged in plastic and in these cases,
migration of BPA to the products occurs (Lakind and Naiman, 2010). The next major
contributor to the total dietary intake was “meat and meat products” with a contribution
of 26 % and an average concentration of BPA of 36.9 pg/kg and a maximum value of 395
ug/kg (canned). In this case, unlike the group of fruits and vegetables, although the

frequency of consumption is lower, the levels of BPA in this category are higher.

EFSA (2015) published its comprehensive re-evaluation of BPA exposure and toxicity, in

January 2015 it established a TDI of 4 ug/kgww/day for BPA. In the present study, although
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the maximum value estimated was 4.40 pg/kgww/day, 95% of the population were under
1.41 pg/kguw/day. In addition, the present study data matches with the established values,
which FAO (Food and Agriculture Organization)/WHO set during the last expert meeting in
order to review the toxicological and health aspects of BPA. For adults, the highest exposure
estimates did not exceed 1.4 pg/kgnw per day at the mean and 4.2 pg/kgpw/day at the 95t
percentile (FAO/WHO, 2010).

Regarding DEHP, the total dietary intake mean value for our cohort was 1.00 pg/kgsw/day
(0.41 pg/kgpw/day and 2.01 pg/kgew/day for 5" and 95" percentile, respectively) (Figure 2,
A.2). The maximum contribution to this exposure comes from “milk and dairy products”
with 56 %, followed by “ready to eat (including canned food)” with 30 %. The other food
items “grain and grain-base products”, “meat and meat products”, “fruits and vegetables”,

“fish and other seafood” and “water consumption” (bottled water and tap water were

considered) contributed to 6 %, 4 %, 3 %, 1 %, and 1 %, respectively.

On the one hand, the high contribution (56 %) of “milk and dairy products” category to the
total dietary intake of DEHP in the present study is due to the high DEHP levels in milk and
dairy products (with a mean and maximum of 126 and 173 ug/kg, respectively) in
comparison to other categories. DEHP contamination of milk and dairy products occurs in
several stages: contaminated DEHP feed, mechanical milking process, and migration from
packaging material used in milk and dairy products (Fierens et al., 2013). Milk and dairy
products were the second most consumed food item during pregnancy (an average of 6.86
servings per week), which can also be related to the general recommendation for a
pregnant woman of maintaining optimal levels of calcium in the body in order to prevent
adverse gestational outcomes (WHO, 2013). Also, the high concentration of DEHP in this
food group is due to lipophilic nature of phthalates; and for this reason, it is assumed that
high-fat foods contain more phthalates than low-fat food products (Fierens et al., 2013).
Various authors (Page and Lacroix, 1989; Sharman et al., 1994) reported that there is a
positive relationship between the fat content of a dairy product and the DEHP content in

that product. The second most contributed food item to the total dietary intake of DEHP
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was ready to eat food (30 %). It has been found a strong correlation between fast food
intake and phthalates exposure but not with BPA exposure. This evidence coincides with
another study from the USA, in which they observe the same evidence of a positive dose-
response relationship between fast food intake and DEHP exposure but not for BPA (Zota

et al., 2016).

The EFSA and the ECHA established the total daily intake for DEHP to 50 pg/kgsww/day (EFSA,
2015; ECHA, 2010). In this study, both, the maximum (11.4 pg/kgww/day) and the 95"

percentile (2.01 pg/kgow/day) were far below this threshold.

Finally, the concentration of BPA and DEHP in bottle water was found in the literature data.
However, in tap water, only levels of DEHP was found (Table 1). The presence of DEHP in
tap water is due to leaching from PVC tubes and others materials from the pipes (Santana

etal., 2014).

59



UNIVERSITAT ROVIRA I VIRGILI
ENDOCRINE DISRUPTION ASSESSMENT: EXPOSURE, BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

ENDOCRINE DISRUPTORS DURING
PREGNANCY AND EARLY STAGES OF LIFE
Maria Angeles Martinez Rodriguez

Al) A2)
@ @ = Grains and grain-based

products
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= Fruits and vegetables

D

= Meat and meat products

= Fish and other seafood

1 40% = Milk and dairy products
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= Ready to eat (including
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2]
Total dietary intake of BPA = 0.72 pg/kg bw/day Total dietary intake of DEHP = 1.00 pg/kg bw/day
(0.28: 1.41) (0.41: 2.01)

Figure 2. Food categories contribution to the total dietary intake of BPA (A.1) and DEHP (A.2) in pg/kgnw/day. Results are given in mean (5% percentile;
95tpercentile
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3.2 Dietary exposure compared to other countries

Table 3 shows the BPA and DEHP total dietary intake in adult populations in different
countries. All data from the studies in Table 3 were experimentally analyzed in different
food items.

Regarding BPA, it can be observed that the mean daily intake of it in the Tarragona cohort
(Spain) was in the same order of magnitude as data presented for the Spanish cohort in
EFSA report (EFSA b) (EFSA, 2013) and it was slightly below the European mean dietary
intake of previous EFSA report (EFSA, 2006). Total dietary intake of BPA in Tarragona was
also in the same order of magnitude as in Taiwan (Chen et al., 2016). However, data from
countries such as France (Bemrah et al.,, 2014), Belgium (Geens et al., 2010), and USA
(Lorber et al., 2015) were one order of magnitude lower; whereas, countries such as New
Zealand (Thomson and Grounds, 2005), and Norway (Sakhi et al., 2014) were two orders of

magnitude lower than the Tarragona study.

Regarding DEHP, it can be observed that the mean daily intake in the Tarragona cohort
(Spain) was in the same order of magnitude as data presented from other European studies
such as Belgium (Sioen et al., 2012), France (Martine et al., 2013) and Switzerland (Dickson-
Spillmann et al., 2009). The present study estimations were in the same order of magnitude
as Norway (Sakhi et al., 2014), USA (Schecter et al., 2013), Germany (Fromme et al., 2007)
and China (Sui et al., 2014). However, DEHP exposure in countries like Cambodia (Cheng et
al., 2013) and Germany (Heinemeyer et al., 2013) were presented one order of magnitude

higher than the Tarragona’s results.

It should be noted that dietary preference and food sources in different regions might lead
to variability of the estimated daily intakes of EDs. In addition, it is important to mention
that not all studies have considered exactly the same items and that could lead to
differences in results. Despite this, estimated daily dietary exposure to DEHP and BPA in our

study is comparable with other studies worldwide (Table 3)
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BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

Table 3. BPA and DEHP total dietary intake in adult populations found in the recent scientific

literature.
Total dietary intake
Year Reference
(1g/kgbw/day)
BPA *
Belgium 2004 Mean 0.015 Geens et al.,2010
Europe 2006 Mean 15 EFSA, 2006
Mean range (P50 0.038-0.040 (0.033-
F 2014
rance range; P95 range)  0.035;0.077-0.0087)  Bemrah et al.,2014

Thomson and Grounds,

New Zealand 2004 Mean (P50; P95) 0.008 (0.00; 0.041) 2005

Norway 2014 Mean (P50; P95) 0.004 (0.003; 0.01) Sakhi et al., 2014

Spain 2013 Mean (P95) 0.061 (0.099) EFSA, 20132

Spain 2013 Mean (P95) 0.18 (0.33) EFSA, 2013

Taiwan 2015 Mean (P50;P95) 0.64 (0.27;2.29) Chen et al., 2016

USA 2010 Mean 0.012 Lorber et al., 2015

;;;igona' 2016 Mean (P5; P95) 0.72(0.28;1.41)  Present study

DEHP

Belgium 2012 Mean 1.59 Sioen et al., 2012

Cambodia 2016 Mean 11.67 Cheng et al., 2013

China 2011-2012 Mean (P97.5) 2.03 (3.64) Sui etal., 2014

France 2008 Mean 1.46 Martine et al., 2013

Germany 2005 Mean (P50;P95) 2.5(2.4;4.0) Fromme et al., 2007
Hei tal.

Germany  2005-2006 Mean (P95) 14 (28.5) ; g'lgemeyer eral

Norway 2014 Mean 0.42 Sakhi et al., 2014

Switzerland 2009 Mean 1.90 Dickson-Spillmann et
al.,2009

USA 2013 Mean 0.67 Schecter et al., 2013

T

Ssgzig"”a' 2016 Mean (P5; P95) 1.00 (0.41; 2.01) Present study

20nly foods specifically codified as canned in the dietary survey are assigned the corresponding
occurrence level for BPA. PAny food category (at the lowest available level of food category
classification) which has been codified as canned in at least one survey is always considered to be
consumed as canned in all dietary surveys included in the Comprehensive Database.

* P5, P50, P95 and P97.5 are 5%, 50t", 95% and 97.5" percentile, respectively.
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3.3 Internal dosimetry

The chemicals’ dose inputs considered to run the PBPK, were probabilistically estimated by
Monte-Carlo simulation (section 3.1). From probabilistic distribution, three total dietary
intake reference scenarios were selected for BPA and DEHP: the 5 percentile, the mean
and the 95 percentile. The outputs generated after running the model were selected
considering the metabolites generated, their toxicity, gestational period and ability to reach

the fetus. For this reason, only free BPA and MEHP (a metabolite of DEHP) were considered.

The simulation was performed for pregnant women and fetus for 24 hours during the 24
gestational week. This period was selected because at this time fetus organs are more
developed and able to incorporate right biological process. This helps us to explain the
difference in metabolic processes in mothers and fetuses. Normally, at the early stage of
pregnancy, for both BPA and MEHP, fetus plasma concentration level is higher due to low
or no metabolic activities in the fetus (Gauderat et al., 2016; Latini et al., 2003). In order to
understand the elimination profile of the chemicals (BPA and MEHP) in the body, single dose
simulation for all three exposure scenarios (5" percentile; mean; 95" percentile) was
simulated. Time versus plasma concentration (for mothers and fetuses) of BPA and MEHP
are shown in Figure 3 and 4, respectively. Due to the fast absorption properties of BPA and
DEHP, simulated concentration curves show a sharp peak concentration observed within 1
hour of intake. Both, BPA and MEHP are fast elimination chemicals, with a half-life of fewer
than 2 hours and complete elimination within 24 hours in adult (mother). The elimination
of BPA and MEHP in the fetuses is slower than mothers as the fetal metabolic activity is
lower comparing mother's metabolism. In general, it was observed that BPA and MEHP stay
longer in the fetal body, which may cause higher risk to fetuses compare with the mothers
even for lower exposure scenario (Figure 3 and 4). Similar results have been observed by
Sharma et al., (2016 b, c, unpublished) for BPA and MEHP, respectively. In reality, the oral
exposure has multiple intakes and in that case, the residence time of the chemical in the
human body increases. However, absorption and elimination profile of chemical after three

intakes have little or no effect. Figure 5 summarizes the levels concentration of BPA in
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plasma in mothers and fetuses considering three oral intakes. To simulate three doses
scenario, the single intake was divided into three with 8 hours of interval. The area under
the curve for each day has increased significantly with higher residence time but lower peak
compares to one oral dose scenario. In multiple dose scenarios, absorption peak
concentration for each intake time and the half-life of elimination are similar to single dose
scenario with 1 hour for the peak and less than 2 hours for the half-life. However, in multiple
dose scenarios, as each intake is lower than single-dose intake, peak concentrations for the
corresponding intake are lower. For example, the peak concentration of BPA (95%
percentile) for mothers and fetuses considering only one dose were 0.047 pg/L and 0.039
ug/L, respectively and considering multiple doses, were 0.015 pg/L (95™ percentile) and
0.018 pg/L (95 percentile) for mothers and fetuses, respectively; this peaks concentrations
were around 1/3 of the value for one dose. Although, in the case of fetus, the peak
concentration was slightly more than 1/3 due to his low metabolic capacity. In the case of
MEHP, the profile was the same as the BPA. For only one dose the plasma concentration
peak was 11 pg/L (P95) in the mothers and 9 pg/L (P95) in the fetuses and considering three
doses, it was obtained values that were the third part of the previous ones mentioned. It
was observed that the concentration peaks of DEHP in plasma were higher compared with
BPA. However, it should be noted that the probabilistic total dietary intake of DEHP

obtained by Monte-Carlo was higher than the total dietary intake obtained for BPA.

Despite their short biological half-lives, exposure is prevalent and detectable in blood matrix
at any time. Mothers are able to decrease much more the basal levels of these chemicals
compared to the fetuses due to her metabolic activity. For that reason, fetuses are always
subject to a risk of constant exposure. The results of the present study were not comparable
with biomonitoring studies for multiple reasons. Firstly, in the present case study, only oral
exposure was estimated whereas, in reality, both BPA and DEHP have multi-route exposure
with significant contribution from coming from dermal exposure (Myridakis et al., 2016).
Secondly, both BPA and DEHP show high variability in their internal dosimetry with no
steady state concentration, which makes the timing of biomonitoring sampling very

relevant. Which means, the concentration levels of the EDs obtained from plasma are
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subject to different conditions such as the diet of each patient, the time of sampling (it will
not be the same concentration if it is collected after longer period without any exposure or

closer to peak hour of exposure) and the routes of exposure (oral vs dermal).

BPA concentration in Mother and Fetus Plasma (24“l gestational week)
1 L

0.05 ' ! - -
—5th Percentile (Mother)
5th Percentile (Fetus)
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@
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Figure 3. Time versus BPA plasma concentration for mothers and fetuses, considering different
exposure scenarios (5" percentile; mean; 95 percentile) and only one food intake dose.
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Figure 4. Time versus MEHP plasma concentration for mothers and fetuses, considering different
exposure scenarios (5" percentile; mean; 95 percentile) and only one food intake dose.
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Figure 5. Time versus BPA plasma concentration for mothers and fetuses, considering different
exposure scenarios (5% percentile; mean; 95™ percentile) and three-food intake dose.

4, Conclusions

The aim of this study was to estimate the prenatal exposure to EDs (BPA and DEHP) through
the dietary intake of pregnant women using the interview-based method, in order to
improve the knowledge about the risks that they pose to prenatal health. To assess the early

exposure, integrated external and internal dosimetry estimate was performed.

Canned fruits and vegetables followed by canned meat and meat products were the major
contributors to the dietary exposure to BPA in pregnant women population in Tarragona
(Spain). For DEHP, milk and dairy products followed by ready to eat food (included canned
dinners) were the most important contributors to the estimated dietary exposure. In spite
of dietary variation and resulting differences in exposure, the total dietary intake estimate
for BPA and DEHP was considerably lower than their respective current TDI values
established by EFSA (4 and 50 pg/kgww/day, respectively) (EFSA, 2015). Internal dosimetry
simulations carried out in this study suggest that free BPA and MEHP plasma concentrations

in women were characterized by transient peaks (associated with meals). In contrast, fetal
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exposure was characterized by a low but sustained basal BPA and MEHP concentration due

to a lack of metabolic activity in the fetus.

The ongoing research is to validate the PBPK model with biological samples from this cohort
and demonstrate that this methodology allows the determination of BPA and MEHP for
monitoring in plasma and urine biological matrices and the PBPK model can predict the

prenatal exposure of the child/fetus to EDs.

Finally, the health implications of this fetal exposure to BPA and MEHP should be addressed
because they are associated with infertility issues and reproductive development of the
fetus. Therefore, a strategy to reduce their exposure is to regulate their production and

restrict their use in articles specially meant for childcare and pregnant women.
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CHAPTER 1 EXPOSURE ASSESSMENT

PUBLICATION 1.

M.A. Martinez; J. Rovira; R. Prasad Sharma; M. Nadal; M. Schuhmacher; V. Kumar.
Prenatal exposure estimation of BPA and DEHP using integrated external and
internal dosimetry: A case study (2017). Environmental Research. 158 (2017) 566 —
575.
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Supplementary material

Standard ordinary differential equations used in tissue dosimetry model for the
development of P-PBPK model for DEHP and BPA

d
T (stomach) = inputl — K * Astomach — GE * Astomach

d . . .
= (stomach) is the rate of change of chemical amount in Stomach (nmol)

inputlis the oral dose exposure (nmol/day) ;3 equal divided dose per day

K is the absorption rate constant in the stomach (1/hr)

YV V V VY

GE is the gastric emptying time

d
7 (gut) = GE = Astomach — Vmaxgutg, * Cgut * fu/(Cgut = fu + Kmgut_glu)

— K1+ AGut
» Vmaxgut_glu is the scaled maximum rate of glucuronidation in gut ( nM/hr)
» cgut is the concentration of chemical in gut
» fuis the plasma fractional unbound
» Kmgut_glu is the concentration in nmol/liter to produce half maximum reaction
» K1 is uptake rate of chemical from oral to liver
d . . . fu
— (Liver) = Qliver x| Cplasma * fu — Cliver * + K1+ AGut
dt ( liverplasma>
fu

— Vmaxlivery,, * Cliver *

Cliver = fu + Kmlivery,

— Vmaxliver_sulf * Cliver * fu/(Cliver * fu + Kmliver_sulf)

Qliver is the cardiac blood flow to liver
Cplasma is the plasma concentration of chemical

Cliver is the concentration of chemical in liver

YV V V VY

Kliverpzasma is the liver plasma partition coefficient
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> Vmaxliveryy,, is the maximal glucuronidation rate of chemical in liver
Kmlivery,, is the concentration at which half maximal reaction occurs for
glucuronidation in liver
» Vmaxliver_sulf is the maximal sulfation rate of chemical in liver

» Kmliver_sulf is the concentration at which half maximal reaction sulfation occurs

in liver

d u
— (Brain) = Qbrain = | Cplasma * fu — Cbrain * <f—)

dt braingigsma

» Qbrain is the blood flow to brain

> KbraingqsmqPrain plasma partition coefficient

kidneyplasma

— (Kidney) = QKidney * asma * fu — idney * | ———— | | — Kurine *
c(iit (Kidney) = QKidney (Cpl f Ckidney < Tu )) Kuri
Ckidney

» Qkidney blood flow to kidney

> Kkidneypzasma kidney plasma partition coefficient

» Kurine is the excretion rate of chemical to urine

%(fat) = Qfat * | Cplasma * fu — Cfat * <f—“>

fatplasma

» Qfat blood flow to the fat

> Kfatplasmafat plasma partition coefficient

fu

K_skin_plasma

d
—skin = Qskin * (Cplasma * fu — Cskin *

dt )

» QSkin blood flow to the skin

» K_skin_plasma is the skin plasma partition coefficient
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» Cskin is the concentration of BPA in skin

d u

— (gonads) = Qgonads * | Cplasma * fu — Cgonads * <f—>

dt gonadsplasma
» (Qgonads is the gonads blood flow

> Kfatplasmabrain plasma partition coefficient

d u

— (restbody) = Qrestbody * | Cplasma * fu — Crestbody * (f—>

dt KV@StbOdelasma
» (Qrestbody is the blood flow to rest of the body

> K, restbody plasma partition coefficient

estbodypiasma

d
E(placenta) = (Qplacenta * (Cplasma * fu — Cplacenta

* (fu/K_placenta_plasma))) — K_t1 * Cplacenta
* (fu/K_placenta_plasma) + K_t2 * Cplasma_fetus * fu
— Vmaxplacenta_glu * Cplacenta * fu/(Cplacenta * fu

+ Kmplacenta_glu)

Qplacenta is the blood flow to placenta

Cplacenta is the concentration of chemical in placenta

K _placenta_plasma placenta plasma partition coefficient

K _t1is the transfer rate of chemical to the fetus from placenta

K _t2 is the transfer of chemical to placenta from fetus

V V. V YV V V

Vmaxplacenta_glu is the glucuronidation of chemical in the placenta (similar with
liver scaled assuming 10 percent of microsomal protein (MSP) in comparison to liver
MSP)

» Kmplacenta_glu is the concentration of chemical producing half maximal reaction
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d
&(plasma) = Qfat * Cfat x (fu/K_fat_plasma) + Qliver * Cliver

* (fu/ K_liver_plasma) + (Qbrain * Cbrain
* (fu/K_brain_plasma))

, , fu
+ | Qkidney * Ckidney * | ——

kidneypiasma

u
+ | Qrestbody * Crestbody * (f—>

restbodyplasma

— (QCplasma * Cplasma * fu) + (QSkin * Cskin
* (fu/K_skin_plasma))

fu

gonadspiasma

+ | Qgonads * Cgonads *< ) + Qplacenta

* Cplacenta * (fu/K_placenta_plasma)

» (Qplasma is the blood flow to plasma
%%% %% %% %% %% % %% %% %% %% % %% %% %% % % % % % %% %% % %% %% %% %% % % % %
Fetus model equation

%% %% %% %%6%%6% %% %% %% %% %% % %6 % %6 % %% %% %% %% %% % %6 % %% %% %% %% %%

d
i liver_fetus = Qliver_fetus

u
* Cplasmafetus * fu — Cliverfetus * < ! )
plasma

Kliverfetus

Cliverserys

— Vmaxliver_glu_fetus *
ghuf Cliverferys + Kmlivery,,

Qliver_fetus is the blood flow to the fetal liver
Cplasmages is the chemical fetus plasma concentration

Cliver_fetusis the liver chemical concentration

YV V V V

Kiiverfetus: Plasma is the fetus liver plasma concentration
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» Vmaxliver_glu_fetus is the scaled maximum rate of reaction for chemical
metabolism from in-vitro data considering fetal liver volume and fetus liver
microsomal protein content

» Kmliver_glu is the concentration of substrate (chemical) producing half maximal

reaction

o
pr fetus_brain

= Qbrain_fetus * (Cplasma_fetus * fu — Cbrain_fetus

fu
"\ K
brainfetusplasma

» Qbrain_fetus is the blood flow to the fetal brain

» Cbrain_fetusis the brain chemical concentration

d
i restbody_fetus

= Qrestbody_fetus * (Cplasma_fetus * fu — Crestbody_fetus

fu
*
Krestbody_fetus_plasma

» Qrestbody_fetus is the blood flow to the rest of the body

» Crestbody_fetus is the concentration in rest of the body of fetus

d
aamnioticfluid = K_t3 = Cliver_fetus * fu — Camnioticfluid * K_t4

» K _t3is chemical transfer rate from fetus to amniotic fluid
» Lk t4 is the chemical transfer rate from amniotic fluid to fetus

» Camnioticfluidis the concentration of BPA in amniotic fluid
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d
&plasma_f etus

= (Qliver_fetus * (Cliver_fetus * (fu/K_liver_fetus_plasma)))

+ (Qbrain_fetus * (Cbrain_fetus * (fu/K_brain_fetus_plasma)))
+ Qrestbody_fetus * (Crestbody_fetus

* (fu/K_restbody_fetus_plasma)) — (QCplasma_fetus

* Cplasma_fetus * fu) + (K_tl = Cplacenta

* (fu/K_placenta_plasma)) — K_t2 * Cplasma_fetus » fu + Kde
* Cplasma_fetusBPAG

Equations for scaling physiological parameter of fetus

—5.67+e”4xGD*24 —7.01xe~%x24%GD
1. V_fetus = 3.779 * (e_16'08*e ¢ ) + (e_14°'78*e ¢ )

» V_fetus = fetal volume
» GD= Gestational day (T/24)
2. V_Aminiotic fluid = 0 + 1.9648 = GA — 1.2056 = GA% + 0.2064 * GA3 — 0.0061 *
GA* 4+ 0.00005 * GA®
3. Vbldfet = Fy 45t * Vet
» Vbldfet = fetal blood volume in L
»  Fydret = fetal blood volume as a fraction of body weight, L/kg = 0.085
» Vfet = fetal body weight in kg
4. Vliverfet = Fjjyerfet * Vet
» Vliverfet = fetal liver volume in L
»  Fliverfet = fetal liver volume as a fraction of body weight = 0.04 (ICRP, 2002)
» Vfet = fetal body weight in kg
5. Vkidneyfet = Fyjgneyfet * Vet
» VKidneyfet = fetal kidney volume in L
»  Fridneyfet = fetal kidney volume as a fraction of body weight = 0.0072

» Vfet = fetal body weight in kg
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6. Vbrainfet = Fy3infet * Vet
» Vbrainfet = fetal brain volume in L
»  Fprainfet = fetal brain volume as a fraction of body weight =0.11
» Vfet = fetal body weight
7. Qfet = Frer * Vbldfet
» Qfet = fetal cardiac output L/h
> Fqret = fetal cardiac output as fraction of blood weight in kg (L/h/Kg) = 54
» Vbldfet = fetal blood volume in kg
8. QLivfet = FQlivem * Qfet
» QLiv fet = fetal liver flood flow in L/h
> FQlivem = maternal liver blood flow as fraction of cardiac output
» Qfet = fetal cardiac output in L/h
9. Qkidney fet = FQkidneym * Qfet
» QKkidney fet = fetal kidney flood flow in L/h
> FQkidneym = maternal kidney blood flow as fraction of cardia output
» Qfet = fetal cardiac output in L/h
10. Qbrain fet = FQbrainm * Qfet
» Qbrain fet = fetal brain blood flow in L/h

> FQbrainm = maternal brain blood flow as fraction of cardiac output

» Qfet = fetal cardiac output
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Table I-1: General Physiology parameters for PBPK model

Paramter Symbol Value References
(L/h/kg)
Cardiac blood output QcCC 20 (Brown et al., 1997)
(Davies and Morris,
1993)
Fractional liver blood flow FQliver 0.25 Brown et al., 1997)

(
Fractional brain blood flow FQbrain 0.117 (Brown et al., 1997)
Fractional kidney blood flow FQkidney 0.177 (Brown et al., 1997)
Fractional fat blood flow FQfat 0.052 (Brown et al., 1997)
Fractional skin blood flow FQskin 0.058 (Brown et al., 1997)
Fractional gonads blood flow FQgonads 0.0002 (Brown et al., 1997)
Constant Fraction of organs volume to body weight
Fractional liver volume Fliver 0.026 (Brown et al., 1997)
Fractional brain volume Fbrain 0.021 (Brown et al., 1997)
Fractional kidney volume Fkidney 0.004 (Brown et al., 1997)
Fractional fat volume Ffat 0.187 (Brown et al., 1997)
Fractional gonads volume Fgonads 0.0027 (Brown et al., 1997)
Fractional skin volume Fskin 0.0371 (Brown et al., 1997)
Fractional plasma volume Fplasma 0.0428 (Davies and Morris,
1993)
Fractional gut volume Fgut 0.016 (Brown et al., 1997)
Haematocrit HCT 0.45 (Davies and Morris,
1993)
fetal cardiac output as fraction of blood FQblood_fetus | 54 (Clewell et al.,
weight in kg (L/h/Kg) 1999)
Fetal haematocrit HCT_fetus 0.5 (Sisson et al., 1959)
Fractional liver volume of fetus Fliver_fetus 0.04" (ICRP, 2002)

*Fractional organ weight for the fetus was estimated from ICRP (2002) data. Blood flow is
scaled by multiplying fractional blood flow to tissue in a mother with the volume of fetus
tissue.
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Table I-2 Pharmacokinetic parameters of BPA used for the P-PBPK

Parameters Symbol/Unit Mean value References
Gastric emptying time GE (L/h/kg™®%) 3.5 (Kortejarvi et al., 2007)
Oral absorption rate K_oral (L/h/kg?23) 9 Optimize
BPAG uptake to the liver KGlin_BPAG (L/h/kg?®%) 50 (Fisher et al., 2011)
Fraction of BPAS transferred to plasma from Fbpasliver 1 (Fisher et al., 2011)
liver
Enterohepatic recirculation of BPAG Kentero_BPAG (L/h/kg?®2?%) | 0.2 (Fisher et al. 2011)
BPA urinary excretion rate Kurine_BPA (L/h/kg®7®) 0.1 Optimize
BPAG urinary excretion rate Kurine_bpag (L/h/kg®7®) 0.40 Optimize
BPAS urinary excretion rate Kurine_bpas (L/h/kg®7®) 0.025 Optimize
BPAG fraction volume of distribution Vdbpag ? (L) 0.0435 set equal to plasm fraction volume
BPAS fraction volume of distribution Vdbpas? (L) 0.0435 set equal to plasm fraction volume
fractional constant placental transfer from FK_t1® 5.2e-05 (Kawamoto et al., 2007)
mother to fetus
fractional constant for placental transfer from | FK_t2° 2.0e-05 (Kawamoto et al., 2007)
fetus to mother
fractional constant for chemical transfer from | FK_t3® 0.008 Visually fit against (lkezuki et al., 2002) data
fetus to amniotic fluid
fractional constant for chemical from FK_t4b 0.001 Visually fit against (lkezuki et al., 2002) data
amniotic fluid to fetus
fractional constant for placental transfer from | FK_t1_BPAG® 3.3e-6 (Kawamoto et al., 2007)

mother to fetus
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Parameters Symbol/Unit Mean value References
fractional constant for placental transfer from | FK_t2_BPAG® 6.6e-14 (Kawamoto et al., 2007)
fetus to mother
Glucuronidation of BPA in liver ¢
Vmax Km (umole) Vmax (Coughlin et al., 2012)
(nmol/min/mg of protein) (nmol/hr/kg

BW75)

4.71 45.8 680,095.6 (Coughlin et al., 2012)
Glucuronidation of BPA in gut ¢
14 58 22750 (Trdan Lusin et al., 2012)
Sulfation of BPA in liver ¢
149 10.1 11657 (Kurebayashi et al., 2010)
nmol/h/g liver
Partition coefficient
Liver/blood PC k_liver_plasma 0.73 (Doerge et al., 2011)
Brain/blood PC k_brain_plasma 2.8 (Doerge et al., 2011)
Kidney/blood PC k_kidney_plasma 0.858 (Kawamoto et al., 2007)
Fat/blood PC k_fat_plasma 5.0 (Doerge et al., 2011)
Skin/blood PC k_skin_plasma 5.7 (Mielke et al., 2011)
Rest of the PC body/blood k_restbody_plasma 2.7 Assumed similar to brain
Placenta/blood PC k_placenta_plasma 1.43 (Csanady et al., 2002)
Placenta/blood BPAG PC k_placentaBPAG_plasma 0.680 (Kawamoto et al., 2007)
Fetus Liver/blood PC k_liver_fetus_plasma 0.73 set equal to mother
Fetus rest of the PC body/blood k_restbody_fetus_plasma | 2.7 set equal to mother

a = parameter set to plasma volume, b= value need to scale (Vfetus®?®) to use in P-PBPK modeling, c = mean experimental value has used for scaling to in-

vivo
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EXPOSURE,

Table I-3 Pharmacokinetic parameters of MEHP used for the P-PBPK

BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

RESULTS

Parameters Symbol/Unit Mean References
value
Oral absorption rate K_oral 7 (Adachi et al., 2015)
(L/h/kg**)
Plasma unbound fraction Fum 0.007 (Adachi et al., 2015)
Fraction unbound in Fumi 0.786 (Adachi et al., 2015)
microsomes
Partition coefficient for MEHP
Liver/blood PC k_liver_plasma 1.7 (Keys et al., 1999)
gonads/blood PC k_gonads_plasma 1.6 (Keys et al., 1999)
restbody/blood PC k_restbody_plasma .38 Set to slow perfused
organ (muscle) (Keys et
al., 1999)

Fat/blood PC k_fat_plasma 0.12 (Keys et al., 1999)
Placenta/blood PC k_placenta_plasma 0.88 Estimated
Fetus Liver/blood PC k_liver_fetus_plasma 1.7 set equal to mother
Fetus rest of the PC k_restbody_fetus_plasma | .38 set equal to mother
body/blood
fractional constant for FK_t12 5.2e-3 Estimated
placental transfer from
mother to fetus
fractional constant for FK_t22 2.0e-3 Estimated
placental transfer from fetus
to mother
Partition coefficient for DEHP
Liver/blood PC k_liver_plasma 21.8 (Keys et al., 1999)
Restbody/blood PC k_restbody_fetus_plasma | 6.1 Set to slow perfused

organ (muscle) (Keys et

al., 1999)

Note: ? parameters was optimized based on assumption of distribution of MEHP to mother and
fetus 1:1 (parameters should be used cautiously until validation of model done)
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Table I-4. Hepatic and intestinal in —vitro metabolic data of DEHP and its metabolites

Human liver (HLM) binding affinity Km 30,3+ microMolar (Choi et
(DEHP to MEHP) 3,0 al., 2013)
Human liver (HLM) metabolic capacity Vmax 286,1+ | pmol mg (Choi et
(DEHP to MEHP) 7,0 protein-1 min- | al., 2013)
1
Human Intestine (HINT) binding affinity Km 17,8+ microMolar (Choi et
(DEHP to MEHP) 2,0 al., 2013)
Human Intestine (HINT) metabolic Vmax 277,8+ | pmol mg (Choi et
capacity (DEHP to MEHP) 5,0 protein-1 min- | al., 2013)
1
Human liver (HLM) binding affinity 5-OH | Km 28,4 + microMolar (Choi et
MEHP (M2) 5,0 al., 2013)
Human liver (HLM) metabolic capacity 5- | Vmax 611,4+ | pmolmg (Choi et
OH MEHP (M2) 24,0 protein-1 min- | al., 2013)
1
Human Intestine (HINT) binding affinity Km 80,1+ microMolar (Choi et
5-OH MEHP (M2) 13,0 al., 2013)
Human Intestine (HINT) metabolic Vmax 4,1+ pmol mg (Choi et
capacity 5-OH MEHP (M2) 0,2 protein-1 min- | al., 2013)
1
Human liver (HLM) binding affinity 5- Km 4,0+ microMolar (Choi et
Carboxy MEPP (M3) 3,3 al., 2013)
Human liver (HLM) metbolic capacity 5- Vmax 8,3t pmol mg (Choi et
Carboxy MEPP (M3) 0,4 protein-1 min- | al., 2013)
1
Human liver (HLM) binding affinity 5-Oxo | Km 78,9 + microMolar (Choi et
MEHP (M4) 14,0 al., 2013)
Human liver (HLM) metabolic capacity 5- | Vmax 10,3+ pmol mg (Choi et
Oxo MEHP (M4) 1,0 protein-1 min- | al., 2013)
1
Human Intestine (HINT) binding affinity Km 747,7 £ | microMolar (Choi et
5-0Oxo MEHP (M4) 221 al., 2013)
Human Intestine (HINT) metabolic Vmax 42 + pmol mg (Choi et
capacity 5-Oxo MEHP (M4) 1,0 protein-1 min- | al., 2013)
1
Human liver (HLM) binding affinity PA Km 502,9 + | microMolar (Choi et
(M5) 298,0 al., 2013)
Human liver (HLM) metabolic capacity Vmax 312,8+ | pmol mg (Choi et
PA (M5) 86,0 protein-1 min- | al., 2013)
1

Note: all parameters was scaled using IVIVE methodology prior to use in PBPK model
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Abstract

Bisphenol A (BPA) and Di-(2-ethylhexyl) phthalate (DEHP) are two widespread chemicals
classified as endocrine disruptors (ED). The present study aims to estimate the non-dietary
(dermal, non-dietary ingestion and inhalation) exposure to BPA and DEHP for a pregnant
women cohort. In addition, to assess the prenatal exposure for the fetus, a physiologically
based pharmacokinetic (PBPK) model was used. It was adapted for pregnancy in order to
assess the internal dosimetry levels of EDs (BPA and DEHP) in the fetus. Estimates of
exposure to BPA and DEHP from all pathways along with their relative importance were
provided in order to establish which proportion of the total exposure came from diet and
which came from non-dietary exposures. In this study, the different oral dosing scenarios
(dietary and non-dietary) were considered keeping inhalation as a continuous exposure
case. Total non-dietary mean values were 0.002 pg/kgow/day (0.000; 0.004 pg/kgww/day for
5% and 95 percentile, respectively) for BPA and 0.597 pg/kgpw/day (0.116 pg/kgpw/day and
1.506 pg/kgpw/day for 5" and 95 percentile, respectively) for DEHP. Indoor environments
and especially dust ingestion were the main non-dietary contributors to the total exposure
of BPA and DEHP with 60% and 81%. However, as expected, diet showed the higher
contribution to total exposure with >99.9% for BPA and 63% for DEHP. Although diet was
considered the primary source of exposure to BPA and phthalates, it must be taken into
account that with non-dietary sources the first-pass metabolism is lacking, so these may be
of equal or even higher toxicological relevance than dietary sources.

The present study is in the framework of “Health and environmental-wide associations

based on large population surveys” (HEALS) project (FP7-603946).

Keywords

Bisphenol-A; Di-(2-ethylhexyl) phthalate (DEHP); PBPK modeling; exposure assessment.
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1. Introduction

Bisphenol A (BPA) and Di-(2-ethylhexyl) phthalate (DEHP) are two high volume industrial
chemicals used in a wide variety of consumer products. These compounds are defined as
non-persistent Endocrine Disrupters (EDs) and are categorized as chemicals of concern by
the World Health Organization (WHO, 2010). The exposure to EDs plays a key role in the
epigenome shaping of many aspects of the endocrine function (Casati, 2013; Chen et al.,
2018). The evidences present in the literature indicate that EDs can affect the different
levels of epigenetic control (Sharma et al., 2017) and in some cases can act
transgenerationally, if the exposure to EDs occurs during “critical windows of exposure”,
especially, the prenatal and the early life period (Sharma et al., 2016; Volle et al., 2015;
Watkins et al., 2017). Furthermore, some studies have shown that exposure to these
chemicals in the early period of life may cause functional impairment of development and
reproduction (Dodson et al., 2012; Meeker, 2012; Sakhi et al., 2014), increase the risk of
allergy/asthma (Robinson and Miller, 2015; Sakhi et al., 2014) and can also develop obesity
and type 2 diabetes (Casas et al., 2011; De Cock et al., 2014; Myridakis et al., 2016). It is
known that fetal exposure is directly related to the mother’s exposure, due to a bi-
directional transfer of chemicals between the placenta and fetal plasma (Sharma et al.
2018). Normally placental barrier is considered protective layer against harmful
compounds, however, a recent study has found poor barrier mechanism of placenta against

some common EDs (Go et al., 2007; Li et al., 2013; Ribeiro et al., 2017).

Phthalates such as DEHP are industrial chemicals, which are used in polyvinyl chloride (PVC)
plastics, found in products such as shoes, gloves and packing materials as well as in building
materials, floorings and wall coverings (Giovanoulis et al.,2018). In addition, they are used
in pharmaceuticals products, personal care products (PCPs), paints and adhesives (Bao et
al., 2015). All of these applications are related to dermal contact, non-dietary ingestion or
inhalation exposure sources. Some studies confirm that DEHP is an important contaminant
in dust household; people can be exposed to it via dust ingestion, the exposure through this

will be higher for workers in PVC industries (Fromme et al., 2004). It is known that babies
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and young children are the most vulnerable groups with respect to phthalates due to their
developmental status (Giovanoulis G et al., 2018; Sathyanarayana et al., 2008; Zhu et al.,

2018).

BPA is currently used in polycarbonate plastics, found in materials intended to come into
contact with food, like reusable plastic bottles, feeding-bottles, plates, cups, microwave and
ovenware (Geens et al., 2009). In addition, we can find BPA in storage containers and epoxy
resin linings for food and beverage containers. Furthermore, they are used in thermal
papers and paper currencies, medical devices, dental sealants, and PCPs which are related
with dermal exposure sources (Geens et al., 2012; Lv et al., 2017). Some studies showed
that BPA exposure via dermal route can highly contribute to overall internal exposure
(Biedermann et al., 2010; Mielke et al., 2011). Other studies affirm that people who work in
offices will be more exposed via dust ingestion or inhalation than others because the levels
of BPA in dust offices were almost 5-10 times higher than dust from particular homes

(Geens et al., 2009).

The human exposure routes to EDs are multiple (Giulivo et al., 2016). Although the major
human route of exposure to BPA and DEHP has been shown by several assessments,
including the European Food Safety Authority (EFSA), to be the dietary pathway (EFSA,
2013; Geens et al., 2012; Guo et al., 2013). However, some studies confirm that non-dietary
sources need to be more thoroughly characterized (EFSA, 2015; Geens et al., 2012).
Estimates of exposure to DEHP and BPA from all pathways along with their relative
importance should be provided in order to establish which proportion of the total exposure
comes from diet and which comes from non-dietary exposures. Human exposure to EDs
from non-dietary sources, their toxicity, as well as their combined effects, are poorly

understood (Larsson et al., 2014).

In this study, occupational risk, lifestyle and the use of different PCPs were considered in
order to assess the exposure to different pathways (dermal contact, non-dietary ingestion,
and inhalation). Sharma et al., (2018) developed a P-PBPK model for BPA including specific

pregnancy physiology and both oral and dermal route of exposure. The simulation results
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were presented to compare the reported data from different cohorts presuming the
collection of samples can be from at different time points, in order to explain the
inconsistency in biomonitoring data. Moreover, some authors compared the results
obtained between real measurements concentrations levels of EDs in the blood reported
and the exposure estimates based on PBPK models (Mielke and Gundert-Remy, 2009); the
intake estimated were several orders of magnitude lower than the real values in blood
reported in the literature. One way to explain this abnormality could be that in the PBPK
model they only considered the dietary source, so this could have led to an underestimation
of the exposure to these chemicals through non-dietary routes like dermal, inhalation or
dust ingestion. However, there are other contributing factors for this difference such as
genetic variability, biomonitoring sampling strategy and contamination of sample during

analysis.

The present study aims to estimate the non-dietary (dermal, non-dietary ingestion and
inhalation) exposure to BPA and DEHP for a pregnant women cohort. In addition, to assess
the prenatal exposure for the fetus, through all routes (diet and non-dietary) a
physiologically based pharmacokinetic (PBPK) model was used. The pregnancy PBPK model
structure was adapted from Sharma et al., (2018). Previous work has been extended to
estimate the aggregate exposure of these EDs to humans to understand the relative
importance of non-dietary exposure. Parameters and structure of the models were kept
same as our previous publications (Sharma et al., 2018; Martinez et al., 2017), except
nondietary routes (inhalation and dermal) were included. The present study is in the
framework of “Health and environmental-wide associations based on large population
surveys” (HEALS) project (FP7-603946) and part of the study has been completed in
MODELBIS project (MINECO funded with ref no AGL2016-78942-R).
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2.Materials and methods

2.1 Study population

The sudy population comprises a cohort of pregnant women and ongoing birth cohort. The
pregnant women were recruited during the first trimester of pregnancy as part of the
European “HEALS” project. The recruitment of pregnant mothers has started in March 2016
and in the present study 72 mother-child pairs from Reus (Tarragona, Spain) were included.
Women were informed of the study during their first visit (12" gestational week) to the
University Hospital “Sant Joan de Reus”, in Reus (Catalonia, NE Spain). Women were eligible
to participate according to the following inclusion criteria: 216 years old, intention to deliver
at the reference hospital, and no problems with the communication language. This study
was approved by the Ethical Committee of Clinical Research of the Hospital and a written

informed consent was obtained from the participants.
2.2 Questionnaires and data acquisition

At 20" gestational weeks (GW), a PCPs frequency questionnaire was filled in a face-to-face
interview. Different PCPs were included in the questionnaire: a) makeup (face cream,
eyeshadow and liquid foundation), b) lipstick, c) body lotion, d) shampoo, e) shower gel, f)
hair conditioner, g) toothpaste, h) deodorant and i) spray perfume. In addition, the
guestionnaires also included in one hand, general characteristics data of the study
population, such as maternal age at delivery, twin pregnancy, maternal body mass index
(BMI), maternal education, social economic status, country of origin, and marital status. On
the other hand, a set of questions targeting to know other sources of these compounds are
included, such as maternal smoking, lifestyle, hours spend outdoors and indoors and
occupational risk. A description of the characteristics of the study population is shown in

Table 1.
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Table 1. Characteristics of the study population from Reus cohort, Tarragona (Spain) (n=72).

Characteristics of the study population (n = 72) %

Maternal age at delivery (years)

<20 1
20-29 14
30-39 72
>40 13
Twin pregnancy 8
Maternal pre-pregnancy BMI*

Underweight (<19kg/m?) 6
Normal (19-25 kg/m?) 50
Overweight (>25 kg/m?) 25
Obese (>30 kg/m?) 19
Maternal pregnancy (20 GW) BMI*

Underweight (<19kg/m?) 1
Normal (19-25 kg/m?) 41
Overweight (>25 kg/m?) 37
Obese (>30 kg/m?) 21
Maternal education

Primary 28
Secondary 31
University 41
Social economic status

Low level (< 9000-19000 €/year) 24
Median level (19000-35000 €/year) 49
High level (> 35000 €/year) 27
Maternal country of origin

Spain 76
Other 24
Marital Status

Living with the father 99
Not living with the father 1
Maternal smoking

Never smoke 73
Not during pregnancy 9
During pregnancy 18

*BMI= Body mass index
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2.3 BPA and DEHP non-dietary assessment

2.3.1 Dermal contact exposure

The assessment of exposure of BPA and DEHP through dermal contact for pregnant women
population was calculated according to equation 1. We considered all PCPs previously

mentioned.
Dermal exposure = Y(C; X PCPs. X PCP, X ABS X R)/BWo6w Eq. 1

Where C, is the concentration of BPA or DEHP in PCPs (in ug/g); PCP+ is the frequency
application (in application/day); PCP, is the amount per application (in g/application); ABS
is the dermal absorption factor (non-dimensional); Rt is the retention factor for rinse-off
products (non-dimensional); and BWsoew is the body weight at 20 gestational weeks (in kg).
Dermal exposure is given in pg/kgsw/day. Data used to assess the dermal exposure of BPA

and DEHP are summarized in Table 2.
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Table 2. Monte-Carlo parameter description to assess the total dermal contribution of BPA and DEHP.

Parameter Symbol units Type Distribution Reference
DEHP concentration in Coenp - - - -

Lipstick - ug/g T 1.79 (0-6.45) Guo and Kannan, 2013
Body lotion - ug/g T 0.96 (0-11.3) Guo and Kannan, 2013
Face cream - ug/g T 0.4 (0-2.45) Guo and Kannan, 2013
Shampoo - ug/s T 0.1(0-1.1) Esteve et al., 2016
Shower gel - ug/s U 9.53-32.4 Guo et al., 2013
Deodorant - ug/g T 4.98 (0-65.3) Guo and Kannan, 2013
Hair conditioner - ug/g T 0.18 (0-0.39) Guo and Kannan, 2013
Spray perfume - ug/g T 15 (7-130) Wormuth et al., 2006
Eye shadow - ug/g T 0.64 (0-1.46) Guo and Kannan, 2013
BPA concentration in Ceara - - - -

Body lotion - ug/g LN®  3.54-10%, 1.18:10%, 1.67-10 Liao and Kannan, 2014
Face cream - ug/g LN 0.03+0 Cacho et al., 2013
Liquid foundation - ug/s LN®  0,0.02,0.04 Liao and Kannan, 2014
Shampoo - ug/g LN 0.09+0 Cacho et al., 2013
Shower gel - ug/g LN 0.07+0 Cacho et al., 2013

PCP frequency PCPs; - - - -

Lipstick - Application/day N 0.18+0.34 Present study

Body lotion - Application/day N 0.78 £0.41 Present study

Face cream - Application/day N 0.72+0.44 Present study

Liquid foundation - Application/day N 0.42+0.44 Present study
Shampoo - Application/day N 0.62 +£0.37 Present study

Shower gel - Application/day N 0.92+0.31 Present study
Deodorant - Application/day N 0.94 £0.27 Present study

Hair conditioner - Application/day N 0.35+0.28 Present study

Spray perfume - Application/day N 0.68 £ 0.45 Present study
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Parameter Symbol units Type Distribution Reference

Eye shadow - Application/day N 0.42+0.44 Present study

PCP amount PCP, - - - -

Parameter Symbol units Type Distribution Reference

Lipstick - g/application LN&  0.01+3.29 Loretz et al., 2005

Body lotion - g/application LN 3.26+£2.25 Loretz et al., 2005

Face cream - g/application LN&  0.80+2.55 Loretz et al., 2005

Liquid foundation - g/application LN&  0.33+2.99 Loretz et al., 2006

Shampoo - g/application G 0.38,5.79,2.15 Loretz et al., 2006

Shower gel - g/application G 0.67,4.89,2.84 Loretz et al., 2006

Deodorant - g/application LN&  0.56+2.41 Loretz et al., 2006

Hair conditioner - g/application LN 10.28 £2.20 Loretz et al., 2006

Spray perfume - g/application LN&  0.30%3.36 Loretz et al., 2006
- Eye shadow - g/application LN&  0.01+3.61 L. J. Loretz et al., 2008
2 Body weight BW06w kg LN 71.42 +17.15 Present study

Retention factor (rinse R¢ - - - -

off PCP)

Shampoo - - u 0-0.02 EFSA, 2015

Shower gel - - U 0-0.02 EFSA, 2015

Hair conditioner - - U 0-0.02 EFSA, 2015

Ingestion factor lipstick 1-(Ingy) - LN 0.20+0.04 Franzen et al., 2016

DEHP dermal absorption ABS (penp) - u 0.05-0.15 EPA, 2011

factor

BPA dermal absorption ABS (gpa) - u 0.08-0.10 Demierre et al., 2012

factor

LN = Log-normal; T = Triangular; U = Uniform; G = Gamma; N= Normal distribution. Mean, minimum, and maximum values were used for

triangular distributions; Mean and standard deviation were used for log-normal distributions; Geometrical mean and geometrical
standard deviation were used in log-normal® distributions; minimum and maximum values were used for uniform distributions;
Percentile 50,95 and maximum were used in log-normal?® distributions and location, scale and shape were used for gamma distribution.
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2.3.2 Non-dietary ingestion exposure

Non-dietary ingestion pathways include, on the one hand, dust ingestion that was
calculated according to equation 2.a. On the other hand, exposure through PCPs ingestion

was considered. Lipstick and toothpaste ingestion was assessed according to equation 2.b.

Non — dietary ingestion exposure (Dustingestion) = (Cc X I)/BW,oewy  Eq.2.a.
Non — dietary ingestion exposure (PCPipgestion) = (Cc X PCPsr X PCP, X Ingy)/
BW., 0w Eq. 2.b.

Where C, is the concentration of BPA or DEHP in homes dust (in pug/kg); Ir is the Ingestion
rate (in kg/day) and BWyg 6w is the body weight at 20 gestational weeks (in kg). PCPy, is the
frequency application (in application/day); PCP, is the amount per application (in
g/application) and Ings is the ingestion factor (non-dimensional). The total non-dietary
exposure is given in pg/kgww/day. Table 3 provides data used to assess the non-dietary

ingestion exposure of BPA and DEHP.
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Table 3. Monte-Carlo parameter description to assess the total non-dietary ingestion contribution of BPA and DEHP.

BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

Parameter Symbol units Type Distribution Reference
DEHP concentration in Coenp - - -
Lipstick - ug/g T 1.79 (0-6.45) Guo and Kannan,2013
Dust indoor - ug/kg dust LN® 1.20 -10° Wormuth et al., 2006
BPA concentration in Capa - - -
Toothpaste - ug/g LN¢ 0.35,0.83 Liao and Kannan,2014
Dust indoor - ug/kg dust LN 2:103+2.1-10° Geens et al., 2009
PCP frequency PCPs; - - -
Lipstick - Application/day N 0.18+0.34 Present study
Toothpaste - Application/day N 1.82+0.76 Present study
PCP amount PCP, - - - -

5 Lipstick - g/application LNe 0.01+3.29 Loretz et al., 2005

w Toothpaste - g/application u 0.79-1.20 McNamara et al., 2007
Dust ingestion rate I kg/day N 3-10°+ 3-10° EPA, 2011
Ingestion factor Ings - - - -
Lipstick - - LN 0.20+£0.04 Franzen et al., 2016
Toothpaste - - u 0-0.10 Angerer et al., 2010
Body weight BWo6w kg LN 71.42 +17.15 Present study

LN = Log-normal; T = Triangular; U = Uniform. Mean, minimum, and maximum values were used for triangular distributions; Mean and standard
deviation were used for log-normal distributions; Geometrical mean and geometrical standard deviation were used in log-normal® distributions;
minimum and maximum values were used for uniform distributions; Mean and P95 were used for log-normal® distributions; Percentile 50 and 95

were used in log-normal distributions.
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2.3.3 Inhalation exposure

The exposure assessment of BPA and DEHP through inhalation for pregnant women was
calculated according to equation 3. We considered levels of BPA and DEHP in the outdoor
and indoor air. In this case, three different scenarios were assessed: sleeping (3.a), indoors

(3.b) and outdoors (3.c) scenarios.
Inhalation exposure geeping = (C4°°" X IhTgieep X tsieep)/BWaoow
Eq. 3.a

: — indoor
Inhalation €XpOSUre jpgoor = (Cc X Ihrsedentry X tindoor)/BWZOGW

Eg.3.b

: — outdoor
Inhalation €XPOSUre pytdoor = (Cc X Ihrmoderate X toutdoor)/BWZOGW

Eq.3.c

Where €497 is the concentration of BPA or DEHP in the indoor air (in pg/m?3); C2%t400T js
the concentration of BPA or DEHP in the outdoor air (in pg/m?3); Ih; seep is the inhalation rate
during sleep (in m3/min); Ih; segentary is the inhalation rate while sedentary activities (in
m3/min); Ih; moderate is the inhalation rate during moderate activities (in m3/min); t seep is the
mean of time sleeping (in min); t indoor is the mean of time spending indoor (at work and at
home) (in min); t outdoor is the time spending in doing activity outdoor (in min) and BWogw is
the body weight at 20 gestational weeks (in kg). The total inhalation exposure is given in
ug/kgow/day. Table 4 contains the data used to assess the inhalation exposure of BPA and

DEHP.

The concentration levels of BPA and DEHP in different PCPs, in dust and air, were taken from
the literature with a preference rule of Spanish values> European values> other available
data. To deal with variability and uncertainty of parameters used, probabilistic estimation
of the dermal, non-dietary ingestion and inhalation exposure was performed in a
probabilistic way. Monte-Carlo simulation is a common approach used to incorporate

variability and uncertainty of the parameters used into the estimation of human health
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exposure (Mari et al., 2009; May et al., 2002; Rovira et al., 2016; Schuhmacher et al., 2001).
Table 2, 3 and 4 includes the probabilistic distribution of parameters for the calculation of
human health exposure. Monte-Carlo simulation was carried out by Oracle Crystal Ball®
software. Exposures were calculated based on the propagation variable of variability and

uncertainty given by each parameter probability function until 100,000 iterations.

Table 4. Monte-Carlo parameter description to assess the total inhalation contribution of BPA and

DEHP.

Parameter Symbol units Type Distribution Reference

DEHP concentration  Cpenp - - - -

in

Air indoor - ug/m?3 T 0.3 (0.05-0.62) Wormuth et al.,
2006

Air outdoor - ug/m?3 T 0.01 (0-0.05) Wormuth et al.,
2006

BPA concentration Capa - - - -

in

Air indoor - pg/m?3 T 0 (0-0.01) EFSA, 2015

Air outdoor - pg/m?3 LN 0.01+0.01 Salapasidou et
al.,2011

Inhalation rate

sleeping Ihr sieep m3/min LN® 0,0.01 EPA, 2011

sedentary activity Ihr sedentary m3/min LN® 0,0.01 EPA, 2011

moderate activity Ih¢ moderate m3/min LN® 0.02,0.03 EPA, 2011

Time sleeping T sleep min N 521 +52.10 IEC, 2012

Time outdoor t outdoor min N 106 + 10.60 IEC, 2012

Time indoor t indoor min - 1440 -

Body weight BWaoew kg LN 71.42 +17.15 Present study

Time indoor= 24 hours — (Tsieep + Toutdoor)- LN = Log-normal; T = Triangular. Mean, minimum, and
maximum values were used for triangular distributions; Mean and standard deviation were used
for log-normal distributions; Mean and P95 were used for log-normal® distributions.
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2.4 Tissue dosimetry model (PBPK).

The basic structure of pregnant PBPK model has been adapted from Sharma et al., (2018)
in the current study in order to assess dietary and non-dietary exposure. It comprises
plasma, liver, kidneys, fat, brain, skin, placenta, a rest of the body and a fetus compartment.
Fetus compartment was subcategorized again into liver, brain, and plasma. All the
Physiological parameters during pregnancy are considered to be dynamic parameters that
change due to the growth of mother organs (Abduljalil et al., 2012; Gentry et al., 2003;
Loccisano et al., 2013). The source of exposure to fetuses was via a free fraction of chemicals
into mother’s placenta, considering that fetuses’ exposure is directly related to mother’s
exposure. The placental-fetal unit assumes a bidirectional transfer process describing
chemical transfer between mothers’ placenta to fetuses’ plasma and fetuses’ plasma to the
mothers. Detailed descriptions of standard and pregnancy-specific model equations are
adapted form Sharma et al., (2018). Metabolic kinetic parameters for both mothers and
fetuses were previously estimated from in-vitro studies (Martinez et al., 2017; Sharma et
al., 2018).

Two different sources of exposure were considered for the current study, dietary exposure
and the combination of dietary with non-dietary exposure. The dosing considered being
inputs for the PBPK model was estimated using Monte Carlo technique for the exposure
assessment. It has been considered the six following exposure scenarios of BPA and DEHP:
5% percentile diet; 5™ percentile diet + non-diet; Mean diet; Mean diet+ non-diet; 95"
percentile diet, and 95™ percentile diet + non-diet. For the current study, the routes of
exposure were the following: ingestion and dermal exposure that were divided into three
equal doses (with 8 hours of the interval). On the other hand, continuous exposure for
inhalation was presumed, considering three different inhalation rates (sleeping time, doing

sedentary activities and doing moderate activities).
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3. Results and discussion
3.1 Non-dietary (dermal, non-dietary ingestion and inhalation) exposure to BPA and DEHP.

The contribution of dermal contact, non-dietary ingestion, and inhalation to the total non-
dietary intake from Reus pregnant mothers’ cohort was assessed in a probabilistic way using
Monte-Carlo simulation. Figure 1, summarizes the contribution of each non-dietary source

to the total exposure of BPA and DEHP.

Regarding BPA (Figure 1), the total non-dietary mean value was 0.002 pg/kgsw/day (0.000
and 0.004 pg/kgpw/day for 5" and 95 percentile, respectively). Relative mean contributions
were 60%, 36% and 4% for non-dietary ingestion, inhalation, and dermal routes,
respectively. For DEHP (Figure 1), the total non-dietary mean exposure was 0.597
ug/kgow/day (0.116 upg/kgpw/day and 1.506 pg/kgow/day for 5™ and 95 percentile,
respectively). The maximum mean contribution was, again, non-dietary ingestion with 81%,

followed by dermal route and inhalation with 15% and 4%, respectively.

For both chemicals, BPA and DEHP, non-dietary ingestion was the highest mean relative
contributor with 60% and 81%, respectively, of the total non-dietary exposure. These
represented a mean non-dietary ingestion exposure of 9.62-10* and 0.485 pg/kgww/day for
BPA and DEHP, respectively. Non-dietary ingestion route considered the levels of both
compounds in homes dust and in PCPs that could be accidentally ingested during their use
(lipstick and toothpaste). In both cases, the major contribution (>99.9%) to the total non-
dietary ingestion exposure to BPA and DEHP came from home dust ingestion. The average
concentration of BPA and DEHP in dust were very high, 2:10® and 1.20-10° pg/kgqust,
respectively. BPA levels in dust were obtained from Belgian houses (Geens et al., 2009) and
phthalate levels in dust came from different European homes (Wormuth et al., 2006).
However, similar BPA and DEHP levels in indoor dust were found worldwide (Das et al.,
2014; Fromme et al., 2004; Ginsberg and Belleggia, 2017; Kubwabo et al., 2016; Langer et
al., 2014; Loganathan and Kannan, 2011). The high contribution of dust in the total DEHP

non-dietary ingestion exposure is due to phthalates, which are used as plasticizers in
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numerous consumer products, commodities, and building materials. Consequently,
phthalates are found in human residential and occupational environments in high
concentrations (Wormuth et al., 2006). As well as DEHP, the high contribution of dust in the
total BPA non-dietary ingestion exposure is due to BPA is used in a variety of household
applications. Through manufacture and usage, these contaminants can leach into the
environment and can be deposited in the indoor dust (Geens et al., 2009). It was assumed
that consumers accidentally ingest small amounts of PCPs. So, it was estimated the scenario
for non-dietary ingestion using information about the amounts cosmetics ingested daily
(Table 3), and the DEHP and BPA concentrations in PCP. No such information was available
on how much PCPs are ingested daily and it was not much literature data about
concentration levels of these two EDs in different cosmetic products. Only data regarding
DEHP in lipstick and BPA in toothpaste content were found. Therefore, it was only
considered the accidental ingestion of these two cosmetics, lipstick and toothpaste, during
their use. Results showed that the contribution to this kind of ingestion to the total DEHP
and BPA non-dietary ingestion was insignificant (0.07% and 0.01% for BPA and DEHP,
respectively) compared to total non-dietary ingestion and with the dietary total intake.
However, more bibliographic data is needed to be able to carry out a good exposure

assessment.

According to BPA, inhalation was the second greatest contributor to the total exposure with
an exposure of 5.90-10* ug/kgow/day, that meant the 36% of the total non-dietary exposure.
In this case, three different scenarios were assessed: indoor, outdoor and sleeping
inhalation exposure that showed a contribution to total BPA inhalation exposure of 37%,
51%, and 12%, respectively. Inhalation exposure was lower than the dust exposure; this can
be due to BPA has a comparatively low vapour pressure. As a result, concentrations of BPA
in the air can be expected to be low and it will be present mainly in the particulate phase,
adsorbed to dust (EFSA, 2013). Finally, dermal contact was the exposure route that
contributed the least (4%) to the total mean non-dietary BPA exposure, with a dose of
6.39:10° pg/kgpw/day. Among all the PCPs, face cream (39%), shower gel (20%) and body

lotion (18%) have the higher contribution. In Europe, BPA is not allowed as an ingredient in
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cosmetics (Regulation (EC) no. 1223/2009 of the European Parliament and of the Council of
30 November 2009 on cosmetic products). However, if BPA is present in the packaging (e.g.
polycarbonates plastic (PC) packaging), it could migrate into the cosmetic products (EFSA,
2013). It must be taken into account that dermal absorption of BPA can reach 95-100% if
BPA is applied dissolved in ethanol, because ethanol may act as a transport mediator for
BPA into the skin, thus enhancing the absorption fraction. In addition, his property of
dissolving in ethanol can be found in similar compounds in the formulation of creams and

body lotions (EFSA, 2013).

Regarding DEHP, dermal contact with a mean value of 0.087 pg/kgsw/day, was the second
greatest contributor to the total non-dietary exposure (15%). In this exposure assessment,
perfume and deodorant were the items which contribute more to the total DEHP dermal
exposure, with 36% and 33%. The quite high presence of these ED is due to phthalates in
general, are added as humectants, emollients, or skin penetration enhancers, which are
very common in perfumes and fragrances (Koo and Lee, 2004). Finally, DEHP inhalation
(0.025 pg/kgww/day) was the item which contributed less (4%) to the DEHP mean non-
dietary exposure. Indoor exposure and sleeping inhalation exposure had a relative
contribution of 61% and 36%, respectively. Other authors (Wormuth et al., 2006) found that
accidental ingestion of PCPs are the major sources of exposure to DEHP in all consumer
groups that we estimated. Although the food is the dominating source of exposure to DEHP

in all consumer groups (Wormuth et al., 2006).

Indoor environment (home dust ingestion and inhalation (indoor and sleeping)) were the
principal source of BPA and DEHP of non-dietary exposure with a relative contribution of
78% and 85%, respectively. PCPs contribute with 4% and 15% to total mean non-dietary
exposure of BPA and DEHP, respectively, almost exclusively through dermal contact. Finally,
outdoor environment (trough outdoor inhalation) showed a contribution of 18% and <0.1%

to total mean non-dietary exposure for BPA and DEHP, respectively.
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BPA DEHP

® Dermal contact
¥ Inhalation

m Non-dietary ingestion

0.002 pg/kgy,/day 0.597 ug/kgy,/day
(0.000; 0.004) (0.116; 1.506)

Figure 1. Non-dietary exposure (dermal contact, non-dietary ingestion and inhalation) Reus
(Tarragona, Spain) pregnant women cohort exposure to BPA and DEHP exposure. Results are given
in mean (5%; 95t percentile).

3.2 Dietary exposure vs non-dietary exposure

Figure 2, shows the comparison between total dietary exposure and non-dietary (dermal,
non-dietary ingestion and inhalation) exposure to BPA and DEHP. Data from the dietary
exposure was previously estimated using the same cohort population (Martinez et al.,

2017).

Regarding BPA, mean dietary daily intake from Reus (Tarragona, Spain) cohort was 0.715
pg/kgpw/day (Martinez et al., 2017), and the mean exposure estimated for non-dietary
ingestion, inhalation, and dermal contact were 9.62-10%, 5.90-10*, 6.39-10° pg/kgnw/day,
respectively. In general, in the present study according to non-dietary exposure, the
maximum exposure estimated for BPA was 0.0072 pg/kgew/day and the 95% of the
population were under 0.0040 pg/kgsw/day. Non-dietary exposure practically did no
contribute to the total exposure (0.2%). In other words, diet was the greatest contributor

to the total exposure (99.8%) (Figure 2). However, it is important to know that in this study
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thermal paper was not considered in dermal exposure estimation, which is considered as a

potential exposure source for BPA in the EU by the EFSA, 2015.

BPA is conjugated in the liver by glucuronidation and sulfation, “total BPA” stands for the
sum of conjugated and unconjugated forms. For further risk assessment, these two forms
need to be distinguished, the unconjugated BPA is more toxicologically relevant. The
contribution of dermal and inhalation sources to internal exposure to total BPA is
considerably smaller compared to oral sources. However, with dermal and inhalation
exposure the first-pass metabolism is lacking, regardless of the small contribution of non-
dietary sources to total BPA, their contribution to the plasma concentration levels of
unconjugated BPA may be considerable. Kinetic studies have shown that in monkeys only
around 1% of orally absorbed BPA becomes systemically bioavailable as unconjugated BPA
(Fisher et al., 2011), whereas after dermal absorption, practically all absorbed BPA (around
10% of the external dermal dose, Demierre et al., 2012) initially becomes bioavailable as
unconjugated BPA. For that reason, non-dietary sources may be of equal or even higher
toxicological relevance than dietary sources (Lu et al., 2017; Volkel et al., 2002; von Goetz
etal., 2017). Considering diet and non-diet sources the mean of the total exposure was 0.72
ug/kgow/day and the 5™ and 95™ percentile of the total exposure were 0.28 and 1.41
ug/kgow/day (Figure 2).

Regarding DEHP, Figure 2 shows that non-dietary sources contribute with 37 % of the total
exposure. The mean dietary daily intake of DEHP exposure from Reus cohort was 1.00
ug/kgow/day (Martinez et al., 2017), and the mean exposure estimated for non-dietary
ingestion, inhalation, and dermal contact were 0.485, 0.025, 0.087 pg/kgow/day
respectively. According to total non-dietary exposure, the maximum dose was 3.86
ug/kgow/day and the 95™ percentile was 1.51 pg/kgow/day, and mean value was 0.60
ug/kgow/day. Considering diet and non-diet sources the mean of the total exposure was 1.60
ug/kgow/day and the 5™ and 95 of the total exposure were 0.52 and 3.52 pg/kgnw/day,

respectively (Figure 2).
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EFSA published its comprehensive re-evaluation of BPA exposure and toxicity, in January
2015, and established a tolerable daily intake (TDI) of 4 pug/kgww/day for BPA (EFSA, 2015).
On the other hand, EFSA and the European Chemicals Agency (ECHA) established the TDI
for DEHP to 50 pg/kgww/day (ECHA, 2010; EFSA, 2015). Only the non-dietary ingestion
estimated data from this study can be compared with this EFSA and ECHA tolerable values
because the TDI values are concerned about “daily intake”. Therefore, in this study, the
maximum value estimated for BPA non-dietary ingestion exposure was 0.0052 pg/kgsw/day
and the 95% of the population were below 0.0028 ug/kgpw/day. Whereas, for DEHP, the
maximum value estimated for non-dietary ingestion exposure was 3.39 ug/kgsw/day and
the 95% of the population were under 1.24 pg/kgow/day. These values for BPA and DEHP
estimated in our study were far away from the tolerable values of the EFSA and ECHA.
Although BPA and DEHP non-dietary ingestion exposure assessment values were under the
tolerable established, it is important to take into account that non-dietary ingestion and, in
general, non-dietary levels must be added to the total dietary exposure assessment, in

order to make a good exposure estimation.
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BPA DEHP

 Dermal contact
M Inhalation
B Non-dietary ingestion

M Dietary

0.72 ug/kgy,/day 1.60 pg/kg,,/day
(0.28; 1.41) (0.52; 3.52)

Figure 2. Total mean exposure dietary (Martinez et al., 2017) and non-dietary (dermal, non-dietary
ingestion and inhalation) to BPA and DEHP for Reus pregnant women cohort. Results are given in
mean (5%; 95t percentile).

3.3 Internal dosimetry

The chemicals’ dose inputs considered to run the P-PBPK, were probabilistically estimated
by Monte-Carlo simulation (Section 2.4). From probabilistic distribution, six total scenarios
were selected for BPA and DEHP: the 5™ percentile diet; the 5" percentile diet + non-diet;
mean diet; mean diet + non-diet; the 95" percentile diet and the 95" percentile diet + non-
diet. The outputs from the model simulation were selected considering the metabolites
generated, their toxicity, gestational period and ability to reach the fetus. For this reason,
only free BPA and MEHP (a metabolite of DEHP) were considered. The simulation data were
taken from pregnant women and fetus for 24 h during the 24th gestational week. This
period was selected because at this time fetus organs are more developed and able to
incorporate right biological process. This helps us to explain the difference in metabolic

processes in mothers and fetuses. Normally, at the early stage of pregnancy, for both BPA
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and MEHP, fetus plasma concentration level is higher due to low or no metabolic activities
in the fetus (Gauderat et al., 2016; Latini et al., 2003). In order to be near to a real scenario,
a dietary, and non-dietary (dermal and ingestion) exposure were divided into three equal
doses, along with continuous exposure of non-dietary source (inhalation) and were
simulated (Figure 3) in the case of BPA. On the other hand, DEHP metabolite MEHP time
plasma concentration profile in case of both mother and fetus is showed in Figure 4, the
result of single-dose intake of dietary and non-dietary. In this case, inhalation was
considered again as continuous exposure, the simulated concentration curves show a sharp
peak concentration o within 1 h of intake. It is known that metabolic activity in the fetus is
lower compared to mother's metabolism (Heindel et al., 2017). For that reason,
concentration levels of both chemicals in the fetus’ plasma were higher than in the mother.
Therefore, BPA and MEHP stay longer in the fetal body, which may cause higher risk to
fetuses and makes the fetus more vulnerable to the exposure. A similar trend has been

observed by Sharma et al., (2018).
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Figure 3. Time versus BPA plasma concentration for mothers a), and fetuses b), considering six different exposure scenarios (the 5" percentile
diet; the 5" percentile diet + non-diet; mean diet; mean diet + non-diet; the 95" percentile diet and the 95" percentile diet + non-diet). It was
considered three-food intake dose for diet and non-diet (dermal and dust ingestion) keeping inhalation as a continuous exposure
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Figure 4. Time versus MEHP plasma concentration for mothers c) and fetuses d), considering six different exposure scenarios (the 5™ percentile
diet; the 5t percentile diet + non-diet; mean diet; mean diet + non-diet; the 95" percentile diet and the 95 percentile diet + non-diet). It was
considered one-food intake dose keeping inhalation as a continuous exposure
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4.Conclusions

Regarding BPA non-dietary exposure was 0.002 pg/kgbw/day, with the greatest
contribution coming from non-dietary ingestion with 60%, followed by inhalation with 36%.
Finally, dermal exposure was the one that contributed the least with 4%. However, in this
study, the thermal paper was not considered in dermal exposure estimation, which is
considered as a potential exposure source for the general population (EFSA, 2015).
According to DEHP non-dietary exposure (0.597 pg/kgbw/day), the maximum contributor
was non-dietary ingestion with 81%, followed by dermal contact with 15% and inhalation
with 4%. As expected, diet was the main contributor to total exposure to both chemicals.
Regarding DEHP, non-dietary sources contribute 37% of the total exposure. The non-dietary
exposure to BPA practically did no contribute to the total exposure (0.22%). Indoor
environment, dust ingestion, and indoor air inhalation was the main contributor to non-
dietary exposure to both ED (78% for BPA and 85% for DEHP) meanwhile PCPs contribute
in 4% and 15%, for BPA and DEHP, respectively. However, with dermal absorption that
passes the first-pass metabolism, dermal sources may be of equal or even higher
toxicological relevance than dietary sources (Volkel et al., 2002; von Goetz et al., 2017). Only
the non-dietary ingestion estimated data in combination with other dietary exposure from
this study can be comparable with EFSA and ECHA tolerable values because the TDI values
are concerned about “daily intake”. Although BPA and DEHP non-dietary ingestion exposure
assessment values were under the tolerable established, it is important to take into account
that non-dietary exposure levels must be added to the total dietary exposure assessment,

in order to make a good exposure estimation.

According to internal dosimetry, six different scenarios were considered in order to run the
PBPK model. When the simulation considered diet + non-diet scenarios, the concentration
levels of BPA and MEHP (main metabolite of DEHP) increased considerably in plasma. In
addition, in fetus’ plasma, the concentration of both chemicals reached levels much higher
than those seen previously in mothers. The low metabolic activity in fetus led to maintain a

continuous concentration in time. Therefore, this can make the fetus more vulnerable to
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the exposure compared with their mothers. The ongoing research is to validate the PBPK
model with biological samples from this cohort and demonstrate that this methodology
allows the determination of BPA and MEHP for monitoring in biological matrices, such as
plasma and urine. Finally, demonstrate that PBPK model can predict the prenatal exposure
of the child/fetus to EDs. To conclude, on the one hand, strategies must be presented in
order to reduce their exposure. Restrictions must be imposed to regulate the production

and use of products related especially with childcare and pregnant women.
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Abstract

Phthalates are known endocrine disruptors (EDs) and are associated with potential
diseases, such as obesity and diabetes. As an alternative to phthalates, in 2002 the
plasticizer 1,2-cyclohexane dicarboxylic acid diisononyl ester (DINCH) was introduced in the
European market. The objective of this study was to evaluate the total exposure to
phthalate and DINCH metabolites from EXHES Tarragona, Spain cohort of pregnant women.
On the one hand, the analytical determination of phthalate and DINCH metabolites in urine
was carried out. On the other hand, the reconstructed exposure was calculated for
phthalates and DINCH using their metabolites concentration measured in the urine.
Thirteen different phthalate metabolites and two metabolites of DINCH were measured and
detected in almost all pregnant women's urine samples (n=60). The statistical analysis
showed positive significant Pearson’s correlations between metabolites that came from the
same parent compound, and also between DEHP and MBzP metabolites, between DiNP and
BBZP metabolites, and between DEHP and DiNP metabolites. The exposure of pregnant
women to phthalate and DINCH parent compounds were also backcalculated using the
levels of each metabolite found in pregnant women urine (reconstructed exposure). In
addition, to demonstrate the utility of this approach, the physiologically based
pharmacokinetic (PBPK) model was used to predict the cumulative amount of MEHP (a
principal metabolite of DEHP in urine). To proceed with that, DEHP reconstructed exposure
and estimated exposure from the same cohort (previously studied by the same authors)
were simulated using the PBPK model. Results showed that the reconstructed-PBPK
simulation was closer to the 24 h biomonitoring data than the estimated PBPK-simulation.
Consequently, the combination of reconstructed exposure with the PBPK model is a good
tool to predict chemicals exposure. However, some discrepancies between simulated and
biomonitored values were found. This can be associated with other sources that contribute
to the total exposure and emphasises the need to consider multi-routes exposure for the

widely distributed chemicals like phthalates and DINCH.
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1. Introduction

Phthalates are esters of phthalic acid and they are mainly used as plasticizers, substances
added to plastics to increase their flexibility, transparency, durability, and longevity (Guo,
et. al., 2011). They are used primarily to soften polyvinyl chloride (PVC) (Arbuckle et al.,
2016). Human exposure to phthalates is widespread and occurs mostly through ingestion,
inhalation, and dermal contact (Martinez et al., 2018). Phthalates are easily released from
the products that contain them to the environment. In general, they do not persist due to
rapid biodegradation, photodegradation, and anaerobic degradation (Rudel and Perovich,

2009).

Phthalates are known endocrine disruptors (EDs); they can mimic or block naturally
occurring hormones in our body, changing the final cellular response (Thomas Zoeller et al.,
2012). Prenatal exposure to these EDs is associated with potential diseases, diabetes and
insulin resistance, breast cancer, obesity, metabolic disorders, and immune function (Bansal
et al.,, 2018). Despite a quick metabolization, they can reach the fetus by crossing the
placenta barrier (Li et al., 2013). As an alternative to phthalates, in 2002 the plasticizer 1,2-
cyclohexane dicarboxylic acid diisononyl ester (DINCH) was introduced in the European
market. This is a plasticizer for the manufacture of flexible plastic articles in sensitive
application areas such as toys, medical devices, and food packaging. It belongs to the group
of aliphatic esters (Giovanulis et al., 2018). Currently available toxicological data suggest
that DINCH does not induce reproductive toxicity or endocrine disruption (EFSA,2008).
However, human exposure to this chemical rises considerably in the last years, and

exposure data of DINCH are limited (Giovanoulis et al., 2018).
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The diet is believed to be the main source of bis (2-ethylhexyl) phthalate (DEHP) and other
phthalates in the general population (Martinez et al.,, 2018). Low-molecular-weight
phthalates such as diethyl phthalate (DEP), di-n-butyl phthalate (DBP), and benzylbutyl
phthalate (BBzP) may be dermally absorbed, and the more volatile phthalates, such as
dimethyl phthalate (DMP) and dibutyl phthalate (DBP) may be air inhaled or ingested
through dust (Heudorf and Mersch-sundermann, 2007). DEP and dimethyl phthalate (DMP)
are present in higher concentrations in the air in comparison with the heavier and less
volatile DEHP. Outdoor air concentrations are higher in urban and suburban areas than in
rural and remote areas (Rudel and Perovich, 2009). In addition, higher concentrations of
these phthalates in the air are related to higher temperatures (Diamanti-kandarakis et al.,
2009). Nowadays, phthalates are also found very widely in PVC flooring. The most common
phthalates found are butyl benzyl phthalate (BBP) and DEHP, which are more prevalent in

the dust (Fromme et al., 2004).

In other previous studies from our group (Martinez et al., 2017, 2018), we calculated the
total estimated exposure to phthalates through the method based on questionnaires and
personal interviews. This method considered the personalised data like the diet habits, uses
of personal care products, and lifestyle. In addition, the inventory of concentration levels of
DEHP in dietary and non-dietary items from the literature were also considered. More
detailed information can be found in Martinez et al. (2018). However, limited information
on other routes of exposure (such as dermal and inhalation) can underestimate the total
exposure and internal dose. The most ideal approach for investigating human exposure to
different chemicals is biomonitoring. As biomonitoring data integrates all routes (oral,
inhalation, dermal and dust ingestion) and sources of exposure (i.e. including occupational,
environmental and lifestyle factors such as diet, smoking and hobbies), it can provide a
valuable perspective to help evaluate aggregate exposure to chemicals (Angerer
et al., 2006, 2007; Pirkle et al., 1995). Human biomonitoring can be an effective tool for
assessing exposure i.e. measuring chemicals and their metabolites in usually, blood or urine
and then use this data to reconstruct the exposure amount by using either a simple

approach or a reverse physiologically based pharmacokinetic (PBPK) model (Diamanti-
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kandarakis et al., 2009; Johns et al., 2015). The compounds like phthalates and DINCH have
several metabolites and they have very short half-lives between 3 and 18 h (Johns et al.,
2015). For such cases, it has been recommended that these metabolites concentrations in

urine should also be measured instead of only parent compound concentrations.

This study aimed to evaluate the total exposure to phthalates and DINCH from EXHES
Tarragona, Spain cohort of pregnant women. On the one hand, analytical determination of
phthalate and DINCH metabolites in urine was carried out. On the other hand, the
reconstructed exposure was calculated for phthalates and DINCH using their metabolite
concentrations measured in the urine. To demonstrate the utility of such a simple
deterministic reconstruction approach, a PBPK model was used to predict the cumulative

amount of MEHP (a principal metabolite of DEHP in urine).

Thus, the objective of the current study comprised the following tasks: the first task was to
determine the phthalate and DINCH metabolites in spot urine at 12" and 32" gestational
weeks (GW) for each person. The second task was to reconstruct the exposure of different
phthalates and DINCH from the spot urine concentrations. The third task was to run the
forward PBPK model to calculate the MEHP cumulative amounts per day in the urine. The
fourth task was to compare the current PBPK simulated MEHP cumulative concentration for
reconstructed dose with the previously PBPK simulated MEHP cumulative concentration for
an estimated dose (Martinez et al., 2018). Subsequently, both simulations, reconstructed
and estimated were compared with the measured MEHP in the current biomonitoring

study.
2. Materials and Methods

2.1 EXHES Tarragona, Spain cohort study

In the EXHES Tarragona, Spain, cohort, pregnant women were recruited during the first
trimester of pregnancy as part of the European “HEALS” project. The recruitment of
pregnant mothers started in March 2016 and, in the present study, 60 mother-child pairs

were included. Women were informed of the study during their first visit (12" GW) to the
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BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

RESULTS

University Hospital “Sant Joan de Reus”, in Reus (Catalonia, Spain). Women were eligible to

participate according to the following inclusion criteria: 216 years old, intention to deliver

at the reference hospital, and no problems with the communication language. This study

was approved by the Ethical Committee of Clinical Research of the Hospital and written

informed consent was obtained from the participants.

2.2 Questionnaires data acquisition and sampling

At 12" and 32" GW, face-to-face interviews were done in order to know their habits, diet,

lifestyle and general characteristics data of the pregnant mothers. More detail information

about these questionnaires is described in Martinez et al. (2018). During their visits to the

hospital, urine samples were collected in the first and third trimester of pregnancy between

2016 and 2017 and stored at -80 °C until analytical determination. The summary of the

characteristics of the study population is shown in Table 1.

Table 1. Characteristics of the study population from from EXHES Tarragona, Spain, cohort (n=60).

Characteristics of the study population (n = 60)

%

Maternal age at delivery (years)

<20 1
20-29 14
30-39 72
>40 13
Twin pregnancy 8
Maternal pre-pregnancy BMI*
Underweight (<19 kg/m?) 6
Normal (19-25 kg/m?) 50
Overweight (>25-30 kg/m?) 25
Obese (>30 kg/m?) 19
Maternal pregnancy (20 GW) BMI*
Underweight (<19 kg/m?) 1
Normal (19-25 kg/m?) 41
Overweight (>25-30 kg/m?) 37
Obese (>30 kg/m?) 21
Maternal education
Primary 28
Secondary 31
University 41
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Social economic status

Low level (<9,000-19,000 €/year) 24

Median level (19,000-35,000 €/year) 49

High level (>35,000 €/year) 27
Maternal country of origin

Spain 76

Other 24
Marital Status

Living with the father 99

Not living with the father 1
Characteristics of the study population (n = 60) %
Maternal smoking

Never smoke 73

Not during pregnancy 9

During pregnancy 18

*BMI= Body mass index

2.3. Analytical determination of phthalate and DINCH metabolites

Thirteen different phthalate metabolites and two DINCH metabolites were determined in a
total of 120 urine samples (60 from 12" GW and 60 from 32" GW) from the 60 participants,
using an on-line column switching liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) as described elsewhere (Sabaredzovic et al., 2015). In brief,
labeled internal standard solution and enzyme solution (beta-glucuronidase in ammonium
acetate buffer, pH = 6.5) were added to the urine sample (300 pL). The samples were
incubated for 1.5 h at 37 °C. After 1.5 h, formic acid was added, the samples were
centrifuged, and the supernatant was injected into the system. The limits of detection (LOD)
were between 0.07 and 0.7 ng/mL. The accuracy of the method ranged from 70 % to 120
%. In-house pooled urine samples and standard reference material from the National
Institute of Standards and Technology (NIST) were analysed along with the samples, and the
margin of error was below 20 % for the phthalate and DINCH metabolites. Table 2 provides
information about the specific compounds measured. The phthalate and DINCH
metabolites concentrations were adjusted by creatinine, measured by the Jaffé’s method,
using a Cobas autoanalyser. Sample replicates and standards were analysed. Correction of

urinary phthalates and DINCH content by creatinine was proceeded to correct for variable
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dilutions among spot samples (Barr et al., 2005). Some studies recognized that urinary
creatinine is affected by age, sex, diet - particularly protein intake - and specific conditions
like pregnancy (James et al., 1988). Consequently, adjustment by creatinine may provide
higher values for urinary metabolites concentrations (Lg/gcrea) than did the corresponding
data expressed as pg/L. For this reason, we reported both values of urinary phthalates; for

non-creatinine and creatinine adjusted levels.

Table 2. Phthalate and DINCH metabolites and their parent compound analysed

Compounds Abbreviati  *Parent
on Compound
Monoethyl phthalate MEP DEP
Mono-iso-butyl phthalate MiBP DiBP
Mono-n-butyl phthalate MnBP DnBP/ BBZP
Mono benzyl phthalate MBzP BBZP
Mono-ethyl phthalate MEHP DEHP
Mono-2-ethyl-5-hydroxyhexyl phthalate MEHHP DEHP
Mono-2-ethyl-5-oxohexyl phthalate MEOHP DEHP
Mono-2-ethyl 5-carboxypentyl phthalate MECPP DEHP
Mono-2-carboxymethyl hexyl phthalate MMCHP DEHP
Mono-4-methyl-7-hydroxyoctyl phthalate OH-MiNP DiNP
Mono-4-methyl-7-oxooctyl phthalate oxo-MiNP DiNP
Mono-4-methyl-7-carboxyoctyl phthalate cx-MiNP DiNP
6-Hydroxy Monopropylheptylphthalate OH-MPHP DPHP
2-(((Hydroxy-4methyloctyl) oxy) carbonyl) OH-MINCH  DINCH

cyclohexanecarboxylic Acid
2-(((4-Methyl-7-oxyooctyl) oxy) carbonyl) oxo-MINCH DINCH

cyclohexanecarboxylic Acid

*DEP= Diethyl phthalate; DiBP= Diisobutyl phthalate; DnBP= Di-n-butyl phthalate; BBZP= Butyl benzyl
phthalate; DEHP= bis (2-ethylhexyl) phthalate; DiNP= Diisononyl phthalate; DINCH= 1,2-Cyclohexane
dicarboxylic acid diisononyl ester; DPHP= Di(2-propylheptyl) phthalate.
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2.4. Reconstructed exposure

In the present study phthalate and DINCH metabolites were biomonitored in maternal urine
from 60 pregnant women at the first and third trimester of pregnancy. The biomonitoring
data were used to calculate the reconstructed exposure, this is the exposure to pregnant
women to each parent compound calculated from the concentration levels of their

metabolites found in urine.

To calculate the reconstructed exposure of each parent compound, the pharmacokinetic
model of one compartment (the total body) was considered. The pharmacokinetic model
can be reduced to a mathematical equation, which describes the transit of the compound
throughout the body, a net balance sheet from absorption and distribution to metabolism
and excretion. To calculate the reconstructed exposure of each parent compound, all their

metabolites were considered. The following equation was used (Eq.1).

Cp X MWPC) y Creay

Reconstructed exposure (i) = Z( MW, FUE
m

Eq.1

Where reconstructed exposure (i) is the individual exposure of the parent compound
(phthalates and DINCH) for each person calculated from the levels of metabolites found in
the urine (ug/kgow/d); Cn is the concentration of each metabolite from phthalates or DINCH
adjusted by creatinine (in Hg/8creatinine); MWopc is the molecular weight of each parent
compound (in pg/mol); MW, is the molecular weight of each metabolite (in pg/mol); Creagq
is the creatinine excreted per day per weight (in g/ug/kgow/d) (Koppen et al., 2019); FUE is

the Urinary Excretion Factor for each parent compound (Table 3).

138



UNIVERSITAT ROVIRA I VIRGILI
ENDOCRINE DISRUPTION ASSESSMENT: EXPOSURE, BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD
ENDOCRINE DISRUPTORS DURING

PREGNANCY AND EARLY STAGES OF LIFE RESULTS
Maria Angeles Martinez Rodriguez

Table 3. FUE for phthalate and DINCH parent compounds

Phthalate and DINCH MW* FUE** Reference

parent compounds

DEP 222.24 0.69 Anderson et al., 2001; Koch et al., 2003
BBzP 312.4 0.73 Anderson et al., 2001

DiBP 278.34 0.90 Koch et al., 2012

DnBP 278.34 0.91 Koch et al., 2012

DEHP 390.57 0.47 Anderson et al., 2011

DiNP 418.609 0.30 Anderson et al., 2011

DINCH 424,666 0.30 Analogy to DiNP

*MW= molecular weight (g/mol); **FUE= Urinary Excretion Factor (non-dimensional)

2.5. Physiologically-based pharmacokinetic (PBPK) modelling

The DEHP PBPK model was adapted from a previous study (Sharma et al., 2018; Martinez et
al., 2017). All the physiological parameters during pregnancy are considered to be dynamic
parameters that change due to the growth of mother organs (Abduljalil et al., 2012; Gentry
et al., 2003; Loccisano et al., 2013). More detail of the model is described in (Martinez et

al., 2017, 2018; Sharma et al., 2018).

The objective is to compare the predicted cumulative amount of MEHP in urine for both the
reconstructed exposure (calculated in 2.4 section) and the previously estimated exposure
calculated in Martinez et al., (2018) against the biomonitoring data using a forward PBPK.
Figure 1, shows a flowchart with the different steps that were followed. All of these steps

are explained below.

The spot urine sampling was carried out in the morning. This urine collected was used to
calculate the total DEHP reconstructed dose (following the Eq.1, section 2.4). Then the total
dose DEHP reconstructed exposure was divided considering the percentage of the
contribution from the different routes based on a previous calculation by Martinez et al.,

(2018) i.e. 63 % oral, 5 % dermal, 2 % dust ingestion and 30 % inhalation.
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Then the calculated oral, dermal, ingestion and inhalation routes’ exposure data were used
to run the PBPK model. Afterward, the PBPK simulated MEHP cumulative amount in urine
for reconstructed exposure was obtained (Figure 1, letter a). The PBPK model was also
simulated to predict the MEHP cumulative amount in urine for the estimated exposure

(Martinez et al., 2018) (Figure 1, letter b).

The spot MEHP urine concentration was extrapolated to MEHP cumulative amount for 24

hours following equation 2 (Eq.2) (Mann and Gerber, 2010) (Figure 1, letter c).

Spot urine [MEHP]
Spot urine [crea]

24 h MEHP excreted = ( ) X 24 h crea excretion  Eq.2

In this way, the PBPK simulated MEHP cumulative concentration for estimated dose (b) and
PBPK simulated MEHP cumulative concentration for reconstructed (a) were compared with

extrapolated MEHP cumulative concentration (biomonitoring data).

Spot urine biomonitoring Total dose Reconstructed z (M) X %
MW, FUE

(Phthalates and DINCH metabolites) exposure

Eq.1

v

PBPK simulated MEHP cumulative concentration for reconstruted dose
F | Reconstructed DEHP exposure

I

Pathway contribution (Martinez et al., 2018)

v
MEHP in Spot urine PBPK
[CI3

Spot urine to -
24 h excreted M 4 4 4 4

PBPK simulated MEHP cumulative concentration for estimated dose F

v v v v

— Oral Dermal Dust ingestion Inhalation

il | Estimated DEHP exposure
Spot urine [MEHP]
Spot urine [crea]

(Martinez et al., 2018)

24 h MEHP excreted = ( ) X 24 h crea excretion (Mann and Gerber, 2010)

| Extrapolated MEHP cumulative concentration (biomonitoring data) F

Figure 1. Flowchart with the different parts that include the simulation exposure of MEHP through

the PBPK model.
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2.6. Statistical analysis

Statistical analysis was performed using the Statistical Package for the Social Sciences
software (SPSS v.25). Subsequently, Student’s t-test, ANOVA (parametric data) or Kruskal-
Wallis (non-parametric data) test were applied. A significance level of 0.05 (p<0.05) was

established.

3. Results and discussion
3.1 Levels of Phthalate and DINCH metabolites and parent compounds

A total of 13 phthalate metabolites and 2 DINCH metabolites from urine samples from 12
and 32" GW from 60 pregnant mothers were measured. Table 4 summarizes the phthalate
and DINCH levels non-corrected (ug/L) and corrected (ug/gcea) by the creatinine levels.
Mean, standard deviation (SD), percentile 5, 50 and 95 (P5, P50, and P95, respectively) are
given. All phthalate and DINCH metabolites were found in almost all (94%) urine samples.
Only MEHP levels were found below LOD (0.20 pg/L) in one sample from the 1% trimester
and seven samples from the 3™ trimester. The most abundant individual metabolite was
MEP, a DEP metabolite with a mean concentration of 248 and 714 pg/L in 12" and 32™
gestational weeks, respectively. For both periods, 12" and 32" gestational week, the
highest levels after MEP correspond to MECPP (16.6 and 24 pg/L), cx-MiNP (15.9 and 19.91
ug/L), MiBP (15.2 and 13.7ug/L) and MnBPP (13.4 and 20.5 pg/L). There were no significant
differences (p>0.05) in any phthalate and DINCH metabolite urine levels (creatinine

corrected or not) between the first (12" GW) and the third trimester (32" GW).

Significant positive Pearson’s correlations, around or above 0.9 (p<0.01), were found
between DEHP metabolites (MEHP, MEHHP, MEOHP, and MECPP), between DiNP
metabolites (OH-MiNP, oxo-MiNP, cx-MiNP) and between DINCH metabolites (OH-MINCH
and oxo-MINCH) (Figure 2). These correlations were expected because each metabolite
family shares the same parent compound. However, other significant positive correlations
were found between DEHP and BBZP metabolites, DiNP and BBZP metabolites, and DEHP

and DiNP metabolites with a Pearson’s coefficient between 0.6 and 0.8 at p<0.05. Regarding
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these correlations, these results are in agreement with other studies (Wang et al., 2019),
that affirmed that in most commercial products, it is easy to find mixtures of DEHP, DiNP,
and MBzP (a metabolite of the BBZP). These compounds are used as additives, and they can
easily migrate into the environment through evaporation, leaching, and abrasion. DINCH is
being introduced as a substitute for phthalates, so it is being used for the same kind of
containers or plastic recipients due to their similar physicochemical properties.
Consequently, it is possible to find some metabolites of them in similar products as
mixtures. In addition, it could be possible to find these significant correlations because the
high molecular weight phthalates are used in many applications (PVC polymers and plastisol
applications, plastics, food packaging, and food processing materials, vinyl toys and vinyl
floor coverings, and building products); in this group are included DEHP, DiNP, and MBzP
among others (North et al., 2014). These products are in our day to day life and for that
reason, the exposure to these chemicals is reflected in the detection of mixtures in the

urine.

Phthalate and DINCH metabolites levels in urine were compared with maternal
characteristic (BMI, education, income, etc.), new-borns characteristics (birth weights and
height at birth), dietary habits (fast-food, milk, yogurt, tetra brick consumption, etc.) and
lifestyle habits (like smoking or alcohol consumption). No significant differences (p>0.05)
were found in phthalate and DINCH metabolites according to maternal characteristics or
lifestyle habits. However, significant differences (p<0.05) were found in OH-MPHP urine
levels across yogurt consumption groups; and in OH-MINCH and oxo-MINCH urine levels
regarding the weight of new-borns at the delivery. Zero servings per week and between 1
to 3 servings per week of yogurt were related to higher (p<0.05) urinary levels of OH-MPHP
(3.88 and 4.18 pg/gcrea, respectively) than moderate servings (4 to 6 servings a week) or high
number of servings (7 or more servings a week) (2.11 and 2.38 pg/gcrea, respectively). In
addition, higher maternal urine levels of OH-MINCH (16.3 vs. 2.38 Ug/gcrea) and oxo-MINCH
(10.5 vs. 1.48 pg/gcea) Were related with lower weight at birth (1600-2500 g) than those
with a higher weight (3600-4500 g). However, to our knowledge, there was no information

in the literature about DINCH metabolites and weight at delivery. Meanwhile, some studies
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affirm that higher levels of phthalates for pregnant women are related to lower weight at
birth (Song et al., 2018; Zhao et al., 2014). According with that, in this study, some
differences were found between low and high birth weight for MiBP (26.5 vs. 17.5 Ug/gcrea),
MEHP (10.5 vs. 5.52 pg/gcrea), MEHHP (34.5 vs. 12.0 pg/gcrea), MEOHP (24.0 vs. 8.30 Ug/8crea),
MECCP (78.9 vs. 19.3 ug/8crea), MMCHP (39.7 vs. 13.3 Ug/gcrea), and OH-MPHP (5.93 vs. 3.19
Ug/8erea), but without statistical significance (p>0.05). Nowadays it is known that phthalates
are potential endocrine disruptors and for that reason, they are being replaced by DINCH
chemicals (Giovanulis et al., 2018). Therefore, it could be quite early to know what are going
to be the side effects of them. Regarding yogurt consumption, the results show that greater
consumption of yogurts during the week was related to lower levels of OH-MPHP in urine
samples. There is no information about that in the bibliography; for that reason, more
exhaustive studies are needed in order to understand that new finding. Some authors
associate the consumption of food in a plastic container with a higher presence of
phthalates in the urine. However, DEHP used to be the most frequently related to that and
can be detected in urine (Dong et al., 2017; Petersen and Jensen, 2010). Otherwise, OH-
MPHP is recently increasing its production volume and its wide field of application, for that
reason, this must be analysed more rigorously. In addition, it is well-known that the dairy-
products are recommended for a pregnant woman to maintain optimal levels of calcium in
the body in order to prevent adverse gestational outcomes (WHO, 2013). For that reason,
they try to increase the consumption of dairy products, which are frequently in plastic
containers. Consequently, further study on this will be extremely necessary to confirm and
interpret the results obtained. Finally, it is known that milk products should not be avoided
(even by lactose-intolerant individuals) as they have important health benefits, including a
potential beneficial impact on gut microbiota; so maybe another possibility could be that
the microbiota can be related with some enzymes which metabolized the parent compound
of DPHP to OH-MPHP. Anyway, to affirm this interpretation, going deeper into the study

about microbiota behaviour and more scientific evidence would be necessary.

Levels of phthalate and DINCH metabolites in the urine of pregnant women found in several

studies performed around the world are summarized in Table 5. Afterward, comparing the
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levels of the metabolites of the present study with other studies, it was found that our
results were in the same order of magnitude as the results of a previous study from Spain
(Casas et al., 2016). However, some metabolites were higher in this previous study. It could
be very interesting if DINCH metabolites from Casas et al., (2016) were available, in that
way we could see if those higher levels of phthalate that they found are reflected in our
study as lower due to an increase in DINCH metabolites. In general terms, it can be observed
that our results are in the same line as other results from other countries over the world.
Anyway, it is important to say that it is not usual to find studies with more than 3 or 4
metabolites measured in urine, and this is also more complicated regarding only those who

consider pregnant women's urine.
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Table 4. Phthalate metabolites (13) and DINCH metabolites (2) levels in urine. Non-creatinine adjusted (in pg/L) and creatinine-adjusted (in pug/gcrea) levels

12t GW (n=60)
. OH- OH-  oxo- CX- OH- oxo-
Non-crea. adjusted  “e"  MiBP MnBP MBzP  MEHP  MEHHP  MEOHP  MECPP  MMCHP oo MNP MINP MINP MINCH  MINCH
% Detected 99 100 100 100 99 100 100 100 98 100 100 100 100 100 100
Mean 248 15.2 13.4 2.60 2.96 8.61 6.17 16.6 9.10 2.09 9.65 4.13 15.9 3.30 1.94
SD 639 18.7 18.9 3.19 5.07 14.5 9.88 36.0 14.2 2.70 140 5.29 21.9 9.22 5.79
P5 3.80 2.21 1.82 0.29 0.65 1.50 1.00 2.83 3.24 0.54 1.13 053 3.48 0.45 0.27
P50 60.8 8.55 6.62 1.66 1.69 5.34 3.83 9.52 6.31 1.38 5.09 2.59 8.07 1.49 0.88
P95 1422 63.6 39.1 10.8 11.7 24.3 16.8 36.9 21.2 4.57 347 183 74.79 8.03 4.27
32" GW
Non-crea. adjusted
% Detected 98 100 100 100 100 100 100 100 99 100 100 100 100 100 100
Mean 714 13.7 20.5 4,51 4.36 11.2 9.71 24.0 14.7 3.42 155 898 19.91 3.22 191
SD 2714 15.8 38.8 13.5 8.70 22.3 18.4 49.9 29.5 3.43 413 278 65.7 3.46 2.74
P5 5.79 2.25 2.07 0.34 0.27 1.16 1.11 4.26 3.21 0.71 150 0.73 4.19 0.56 0.35
P50 51.1 7.53 9.90 2.05 1.57 4.73 4.17 9.32 6.96 2.41 8.03 4.06 9.03 2.19 1.23
P95 2503 447 86.5 10.2 16.7 52.5 54.2 123 62.8 11.6 514 240 26.2 10.0 5.32
. 12t GW
& . OH- OH- oxo- cx- OH- oxo-
vl Crea. adjusted MEP MiBP MnBP MBzP MEHP MEHHP MEOHP MECPP MMCHP MPHP MiNP MNP MiNP MINCH MINCH
Mean 255 23.7 19.9 4.24 5.52 14.5 10.4 25.1 16.7 3.29 146 6.65 259 4.68 2.80
SD 355 31.1 21.3 3.92 7.85 17.5 12.2 32.7 16.1 2.45 140 7.66 26.7 9.01 5.49
P5 16.9 4.99 4.37 0.70 0.72 2.85 2.27 5.65 4.04 0.92 264 117 451 0.88 0.50
P50 83.2 16.6 133 2.59 3.14 8.76 6.25 16.0 10.9 2.67 9.30 398 16.6 2.60 1.53
P95 874 58.5 69.2 14.0 27.0 62.4 44.8 70.0 48.5 8.69 436 220 75.1 14.2 8.45
32" GW
Crea. adjusted
Mean 574 14.9 20.5 5.97 4.78 13.5 11.3 29.1 17.8 4.02 21.8 13.2 30.8 4.04 2.24
SD 1835 10.9 23.7 22.9 10.7 33.9 254 72.6 37.4 3.47 704 48.2 114 5.00 2.44
P5 16.1 3.85 4.65 0.83 0.55 2.42 2.00 6.10 4.49 1.30 271 130 571 1.24 0.54
P50 67.6 11.5 12.8 2.47 2.27 6.78 5.86 13.6 9.51 3.09 872 4.44 128 2.92 1.49
P95 3177 32.9 82.0 11.4 11.2 34.3 324 63.9 38.6 9.60 36.9 33.8 50.2 9.90 8.34

P5= Percentile 5; P50= Percentile 50; P 95= Percentile 95; SD= Standard deviation
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EXPOSURE,

BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

MEP MiBP MnBP MBzP MEHP MEHHP MEOHP MECPP MMCHP oh MNP oxo_MiNP cx MiNP oh_MINCH oxo_MINCH oh_MPHP

MEP 1 0.227* 0.303** 0.037 0.183* 0.200* 0.277** 0.408* 0.617** 0.435 0.0210  0.046 0.032 0.051 0.260**

MiBP 1 0.410* 0.092 0.187* 0.200* 0.210* 0.192* 0.185*  0.165 0.0750  0.082 0.238** 0.231* 0.463**

MnBP 1 0.112 0.499** 0.381** 0.488** 0.285** 0.235*  0.105 0.079 0.068 0.102 0.253** 0.382**

MBzP 1 0.605** 0.730** 0.697** 0.669** 0.613** 0.014 00.031 0.439**

MEHP 1 0.621**  0.608** 0.631**  0.376** 0.541** 0.480**

MEHHP 0.751**  0.735** 0.755**  0.486** 0.566** 0.498**

MEOHP 0.704*  0.693** 0.706**  0.427* 0.542*+ 0.510**

MECPP 0.679**  0.663** 0.687**  0.541** 0.596** 0.441**

MMCHP 1 0.627**  0.608*  0.638*  0.391* 0.444%* 0.488**

oh_MiNP 1 0.081 0.070 0.569**

3 oxo_MiNP 1 0.008 0.005 0.467**

& cx_MIiNP 1 0.043 0.041 0.477*

oxo_MINC 1 0.250**
oh_MPHP 1

Figure 2. Pearson’s correlation between 13 phthalate and 2 DINCH metabolites detected in pregnant urine. ** The correlation is significant at the 0.01 level (2 tails). *The

correlation is significant at the 0.05 level (2 tails).
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EXPOSURE,

Table 5. Phthalate and DINCH metabolites urinary levels in studies worldwide.

BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

Ref Country n MEP MiBP MnBP MBzP MEHP MEHHP MEOHP MECPP MMCHP oh-MiNP oxo-MiNP cx-MiNP  oh-MPHP Mcl,l\[l‘éH l\/::)ltloc-H
Casas et al., Spain 390 389.1 33.0 32.7 12.6 11.3 29.0 21.7 41.4
2016 P (353.4,428.4) (31.0,35.1) (30.4,35.2) (11.6,13.6) (10.6,12.1) (27.1,31.0) (20.3,23.1) (38.9,44.1)
nggg::zet L Mexico 155 143.4 1.04 62.6 2.83 5.15 16.61 8.88 30.64
So18 ” (T1) (116.8,176.0) (0.85,1.27) (51.8,75.7) (2.34,3.42) (4.46,5.94) (14.3,19.2) (7.67,10.3) (27.3,34.4)
153 . 13426 0.9 52.61 274 5.36 18.61 11.08 34.82
(12) (112.5,160.2) (0.74,1.09) (43.8,63.2) (2.33,3.23) (4.68,6.14) (16.1,21.5) (9.59,12.8) (30.9,39.2)
175 . 13866 22 63.78 5.17 6.47 22.89 13.87 38.18
(13) (113.6,169.2) (1.92,2.52) (54.6,74.4) (4.50,5.93) (5.67,7.37) (19.9,26.3) (12.1,15.9) (33.8,43.1)
) 267 72 12 6.4 27 13 10 218
Shinetal., 2018 USA 188 56 (56184) (2,23.9)  (3.4,411) (1.2,37.7) (<LOD23.1) (2.598.4) (2,71.2)  (4.8,156.9)
Noor et al., 121.5 6.5 15.2 6.0
2018 USA 277U (1069,138.0) (6.1,7.0) (14.2,16.3) (556.7)
41.7 72 9.8 4.8 19 6.7 52 120 53 159 03 0.4
Evreetal, 2019 USA 58U ey (-34.1) (-42.9) (-36.3) (-9.3) (-31.0)  (-22.4) (-51.3) (-785)  (-129) -13)  (-12)
Polanskaetal, s C 813 106.8 230 0.2 0.5 24.1 106 4.8 05
2014 (-336.4) (-563.2) (-73.8) (-, 0.5) (-1.6) (-,97.0)  (-72.6) (-203)  (17)
Koch et al., 594
016 Germany e U 23.9 17.1 11.1 26 2.3 7.4 45 6.9 25 1.2 25
569
2338 15.5 125 27 2.0 6.8 4.9 73 2.4 1.2 2.4
Female
68 16 38 16 111 15.8 6.3 6.2 29 98 12 0.30
shuetal, 2017 Sweden 1651 U 69(65,72) (66,71) (1517)  (3.64.0)  (1517) (10.6116) (152,165 (6.1,6.6) (5.96.6) (2.7,3.1) (9.3,103) (1.16,1.28) (0.28,0.32)
szg(r)eldsw‘“cet Norway 116 SG  88{97} 32{44) 31{21} 13{12} 11{18} 35{68} 25{44} 49{114}  82{159} 1.0{0.65} 1.0{0.93}  3.3{1.4}
Tefre de Renzy-
Martin etal,  Denmark 200 C 189(355)  35.3(98.3) 13.9(37.5) 2.32(17.5) 1.12(3.82) 5.70(13.4) 3.72(9.22) 4.75(10.1) 1.47(11.5) 1.02(8.90) 3.65(34.9)
2014
Machtinger et
o ooia Israel 50 U 567(803) 12.5(941) 11.1(452) 0.8(47)  15(9.9)  6.2(28.1) 5.7(258  9.9(51.9) 23(14.3)  4.0(21.7) 06(3.7) <LD(L7)
suzukietal, w0 109 66.9 5.74 4.63 129 137
2012 P [1.25,1430] (11.1,211] [0.69,106] [<LD,67.8] [3.90,164] [3.46,174]
igig'm etal,  hada 1152 U 38.8{4.1} 133{22} 133{2.2} 26{25 106{2.5 7.4{2.3}
173.0 64.1 67.1 139 108 222 233 30.1 9.7 4.6 39
Yeetal, 2008  Netherlands 95 C 130 1010) (200327.0) (21.7,2280) (3.6,84.7) (1.2,88.7) (7.509.5) (8.4126.0) (10.5155.0) (3.3,36.1) (1.1,53.0) (0.8,43.9)
bresent studv  Soain 60460 737 9.1 9.0 18 19 55 4.4 110 7.4 6.6 3.2 103 1.9 1.9 11
L T1473 (4.4,1831)  (2.3,48.8)  (2,553)  (0.3,10.1) (0.4,11.5) (1.4,317) (1.1,283) (3.1,53.8) (3.3,30.3) (1.2,34.3) (0.6,20.7) (3.6,39.3) (0.6,10.5) (0.59.2) (0.3,5.3)
60460 113.5 14.1 14.0 2.7 2.9 8.6 6.8 17.0 11.7 10.2 49 15.9 2.9 2.9 17
T14T3 (16.9,1914)  (4.2,57.6)  (4.6,90.5) (0.8,145) (0.7,25.8) (2.8,57.2) (2.3,42.9) (5.7,75.7) (4.568.8) (2.7,55) (1.3,33.9) (5.599.2) (0.9,11.5) (1.1,26) (0.6,11)

T1, T2, T3: First, second and third trimester of pregnancy, respectively. C: Creatinine corrected (Ug /gcrea); SG: Specific gravity corrected (ug /L); U: Uncorrected (ug /L). Results expressed in: Geometric Mean (P5,

P95); mean; median (P95); mean [range]; or mean {SD}.
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3.2. Reconstructed exposure for each parent compound

Table 6 summarizes the total reconstructed exposure to phthalate and DINCH at 12" and
32" GW. No statistical differences between the exposures at the two different periods were
found. Pregnant women from the present study were highly exposed to DEHP (3.92 and
3.80 pg/kgow/d at 12" and 32" GW, respectively) and DiNP (3.90 and 4.96 pg/kgpw/d at 12t
and 32" GW, respectively). In addition, DINCH presented the third highest exposure level
with 0.69 and 0.51 pg/kgpw/d at 12" and 32" GW, respectively.

Table 6. Reconstructed exposure (ug/kgpw/d) to each parent compound at 12" and 32" GW

DEHP DiNP DEP DiBP DnBP BBZP DPHP DINCH
12t GW
Mean 3.92 3.90 8.44-10° 6.54-10* 5.42:10% 1.42:10% 1.21-10* 0.69
SD 4.73 3.99 1.15-10% 9.18-10* 5.81-10* 1.34-10* 9.74-10° 1.40
P5 0.90 0.74 5.00-10* 1.45-10%  1.23-10*  2.48:10° 2.95-10° 0.13
P50 2.80 2.38 2.90-10° 4.82:10% 3.34-10*  8.21-10° 9.25-10° 0.37
P95 12.9 12.1 3.12:10% 1.55-10°  2.07-10%  4.93-10* 3.57-10" 2.35
32MGW
Mean 3.80 4.96 1.77-:10% 3.46-10* 3.43-10% 1.78-10* 1.38:10* 0.51
SD 8.19 16.5 5.64-10% 2.09-10* 2.07-10* 6.32:10* 1.16-10* 0.61
P5 0.84 0.81 4.98-10* 9.64:10° 9.53-10°  2.38:10° 3.55-10° 0.13
P50 1.98 2.10 1.82:10% 2.94-10* 2.91-10* 6.96:10° 1.06-10* 0.35
P95 11.3 12.1 9.91.102 7.27-10* 7.19:10% 3.76:10% 3.79-10* 1.32

P5= Percentile 5; P50= Percentile 50; P 95= Percentile 95; SD= Standard deviation
3.3. Estimated DEHP exposure vs Reconstructed DEHP exposure.

In a previous study (Martinez et al., 2018), the estimated exposure to DEHP in pregnant
women was assessed. Estimated DEHP exposure was calculated considering both, dietary
and non-dietary (inhalation, dermal and dust ingestion) routes. The total mean estimated
exposure was set at 1.60 * 0.11 pg/kgow/d. Subsequently, in the present study, the total
mean reconstructed DEHP exposure for the same cohort was 3.92 + 4.73 ug/kgww/d. These
values were in the same order of magnitude. However, discrepancies between both
exposures can be associated with other sources that also contribute to the total exposure,

but were not taken into account. For instance, phthalates are also found in medications,
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where they are used as inactive ingredients in the production of enteric coatings. In that
case, health risks exposures associated with taking these medications have to be more
evaluated in vulnerable segments population, including pregnant women and children
(Hernandez-Diaz et al., 2009). In addition, the exposure from flooring materials or cleaning
products (Jeon et al., 2016) can also contribute to the total exposure (Jeon et al., 2016). It
is important to highlight that this is fastly eliminated chemical. For that reason, the best way
to obtain an accurate reconstructed exposure value will be considering 24 h urine. However,
it is quite complicated to obtain 24 h urine especially, with large-populations. Furthermore,
the determination of different metabolites concentration in urine could be quite expensive
and time-consuming. For that reason, spot urine was used in the current study. Finally,
discrepancies could also be due to the high variability among individuals and uncertainty in

the experiments.

MEHP cumulative amounts for both, the reconstructed dose and the estimated dose
(Martinez et al.,, 2018) were plotted. Figure 3 shows the results of predicted mean
cumulative MEHP in urine from the estimated DEHP exposure (a), the reconstructed DEHP
exposure (b), and the biomonitoring data of the extrapolated MEHP cumulative
concentration in urine during 24 h (c) (obtained from equation 2, section 2.5).
Consequently, this information suggests that there was an underestimation in the
previously estimated exposure (Martinez et al., 2018). These results indicate that there
might be chances of more unknown sources that contribute to the total DEHP exposure.
These sources could come from the lifestyle or habits that pregnant women can follow
during the pregnancy or maybe with food habits consumption or personal care habits

applications which would be challenging to take into account via questionaries.

Comparing (a) and (b) plots with the biomonitoring data (c), it is clear that reconstructed
exposure (b) is closer biomonitoring data (c). This would demonstrate that reconstructed-
PBPK simulation is a better method than estimated-PBPK simulation to predict the chemical
amount that a population might have been exposed to. In addition, with these results, we

can suggest that it is possible to predict the total internal exposure of a chemical close to
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the real internal exposure by using reconstructed exposure data of the most abundant
parent/metabolite compound from spot urine human with the implication of a PBPK model.
This might be obvious as the reconstructed dose takes into account all the sources of
exposure which are unknown while considering the information of the questionnaires and
interviews to estimate the routes of exposure (ingestion, dermal and inhalation). For that
reason, as it was mentioned before, deep studies about missing known sources that could
contribute to the concentration levels of DEHP are needed. The finding of these new sources
and inclusion of this in questionaries would make the exposure estimated PBPK-simulations

even closer to biomonitoring data.
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Figure 3. PBPK simulated MEHP cumulative concentration for estimated dose (a), PBPK simulated
MEHP cumulative concentration for reconstructed dose (b) and extrapolated MEHP cumulative
concentration in urine (c). Mean MEHP levels were plotted considering oral, dermal, dust ingestion
and inhalation routes in (a) and (b). Mean MEHP levels in urine (extrapolated as 24 h) were

considered in (c). Exposure and biomonitoring data were in pg/kgpw/d.
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4. Conclusions

Phthalate and DINCH metabolites were detected in almost all (94%) urine samples in both
periods, first and third trimester. Expected significant positive Pearson’s correlations were
found between DEHP, DiNP and DINCH metabolites. In addition, other significant positive
correlations were found between DEHP and MBzP metabolites, DiNP and BBZP metabolites,
and DEHP and DiNP metabolites. According to habits, lifestyle and physiological
characteristics data from pregnant women and for their babies at birth, significant
differences between some of these characteristics and levels of phthalate and DINCH
metabolites in urine were found. Firstly, an increase of yoghurt consumption during the
week was related significantly with lower levels of OH-MPHP in urine samples. Secondly, a
decrease in the weight of the babies at birth was associated significantly with a higher

presence of OH-MINCH and oxo-MINCH metabolites.

Comparisons were made between other studies around the world and our results were in
the same line as these studies. However, it is important to clarify that it is not easy to find
scientific articles with more than 3 or 4 metabolites measured in urine, and this was also
more complicated when only pregnant women’s urine is considered. The information about
the levels of different phthalate and DINCH metabolites in pregnant women urine is lacking
in the bibliography. The prenatal and early life exposure to these chemicals is a critical
window of exposure. For that reason, more information regarding this population is

needed.

MEHP estimated vs reconstructed exposure was compared and the values were close to
each other. However, the PBPK simulated MEHP cumulative amount for reconstructed dose
was closer to the extrapolated MEHP cumulative concentration (24 h biomonitoring data).
So, PBPK simulation from dose reconstruction was more accurate than the previously
estimated PBPK simulated. Therefore, PBPK model is a good tool to predict chemical
exposure, especially if it is combined with a reconstructed dose. In addition, it has been

demonstrated that using only spot urine is possible to obtain very representative exposure
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values. However, further studies about new possible sources are needed and achieving the

accuracy between simulated and biomonitoring values is still challenging.
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Abstract

This study was aimed at assessing the prenatal exposure to perfluorooctane sulfonic acid
(PFOS) and perfluorooctanoic acid (PFOA) in a cohort of pregnant women living in Reus
(Tarragona County, Catalonia, Spain). These chemicals were biomonitored in maternal
plasma during the first trimester of pregnancy, at delivery, and in cord blood. The dietary
exposure of PFOS and PFOA was estimated by using questionnaires of food frequency and
water intake, as well as data on food levels previously reported in the same area. In addition,
the exposure through air inhalation and indoor dust ingestion was also calculated. Finally,
a physiologically-based pharmacokinetic (PBPK) model was applied in order to establish the
prenatal exposure of the fetus/child and to adjust exposure assessment vs. biomonitoring
results. Probabilistic calculations of fetal exposure were performed by forward internal
dosimetry and Monte-Carlo simulation. Mean plasma levels of PFOA were 0.45, 0.13 and
0.12 ng/mL at the first trimester, at delivery and in cord plasma, while those of PFOS were
2.93, 2.21, and 1.17 ng/mL, respectively. Traces of PFOS were found in all samples in the
first trimester and at delivery, and almost in all cord blood samples. Transplacental transfers
of PFOS and PFOA were estimated to be around 70% and 60%, respectively. A temporal
decrease trend in plasma levels of PFOS and PFOA was noticed when comparing current
values with data obtained 10 years ago in the same area. In agreement with many other
studies, dietary intake was the main route of exposure to PFOS and PFOA in our cohort of
pregnant women. It is an important issue to establish the exposure in critical windows
periods such as fetal development to perfluoroalkylated substances, but also to other

endocrine-disrupting chemicals.

Keywords

PFOS, PFOA, prenatal exposure, PBPK modeling, cord blood, plasma, dietary intake
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1. Introduction

Perfluoroalkylated substances (PFASs) are a group of synthetic chemicals, which include
perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA). They share a
common structure, as they own a long hydrophobic carbon chain saturated with fluorine
atoms with a hydrophilic functional group at the end. This structure gives oil and water
repellence, chemical stability and reduces surface tension (OECD, 2002). Since 1940s, these
substances have been used in a wide range of industrial and commercial proposes, such as
textiles, cosmetics, adhesives, electronic and photographic devices, cleaning agents, fire-
fighting foams, paper, board, cookware and food packing materials, among others
(Domingo and Nadal, 2017; Hekster et al., 2001).

Due to the high volume of production, demand and consumption of these products, PFASs
have been detected in a number of environmental matrices, including air, dust and water
(Fromme et al., 2009). Moreover, they have also been found in remote areas of the planet,
such as the Tibetan Plateau and the Arctic (Cai et al., 2012; Shi et al., 2010; Shoeib et al.,
2006). In addition, PFASs are highly resistant to degradation in the environment and tend
to bioaccumulate in living organisms (Suja et al., 2009). As a result of this occurrence, traces
of PFASs have been largely detected not only in wildlife but also in humans (Butt et al, 2010;
Kannan et al., 2004; Karrman et al., 2010; Letcher et al., 2010; Morales et al., 2015).

The food chain, as well as the water and indoor environments, are polluted with PFASs,
meaning a worldwide health problem (Arrebola et al.,, 2018; Islam et al., 2018). The
ingestion of contaminated food or the migration of these substances from food packaging
or cookware have been identified as key sources of human exposure to PFASs (Begley et al.,
2005; Domingo, 2012; Ericson et al., 2012; Fromme et al., 2009). In an exhaustive study
performed in Tarragona County (Catalonia, Spain), it was established that the dietary intake
is the main exposure pathway to PFOS and PFOA, followed by the consumption of drinking
water (Ericson et al., 2008). In contrast, the indoor environment (dust and air) has a minor
contribution, with less than 1% and 2% for PFOS and PFOA, respectively (Ericson et al.,

2012). Among food, fish and seafood was pointed out as the most important contributor to
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total dietary intake of both chemicals, while high levels of PFOS and PFOA were also found
in eggs and meat, respectively (Domingo and Nadal, 2017; Sungur, 2018).

Concerning the exposure of pregnant women, the placental barrier is not impermeable to
the passage of PFOS and PFOA (Liu et al., 2011; Kim et al., 2011). Furthermore, these toxic
substances can also be transferred from mother to child during breastfeeding (Karrman et
al., 2010; Motas Guzman et al., 2016). PFOS and PFOA have been recognized as endocrine
disrupting chemicals (WHO, 2013). Moreover, prenatal and early exposure to PFASs is
associated with a decreased birth weight and gestational age (Meng et al., 2018),
developmental problems (Chen et al., 2013), reproductive system problems (Lyngsg et al.,
2014), and increased susceptibility to disease in adulthood (Tsai et al., 2015; Zhang et al.,
2018). However, some controversy exists in the association between PFASs and decrease in
birth weight. A meta-analysis (Steenland et al, 2018) showed little or no association with
decreased birthweight when PFASs were measured during early pregnancy where potential
confounding exposure by the glomerular filtration rate would be minimal. However, Meng
et al. (2018) study performed in early pregnancy, not included in this meta-analysis, found
association between PFASs and a decrease of birth weight (Verner et al., 2015).

This study aimed at assessing the prenatal exposure to PFOA and PFOS from a cohort of
pregnant women in Tarragona County (Catalonia, Spain). To achieve this goal, PFOA and
PFOS were biomonitored in maternal blood during the first trimester of pregnancy, at
delivery and in cord blood. In addition, the intake of PFOS and PFOA though food and
drinking water consumption for this cohort was also estimated, while the potential
contribution of indoor dust ingestion and air inhalation were also calculated according to

the activity profile of these pregnant women.

2. Materials and methods
2.1. Subjects
The study population comprised a cohort of pregnant women and an ongoing birth cohort.

Pregnant women were recruited during the first trimester of pregnancy as part of the HEALS
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European project. The recruitment of pregnant women started in March 2016 and ended in
September 2017 and, in the present survey, 50 mother-child pairs from Reus (Tarragona,
Spain) were included. Women were informed about the investigation during their first visit
(12t gestational week (GW)) to the University Hospital “Sant Joan” in Reus (Catalonia, NE
Spain). Women were eligible to participate according to the following inclusion criteria: 216
years old, intention to deliver at the reference hospital, and no problems with the
communication language. This study was approved by the Ethical Committee of Clinical
Research of the Hospital and a written informed consent was obtained from the
participants. A description of the characteristics of the study population is shown in Table

1.
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Table 1 Characteristics of the participants in the study: 50 pregnant women living in Reus

(Catalonia, Spain).

BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

RESULTS

Maternal age at delivery (years)

Water consumption

<20 0% <1L 6%
20-29 15% 1-2L 87%
30-39 71% >2 L 7%
>40 14% Type of water consumed -
Twin pregnancy 7% Tap water 6%
Number of children Bottled water 77%
Primiparous 35% Both 17%
1 48% Fish and seafood consumption in pre-pregnancy
2 15% <2 servings/week 19%
>2 2% 2 to 4 servings/week 53%
Maternal pre-pregnancy BMI >4 servings/week 28%
Fish and seafood consumption during
Underweight (< 19 kg/m?) 6% pregnancy
Normal (19-25 kg/m?) 50% <2 servings/week 27%
Overweight (>25-30 kg/m?) 28% 2 to 4 servings/week 55%
Obese (>30 kg/m?) 19% >4 servings/week 18%
Maternal pregnancy (32 GW) BMI Milk consumption in pre-pregnancy
Underweight (<24 kg/m?) 13% <1 serving/day 25%
Normal (24-28 kg/m?) 31% 1 to 2 servings/day 64%
Overweight (>28-32 kg/m?) 35% >2 servings/day 11%
Obese (>32 kg/m?) 21% Milk consumption during pregnancy
Maternal education <1 serving/day 24%
Primary 23% 1 to 2 servings/day 60%
Secondary 29% >2 servings/day 16%
University 48% Eat Fast-food in pre-pregnancy
Social economic status (€/year) Never 38%
Low level (<9000) 10% < 1 serving/week 52%
Mid-Low level (9000-19,000) 41% > 1 serving/week 10%
Mid-High level (>19,000-
35,000) 20% Eat Fast-food during pregnancy
High level (>35,000) 29% Never 66%
Maternal country of origin <1 serving/week 31%
Spain 69% >1 serving/week 3%
Other 31% Eat organic products in pre-pregnancy
Marital Status Never 49%
Living with the father 98% Sometimes 29%
Not living with the father 2% Frequently 18%
Smoking 1 year before pregnancy Almost daily 4%
Non-smoker 71% Eat organic products during pregnancy
Active smoker 29% Never 48%
1-5 cigarettes/day 20% Sometimes 36%
6-10 cigarettes/day 4% Frequently 10%
>10 cigarettes/day 5% Almost daily 6%

2 BMI: Body mass index; GW: gestational week
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2.2. Questionnaires for data acquisition and sampling

Face-to-face and personal interviews were used in order to determine the pregnant
women's dietary intake of PFOS and PFOA. Dietary factors were assessed using food
frequency questionnaires (FFQs), which were originally designed to evaluate the average
dietary intake in two phases: the 1% FFQ covered the year before pregnancy, and the 2™
FFQ covered the whole pregnancy including the last period until birth. Food items were
classified into 9 general groups: a) grains and grain-based products (cereals, pasta, rice, and
bread), b) milk and dairy products (milk, yogurt, hard cheese, and fresh cheese), c) meat
(chicken, turkey, beef, pork, lamb, and minced meat), d) fish and seafood (white fish, blue
fish and seafood), e) fruits and vegetables (salad, green beans, Swiss chard, spinach, and
garnish vegetables), f) legumes and potatoes (lentils, chickpeas, white beans, and potatoes),
g) eggs, h) sugar and confectionary (cupcakes, biscuits, stuffed cookies, donuts, sweets,
cream or chocolate cakes, chocolate, and ice cream), and i) drinking water (tap water and
bottle water). As well as dietary factors, the questionnaires also included information on
other non-dietary sources such as smoking, lifestyle, time spent outdoors/indoors, and
occupational risk. Therefore, based on this information, dietary (food) and non-dietary
(inhalation and dust ingestion) values of exposure were estimated individually. Blood
samples were collected at the end of the first trimester (around the 12" GW), at delivery,
as well as from the umbilical cord. Blood was centrifuged at 3500 rpm for 15 minutes to
separate the plasma. The aliquots of plasma (2 mL) were stored at -80°C until the

determination of PFOS and PFOA.

2.3. Analysis of PFOS and PFOA

PFOA and PFOS analyses were performed as previously described (Vassiliadou et al., 2010).
Briefly, 2 mL of blood plasma, 200 uL of the internal standard working solution (containing
100 ng/mL of 13C4-labelled PFOS and 100 ng/mL of 3C;-labelled PFOA in methanol) and 20
mL of acetonitrile were added and vortex-mixed for 1 min. The sample was centrifuged at
4000 rpm for 5 min to clarify the supernatant. The organic phase was evaporated until

dryness in a flash evaporator and the residue obtained was dissolved in 5 mL of phosphate
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buffer solution 0.05 M, pH =7.8. A solid-phase extraction was performed conditioning a C18
cartridge with 2.5 mL of methanol and 5 mL of water. The sample was passed through, and
then the cartridge was washed with 5 mL of water. Finally, PFOS and PFOA were eluted from
the cartridge with 5 mL of methanol. The flow rate of the cartridge was approximately 1-2
drops per second. The organic phase was evaporated until dryness in a flash evaporator and

re-suspended in 200 pL of methanol:ammonium acetate (5 mM) (20:80, v/v).

Sample extracts were analyzed by liquid chromatography—tandem mass spectrometry (LC-
MS/MS) with electrospray ionization (ESI) operating in negative mode. The method was
validated for accuracy, repeatability, robustness, recovery and sensitivity with spiked
samples at three different levels (n = 3) of 1, 5 and 10 ng/mL. The limits of detection (LoD)
and quantification (LoQ) were determined as signal/noise (S/N) ratio of 3 and 10,

respectively. For both, PFOS and PFOA, the LoD was calculated at 0.1 ng/mL.

2.4, Exposure assessment

Pregnant women exposure to PFOA and PFOS was assessed at the 12" and 32" gestational
weeks (GW) in a probabilistic way using a Monte Carlo simulation. Equations, data and
parameters were adapted and described elsewhere (Martinez et al., 2017, 2018). The total
exposure to PFOS and PFOA for pregnant women was considered as the sum of dietary
intake (DI), dust ingestion (Dusting) and inhalation (Inh), being calculated by applying the

following equations:

Dl = Z(CPFOA/PFOS(i) . Fr(i) 'Ff(i)) / BW / 7 Eq. (1)
DUSting = (CpFOA/pFostSt‘ Ir) /BW Eq. (2)
Inh = (CPFOA/pFosair . |h|") / BW Eq. (3)

Where Dl is the total dietary intake of PFOA or PFOS (in pg/kg bw/day); Ceroaseros (i) is the
concentration of PFOS or PFOA in the food category i (in pg/kg); F:(i) is the food ingestion

rate of food category i (in kg/ration); F¢(i) is the food consumption frequency of category i
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(in rate/week); BW is the body weight (in kg); Ceroa/prosdust is the level of PFOS or PFOA in
homes dust (in pg/kg); Ir is the Ingestion rate (in kg/day); Cproasprrosair is the concentration

of PFOA or PFOS in air (in pg/m3); and lhr is the inhalation rate (in m3/day).

The concentration levels of PFOS and PFOA in different food items, in dust and in air were
taken from the literature, applying as preference rule, data from Tarragona County >
Catalonia > Europe. To deal with the variability and uncertainty of parameters, the dietary
and non-dietary (dust ingestion and inhalation) exposure was estimated in a probabilistic
way. Monte-Carlo simulation is a common approach used to incorporate variability and
uncertainty of the parameters used into the estimation of human health exposure (Linares
et al., 2010; Nadal et al., 2004; Rovira et al., 2016). The Monte-Carlo simulation was carried
out by Oracle Crystal Ball® software. Exposures were calculated based on the propagation
of variability and uncertainty given by each parameter probability function until 100,000
iterations. Data and probabilistic distributions used to assess total exposure of PFOA and
PFOS are shown in the supplementary material (Table S1, Supplementary Information). To

calculate the exposure, levels below the LoD were assumed to be zero.
2.5. Physiologically-based pharmacokinetic (PBPK) modelling

The PBPK model of PFASs was adapted from previously published studies (Fabrega et al.,
2014, 2015; Sharma et al. 2018a). It comprises plasma, fat, brain, lung, gut, liver, kidneys,
filtrate, mammary gland, bone marrow, placenta, and the rest of the body. As the target
population was pregnant women, a fetal compartment was included. Furthermore, a renal
resorption process was inserted in the model. In the filtrate compartment, chemicals are
reabsorbed back in the plasma comportment by a saturable process (Andersen et al., 2006;
Tan et al., 2008). The fetal compartment was subcategorized again into liver, kidney, brain,
and plasma. All the physiological parameters during pregnancy were considered as
dynamic, so they changed due to the growth of maternal organs (Abduljalil et al., 2012;
Gentry et al., 2003; Loccisano et al., 2013). The source of exposure to fetuses was via a free

fraction of chemicals into mother’s placenta, considering that fetuses’ exposure is directly
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related to mother’s exposure. In the plasma compartment, more than 90% of PFOA and
PFOS is bound to albumin, and only less than 10% is free to move to other tissues (Han et
al., 2003). Detailed descriptions of standard and pregnancy-specific model equations were
adapted from those published by Sharma et al. (2018b). Metabolic kinetic parameters for

both mothers and fetuses were previously estimated from in vitro studies.

2.6. Statistical analysis

For statistical analysis, the software package IBM SPSS Statistics (version 25.0) was used. To
elucidate whether data presented a parametric distribution, a Levene test was performed.
Subsequently, Student’s t-test, ANOVA (parametric data) or Kruskal-Wallis (non-parametric

data) test were applied. A significance level of 0.05 (p<0.05) was established.

3. Results and discussion
3.1. Levels of PFOS and PFOA

Plasma levels of PFOS and PFOA in maternal blood at the first trimester, at delivery and in
cord blood are depicted in Fig. 1. PFOA mean values were 0.45, 0.13 and 0.12 ng/mL,
respectively, with only four samples above the LOD (0.1 ng/mL) in maternal plasma at
delivery. Plasma levels in the first trimester were significantly higher than those at delivery,
and in cord blood (p<0.001). PFOS presented higher levels than PFOA, with mean
concentrations of 2.93, 2.21, and 1.17 ng/mL at the first trimester, at delivery and in cord
plasma, respectively. PFOS was detected in all plasma samples, except in a single sample of
cord blood. Furthermore, significant concentrations (p<0.001) were found according to the
pregnancy period, with a decreasing trend with time. High positive Pearson’s correlations
were found in PFOS levels when comparing the values of the first trimester and those at
delivery (0.855), between the first trimester and in cord blood (0.720), and between those
at delivery and in cord blood (0.708). Regarding PFOA levels, no significant correlations were
found due to the low ratio of detected samples in cord blood, and especially in mother

plasma at delivery. Finally, a low but significant (p< 0.05) Pearson’s correlation coefficient
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was found between PFOS and PFOA levels during the first trimester (0.349) (Table S2,
Supplementary Information).

Decreases of 69% and 25% in PFOA and PFOS plasma levels, respectively, between the first
trimester and at delivery were registered. Our results are in agreement with others from
the scientific literature, where a decreasing trend during pregnancy has also been reported.
Reduction rates of PFOS in plasma have been observed to range 11-30%, while those of
PFOA are even higher (16-30%) (Glynn et al. 2012; Kato et al. 2014). This fact could be due
to both a placental transfer and a dilution process caused by the increase of blood plasma
volume (Mitro et al., 2015; Glynn et al. 2012). Moreover, Caserta et al. (2018) also observed
the occurrence of transplacental transfer of PFOS and PFOA. In this study, around 70% and
60% of maternal plasma levels in the first trimester were found in cord blood for PFOA and
PFOS, respectively. Similar trends have been observed, especially for PFOS, in several
studies worldwide (Buck et al. 2018; Cariou et al., 2015; Han et al., 2018; Kim et al., 2011).

The levels of PFOS and PFOA in blood of pregnant women and in cord blood in several
studies performed around the world are summarized in Table 2. Plasma concentrations of
both chemicals in pregnant women living in Reus (Spain) were notably lower compared to
other studies in Germany, Denmark, USA, as well as in some Asian countries (e.g., China,
Korea, and Japan). They are also slightly lower but in the same order of magnitude as those
found in other residential areas in Spain (Valencia, Sabadell, and Gipuzkoa) (Matilla-
Santander et al., 2017). On the other hand, our findings were in line with levels found in
studies from France (Cariou et al., 2015; Dereumeaux et al., 2016), Italy (Caserta et al.,
2018), Australia (Callan et al., 2016), and USA (Morello-Frosch et al. 2016). In the latter
studies, samples were collected more recently, being this an important issue to be
considered when comparing different studies. Decreasing temporal trends in PFOS and
PFOA blood levels were found in pregnant women in Sweden from 1996 to 2010 (Glynn et
al.,, 2012), in Australia between 2002 and 2011 (Toms et al.,, 2014), and in an adult
population of USA between 2000 to 2015 (Olsen et al., 2017). In 2006, our group performed
a biomonitoring study of PFASs in an adult female population in the same area (Tarragona

County). PFOS and PFOA levels in blood were 6.81 and 1.57 ng/mL, respectively (Ericson et
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al., 2007). This means that in 10 years (from 2006 to 2016/17), plasma levels of PFASs have
decreased to about one third in this area, being reduced from 6.81 to 2.93 ng/mL, for PFOS,
and from 1.57 to 0.45 ng/mL, for PFOA. It should be finally remarked that only in some
specific studies from China, PFOA levels are higher than PFOS levels in maternal and cord
blood (Tian et al., 2018; Han et al., 2018).

Table 3 shows the levels of PFOA and PFOS in maternal plasma at the first trimester, at
delivery and cord blood plasma according to maternal characteristics. Only few significant
(p<0.05) differences were noted. PFOS levels in cord blood and PFOA levels in the first
trimester of pregnancy were significantly higher (p<0.05) in primiparous than multiparous
women. Underweight in pre-pregnancy (BMI<18.5 kg/m?) and medium-high annual income
(>19,000 €) is associated with higher levels (p<0.05) of PFOA at the first trimester of
pregnancy. In contrast, a lower annual income (<9,000-19,000 €) is associated with higher
(p<0.05) levels of PFOS at the first trimester and at delivery, but not in cord blood. Despite
not reaching levels of significance (p<0.05), an increasing trend of PFOS and PFOA plasma
levels was detected with the increase of maternal age. This fact has been largely reported
elsewhere (Tsai et al. 2018; Manzano-Salgado et al., 2016). Significantly (p<0.05) higher
PFOA levels were found in Spanish mothers. In an investigation of pregnant women
conducted in Spain, Manzano-Salgado et al. (2016) pointed out that maternal PFAS
concentrations during pregnancy were mainly associated with maternal country of birth
(higher in Spanish mothers), parity (decreasing trend of PFAS levels with number of
children) and age (lower levels in younger mothers).

Regarding the food intake, Table 4 summarizes the levels of PFOS and PFOA in maternal
plasma at the first trimester, at delivery and in cord blood plasma in relation to food
frequency intakes. The chosen food groups were selected to be relevant to PFAS exposure
according to levels found in Catalonia and international previous studies (Ericson et al.,
2008; Domingo and Nadal, 2017; Sungur, 2018). Concerning mother characteristics, few
differences were found between groups. Significant differences (p<0.05) in PFOS levels at
the first trimester and in cord blood were found only between groups reporting high milk

consumption (>1 serving/day) and medium consumption (1 serving/day). Higher levels of
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PFOA at the first trimester were also found in the group reporting high egg consumption
(>7 servings/week). Despite that no significant differences (p>0.05) were found between
high- and medium-fish and seafood consumer groups, an increasing trend in PFOS and PFOA
was noted when the consumption edible marine species increases. The same tendency was
pointed out in PFOA levels, especially in the first trimester, when milk consumption

increased. Manzano-Salgado et al. (2016) found that fish and shellfish consumption was the

main factor associated with higher PFAS levels in a Spanish cohort.
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Fig. 1. PFOA and PFOS levels in plasma of pregnant women during the first trimester, at delivery and

in cord blood.
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EXPOSURE, BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

Table 2 PFOA and PFOS levels in maternal and cord blood recently published in the scientific literature.

PFOA (ng/mL) PFOS (ng/mL)
Maternal Cord Maternal Cord
Country Year Sampling n Mean (P 95%) n Mean(P95%) n Mean (P 95%) n Mean (P 95%)
Europe
. 2016/1 T1 44 0.45 (P95: 1.08) 44 2.93 (P95: 5.48) 1.17 (P95:
Present study Spain 7 At del. 39 014 (P95:0.93) 0 0120045 55 5 o0(posia23) 4O 2.03)
Caserta et al., 2018 Italy 2016 At del. 29 1.05[0.45-1.9]7 29 0'9285[8]'30- 29 1.54[0.02-4.7]° 29 1'7650[(())]'?2-
Dereumeaux et al., 2016 France 2011 T3 277 1.49 (1.39,1.59)° - - 277 3.07(2.87,3.27)> - -
Cariou et al., 2015 France 2010/1 At del. 100 1.22 [0.31-7.31]* 94 0.92[0.31- 100 3.67[0.32-24.5)° 94 1.28 [<LD-
3 7.06)° 8.04)°
Glynn et al., 2012 Sweden 20%9/1 After del. pool [1.39-2.40] ng/g® - - pc|>o [5.11-8.89] ng/g¢ - -
Matilla-Santander etal., spain 20030 4 1240 2.31(P95:5.23) - - 124 5 77(pos:11.4) - -
2017 8 0

= . 2000/0 10 1.02 (P95: 10 1.74 (P95:

~ . .

3 Wilhelm et al. 2015 Germany 5 T3 81 2.69 (P95:5.09) 2.09) 81  9.01(P95:154) 3.10)
Meng et al. 2018 Denmark 19926/ O nm 3535 4.6 (3.3-6.0)° - - 355,3 30.1(22.9-39.0)¢ - -
Impinen et al. 2018 Norway 1922/9 - - - 614 1.8[0.1-11]? - - 614 5.6 [0.5-21]°
Asia

. 2010/1 . 36 31.8 (P95: . 36 1.33 (P95:
Han et al., 2018 China 3 At del. 369 39.3 (P95: 144) 9 110) 369 4.25 (P95:10.1) 9 3.30)
Tian et al., 2018 China 2012 T2 981 19.6 (P95: 25.4) - - 981 10.8 (P95: 26.8) - -
Tsai et al., 2018 Japan 20023/1 T3 2123 2.06 [0.25-24.9]¢ - - 2;2 4,96 [0.81-30.3]¢ - -
Kim et al., 2011 Korea 2008/0 3 44 146(1.15-1.91)¢ a3 13 (0'?5' a4 293 (208436)¢ a3 28 (O'fl'
9 1.86) 1.82)
America
Morello-Frosch et al. 2010/1 ) <LD (P95: 2.27 (P95:
2016 USA 1 T2/T3 77 0.47 (P95:2.14) 64 1.68) 77 2.55 (P95 7.25) 64 4.35)
2003/0 T1 T1:4.91(4.32, 2.85(2.51, T1:11.57(9.90, 3.32(2.84,
Buck etal. 2018 USA 6  Atdel. & 5.59)¢ 1 3.24)¢ & 13.53)¢ 1 3.89)¢
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PFOA
PFOS (ng/mL
(ng/mL) (ng/mL)
Maternal Cord Maternal Cord
Country Year Sampling n Mean (P 95%) n Mean(P95%) n Mean (P 95%) n Mean (P 95%)
Europe
3.43(3.01-3.90)¢ 8.20(7.01-9.58)¢
2003/0
Woodruff et al. 2011 USA 4 Tlto T3 76 2.39 (P95: 5.6) - - - 12.3 (P95: 21.8) - -
Africa and Oceania
. 2008/1
Callan et al., 2016 Australia ) T3 98 1.00[0.21-3.1] - - 98 2.32[0.45-8.1] - -
Hanssen et al. 2010 Soqth 2005/0 .At 71 1.3[0.17-8.5]° 58 1.3[<LD-10.5]® 71 1.6 [<LD-15.9]® 58 0.7 [<LD-10.8]¢
Africa 6 delivery

T1, T2, and T3: first, second, and third trimester of pregnancy, respectively. At del.: at delivery. NA: Not available.

9T

2 mean [Range]; ® geometric mean (95% confidence interval); ¢ [Range] in ng/g; ¢ median (Interquartile range (IQR)); ¢ median [Range].
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Table 3 PFOA and PFOS plasma levels (in ng/mL) according to mother and pregnancy characteristics. Data given as mean (standard deviation).

PFOA PFOS
First trimester At delivery Cord First trimester At delivery Cord

Mothers age

<30 years old 0.32(0.26) <0.10 <0.10 2.40(1.11) 1.63(0.90) 1.17(0.39)

30-35 years old 0.44(0.46) 0.12(0.31) 0.15(0.18) 2.81(1.26) 2.17(0.88) 1.16(0.48)

>35 years old 0.51(0.27) 0.18(0.30) 0.13(0.14) 3.19(1.41) 2.37(1.54) 1.16(0.46)
Body mass index (pre-pregnancy)

<18.5 kg/m? 0.84(0.27)* <0.10 0.16(0.19) 3.86(1.48) 1.86(1.00) 1.11(0.51)

18.5-25 kg/m? 0.44(0.40)* 0.16(0.34) 0.15(0.18) 2.65(1.07) 2.02(0.76) 1.11(0.42)

>25 kg/m? 0.38(0.29)° 0.12(0.22) 0.10(0.11) 3.09(1.49) 2.48(1.58) 1.20(0.50)
Nationality

Spanish 0.52(0.38)* 0.15(0.31) 0.14(0.16) 3.08(1.28) 2.24(1.21) 1.21(0.46)

Other 0.26(0.20)° <0.10 0.07(0.06) 2.53(1.30) 2.03(1.19) 0.89(0.30)
Education

Primary 0.32(0.32) 0.10(0.14) <0.10 3.26(1.60) 2.89(2.03) 1.37(0.62)

Secondary 0.41(0.31) 0.17(0.32) 0.10(0.12) 2.48(1.33) 1.81(0.66) 0.97(0.43)

University 0.55(0.42) 0.13(0.32) 0.19(0.19) 3.06(1.02) 2.17(0.80) 1.22(0.33)

- Annual income
3 <9.000-19.000€ 0.24(0.20)? 0.10(0.15) <0.10 3.53(1.56)° 3.24(2.05)? 1.40(0.59)

19.001-35.000€ 0.43(0.26)° 0.19(0.39) 0.16(0.20) 2.39(1.07)? 1.76(0.81)° 1.03(0.42)

>35.000€ 0.66(0.50)° 0.12(0.24) 0.14(0.12) 3.27(1.17)* 2.21(0.53)* 1.20(0.43)
Parity

Primiparous 0.61(0.42)* 0.08(0.12) 0.10(0.12) 3.16(1.22) 2.27(0.92) 1.38(0.52)°

1 0.35(0.23)° 0.18(0.37) 0.17(0.19) 2.83(1.38) 2.36(1.60) 1.08(0.46)°

22 0.26(0.32)° 0.18(0.33) 0.08(0.07) 2.38(1.13) 1.88(0.84) 0.93(0.13)°
Breastfeeding last child

Yes 0.34(0.27) 0.23(0.43) 0.13(0.19) 2.89(1.40) 2.60(1.72) 0.97(0.38)

No 0.32(0.27) 0.14(0.27) 0.19(0.16) 2.48(1.24) 1.87(0.88) 1.14(0.44)
Years form last child

No previous child 0.61(0.42) 0.08(0.12) 0.10(0.12) 3.16(1.22) 2.27(0.92) 1.38(0.52)

< 3vyears 0.37(0.28) 0.23(0.42) 0.17(0.21) 2.64(1.23) 2.14(0.86) 1.10(0.43)

>3 to 10 years 0.25(0.12) 0.16(0.31) 0.13(0.13) 2.49(1.12) 1.66(0.86) 0.95(0.40)

>10 years 0.51(0.65) <0.10 0.13(0.16) 2.55(0.24) 2.22(0.39) 1.00(0.13)
Smoking

Never 0.41(0.29) 0.18(0.33) 0.14(0.17) 3.04(1.38) 2.44(1.30) 1.15(0.47)

Not during pregnancy 0.57(0.52) <0.10 0.09(0.11) 2.74(1.06) 1.68(0.79) 1.22(0.50)
Yes 0.40(0.50) <0.10 0.13(0.15) 2.17(1.01) 1.68(0.63) 1.00(0.14)

Different superscripts indicate significant differences at 0.05 level.
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Table 4 PFOA and PFOS plasma levels (in ng/mL) according to the mother’s food frequency. Data given as mean (standard deviation).

PFOA PFOS
first trimester At delivery Cord first trimester At delivery Cord

Fish and seafood consumption

<2 times/week 0.38(0.21) <0.10 0.15(0.15) 3.05(1.16) 2.04(1.11) 1.17(0.53)

2 to 4 times/week 0.41(0.32) 0.21 (0.37) 0.13(0.16) 2.76(1.17) 2.10(0.80) 1.14(0.44)

>4 times/week 0.54(0.51) <0.10 0.08(0.09) 3.20(1.73) 2.56(1.86) 1.18(0.43)
Meat consumption

<7 times/week 0.34(0.30) 0.08(0.11) 0.09(0.09) 3.45(1.49) 2.65(1.72) 1.26(0.53)

7 to 14 times/week 0.52(0.40) 0.20(0.37) 0.14(0.18) 2.84(1.14) 2.04(0.79) 1.11(0.39)

>14 times/week 0.35(0.23) <0.10 0.12(0.11) 2.01(0.98) 1.79(0.72) 1.16(0.54)
Eggs consumption

<2 times/week 0.34(0.29)* 0.24(0.43) 0.14(0.21) 2.85(1.35) 2.40(1.07) 1.16(0.61)

2 times/week 0.38(0.26)? 0.15(0.28) 0.12(0.12) 2.89(1.46) 2.23(1.51) 1.09(0.30)

>2 times/week 0.62(0.48)° <0.10 0.13(0.15) 3.05(1.14) 2.05(0.82) 1.23(0.48)
Milk consumption

<1 time a day 0.48(0.31) 0.26(0.46) 0.21(0.24) 3.47(1.12)* 2.36(0.80) 1.30(0.41)°

1 time a day 0.37(0.25) 0.09(0.18) 0.11(0.11) 2.57(1.16)° 2.07(1.34) 1.04(0.38)°

>1 time a day 0.73(0.78) 0.13(0.19) 0.05(0.01) 3.81(1.87)? 2.58(1.21) 1.46(0.67)°
Cheese consumption

<3 times/week 0.30(0.29) 0.17(0.29) 0.13(0.13) 2.91(1.43) 2.13(0.99) 1.21(0.51)

3 to 7 times/week 0.48(0.42) 0.09(0.18) 0.11(0.12) 2.85(1.39) 2.22(1.35) 1.13(0.46)

>7 times/week 0.50(0.23) 0.26(0.52) 0.16(0.26) 3.17(0.98) 2.28(1.02) 1.16(0.36)
Fast food consumption

0 times a week 0.43(0.27) 0.26(0.46) 0.14(0.21) 2.60(1.11) 1.99(0.95) 1.12(0.55)

1 time/week 0.51(0.43) <0.10 0.11(0.12) 3.23(1.26) 2.54(1.42) 1.17(0.34)

>1 time/week 0.40(0.32) 0.16(0.30) 0.19(0.16) 2.72(1.33) 1.88(0.60) 1.05(0.41)
Water consumption

<1 litter /day 0.47(0.46) 0.12(0.22) 0.10(0.10) 2.77(1.16) 2.12(0.80) 1.21(0.52)

>1 litter/day 0.42(0.27) 0.15(0.33) 0.14(0.18) 3.05(1.43) 2.28(1.47) 1.11(0.37)

Different superscripts indicate significant differences at 0.05 level.
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3.2. Exposure assessment

The total exposure to PFOS and PFOA, as well as the contribution of each pathway (dietary
intake, inhalation and dust ingestion), are depicted in Fig. 2. The global dietary intake of
PFOA and PFQOS, including drinking water, at the first trimester of pregnancy was estimated
in 1.3-10* (Cl 95%: 1.1-10% 1.7-10%) and 3.3-10°% pg/(kg-day) (Cl 95%: 1.7-103; 6.6-103),
respectively. In the 32" GW, the global dietary intake of PFOA and PFOS was calculated in
9.8:10° (Cl 95%: 8.2:10%; 1.2-:10%) and 2.5-103 pg/(kg-day) (Cl 95%: 1.4-103; 4.6-103),
respectively. The slight decrease in both, PFOS and PFOA, exposure levels between 12" and
32" GW was due to an increase of the body weight, while no significant changes in the
dietary intake patterns were reported. The global mean inhalation exposure at the 12" GW
for PFOA and PFOS was 2.2-10® (Cl 95%: 9.0-107; 4.3-10°) and 5.0-10° (Cl 95%: 4.6:107;
1.6-10°) pg/(kg-day), respectively. Finally, the mean dust ingestion at 12®" GW of PFOA and
PFOS was estimated in 2.0-10° (Cl 95%: 6.2:107; 4.9-10°) and 1.9-10°® (Cl 95%: 6.2-107;
4.8-10°°) ug/(kg-day), respectively.

Recently, the European Food Safety Authority (EFSA) published its scientific opinion on the
risk of the presence of PFOA and PFOS in food (EFSA, 2018). EFSA estimated a dietary
exposure for the adult population between 0.22 and 3.28 ng/(kg-day) for PFOA and between
0.29 and 4.08 ng/(kg-day) for PFOS. In a previous study conducted in Catalonia, the adult
female dietary ingestion was estimated to be 2.3-10° and 2.2-107 pg/(kg-day) for PFOA and
PFQOS, respectively (Domingo et al., 2012b). Furthermore, when analyzing the role of
inhalation as a contributive exposure pathway of PFOA and PFOS for the Catalan population
(Ericson et al., 2012), an estimated exposure of 5.7-10* ug/(kg-day) for PFOA and 1.4-10°3
ug/(kg-day) for PFOS was reported, with a contribution of <1% for inhalation and dust
ingestion (Ericson et al., 2012). In Latvia, very similar exposure levels were obtained in a
cohort of pregnant women, with dietary exposure levels of 0.32 (P95: 0.62) and 0.43 (P95:
0.99) ng/(kg-day) for PFOA and PFOS, respectively (EFSA, 2018).

In 2008, EFSA set a provisional tolerable daily intake (TDI) for PFOA and PFOS at 1.5 and 0.15

ug/(kg-day), respectively (EFSA, 2008). These values were well above the current levels for
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the population here assessed. However recently, EFSA (2018) updated the values regarding
the provisional tolerable weekly intake (TWI) of PFOA at 13 ng/(kg-week) (1.86-1073
ng/(kg-day)) and of PFOS at 6 ng/(kg-week) (8.6-10" pg/(kg-day)). Taking into account these
new provisional tolerable intake limits, which are almost 1000-fold lower than the previous
ones, the dietary exposure of PFOS for most pregnant women in the studied cohort would
be higher than the provisional TWI. In addition, the PFOA exposure would be close to the
provisional threshold. It must be highlighted that the current provisional TWI is based on
epidemiological studies that have shown an increase in serum total cholesterol for PFOA
and increased serum total cholesterol (adults) and decreased antibody response (children)
for PFOS (EFSA, 2018). However, some recent findings, involving humans in a phase 1 clinical
trial with PFOA (Convertino et al., 2018), genetically engineered "humanized" mice fed with
PFOA (Pouwer et al., 2019) and a six-month feeding study of primates with PFOS (Chang et
al., 2017), disagree with the results of the epidemiologic studies considered by EFSA in its
opinion. This means an important issue of discussion before the publication of EFSA final
report. In any case, despite TWIs are still provisional, it is important to state the current
position of the regulatory body.

Fish and seafood showed the highest contribution in the total dietary intake for PFOS (86%)
and the second highest for PFOA (42%), after milk and dairy products (48%) (Fig. 2).
According to EFSA (2012), fish and other seafood is the highest contributor to PFOS (50-
80%), while fruits and fruit products (8-27%), as well as meat and meat products (5-8%)
have also some importance. With respect to PFOA, the food categories that mostly
contribute to the total exposure are fruit and vegetables (18-39%), followed by fish and

seafood (8-27%), eggs and eggs products (10-15%), and meat and meat products (2-11%).
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PFOA

1.4-10* pg/(kg-day)
(C195%: 1.1-10%; 1.7-10%)

PFOS

3.4-10°3 pg/(kg-day)
(C195%: 1.7-103; 6.7-1073)

= Dietary intake

» Dust ingestion

»

u |nhalation

® Fish and fish products ® Meat ® Fruits and vegetables
» Milk and dairy products m Legumes and potatoes m Eggs
® Grain and grain-based products m Sugar and confectionary m Water

Fig. 2. Total PFOS and PFOA exposure: Main pathways (dietary intake, dust ingestion, and air
inhalation) and contribution of each food category to the dietary intake.

3.3. Fetal exposure (PBPK modelling)

Pregnancy PBPK models of PFOA and PFOS were applied for individual participants with
their respective physiology, age and exposure dose. We assumed that lifetime exposure of
PFOA and PFOS was constant for each subject. The estimated mean plasma concentrations
for the mother in the first trimester of pregnancy of PFOA and PFOS were 0.34 (Cl 95%: 0.29;
0.38) and 3.14 ng/mL (CI 95%: 2.83; 3.46), respectively. Estimated mean plasma
concentrations for the fetus during the first trimester of pregnancy (6-12" GW) were 0.33
(C195%: 0.28; 0.38) and 1.39 ng/mL (Cl 95%: 1.25; 1.53) for PFOA and PFOS, respectively.

At the time of delivery (38-39'" GW), the estimated mean plasma concentrations of PFOA
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and PFOS for the mother were 0.33 ng/mL (Cl 95%: 0.28; 0.38) and 2.99 ng/mL (CI 95%:
2.71; 3.27), respectively. For the fetus (38-39" GW), they were 0.32 ng/mL (Cl 95%: 0.27;
0.37) and 1.34 ng/mL (Cl 95%: 1.22; 1.47), respectively (Fig. 3).

The model simulation results obtained for plasma were mostly in line with results from
biomonitoring in samples for both PFOS and PFOA, excepting for plasma concentration of
PFOA in the mother at delivery. In general terms, modelled levels were higher than those
obtained by biomonitoring. This could be due to the fact that data used for exposure
assessment were obtained from studies performed in the study area some years ago
(Ericson 2008a,b, Domingo et al. 2012a). It is well known that levels of PFOS and PFOA have
decreased in food during the last years (Johansson et al. 2014). In addition, the use of FFQ
results and food ratios from the literature instead of food models could underestimate the
real intake during pregnancy.

The amount of total PFOA and PFOS in the fetal body, in terms of body burden, significantly
increased by the time of delivery. However, the relative concentrations of both chemicals
showed a slight decrease due to the increased body weight of the fetus. In comparison to
previous biomonitoring studies in the same area (Pérez et al. 2013; Fabrega et al, 2016), a

significantly lower concentration of PFOA has been observed in the present study.
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Fig. 3. Modelled and biomonitored levels of PFOA and PFOS in plasma of pregnant women at the first trimester, at delivery and in cord blood
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4. Conclusions

Perfluoroalkylated substances are ubiquitous pollutants, especially PFOS, which were found
in all plasma samples in the first trimester and at delivery, and in most cord blood samples.
Mean plasma levels were 0.45, 0.13 and 0.12 ng/mL for PFOA and 2.93, 2.21, and 1.17
ng/mL for PFOS at the first trimester, at delivery and in cord blood, respectively. A
transplacental transfer of PFOS and PFOA of around 70% and 60%, respectively, was
observed. A decreasing trend of PFOS and PFOA in plasma was found when data from the
current study are compared with values obtained in the past for the same adult population.
The dietary intake was the main route of exposure to PFOS (>99%) and PFOA (>96%) for
pregnant women in Tarragona County. In addition, the consumption of fish and seafood
was the main contributor to PFOS intake (86%), and the second contributor to PFOA (42%),
after milk and dairy products (48%). The results of PFAS dietary intakes are in line with other
national and international studies, including a recently published assessment conducted by
EFSA. Dietary exposures of PFOA in our study were close to, but below, the provisional TWI
set by EFSA (13 ng/(kg-week)). In turn, the dietary intake of PFOS was calculated to be well
above the most updated provisional TWI (6 ng/(kg-week)). Pregnancy PBPK models of PFOA
and PFOS were adapted and used to simulate mother and fetus internal exposure. Even
with a small cohort population, models were able to validate analytical data from
biomonitoring samples. However, assumptions for exposure scenarios and intake
assessment were simplistic with high uncertainty, meaning this issue needs a clear
improvement. Moreover, the performance of the PBPK model can be further improved by
introducing temporal dynamics of exposure concentration and physiological parameters for

long-term exposure.
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Abstract

In the present study, the presence of a wide spectrum of major and trace elements (As, Ag,
Al, Ba, Cd, Co, Cr, Cu, Hg, Mn, Ni, Sr, Sb, Se, Sn, Pb, V, and Zn), fatty acids, as well as some
pollutants like free and total BPA and tetrabromobisphenol A (TBBPA), was analysed in
human milk (n=53) and infant formula (n=50) samples. In addition, the infant exposure to
these chemicals was assessed. The content of free BPA and several elements (Al, Ca, Cr, Cu,
Fe, K, Mg, Mn, Na, Ni, Sn, Sr, and Zn) was higher (p<0.01) in infant formula samples.
Furthermore, human milk contained levels of BPA and elements that, in almost all cases,
were well below their respective EFSA and/or WHO thresholds, is also independent of the
maternal characteristics (e.g., age, BMI or breastfeeding period). The fatty acid profiling also
revealed major differences between human milk and infant formulas, which should be
taken into account in the development of new formulas as well as in specific
recommendations for the diet of breastfeeding mothers. Anyway, the results of this study

reinforce that breastfeeding should be always the first feeding option in early life.
Keywords

Bisphenol A, chemical elements, human milk, formula milk, fatty acids
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1. Introduction

Since it is adapted to the nutritional requirements of babies, human milk is the gold
standard for infant nutrition during the first months of life (Ballard and Morrow, 2013).
Breast milk contains a wide spectrum of biologically active components, including
immunoglobulins, chemokines, growth factors, cytokines, bioactive lipids, oligosaccharides,
microRNAs, hormones, immune cells and microorganisms, among others compounds
(Hennet and Borsig, 2016; Oftedal, 2012). The concentrations of human milk components
can vary among individuals, being also dependent of several factors, such as mother's
genotype, geographical location, gestational age, maternal health status, diet and time of

lactation (GoOmez-Gallego et al., 2017; Inthavong et al., 2017; Shi et al., 2009).

Globally, the complex and dynamic composition of breast milk promotes a healthy infant
growth and development (Mosca and Gianni, 2017). Therefore, the World Health
Organization (WHO) recommends exclusive breast-feeding during the first six months of
life; thereafter, infants should receive nutritionally adequate and safe complementary
foods while breastfeeding continues for up to two years of age or beyond (WHO, 2003). In
European countries, the exclusive breastfeeding at six months of age ranged from 0.7% to
37.0% in Greece and Hungary, respectively, whereas in Spain was 28.5% (WHO, 2013).
Despite the short- and long-term health benefits that breastfeeding provides to mother-
infant pairs, many breastfed neonates are, exclusively or partly, fed with cow’s milk-derived
infant formulas. As a consequence, a wide range of infant powdered milks have been
developed over the last few years, with a great variety in terms of nutritional content, taste,

digestibility of digestion and energy (O’Connor, 2009).

Unfortunately, neither human milk nor infant formula are pristine, and they can contain
chemical contaminants depending on mother’s diet and lifestyle, including persistent
organic pollutants (POPs), pesticides, heavy metals and other well-known endocrine
disruptors, such as bisphenol A (BPA) (Cardoso et al., 2014; Mead, 2008; Mendonca et al.,
2015; Soleimani et al., 2014; Vela-Soria et al.,, 2016). These pollutants can be easily

transferred during infant feeding (Klein et al., 2017). The confluence of different abiotic
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contaminants in human milk and in infant formula milk, and its potential impact on the
infant’s health, has been largely investigated (Cruz et al., 2009; Winiarska-Mieczan and
Tupaj, 2009; Soleimani et al., 2014). BPA is a raw material for many manufactured goods,
including food and beverages packaging materials and medical devices. In fact, diet is
considered the major source of BPA exposure (Mendonca et al., 2015). Prenatal exposure
to BPA has been associated with obesity and diabetes diseases in childhood, as well as
reproductive, behavioral and neurodevelopment problems (Martinez et al.,, 2017).
Brominated Flame Retardants (BFR) include a variety of substances frequently applied to
industrial and household products to make them less flammable. Among the large group of
BFR, tetrabromobisphenol A (TBBPA) is known to be produced in high amounts,
representing around 60% of the total BFR market (Vandermeersch et al., 2015). TBBPA
exposure can have adverse health effects, affecting thyroid hormones, the neurological
function, and the reproductive system (Cruz et al.,, 2009). Cadmium (Cd), lead (Pb) or
mercury (Hg), among other heavy metals, are widely dispersed in the environment and have
bioaccumulative features, being also described as neurotoxic substances (Karri et al., 2017;
Mead, 2008; Tchounwou et al., 2012). Therefore, the presence/absence of these chemicals
in human milk and infant formulas must be a priority to assure that the intake of milk in
early-life does not mean an additional exposure to pollutants, whose effects are sometimes

not observed until long-term.

The main polyunsaturated fatty acids are arachidonic, eicosapentaenoic, and
docosahexaenoic acids. They are important for regulating growth, inflammatory responses,
immune function, playing key role in neural tissue structure and function, cell membrane
structure, cognitive development, and motor systems in newborns (Barreiro et al., 2018).
For that reason, the WHO joint expert committee published the intake recommendations
for these fatty acids and linolenic acid, considering human milk as the reference (WHO,
2018). A correct diet of the mother is also important to provide these essential fatty acids,

first to the fetus, and later to the newborn through breast milk (Martin et al., 2016).
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This study was firstly aimed at analyzing the presence of a wide spectrum of components
(e.g., major and trace elements, fatty acids, free and total BPA and TBBPA) in human milk
and infant formula samples. Subsequently, the newborn exposure to these chemicals

through the intake of milk, either breast or formula, was evaluated.

2. Materials and methods
2.1 Participating women, collection and preparation of the samples

Human milk samples (n=53) were collected from healthy Spanish mothers (with healthy
infants) at La Paz University Hospital (Madrid). Samples were immediately placed on ice
until their arrival to the laboratory where they were frozen (-20 °C). Mothers’ age ranged
from 25 to 43 years old, being classified into 3 groups: (a) <30 years old (n=6); (b) from 30
to 35 years old (n=20); and (c) >35 years old (n=23). The mean body mass index (BMI) was
24.5 kg/m? and, according to this parameter, women were also grouped into 3 categories:
(a) <18.5 kg/m? (n=1); (b) between 18.5 and 25 kg/m? (n=27); and (c) >25 kg/m? (n=22).
Depending on the months of breastfeeding (ranging between 1 and 18 months), women
were divided into 3 different groups: (a) first month (n=18); (b) 1 to 6 months (n=20); and
(c) >6 months (n=5). Data relative to some specific samples were missing. All volunteers
gave written informed consent to the protocol (C.P.-C.I. 10/017-E), which had been
previously approved by the Ethical Committee of Clinical Research of La Paz University
Hospital (Madrid, Spain).

Several samples of infant formula milk (n=50) of different commercial brands and types,
including first infant (n=25), follow-on (n=14), and growing-up (n=11) formulas, were
purchased in pharmacies and supermarkets from Spain. Infant formula samples were
prepared according to manufacturer instructions in clean and BPA-free materials, using

bottled water (Aquarel®), whose content of BPA and trace elements was also determined.
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2.2 BPA and TBBPA analysis
2.2.1. Standards and reagents for BPA and TBBPA

BPA (99% purity) and TBBPA (99% purity) were purchased from Sigma-Aldrich (West
Chester, PA, USA). Tetrabromobisphenol A ring-*Cy, (TBBPA™3Cy;; 99% purity) and d16-
bisphenol A (BPAdis; 98 atom % D), used as internal standards (1.S.), were purchased from
Sigma-Aldrich and Cambridge Isotope Laboratories, Inc. (Tewksbury, MA, USA) respectively.
Individual standard solutions and internal standards were prepared in methanol (HPLC
grade from Sigma-Aldrich) at concentrations of 2000 pg/L. Acetonitrile (MeCN, gradient
grade for HPLC), acetic anhydride (AA; >99% purity), trichloroacetic acid (TCA, >99% purity),
tetrachloroethylene (T4ACE, >99% purity), anhydrous magnesium sulfate (anhydrous MgSQOa;
99.5% purity) and B-glucuronidase (Type 1 from Helix pomatia, 23000,000 U/g solid
glucuronidase and >10,000 U/g solid sulfatase) were purchased from Sigma-Aldrich. MeOH
(MeOH, for HPLC LC-MS grade), hydrochloric acid (HCI, 32%) and potassium carbonate
(K,COs, analytical grade) were purchased from Merck (Darmstadt, Germany). Sodium
chloride (NaCl; 99.5% purity), sodium hydroxide (NaOH) and ammonium acetate
(C2H302NH4, 97% purity) were purchased from AppliChem Panreac ITW Companies
(Barcelona, Spain). Ultra-pure Milli-Q water was obtained using a Millipore Milli-Q system
(Millipore, Bedford, MA, USA). Ultra-high-purity helium (99.999%) for GC-MS was obtained

from Gasin (Maia, Portugal).
2.2.2. Instrument and analytical conditions for analysis of TBBPA

A high-performance liquid chromatography (HPLC) system Waters Alliance 2695 (Waters,
Milford) was interfaced to a Quattro Micro triple quadrupole mass spectrometer (Waters,
Manchester, UK). The chromatographic separation was achieved using a Kinetex C18 2.6 i
particle size analytical column (150 x 4.6 mm) with a Phenomenex pre-column
(Tecnocroma, Portugal), at a flow-rate of 200 puL/min. The column was kept at 302C and the

sample manager was kept at ambient temperature (+ 252C). The mobile phase consisted of
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methanol (90%) and an aqueous solution of 5 mM ammonium acetate (pH <5), isocratic
(10%). Total run time was 15 min, while the sample injection volume was 20 pLL.

MS/MS acquisition was operated in negative-ion mode with multiple reaction monitoring
(MRM); the collision gas was Argon 99.995% (Gasin, Portugal) with a pressure of 2.9 x1073
mbar in the collision cell. Capillary voltages of 3.0 KV were used in the negative ionization
mode. Nitrogen was used as desolvation gas and cone gas being the flows of 350 and 60
L/h, respectively. The desolvation temperature was set to 350°C and the source
temperature to 1502C. Dwell times of 0.1 s/scan were selected. The data were collected

using the software programme MassLynx4.1.

For each analyte, two transitions were selected for identification, and the corresponding
cone voltage and collision energy were optimized for maximum intensity as described
(Cunha et al., 2016). The quantification was made in multiple reaction monitoring (MRM),
524.87 >419.87, 542.87 > 446 for TBBPA and 554.92 > 428.84 and 554.92 > 457.92 for
TBBPACy,,

2.2.3. Instrument and analytical conditions for analysis of BPA

A gas chromatograph 6890 (Agilent, Little Falls, DE, USA) equipped with a Combi-PAL
autosampler (CTC Analytics, Zwingen, Switzerland) and an electronically controlled
split/splitless injection port, was interfaced to a single quadrupole inert mass selective
detector (5975B, Agilent) with electron ionization (EI) chamber, was used. GC separation
was performed on a DB-5MS column (30 m x 0.25 mm 1.D. x 0.25 um film thickness; J&W
Scientific, Folsom, CA, USA). Helium was the carrier gas with a constant flow of 1 mL min™.
The injection was made in splitless mode (purge-off time, 60 s) at 280°C. The oven
temperature program was as follows: 100°C held for 1 min, ramped to 280°C at 30°C min
held for 5.0 min. Total run time was 12 min. The MS transfer line was held at 280°C. Mass
spectrometric parameters were set as follows: electron ionization with 70 eV energy; ion
source temperature, 230°C and MS quadrupole temperature, 150°C. Agilent ChemStation

(version D.0200SP1) was used for data collection/processing and GC—MS control. The
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quantification was made in selected ion monitoring (SIM), m/z 213, 228 and 270 for BPA
and 224, 242 and 284 for BPAd16. The ion m/z 213 and 224 was used for quantification of

BPA and BPAd;e, respectively, and the others for confirmation.
2.2.4. Sample extraction for TBBPA analysis

Sample preparation for extraction of TBBPA entailed the following steps: 1 g of
homogenized sample (or 1 g of sample previous hydrolyzed with 20 pL B-glucuronidase
solution -20,000 U/ml in 1 M ammonium acetate buffer pH 5.0, overnight at 37°C - Total
TBBPA) spiked with 25 uL of TBBPACy, (IS, 1000 pg/L) was added with 10 pL of NaOH 2.5
M until pH 210. The mixture was added with 1 mL of hexane shake by hand 1 min centrifuge
at 4736 g for 1 min. The supernatant was discarded and repeat the previous step again.
Then, add 20 pL of HCI 3N until pH<5 followed by 2.5 mL of MeCN, 1 g of anhydrous MgS04
and 0.25 g of NaCl, shake vigorously by hand for 5 and centrifuge the tube at 4736 g for 3
min. One point five mL of extract was evaporated until dryness using a gentle nitrogen
stream at room temperature. Finally, the dry extract was re-dissolved in 100 uL of mobile

phase and 20 pL was injected in the LC-MS/MS system.
2.2.5. Sample extraction for BPA analysis

BPA extraction was performed according to Cunha et al. (2011), with some minor
modifications adopted to human milk. Briefly, 2 g of homogenized sample (or 2 g of sample
previous hydrolyzed with 40 pL B-glucuronidase solution -20,000 U/ml in 1 M ammonium
acetate buffer pH 5.0, overnight at 37°C - Total BPA) was spiked with 40 uL of BPAd (250 pg
L'?) and mixed with 5 mL TCA solution (10% in MeOH) in a vortex for 2 min. The sample was
centrifuged at 2,750 g for 5 min and the uplayer was added with 5% K,COs solution until pH
>10. Then 4 ml of the extract were transferred to a tube with a conical bottom and a mixture
of MeCN (210 mL), T4CE (60 uL) and AA (60 ul) was rapidly injected. The tube was closed
and hand-shaken gently for 1 min. After that it was centrifuged at 2,750 g for 5 min and 50
plL of the sedimented phase were transferred for a vial and 1 L of the extract was injected

in the GC-MS system.
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2.2.6. Quality assurance and control for TBBPA and BPA

In order to avoid any kind of contamination, nitrile plastic gloves were used throughout the
analytical work and the use of plastic materials was avoided. Amber glass vials were heated
(400°C) overnight prior to use. Using these precautions, no problems concerning levels in

analytical blank samples were observed.

Due to the extent matrix effects exhibited by these particular samples, matrix-matched
calibration curves were performed using powered infant formula free of TBBPA and BPA.
Linearity was evaluated in the range of 1 to 100 pg/L for TBBPA and 0.1 to 100 pg/L range
for BPA, using 7 calibration points for both analytes. Good correlation coefficients (>0.998)
were obtained in both matrix-matched curves, confirming method reliability. The precision
of the method was determined by repeatability (intraday precision) on a positive sample,
using three replicates on each day. The relative standard deviations for TBBPA and BPA were
lower than 18%. Recovery studies were performed by adding two known concentrations of
TBBPA (5 and 25 pg/L) and BPA (0.5 and 10 pg/L) to a negative sample before the extraction
and purification steps. Average recoveries of 88.5% (+ 15.8) for TBBPA and 88% for BPA (+
5.1) were achieved, supporting the efficiency of the method. The detection and
quantification limits (LOD and LOQ, respectively) were determined as the amount
corresponding to signal-to-noise ratios of 3 and 10, respectively, from the analysis of a blank
powered infant formula sample. LOQwas 1 pg/L and 0.05 pug/L TBBPA and BPA, respectively.
LOD were 0.04 pg/L and 0.02 pg/L for TBBPA and BPA, respectively.

2.3 Main and trace elements analysis

Samples were submitted to a pre-treatment as follows: 0.50 mL of the milk sample was
treated with 5 mL of 65% nitric acid (Suprapur, E. Merck, Darmstadt, Germany) in hermetic
Teflon. Digestion was firstly performed at room temperature for 8 h and, then, at 802C for
an additional period of 8 h. After cooling, the extracts were filtered and made up to 25 mL

with MiliQ water.
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The content of most elements (As, Ag, Al, Ba, Cd, Co, Cr, Cu, Hg, Mn, Ni, Sr, Sb, Se, Sn, Pb,
V, and Zn) was determined by induction plasma coupled to a mass detector (ICP-MS, Perkin
Elmer Elan 6000). Rhodium was used as internal standard. In turn, the levels of Ca, Fe, K,
Mg and Na were determined by induction coupled plasma optical detector (ICP-OES, Perkin
Elmer Optima 3200RL). LOD were: 0.03 mg/L Ba, Cd, Co, Cu, Mn, Sr, Se, Sn and Zn; 0.05 mg/L
for As, Hg, Ni, Sb, and Pb; 0.13 mg/L for Ag, Cr and V; 0.25 mg/L for Al; 1.25 mg/L for Fe;
12.5 mg/L for Ca; 25.0 mg/L for Na; 50.0 mg/L for Mg and 125 mg/L for K.

For quality control, duplicate samples and blanks were also analysed. Three reference
patterns were also used: whole milk powder (WMP), lobster hepatopancreas (TORT-2) and

trace elements in spinach leaves (TES 1), obtaining recoveries ranging from 75% to 101%.
2.4 Fat and fatty acids analysis

For FA analysis, triundecanoin was used as internal standard for quantification (Larodan;
Sweden). The fatty acid methyl esters standards used for quantitative and identification
purposes were from diverse suppliers (Nu-Chek Prep, USA; Matreya, USA; and Supelco Inc.,
USA). Heptane, 2-propanol and cyclohexane, all <99%, were from Carl Roth (Germany).
Boron trifluoride solution (14% in methanol) was purchased from Sigma-Aldrich.
Dichloromethane (DCM, >99.5%) and anhydrous sodium sulphate (Na,SO,, analytical grade)
were purchased from Merck (Darmstadt, Germany). Sodium chloride (NaCl; 99.5% purity),
and potassium hydroxide (KOH) were purchased from AppliChem Panreac ITW Companies
(Barcelona, Spain).

Fat extraction was achieved by liquid extraction, following the method described by Feng
et al. (2004) with minor modifications, and the combined derivatization method (Lépez-
Lépez et al., 2002), also with minor adjustments. Briefly, an accurate amount of 500
microliters of homogenised milk was spiked with 100 pL of internal standard solution
(triundecanoin, 10 mg/ml) and mixed sequentially with 1.6 mL of 2-propanol, 2ml of
cyclohexane and 2.2 mL of NaCl aqueous solution (1%), with 1 min. vortex mixture between

steps. After centrifugation (2,750 g for 5 min), the upper layer was transferred to a second
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vial and the extraction repeated with 2 ml of cyclohexane. The two organic phases were
combined, dehydrated with anhydrous sodium sulphate, and taken to dryness under a
gentle nitrogen stream at 402C. The extracted fat was dissolved in dichloromethane and the
fatty acids were converted into their methyl esters first with hot alkaline derivatization with
KOH (0.5 M in methanol; 802C) followed by addition the BF3 reagent. After cooling, phase
separation was achieved by addition of heptane and NaCl aqueous solution (1%), with the
upper layer collected for GC analysis. This derivatization method was previously compared
with plain alkaline derivatization and a global increase of recovered lipids mass was
achieved with combined derivatization, without an increase or alteration of the trans fatty

acids.

The fatty acid composition was determined by gas chromatography on a Chrompack (CP
9001), equipped with a FAME CP-Select CB column (100 m x 0.25 mm x 0.2 um; JW), with
helium as carrier gas at 0.7 ml/min, and a temperature gradient from 100 2C to 240 °C, in a
total of 60 min. Injection port was at 250 2C, with a 1:100 split ratio, and the detector was
at 270 oC. Each peak was identified using known standards of fatty acid methyl esters
(FAME, Nu-Chek Prep, Elysian, MN, USA; Matreya, Pleasant Gap, PA, USA; and Supelco 37
Component FAME mix, Supelco Inc.). A total of 80 fatty acids, from 6 to 24 carbon atoms,
were quantified. Fatty acids contents were recorded as % weight of total fatty acids after
external calibration with individual standards, and on a milk basis (mg/100 mL) using
triundecanoin as internal standard that is also used to estimate the milk fat content (g/100

mL).

2.5 Exposure assessment

Equation 1 (see below) was used to establish the daily intake of BPA and elements. Three
periods of exposure were considered: (a) <1-month-old; (b) between 1- and 6-month-old;
and (c) between 6 and 12-month-old infants fed exclusively with either human milk or infant

formula.

Dli,p= Cijp * Imi, p (Equation 1)
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Where Dl is the daily intake of the chemical i in the period p (in pg/kgww/day), Cip is the
concentration of the chemical j in milk in the feeding period (p) (in ug/mL), and Imik is the
daily amount of milk ingested by body weight in each period (mL/day/kgpw). Similar milk
intakes between the breastfed and the formula-fed groups were assumed. Data on milk
intake were obtained from the US EPA exposure handbook (EPA, 2011) with monthly

temporal resolution

2.6 Statistics

For the statistical analysis of results, the items with values below the detection limit (LD),
were assumed to be equal to one-half of that limit (ND = % LD). Statistical significance was
established using firstly the Levene test to establish whether the data showed parametric
distribution, or not. Subsequently, the ANOVA test for data following a parametric
distribution, or the Kruskal-Wallis for non-parametric data were applied. A difference was
considered as statistically significant when the probability was lower than 0.05 (p<0.05).
Principal component analysis (PCA) was applied to reduce the number of variables
extracting as much information as possible. PCA was performed with fatty acid relative

contribution. For statistical analysis and PCA, IBM SPSS Statistics was used.

3. Results and discussion

Mean levels of BPA (free and total), TBBPA, elements and fatty acids in the human milk and
infant formula samples analysed in this study are shown in Table 1. Tables 2 to 5 present
the levels of the same chemicals, according to different parameters: feeding-period,

mother’s BMI and maternal age.
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Table 1. Levels of BPA (free and total), TBBPA, elements and fat content in samples of human milk and infant formulas.

By volume of milk By value of fat
% Formula Human Formula Human
detected | (n=50) (n=53) p-value (n=50) (n=53) p-value

BPA (free) 38 0.88 £1.01 0.26 £0.81 <0.001 23.5+£29.5 6.38£24.0 <0.001

Total BPA 76 3.85+£4.19 1.30+4.24 0.003 106 £ 127 59.0£ 270 0.270

TBBPA 8 0.57 £0.27 0.58+0.34 0.970 14.6 £ 8.62 18.7 £ 16.7 0.129

Elements

Ag 0 <0.13 <0.13 - - - -

Al 17 0.64 £1.85 0.28 £ 0.67 0.015 16.8 £46.3 5.71 +8.98 0.212

As 0 <0.05 <0.05 - - - -

Ba 25 0.04 £ 0.06 0.02 £0.03 0.167 0.76 £ 1.62 0.42 +£0.80 0.494
o Ca 100 511+177 273+73.9 <0.001 13457 + 5087 8648 +6132 <0.001
K Cd 8 <0.03 0.02 £0.03 0.004 - 0.60+1.19 <0.001

Co 1 <0.03 0.02 £0.09 0.334 - 0.17+0.43 0.017

Cr 100 0.38£0.13 0.32+0.05 0.001 9.98 +£3.92 9.48 £4.15 0.534

Cu 98 0.49 £0.29 0.34+0.24 0.005 13.1+8.19 10.3+£8.04 0.086

Fe 53 7.50+3.01 1.63+5.84 <0.001 197 £ 84.0 435+ 133 <0.001

Hg 2 0.03+£0.00 0.03+0.01 0.614 0.96 £ 0.20 0.94 £0.61 0.379

K 100 727 £ 208 509 + 88.0 <0.001 19792 £+ 8818 16136+9617 0.048

Mg 40 55.1£18.9 26.1+£5.43 <0.001 1483 + 684 800 £ 494 <0.001

Mn 51 0.15+0.09 0.02 £0.02 <0.001 3.98 £2.53 0.27 £ 0.60 <0.001

Na 100 208+ 69.1 172 + 144 <0.001 5696 + 2934 5323 + 5279 0.006

Ni 44 1.22 £4.56 0.04 £0.04 <0.001 34.6 £ 138 1.13+1.07 <0.001

Pb 4 0.03+£0.01 0.03+0.01 0.992 1.00£0.29 1.00+£0.82 0.199

Sb 0 <0.05 <0.05 - - - -

Se 51 0.03£0.03 0.07 £0.16 0.151 0.72+1.11 2.33+7.06 0.115
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BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

BY volume of By value of fat
milk
% Formula Human Formula Human
detected | (n=50) (n=53) p-value (n=50) (n=53) p-value

Elements

Sn 12 0.02 £0.04 0.01 £0.00 0.001 0.40+1.21 0.17£0.43 0.358

Sr 93 0.25+0.09 0.05+0.04 <0.001 6.58 + 2.59 1.65+1.36 <0.001

\) 0 <0.13 <0.13 - - - -

Zn 83 5.73 £3.00 2.30+3.54 <0.001 154 £ 86.6 62.1+86.9 <0.001

% Fat 100 3.88+0.74 3.86+1.63 0.319 - -

Fatty acids

SFA 14.0 £ 3.56 15.2 £6.97 0.748 35.9+5.30 38.5+4.18 0.006

MUFA 15.5+3.20 14.6 £6.25 0.061 40.1+4.68 37.8 £3.56 0.005
N} PUFA 6.97 +1.87 6.06 £ 3.30 0.005 17.7 £2.08 15.2 £2.98 <0.001
< w-3 PUFA 0.93+0.24 0.42 £0.20 <0.001 2.38+0.47 1.13+£0.52 <0.001

w-6 PUFA 6.04+1.71 5.60 +£3.20 0.040 15.3+£2.08 14.0+3.11 0.012

TFA 0.12 £ 0.07 0.43+£0.20 <0.001 0.33+0.18 0.80+0.31 <0.001

LA 5.90+1.68 5.05+2.95 0.002 15.1+£2.08 12.6 £2.99 <0.001

ALA 0.81+£0.22 0.20+0.11 <0.001 2.08 £0.40 0.53+0.25 <0.001

AA 0.08 £ 0.09 0.18 £ 0.09 <0.001 0.19+0.20 0.46 £0.12 0.001

EPA 0.02£0.03 0.02 £0.02 0.946 0.04 £ 0.05 0.07 £0.06 0.303

DHA 0.08 £ 0.09 0.16 £0.09 <0.001 0.22+£0.14 0.41+0.26 <0.001

CLA 0.00£0.01 0.04 £0.02 <0.001 0.01+£0.03 0.10 £ 0.05 <0.001

Results presented as mean * standard deviation. SFA: Saturated fatty acids; MUSFA: Monounsaturated fatty acids; PUFA:
Poliunsaturated fatty acids; TFA: Trans fatty acids; EPA: Eicosapentaenoic acid (20:5n-3); DHA: Docosahexaenoic acid (22:6 n-3);
CLA: 9c,11t-octadecadienoic acid; AA: Arachidonic acid (eicosatetraenoic acid (20:4 n-6)).

Units (by volume of milk): Total BPA, Free BPA and TBBPA, in ug/L; elements, in mg/L; % fat in g/100 mL; Fatty acids in g/L
Units (by content of fat): Total BPA, Free BPA and TBBPA, in ng/g of fat; elements, in ug/g of fat; Fatty acids in g/100 g of fat
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Table 2. Levels of BPA (free and total), TBBPA, elements and fat content in formula milk according to the feeding period. Results are shown by
volume of milk.

Formula milk

First infant Follow-on Growing-up
<1-6months >6 month >12 month
(n=25) (n=14) (n=11)
BPA (free) 0.98 +1.03 0.82 +1.03 0.77+1.01
Total BPA 4.13+4.01 3.01+3.11 4.33+5.93
TBBPA 0.50+0.02 0.71+0.46 0.56£0.20
Elements
Ag <0.13 <0.13 <0.13
Al 0.74+2.54 0.69 +0.89 0.38£0.49
As <0.05 <0.05 <0.05
o Ba 0.04 +0.07 0.04 £ 0.06 0.04 £0.04
S Ca 433 + 162 a 555 + 163 b 631 +148 b
Cd <0.03 <0.03 <0.03
Co <0.03 <0.03 <0.03
Cr 0.38+0.12 0.40+0.13 0.33+0.13
Cu 0.52+0.35 0.51+0.22 0.41+0.25
Fe 5.85+3.11 a 9.35+1.93 b 8.89+1.67 b
Hg 0.03+0.01 <0.05 <0.05
K 646 + 182 2 730+91.9 b 910 + 260 c
Mg 49.7+£20.3 2 57.8+19.2 b 64.0 £10.8 b
Mn 0.15+0.08 0.15+0.09 0.14+0.11
Na 183 +61.0 2 218 +43.7 b 251+90.9 b
Ni 1.73+6.43 0.83 +0.93 0.55+0.50
Pb 0.03 +0.01 0.03 +0.01 <0.05

Sb <0.05 <0.05 <0.05
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Formula milk

First infant Follow-on Growing-up
<1-6months >6 month >12 month
(n=25) (n=14) (n=11)

Elements

Se 0.04 £0.04 0.03£0.03 0.02 £0.02

Sn 0.01+£0.00 a 0.05 £ 0.08 b 0.02+0.01 b

Sr 0.25+0.10 0.25£0.07 0.26 £0.09

\' <0.13 <0.13 <0.13

Zn 5.26 £ 2.68 6.6 £3.45 5.69£3.12

% Fat 3.84 +£0.86 4.08 +0.56 3.69 £ 0.67

Fatty acids

SFA 14.2 +4.06 ab 15.3+2.37 a 11.7 £ 2.66 b
§ MUFA 15.2+3.59 15.7+2.31 159+341

PUFA 6.69 £ 1.85 7.41+1.51 7.06£2.33

w-3 PUFA 0.91 +0.24 0.97 £0.18 0.93+0.32

w-6 PUFA 5.78 £1.68 6.43+1.42 6.13+1.71

TFA 0.11+0.05 0.15 +0.09 0.13 £0.08

LA 5.63+1.62 6.29+1.41 6.05 +2.11

ALA 0.77 £0.22 0.83+0.14 0.85 +0.29

AA 0.09 £0.09 a 0.09+0.11 ab 0.02 £0.03 b

EPA 0.02+0.01 0.02 £0.01 0.02 £0.03

DHA 0.10 £ 0.04 a 0.09 £0.07 ab 0.05 +£0.07 b

CLA 0.00 £ 0.00 0.01 £0.02 0.00 £0.01

Results presented as mean + standard deviation.
Units: Total BPA, Free BPA and TBBPA, in ug/L; elements, in mg/L; fat, in g/100 mL; fatty acids, in g/L
Significant differences at p<0.05 are indicated with different superscripts
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Table 3. Levels of BPA (free and total), TBBPA, elements and fat content in human milk according to the time of breastfeeding. Results are shown by
volume of milk.

Human feeding period

<1month 1-6 month 6 month
n=18 n=20 1=5

BPA (free) 0.37£1.08 0.30+0.84 <0.05

Total BPA 3.01+7.20 0.36 £0.36 0.69+1.31

TBBPA 0.6+0.42 0.61+0.39 <1.00

Elements

Ag <0.13 <0.13 <0.13

Al 0.35+0.73 0.32+0.86 0.20+£0.15

As <0.05 <0.05 <0.05

Ba 0.02 +0.04 0.03£0.03 0.02£0.01

Ca 266 £ 63.1 273 +87.3 283 +59.2
E Cd 0.02 +0.03 0.03+0.04 <0.03

Co 0.05+0.15 <0.03 <0.03

Cr 0.31+0.04 0.31+0.06 0.33+£0.08

Cu 0.40+0.19 a 0.25+0.24 b 0.18+0.11 b

Fe 3.32+9.96 0.81+£0.79 0.88 £ 0.55

Hg <0.05 a <0.05 a 0.04 £0.03 b

K 543 +£93.3 491 +93.1 492 +73.9

Mg 26.6 + 6.85 26.4+6.12 <50.0

Mn 0.02 +0.02 0.01+£0.01 <0.02

Na 215+ 146 136 £ 155 102 £15.5

Ni 0.05 +0.06 0.03 £0.02 <0.05

Pb 0.03 +0.01 <0.05 <0.05

Sb <0.05 <0.05 <0.05

Se 0.12 £0.27 0.04 +£0.04 0.01+£0.00
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Human feeding period

<1month 1-6 month 6 month
n=18 n=20 n=5
Sn <0.01 0.01 +£0.00 <0.01
Sr 0.04 £ 0.02 0.06 £ 0.04 0.06 £ 0.02
Sr 0.04 £ 0.02 0.06 £ 0.04 0.06 £ 0.02
Vv <0.13 <0.13 <0.13
Zn 2.77 +2.47 1.60 +£3.95 0.24+0.32
% Fat 3.54+1.37 3.99+2.02 448 +1.11
Fatty acids
SFA 14.1+5.71 15.3+8.67 18.8 +6.25
MUFA 13.4 +5.66 15.3+7.70 15.9+2.46
~ PUFA 5.16 +2.36 6.35+3.94 7.23+3.11
~ -3 PUFA 0.41+0.19 0.48 £0.25 0.45 £ 0.09
w-6 PUFA 4.71+2.27 5.82+3.78 6.75+3.18
TFA 0.32+0.16 0.33+£0.22 0.34 £0.13
LA 4.13+2.03 5.29+3.46 6.22 +2.99
ALA 0.18 £ 0.08 0.23+0.13 0.20 £0.07
AA 0.18 £ 0.08 0.18+0.12 0.17 £0.04
EPA 0.02+0.02 0.03 +£0.02 0.03 +£0.02
DHA 0.16 £0.10 0.16 £ 0.09 0.16 £ 0.07
CLA 0.04 +0.02 0.04 £ 0.04 0.04 +0.02

Results presented as mean t standard deviation.
Units: Total BPA, Free BPA and TBBPA, in ug/L; elements, in mg/L; fat, in g/100 mL; fatty acids, in g/L
Significant differences at p<0.05 are indicated with different superscripts
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Table 4. Levels of BPA (free and total), TBBPA, elements and fat content in human milk according to the body mass index (BMI) of the mother. Results are
shown by volume of milk.

BMI

<18.5 kg/m? 18.5-25 kg/m? >25 kg/m?

n=1 n=27 n=22
BPA (free) <0.05 0.38+1.08 0.13+0.24
Total BPA <0.05 1.11+£3.30 1.75+5.57
TBBPA <1.00 0.58+£0.34 0.58 £0.38
Elements
Ag <0.13 <0.13 <0.13
Al 3.98 0.14 £0.07 0.31+0.66
As <0.05 <0.05 <0.05
Ba <0.05 0.02 £0.02 0.03 £0.04
Ca 186 282 £ 64.7 272 £ 85.5

E Cd <0.03 0.02 £0.02 0.03 £0.04

Co <0.03 <0.03 0.04+0.14
Cr 0.37 0.31+0.05 0.33 £0.05
Cu 0.23 0.31+0.24 0.38+0.26
Fe 4.17 2.28 +8.16 0.86+0.8
Hg <0.05 <0.05 0.03+0.01
K 470 511+£79.3 505 £ 105
Mg 52.4 <50.0 26.31£6.20
Mn 0.05 0.02+0.02 0.01+£0.00
Na 741 143+81.4 168 + 139
Ni 0.08 0.03 £0.02 0.04 £0.05
Pb <0.05 <0.05 0.03+0.01
Sb <0.05 <0.05 <0.05

Se <0.03 0.08+0.23 0.05+0.04
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BMI
<18.5 kg/m? 18.5-25 kg/m? >25 kg/m?
n=1 n=27 n=22

Sr <0.13 0.06 £ 0.04 0.05+0.04

\'} <0.13 <0.13 <0.13

Zn 4.98 2.29+3.33 2.45+£4.04

% Fat 6.57 3.48+1.10 4,41 +1.98

Fatty acids

SFA 24.7 13.8+5.30 17.2+8.34

MUFA 24.8 13.1£3.75° 16.8 + 7.82°

PUFA 13.1 5.22+2.31 7.10 £3.86

w-3 PUFA 0.83 0.38 £0.15° 0.49 +0.23°

w-6 PUFA 12.3 4.80+2.28 6.56 £3.75
~ TFA 0.36 0.30+£0.14 0.36+0.21
& LA 1.16 4.34+2.16 5.88 +£3.42

ALA 0.34 0.18 £ 0.07 0.23 +0.13

AA 0.24 0.15 +0.06 0.21+0.12

EPA 0.04 0.02 £0.02 0.03 £0.02

DHA 0.36 0.13+£0.09 0.16 £ 0.08

CLA 0.04 0.04 £0.02 0.05+0.03

Results presented as mean * standard deviation.
Units: Total BPA, Free BPA and TBBPA, in ug/L; elements, in mg/L; fat, in g/100 mL; fatty acids, in g/L
Significant differences at p<0.05 are indicated with different superscripts
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Table 5. Levels of BPA (free and total), TBBPA, elements and fat content in human milk according to the maternal age. Results are shown by volume of

milk.
<30 years >30-35 years >35 years
n=6 n=20 n=23

BPA (free) 0.75+1.62 0.12+0.26 0.28 £ 0.89

Total BPA 0.66+1.32 1.71+5.64 1.23+3.60

TBBPA <1.00 <1.00 0.67 £0.51

Elements

Ag <0.13 <0.13 <0.13

Al <0.25 0.15+£0.08 0.43+1.00

As <0.05 <0.05 <0.05

Ba 0.03+0.04 0.02+0.01 0.03+0.04

Ca 279 £54.0 270 +68.1 273 +£81.2
o Cd <0.03 0.03+0.04 0.02 +£0.03
~ Co <0.03 <0.03 0.04+0.14

Cr 0.33+0.03 0.31+£0.05 0.33+0.06

Cu 0.36+0.16 0.36+0.34 0.30+0.16

Fe 7.83+17.3 0.78 £0.48 0.93+£0.99

Hg <0.05 <0.05 0.03+0.01

K 500 + 64.3 506 + 98.6 505 + 86.4

Mg <50.0 <50.0 27.51+8.13

Mn 0.03+0.04 0.01+0.00 0.02+0.01

Na 141 +82.1 171+ 144 165 + 148

Ni <0.05 0.03+0.02 0.04 £ 0.05

Pb <0.05 0.03 £0.01 <0.05

Sb <0.05 <0.05 <0.05

Se 0.04 £0.03 0.05+0.04 0.09+£0.25

Sn <0.03 <0.03 0.01 £0.00
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<30 years >30-35 years >35 years
n=6 n=20 n=23
Elements
Sr 0.05 +0.02 0.06 £ 0.04 0.05 +0.04
\" <0.13 <0.13 <0.13
Zn 2.59+3.45 1.93+3.35 2.46+3.71
% Fat 433+1.01 3.40+1.37 4.33+1.90
Fatty acids
SFA 17.3+5.91 13.2 +6.38 17.1+7.62
MUFA 15.4+2.46 13.0+5.09 16.4 +7.58
PUFA 7.61 +2.40° 5.00 £ 2.26° 6.82 +4.09%°
w-3 PUFA 0.37+0.11 0.42+0.24 0.47 £0.19
w-6 PUFA 7.20 +2.38° 4,55+ 2.15° 6.30 + 3.98%°
~  TFA 0.35+0.10 0.27+0.14 0.37+0.21
G 1A 6.52 +2.23? 412 +1.99° 5.67 +3.67%"
ALA 0.19 £ 0.07 0.20+0.13 0.21 £ 0.09
AA 0.22 £0.08 0.15 +£0.07 0.20+0.11
EPA 0.01+£0.01 0.03 £0.02 0.03 £0.02
DHA 0.11 £ 0.04 0.14 £ 0.08 0.17+0.11
CLA 0.04 £0.02 0.03 £0.02 0.05 +0.03

Results presented as mean * standard deviation.
Units: Total BPA, Free BPA and TBBPA, in ug/L; elements, in mg/L; fat, in g/100 mL; fatty acids, in g/L
Significant differences at p<0.05 are indicated with different superscripts
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3.1. Free and total BPA content

Free and total BPA (free plus conjugated BPA) were respectively detected in 38 and 76% of
the samples of breast milk, with mean levels of 0.26 and 1.30 ug/L, respectively. In turn, the
concentration of free BPA in infant formula was 0.88 pg/L, while that of total BPA was 3.85
pg/L (Table 1). The concentrations of both free BPA and total BPA in formula samples were
significantly higher (p<0.001) than those in human milk (Table 1). When the ratios between
the concentrations of free or total BPA and the fat content were calculated, means of 23.5
and 106 ng/g of fat, respectively, were found for formula samples, while values in breast
milk were 6.4 and 59.0 ng/g of fat, respectively, Although both parameters were lower in
human milk samples, only the ratio BPA:fat content showed a statistically significant
(p<0.001) difference (Table 1) according to the kind of milk. No differences (p>0.05) in the
BPA (free or total) levels were observed according to formula type, breastfeeding period,
maternal age or mother’s BMI (Tables 2 to 5). In the scientific literature, a wide range of
values regarding BPA levels in human milk have been reported, ranging from 0.7 ug/L (Otaka
etal, 2003) to as high as 42.6 pg/L (Yi et al., 2010). However, important differences between
the studies have also been noted, including the fact of monitoring only free or total (free
and conjugated) BPA. More recently, Cao et al. (2015) analysed the presence of both free
and total BPA in human milk samples, observing similar results to those observed in our
study: free BPA was detected in fewer samples than total BPA (16.5% vs. 25.9%), with
amounts ranging from <0.036 to 2.3 ng/g. In agreement to our findings, the same authors
also stated that the dietary exposure to BPA for breastfed infants was expected to be lower
compared to that of formula-fed infants (Cao et al., 2015). However, the presence of BPA
in infant formulas could have decreased in the last years due to the general tendency of
using BPA-free coatings for canned formulas (Adesman et al., 2017; Cao et al., 2015). As for
the presence of BPA in human milk, it is surely associated with the mother’s ingestion of

contaminated foods (Martinez et al. 2017, 2018).
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3.2. Concentrations of TBBPA

In this study, only few samples (5 out of 50 among formula samples, and 3 out of 53 among
human milk ones) presented TBBPA levels above the detection limit (0.50 pg/L). In those
cases, the mean levels were 0.57 pg/L (14.6 ng/g of fat) and 0.58 pg/L (18.7 ng/g of fat) for
formula and human milk samples, respectively, being the difference not significant (p>0.05;
Table 1). Moreover, TBBPA concentrations were not statistically significant (p>0.05)
according to the maternal characteristics (age, BMI, and breastfeeding period) (Tables 2 to
5). TBBPA was only detected in some samples corresponding to mothers aged >35 years,
while it was not detected in the group with more than 6 months of breastfeeding. In any
case, TBBPA concentrations were similar to those observed in other studies performed in
France (Inthavong et al., 2017). In the Czech Republic, Lankova et al. (2013) found that
TBBPA and a-hexabromocyclododecane (a-HBCD) were the only brominated flame
retardants detected in human milk samples. However, they could be only detected in a low
percentage of such samples and in none of the tested infant formulas samples (Lankova et
al., 2013). These results should be taken with caution since TBBPA is usually detected and
guantified either by gas or liquid chromatography coupled to mass spectrometry (MS)
(Cariou et al., 2008), and the acidification and chloroformate derivatization steps required
for GC-MS analysis may be responsible for a low recovery rate of this compound (Covaci et

al., 2009).

3.3 Content of main and trace elements in the samples

The levels of Ag, As, Sb and V in all the samples and the levels of Cd and Co in the formula
samples were below their respective LOD (Table 1). The levels of Al, Ca, Cr, Cu, Fe, K, Mg,
Mn, Na, Ni, Sn, Sr, and Zn were significantly higher (p<0.05) in the infant formula samples,
while Cd was the only element with a significantly higher concentration in breast milk
(p<0.05) (Table 1). In relation to the formula type, the levels of Ca, Fe, K, Mg, Na, and Sn in
first infant formulas were statistically lower (p<0.05) than in follow-on and growing-up milk

samples (Table 2). In relation to the breastfeeding period, the levels of Cu were higher
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among women during their first month (0.40 mg/L) than in the other women groups (0.25
and 0.18 mg/L for >1-6 and >6 month of breastfeeding, respectively) (Tables 2 to 5).
Mercury (Hg) was detected only in a single human milk sample from a woman within the
>6-months group. No statistically significant (p>0.05) differences were found for the levels

of any element depending on maternal BMI or age (Tables 4 and 5, respectively).

Minerals and trace elements accounting for about 4% of total human body mass play an
important role in bone structure, regulate certain body functions, and help maintain the
body’s water balance (WHO and FAQ, 2004). It is known that apart from essential elements,
human milk can also transfer potentially toxic metals, such as Pb, As or Cd, with varied
concentrations depending on the environmental exposure, the diet or bad habits (Klein et
al., 2017). Rapid growth and development may put infants at risk of deficiencies of certain
essential minerals in vulnerable populations. Micronutrient deficiencies are associated with
a higher frequency of infections in the short-term and increased rates of chronic diseases.
However, excessive amounts of these elements can also be detrimental for health (Klein et
al.,, 2017). For example, high levels of iron in formulas may increase the infant risk of
infection by increasing nutrient bioavailability to pathogenic bacteria (Quinn, 2014), while
high Mn exposure in children has been associated with impaired cognitive development and
motor coordination (O’Neal and Zheng, 2015). Therefore, it is essential that infant formula
and milk products intended for use by infants contain minerals in amounts that satisfy their

nutritional requirements without leading to adverse effects (Poitevin, 2016).

3.4. Fat and fatty acid content in the samples

The fat content was similar among the human milk and the infant formula samples (3.86
and 3.88%, respectively) (Table 1). For this parameter, no statistically significant differences
(p>0.05) were found according to the formula milk type (first infant, follow-on, and growing-
up formula), breastfeeding period (<1, 1-6, and >6 month), maternal age (>30, 30-35, and
>35 years old) or mother’s BMI (18.5-25 kg/m? and >25 kg/m?) (Tables 2 to 6). However, it

is known that breastfed infants absorb fat better than formula-fed infants due to the
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presence of lipases in human milk that are not present in cow's milk (Fields and Demerath,
2012). It is generally considered that a breastfed infant consumes less calories (around 85
kcal/kg body weight/day) during the first months of life than a formula-fed infant (100
kcal/kg/day) (Committee on the Evaluation of the Addition of and Ingredients New to Infant
Formula, 2004). The breastfed infant has a lower total energy expenditure and a slower rate
of weight gain (Butte et al., 1990). In addition, the gastro-esophageal reflux is usually lower
in breastfed infants, most likely due to a more rapid gastric emptying time, resulting in lower
loss of ingested food (Committee on the Evaluation of the Addition of and Ingredients New

to Infant Formula, 2004).

Non-identified fatty acids ranged from 2.9 to 24.8% with a mean of 6.4% for all samples
analysed. Globally, saturated fatty acids (SFA) contribution was higher in formula milks than
in human milk, while the opposite was observed for unsaturated fatty acids (Table 1). The
fatty acids that contributed the most to the total content were oleic acid (18:1), palmitic
acid (16:0), linoleic acid (18:2), lauric acid (12:0), myristic acid (14:0), and stearic acid (18:0),
with an overall contribution of 87.0% and 84.2% in formula and human milk samples,
respectively (Table S1). Palmitic acid (16:0), y-linolenic acid (18:3n-6), gondoic acid (20:1n-
9), octadecatetraenoic acid (18:4n-3) and eicosapentaenoic acid (EPA) (C20:5n-3) showed a
similar (p>0.05) contribution (in %, g/100 g of fat) between human milk and formula
samples (Table S1). When levels (g/L of milk) of fatty acids were taken into account,
decanoic acid (10:0), lauric acid (12:0), erucis acid (22:1n-9), and tetracosenoic acid (24:1n-
9) presented also similar (p<0.05) levels between formula and human milk (Table S1). In
contrast, the comparison of the composition of fatty acid between formulas and human
milk revealed several differences. The main differences in the fat composition were a higher
(p<0.05) contents of octanoic acid (8:0) lauric acid (12:0), linolenic acid (LA) (18:2n-6) and a
linolenic acid (18:3n-3) (ALA) in the formula samples (Table S1), in opposition to a higher
content (p<0.05) of myristic (14:0), palmitoleic (16:1), and stearic (18:0) in the human milk
ones. In addition, human milk samples contained a higher (p<0.05) percentage of total SFA
(35.9 vs 38.5 %), omega 7 fatty acids (0.3 vs. 2.2%), eicosatetraenoic acid (AA) (0.19 vs.
046%), docosahexaenoic acid (DHA) (0.22 vs. 0.41%) and conjugated linoleic acid (CLA) (0.01
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vs 0.10%) and a lower (p<0.05) contributions of total MUFA (40.1 vs 37.8%) and
polyunsaturated fatty acids (PUFA) (17.7 vs. 15.2 %), including omega 3 (2.38 vs. 1.13%) and
omega 6 (15.3 vs. 14.0%) fatty acids, when they are compared to formula samples (Table
1). Similar significant differences in fatty levels (in g/L) were noted, except for SFA and MUFA

that not reach the significance between formula and human milk.

In relation to the type of formula (Table 2), lower (p<0.05) levels of SFA were found in
growing up formula than Follow —on which shown similar (p>0.05) levels than first infant
formulas. Levels of AA and DHA were higher (p<0.05) in first formula levels than growing up
milk formula. Regarding contribution of each fatty acid, differences were found regarding
the percentages of low-chain FA (8:0 to 14:0), docosahexaenoic acid (DHA) and araquidonic
acid (AA) with higher (p<0.05) in first formulas than in growing-up formulas, while the
percentages of palmitic (16:0) and y-linolenic were lower (p<0.05). Finally, higher (p<0.05)
percentages of omega 7 and 9 were found in growing-up formulas (>12-month formula
milk) when compared to the other formula milks (first infant: 0-6 month; follow-on: >6

month).

Regarding to the breastfeeding period (Table 3), no differences in the content and levels of
all the fatty acids classes, both saturated and unsaturated, were found. Similar findings were
reported from Lépez-Lopez et al.,, 2002. Only some unsaturated FA with low
representativeness (>0.5%) were higher during the first period (<1 month) than after 6-

months of breastfeeding.

Only minor significant difference observed in relation to the maternal BMI (Table 4), higher
levels of MUFA and w-3 PUFA were higher (p<0.05) in women with BMI>25 kg/m? compared
with the group of BMI18.5-25 kg/m?. Regarding individual fatty acids, few differences were
noted; higher (p<0.05) amounts of 18:0 and 20:3n-6 in the milk fat of the group of women
with a BMI>25 kg/m? when compared to the group comprising women with a BMI ranging

from 18.5 to 25 kg/m?>.

No clear tendencies were found according to the maternal age (Table 5). Samples from

mothers below 30 years old had a higher (p<0.05) levels of PUFA and total omega-6 fatty
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acids than those from mothers between 30-35 years old, but in contrast, their content in
such fatty acids were similar (p>0.05) to that found among women >35 years-old (Table 5).
Additionally, some individual FA presented higher contributions in the mothers whose age
was below 30 years (p<0.05) as linoleic acid, C18:3t, C18:2n6¢c, C20:2n6 and C22:2 than

those older than 35.

Data on the fatty acid composition of the samples (in g/100mg of fat) were submitted to
PCA (Figure 1). The results are represented as a graph with two principal components (PC)
that explain 50 and 23 % of the data variance. The first PC (PC1) showed a highly positive
correlation with MUFA and highly negative correlation with SFA, while PC2 was highly
positively correlated with w-6 PUFA and negatively correlated with TFA. In addition, PC1
and PC2 were positively correlated with w-6 PUFA. PCA results revealed two main clusters
that were differentiated through PC1 according the milk type (infant formula or human
milk). This difference seems to be more relevant if PCA was conducted with fatty acids
contributions instead of categorizing fatty acids (Figure S1). However, the human milk
cluster showed bigger differences among samples (Figure 1), while formula milk samples
appeared as a more homogeneous cluster, regardless of the type of formula (first infant,

follow-on and growing-up formula).

Although the development of infant formulas can be traced to the nineteenth century, the
addition of nucleotides in 1999 and long-chain polyunsaturated fatty acids in 2002 marked
a new era in infant formula (Barreiro et al., 2018). In this work, first-stage formulas showed
a lipid profile closer to that of the human milk samples, in terms of monounsaturated acids.
New born do not have a fully developed ability to convert essential fatty acids into their
long-chain metabolites and, for this reason, supplementation with DHA is critical in infant
formulas (Barreiro et al., 2018). PCA performed in this work clearly showed that human milk
is not a static fluid and changes over time; in contrast, infant formulas seem to be uniform
with no clear fatty acid differences despite being marketed as intended for different stages
of the infant development. It is important to mention that human milk fat includes medium-

chained fatty acids (MCFA) and triacylglycerols emulsified by a sphingomyelin-rich
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phospholipid membrane (milk phospholipids, MPL) while the sphingomyelin is lacking in
infant formulas. Both the sphingomyelin content and the saturated level of phospholipids
affect gut lipase activity, which alters the concentrations of lipid hydrolysis products in the

ileum and colon, as a consequence, differences in phospholipid and fatty acid composition

may modulate the acquisition and development of the infant gut microbiota (Nejrup et al.,

2017).
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Figure 1. Principal component analysis (PC1 vs. PC2) of the fatty acid content. Each number represent
the period of breast feeding (1: <1 month; 2: 1-6 month; and 3: >6 month) or type of formula milk (1:
first infant; 2: follow-on; and 3: growing-up formula)

3.6 Exposure assessment

In general terms, the exposure to the compounds analysed in this study was estimated to
be higher in formula-fed infants than in breastfed infants. Furthermore, the intake of BPA
and most trace elements showed a similar decreasing trend in the different feeding period

groups (< 1 month, 1-6 months and >6-12 months) (Table 6). Such decreasing trend may be
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due to the fact that the milk intake:body weight ratio decreases with age. As
abovementioned, the levels of BPA and elements were generally higher in infant formula
samples than in human milk. Free BPA intake was far below the TDI threshold set by EFSA
(4 ug/kg/day) for both formula-fed and breastfed infants. Our results on BPA exposure are
in agreement with those obtained by Sarigiannis et al. (2016) for breastfed infants.
However, they are lower for formula-fed infants (Sarigiannis et al., 2016). The fact that only
BPA-free material was used in this study may account for the lower BPA exposure values
estimated for formula-fed infants. The exposure to Al, Cr, Cu and Sn was below the
respective tolerable intake values (2 mg/kg/week, 300 ug/kg/day, 500 pg/kg/day, and 14
mg/kg/week for Al, Cr, Cu and Sn, respectively) set by EFSA (2015a, 2015b, 2014, 2011,
2010ab) or WHO (2018). On the other hand, the Pb exposure (4.50 ug/kg/day) was higher
than the provisional tolerable weekly intake (PTWI) set at 25 ug/kg (EFSA, 2010a) in the first
period group (<1-month-old). This could be due to the low weight of the babies in their first
weeks of life. Similarly, Ni exposure was higher than its corresponding TDI (2.80 pg/kg/day)
(EFSA, 2015a) in all periods and milk types except for the group of infants who had been
breastfed from 6 to 12 months. It should be noted that a conservative scenario was here

considered by assuming non-detected values as one-half of the LOD.

Dietary reference values for fatty acids were referenced as energy ingested. Only fatty acid
with a reference value by quantity is DHA for children between 6 and 24 month. These
reference values are set between 10-12 mg/kg/day by WHO (WHO, 2008) and 100 mg/day
by EFSA (EFSA, 2010b) (Table 6). These reference intakes were reached by breast feeding
infants older than 6 months (11.8 mg/kg/day (109 mg/day)), but not by formula feeding
infants of same age (6.62 mg/kg/day (60.9 mg/day)). Essential fatty acids (LA and ALA)
shown higher intake levels, especially for LA in <1 month group and ALA in the three ages

groups.
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Table 6. Mean exposure to BPA (free and total), TBBPA, and elements through exclusive formula and breast feeding scenarios, and tolerable daily intake

thresholds.
<1 month 1-6month >6-12month TDI TDI

ug/kg/day Formula Human Formula Human Formula Human WHO EFSA
BPA (free) 0.15 0.06 0.12 0.04 0.06 NA 4
Total BPA 0.62 0.45 0.51 0.04 0.22 0.05
TBBPA 0.08 0.09 0.06 0.07 0.05 NA
ug/kg/day
Al 111 52.5 90.5 39.1 50.7 14.7 2862
Ba 6.00 3.00 4.89 3.67 2.94 1.47
Cd NA 3.00 NA 3.67 NA NA 0.83° 0.367

o Co NA 7.50 NA 1.22 NA NA

PN Cr 57.0 46.5 46.5 37.9 294 24.3 300°
Cu 78.0 60.0 63.6 30.6 37.5 13.2 500
Hg 4.50 NA NA NA NA 2.94
Mn 22.5 3.00 18.4 1.22 11.0 0.74
Ni 86.6 7.50 70.6 3.67 61.0 2.21 2.80
Pb 4.50 4.50 3.67 NA 2.21 NA 3.57° 3.578
Se 6.00 18.00 4.89 4.89 2.21 0.74
Sn NA NA NA NA 3.68 NA 2000°
Sr 37.5 6.00 30.6 7.34 18.4 441
mg/kg/day
Ca 64.9 39.9 53.0 33.4 40.8 20.8
K 96.9 81.5 79.0 60.1 53.7 36.2
Fe 0.88 0.50 0.72 0.10 0.69 0.06
Mg 7.46 3.99 6.08 3.23 4.25 1.84
Na 27.5 32.3 22.4 16.6 16.0 7.50
Zn 0.79 0.42 0.64 0.20 0.49 0.02
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144

EXPOSURE,

BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

TDI TDI
<1 month 1-6month >6-12month WHO EFSA
g/kg/day Formula Human Formula Human Formula Human
SFA 2.13 2.12 1.74 1.87 1.12 1.38 ALAP
MUFA 2.28 2.01 1.86 1.87 1.15 1.17
PUFA 1.00 0.77 0.82 0.78 0.54 0.53
w-3 PUFA 0.14 0.06 0.11 0.06 0.07 0.03
w-6 PUFA 0.87 0.71 0.71 0.71 0.47 0.50
TFA 0.02 0.05 0.01 0.04 0.01 0.02 ALAP
mg/kg/day
LA 845 620 689 647 462 457
ALA 116 27.0 94.2 28.1 61.0 14.7
AA 13.5 27.0 11.0 22.0 6.62 12.5
EPA 3.00 3.00 2.45 3.67 1.47 2.21
DHA 15.0 24.0 12.2 19.6 6.62 11.8 10-12° 100¢
CLA 0.00 6.00 0.00 4.89 0.74 2.94

Exposure expressed in ug/kg/day except for Ca, K,

detection limit. ALAP: as low as possible
Ag, As, Sb, and V not assessed due all samples were below their respective detection limits.
TDI: Tolerable daily intake. ? Derived from provisional weekly or monthly intake (PWTI or PMTI). PExpressed as Cr(lll). ¢ month recommended

daily intake 10-12 mg/kg/day for children between 6 and 24 month. YAcceptable intake 100 mg/d for >6 month <24 month children
TDI were obtained from WHO (2008, 2018) and EFSA (2010a, 2010b, 2011, 2014, 2015a, 2015b)

Fe, Mg, Na and Zn expressed in mg/kg/day. NA: Not assessed due all samples were below

S11NS3y
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4. Conclusions

In this study, human milk samples contained levels of BPA and well below the EFSA/WHO
thresholds, being also irrespective of the maternal characteristics (i.e., age, BMI and
breastfeeding period). Actually, the concentration of free BPA was significantly higher in
infant formula samples than in breast milk, which also contained significantly lower values
of some essential elements, such as Al, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Sn, Sr, and Zn. The
fatty acid profiling also revealed major differences between human milk and infant
formulas, which should be taken in account in the development of new formulas a well as
in specific recommendation for the diet of breastfeeding mothers. DHA acceptable intake
limits set by EFSA and WHO were not reached by formula feeding infants in 6-12 months
group. Anyway, the results of this study reinforces that breastfeeding should be always the

first feeding option in early life.
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Figure S1. Principal component analysis (PC1 vs.PC2 and PC1 vs PC3) of the fatty acid content. The
first PC (PC1) showed a highly positive correlation with C16:1n9, C16:1n7, C20:2n6; C20:3n6, C22:4,
and C22:5n3, and a highly negative correlation with C18:3n3; PC2 was positively correlated with
C14:1, C14:1t, C15:0, and C18:1t while PC3 was correlated with C18:4, C22:2, and C24:1.
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Table S1: Fatty acids codification and classification

Formula Human Formula Human

(n=50) (n=53) p-value | (n=50) (n=53) p-value

g/L of milk g/100g of fat
Saturated fatty acids (SFA)
Hexanoic acid 6:0 0.07x0.06 0.02+0.01 <0.001 0.19+0.16 0.061£0.07 | <0.001
Octanoic acid 8:0 0.56%0.69 0.03x0.01 <0.001 1.41+1.62 0.161£0.05 | <0.001
Decanoic acid 10:0 0.40+047 0.54+0.29 0.067 1.01+1.11 1.35+0.36 |0.036
Lauric acid (dodecanoic acid) 12:0 2.65+1.40 |2.36+1.29 0.269 6.84+3.32 5.85+1.64 |0.003
Myristic acid (tetradecanoic acid) 14:0 1.27+0.58 |2.42+1.42 <0.001 3.26+1.33 6.00+1.90 |<0.001
Pentadecanoic acid 15:0 0.0210.00 0.10+006 <0.001 0.06%0.06 0.25+0.10 | <0.001
Palmitic acid (hexadecanoic acid) 16:0 7.33+2.33 7.34+3.31 0.977 18.8+4.41 18.942.07 | 0.342
Heptadecanoic acid 17:0 0.03+0.01 0.09+0.04 <0.001 0.09+0.03 0.24+0.05 | <0.001

N Stearic acid 18:0 1.41+0.32 2.12+0.96 <0.001 3.63+0.45 5.50+090 |<0.001
~ Eicosanoic acid 20:0 0.07£0.02 0.05%+0.03 <0.001 0.19+0.07 0.13+0.04 | <0.001

Docosanoic acid 22:0 0.10+0.04 0.02+0.01 <0.001 0.25%+0.09 0.05+0.01 |<0.001
Tetracosanoic acid 24:0 0.05+0.01 |0.02+0.01 0.028 0.12+0.03 0.05+0.02 | <0.001
Monounsaturated fatty acids (MUFA)
Tetradecenoic acid 14:1 n-5 0.01+0.02 | 0.06%0.05 <0.001 0.03%0.06 0.14+0.08 | <0.001
Pentadecenoic acid 15:1 n-5 0.00£0.00 |0.02+0.01 <0.001 0.01+0.01 0.05+0.03 | <0.001
Palmitoleic acid (hexadecenoic acid) 16:1 n-7 0.08+0.04 |0.66+0.39 <0.001 0.21+0.11 1.70+0.49 | <0.001
Heptadecenoic acid 17:1n-7 0.020.01 0.08+0.15 <0.001 0.0410.02 0.23+0.55 | 0.006
Oleic acid (octadecenoic acid) 18:1n-9 15.2+3.16 13.6+5.87 0.008 39.414.63 35.4+£3.63 | <0.001
Gondoic acid 20:1 n-9 0.13x0.04 0.150.06 0.327 0.35+0.08 0.38+0.09 | 0.062
Erucis acid (docosanoic acid) 22:1n-9 0.03£0.02 0.03x0.01 0.896 0.07£0.05 0.10£0.03 | 0.004
Tetracosenoic acid 24:1 n-9 0.01+0.01 0.02+0.01 0.189 0.03+0.01 0.05+0.03 | 0.002
Polyunsaturated fatty acids (PUFA)
PUFA n-6
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Formula Human p-value | Formula Human

(n=50) (n=53) (n=50) (n=53)

g/L of milk g/100g of fat
Polyunsaturated fatty acids (PUFA) (n=50) (n=53) (n=50) (n=53)
PUFA n-6
LA Linoleic acid (octadecadienoic acid) 18:2 n-6 5.90+1.68 |5.05+2.95 0.002 15.1+2.08 12.6+2.99 |<0.001
y-Linolenic acid (octadecatrienoic acid) 18:3 n-6 0.03+0.02 0.04+0.02 0.254 0.08+0.04 0.10+0.05 |0.243
Eicosadienoic acid 20:2 n-6 0.01+0.00 |0.12+0.07 <0.001 0.02+0.01 0.30+0.10 |<0.001
Eicosatrienoic acid 20:3 n-6 0.00+0.00 0.15+0.10 <0.001 0.01+0.01 0.38+0.13 | <0.001
Arachidonic acid (eicosatetraenoic acid) 20:4 n-6 0.08+0.09 |0.18+0.09 <0.001 0.19+0.20 0.461+0.12 |0.001
Docosadienoic acid 22:2 n-6 0.00+0.01 |0.02+0.01 <0.001 0.01+0.03 0.04+0.02 | 0.004
Docosatetraenoic acid 22:4 n-6 0.00+0.00 |0.04+0.02 <0.001 0.00+0.00 0.09+0.04 |0.001
Docosapentaenoic acid 22:5n-6 0.00+0.00 0.01x0.01 <0.001 0.010.01 0.03+0.02 | 0.007
PUFA n-3
ALA a-Linolenic acid (octadecatrienoic acid) | 18:3 n-3 0.81+0.22 |0.20+0.11 <0.001 2.08+0.40 0.53+0.25 | <0.001
Octadecatetraenoic acid 18:4 n-3 0.00+0.00 |0.01+0.00 0.061 0.01+0.02 0.04+0.01 |0.054
Eicosatrienoic acid 20:3n-3 0.02+0.06 | 0.00+0.00 <0.001 0.05+0.13 0.00+0.00 |0.010
EPA (Eicosapentaenoic acid) 20:5n-3 0.02+0.03 | 0.02+0.02 0.946 0.04+0.05 0.07+0.06 |0.303
Docosapentaenoic acid 22:5n-3 0.00+0.00 0.04+0.02 <0.001 0.01+0.01 0.11+0.05 |<0.001
DHA (docosahexaenoic acid) 22:6 n-3 0.08+0.09 |0.15+0.09 <0.001 0.22+0.14 0.41+0.26 |<0.001
Trans fatty acids (TFA)
total trans-tetradecenoic acid C14:1 n-5t | 0.00+0.00 |0.01+0.01 <0.001 0.00+0.00 0.02+0.02 | 0.025
total trans-hexadecenoic acid C16:1 n-7t |0.00+0.00 |0.02+0.01 <0.001 0.00+0.01 0.05+0.02 |<0.001
total trans-Heptadecenoic acid C17:1n-7t |0.00+0.00 |0.01+0.01 <0.001 0.00+0.00 0.03+0.01 |0.046
9-trans-octadecanoic acid C18:1 n-9t |0.05+0.05 |0.18+0.11 <0.001 0.13+0.13 0.48+0.20 |<0.001
11-trans-octadecanoic acid C18:1 n-7t
total trans-octadecadienoic acid C18:2 n-6t |0.07+0.04 |0.10+0.05 0.011 0.1940.10 0.25+0.06 |0.002
CLA (9c,11t-octadecadienoic acid) CLA 0.00+0.01 | 0.04+0.02 <0.001 0.01+0.03 0.10+0.05 | <0.001
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Abstract

This study was aimed at comparing the toxicity effects on cell viability and the obesogenic
activity of Bisphenol A (BPA) and its analogues, Bisphenol S (BPS) and Bisphenol F (BPF), by
in vitro assays with a preadipocytic 3T3-L1 cell line. To compare the toxic potential and
select the concentrations of each chemical not showing a decrease in cell viability, MTT
assay was performed. The cell phenotype was determined in differentiated 3T3-L1
adipocytes by red oil O staining. To determine the expression levels of the different
adipogenic proteins the Western Blot test was performed. The results from MTT assay
showed a greater toxic effect of BPA - at equal and even lower concentrations- than its
analogues. However, BPS followed by BPF showed a greater neutral lipid storage capacity
than BPA, which was reflected in the increase of the protein expression of CCAAT/enhancer
binding protein a (C/EBPa), peroxisome proliferator-activated receptor gamma y (PPARy)
and acid-binding protein 4 (FABP4). In summary, these BPA analogues -especially BPS-

present a greater endocrine potential activity than BPA.
Keywords

Bisphenol A (BPA); analogues; adipogenesis; cell viability; endocrine potential activity.
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1. Introduction

Endocrine disruptors (EDs) are exogenous substances that can mimic, totally or partially,
naturally occurring hormones such as estrogens, androgens, and thyroid hormones (Matsui,
2008). EDs can also bind to a cellular receptor and block the endogenous hormone action.
Therefore, EDs can alter or block the signal transmission of natural hormones (Thomson and
Grounds, 2005). One of the most important EDs is Bisphenol A (BPA). It is widely distributed
in products that contain it, being of concern its relation with several relevant diseases such
as obesity and reproductive, behavioural and neurodevelopmental adverse effects (WHO,
2012). The effects of prenatal and early exposure to EDs may appear at any time of life
(Giulivo et al., 2016; Mercogliano and Santonicola, 2018). BPA is used to produce epoxy-
resins and polycarbonate plastics. The EU has banned its use in plastic materials that can
contact with food intended for children (0-3 years) (EC, 2011). However, the principal
analogues of BPA, Bisphenol S (BPS) and Bisphenol F (BPF) are still being used (Martinez et
al., 2018). These chemicals can be found in food and beverage processing, as well as in many
other commercial products such as epoxy resin cans, dental sealants, personal care
products, baby bottles, building materials, flame retardant materials, optical lenses,
materials for the protection of window glazing, DVDs, and household electronics (Geens et
al., 2012; Gonzalez et al., 2019a; Mariscal-Arcas et al., 2009; Myridakis et al., 2016; Otaka
et al., 2003). Moreover, BPA has also been found in breast and formula milk (Martinez et
al., 2019). Furthermore, BPA and its analogue BPS have been found in hair from pregnant
women (Katsikantami et al., 2020) and children (Karzi et al., 2018), and in amniotic fluid

(Katsikantami et al., 2018).

BPA is considered as an obesogen. These substances can alter the system of hormonal
equilibrium by mediating lipid homeostasis and promoting adipogenesis in an organism or
its progeny (Muscogiuri et al., 2017; Veiga-Lopez et al., 2018). However, the potential
adverse health effects of BPS and BPF remain still unclear (Gonzalez et al., 2019b). Both
have similar chemical structures than BPA, having been suggested that they are endocrine-

disrupting chemicals. Some studies are confirming that they are involved in the processes

244



UNIVERSITAT ROVIRA I VIRGILI
ENDOCRINE DISRUPTION ASSESSMENT: EXPOSURE, BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD
ENDOCRINE DISRUPTORS DURING

PREGNANCY AND EARLY STAGES OF LIFE RESULTS

Maria Angeles Martinez Rodriguez

of preadipocytes differentiation and lipid accumulation (Ahmed and Atlas, 2016; Liu et al.,
2019). However, data on cell viability effects along with the determination of the endocrine-
disrupting activity through protein expression and neutral lipid storage are not available in

the scientific literature.

According to the World Health Organization (WHQO), obesity has considerably increased in
the last four decades. It is a chronic disease related to excessive lipid accumulation in
adipose tissue (WHO, 2017). Exposure to pregnant women to these EDs is directly related
to the fetus’ exposure due to a bi-directional transfer of the chemicals through the placenta
(Li et al., 2013). Consequently, prenatal exposure to BPA is related to obesity and
concomitant diseases in midlife, such as type 2 diabetes, cardiovascular diseases, and
arterial hypertension (Mornagui et al., 2019; Weihrauch-Bliher and Wiegand, 2018).
Moreover, BPS has also been found to have potential risk for cardiovascular diseases in rats

(Pal et al., 2017).

The primary function of adipocyte cells is to store excess energy from consumed food,
making it available to cells and tissues when circumstances require more energy input.
However, bad lifestyle such as excessive caloric intake and lack of exercise in the long term,
are important factors that lead to adipose tissue proliferation. Consequently, the size
(hypertrophy) and number (hyperplasia) of adipocytes increases (Ghaben and Scherer,

2019).

The present study aimed to compare to compare the toxic effects (cell viability) and the
obesogenic activity of BPA and its analogues BPS and BPF with a preadipocytic 3T3-L1 cell
line. To achieve this goal, the MTT assay was performed to compare the cell viability
between BPA and its analogues, as well as to select the optimal concentration to proceed
with the cell’s treatment. Phenotypic changes in differentiated 3T3-L1 adipocytes and their
ability to storage neutral lipids were determined by red oil O staining. Furthermore, the
expression levels of different adipogenic marker proteins were quantified. It includes
transcription factors CCAAT/enhancer-binding protein a (C/EBPa), peroxisome proliferator-

activated receptor y (PPARy), and the fatty acid-binding protein 4 adipokine (FABP4)
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(Cowherd et al., 1999). The results should clarify if BPA has similar or different effects than

its analogues BPS and BPF in cell toxicity and on the adipose differentiation process.
2. Material and Methods

2.1. 3T3-L1 Cell culture, growth, and differentiation

Undifferentiated 3T3-L1 mouse fibroblasts (ATCC CL-173) were available in host laboratory.
Cells were grown during passages in growth complete medium composed of Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10% (v/v) foetal bovine serum
(Gibco BRL, Life Technologies, Paisley, UK), 2 mM glutamine, 100 U/mL penicillin and 100
pug/mL streptomycin, and 25 mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (Sigma, St. Louis, MO, USA). Cultures were maintained in 5% CO; at 37 °C with 95%
humidity. 3T3-L1 pre-adipocytes were treated with 32 uM of BPA, 32 uM of BPS or 32 uM
of BPF along with differentiation medium [DMEN complete medium, insulin (5 mg/mL),
dexamethasone 0.25 mM and 3-isobutyl-1-methylxanthine (IBMX) 0.1 M]. After 48h of
exposition, the medium was removed and DMEM complete medium supplemented with
insulin (5 mg/mL) was added. Finally, at day 6 of differentiation, the medium was removed
and only DMEM complete medium was added. Treated and untreated (only exposed to

solvent) cells were collected and analysed at day 8, after the differentiation process (Fig. 1).

Day 0 Day 2 Day 5 Day 8

: g SN S L ]
Growth medium 3 Growth medium
(preadipocytes) (differentiated adipocytes)

Fig. 1. Treatment schedule. Cell culture, growth and differentiation.
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2.2. Treatment conditions of 3T3-L1 cells

BPA, BPS, and BPF were purchased from Sigma (St. Louis, MO, USA). Media and antibiotics
for cell culture were from Lonza (Lonza Group Ltd, Basel, Switzerland). The chemicals were
dissolved in dimethyl sulfoxide (DMSO) and diluted in DMEM to make a stock solution,
which was added to the culture medium at a range of concentrations below specified. In all
treatments, the volume of DMSO was less than 0.1% of the total volume. Control cells were
exposed to the same DMSO vehicle volume than that used to expose the treated cells. To
assess cell viability, undifferentiated 3T3-L1 preadipocytes were seeded in 96-well plates
and treated with a range of chemical concentrations: 0, 10, 50, 100, 200 and 400 uM BPA,
BPS or BPF over 24 h and 48 h. For the oil red O staining, cells were seeded in 60-mm culture
dishes and treated at the beginning of the adipocyte differentiation process with 32 uM
BPA, 32 uM BPS and 32 uM BPF, according to Ahmed and Atlas (2016). After 48 h, the
differential growth medium with treatments was removed, being the cells washed twice
with phosphate-buffered saline (PBS). During the rest of the differentiating process, no
additional treatment was added. To determine protein expression, cells were treated at the
same concentrations. Figure 1 depicts the treatment schedule and maturation stages of

3T3-L1 preadipocytes.
2.3. Cell viability

Cell viability was colorimetrically quantified using the metabolic dye [4,5-dimethylthiazol-2-
yl]-2,5-diphenyl tetrazolium (MTT) (Sigma, St. Louis, MO, USA). 3T3-L1 preadipocytes were
placed into 96-well plates at a density of 1x10* cells/well in 200 pL of complete medium and
cultured overnight. Following treatment for 24 h, 20 uL MTT (5 mg/mL in PBS) were added
to each well, being the cells incubated for 3 h at 37 °C. During incubation, MTT was reduced
to produce a dark blue formazan product. The medium was removed, and the formazan
crystals were solubilized with DMSO, being the absorbance determined by measuring the

change in absorbance at 595 nm using a microplate reader (BioTek Power Wave XS). The
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results of the cell viability assay are expressed as percentages, while the absorbance

measured in the control cells was considered to be 100%.
2.4. Lipid accumulation

Eight days following the initiation of differentiation, the neutral lipid storage in cells
determined by red oil O staining was evaluated as representative of the degree of adipocyte
differentiation. Cells were rinsed twice with PBS and, fixed in 10% formaldehyde in a
phosphate-buffered saline for 1 h at room temperature. The formaldehyde was then
removed and the cells were washed with 60% isopropanol solution, and stained with 0.21%
oil red O working solution (w/v, 60% isopropanol) for 30 min at room temperature. Cells
were subsequently rinsed several times with water. The lipid droplets stained with oil red
O were observed, and representative pictures of the droplets were imaged. Finally, the dye
incorporated by the cells was extracted with 100% isopropanol and the absorbance was

measured at 518 nm.

2.5. Protein expression

Total protein was isolated from 3T3-L1 cells. Aliquots of cell lysate, containing 30 g of
protein per sample, were analysed by Western blot analysis. Briefly, samples were placed
in a buffer (0.5 M Tris—HCI, pH 6.8; 10% glycerol; 2% SDS (w/v); 5% 2-B-mercaptoethanol
(v/v), and 0.05% bromophenol blue) and denatured by boiling at 95-100 °C for 5 min.
Samples were then separated by electrophoresis on 10% acrylamide gels. The proteins were
subsequently transferred to Immobilon-P PVDF sheets (Millipore Corp., Bedford, MA, USA)
using a transblot apparatus (BioRad, Madrid, Spain). The membranes were blocked for 1 h
with 5% non-fat milk dissolved in TBS-T buffer (50 mM Tris, 1.5% NacCl, 0.05% Tween 20 at
pH 7.5). They were then incubated overnight with primary monoclonal antibodies (mAb)
from Cell Signaling (New England Biolabs, USA) against to total PPARy (molecular weight
[MW]: 53 kDa), total C/EBPa (MW: 42 kDa), total FABP4 (MW: 15 kDa), Akt phosphorylated
at Serd473 (MW: 60 kDa), total AKT (MW: 60 kDa) or B-actin (MW: 45 kDa). The blots were

thoroughly washed in TBS-T buffer and incubated for 1 h with a peroxidase-conjugated IgG
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antibody. Immunoreactive proteins were visualized using an Immun-Star
Chemiluminescence kit (BioRad, Madrid, Spain) according to the manufacturer’s
instructions. Digital images were taken with a VersaDoc system (BioRad, Madrid, Spain),
which permits semi-quantification of the band intensity. The protein load was periodically

monitored via the immuno-detection of B-actin.
2.8. Statistics

Statistical analysis was performed using the Statistical Package for the Social Sciences
software (SPSS v.22). The homogeneity of the variances was analysed with Levene's test. If
variances were homogenous, ANOVA was then used followed by Bonferroni's test. The
Kruskal-Wallis test was used when variances were not homogeneous. Significance was set

at p <0.05.

3. Results
3.1. Cell viability (MTT assay)

Preliminary experiments were performed to evaluate the effects of BPA, BPS, and BPF on
cell viability. It was assessed after exposure of undifferentiated 3T3-L1 preadipocytes to
BPA, BPS, and BPF at a range of concentrations between 0 and 400 uM of each bisphenol.
Figure 2 depicts the effect of BPA and its analogues (BPS and BPF) on cell viability after 24
and 48 hours.

After 24 h of cell exposure, only a significant decrease in cell viability for the treatment with

400 puM of BPA (16 + 3%, p < 0.001) was observed with respect to the control.

After 48 h of cell exposure, a significant decrease in cell viability for the groups treated with
200 uM of BPA (59 + 1%, p = 0.002), and 400 of uM BPA (15 + 1%, p = 0.005) was noted in
relation to the control. However, non-significant (p > 0.05) decrease were found for the

groups treated with BPS or BPF.
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BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

In general terms, at the same concentration, BPA showed higher decreases in cell viability

than BPS and BPF. Consequently, the current results show that BPA is more toxic than BPS
and BPF.
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Fig. 2. Cell (3T3-L1) viability after treatment with BPA, BPS and BPF for 24 h (top) and for 48 h (bottom). Data are expressed as percentage regarding
the control (mean + SD) of 3 independent experiments (n = 3). Asterisks indicate significant differences with respect to control at p < 0.05 and p
< 0.001, respectively.
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3.2. Neutral lipid storage (red oil O cell staining)

The adipogenic differentiation capacity (neutral lipid storage) of BPA, BPS, and BPF (at 32
KUM) was evaluated using red oil O cell staining. On day 8 of maturation, the cells were
stained, and representative images of the droplets were captured at 10 X microscopic field
magnification (Fig. 3). The fat-soluble dye was extracted from cells with isopropanol, being
optical density (OD) measured at a wavelength of 518 nm The results show that addition
of BPA, BPS or BPF to the differential media induced a significant increase in the number of
differentiated 3T3-L1 adipocytes and in their ability to store neutral lipid droplets. More
specifically, extractions with isopropanol after staining with red oil O showed that cells
treated with 32 uM of BPS (199 + 4%, p < 0.001) had a greater adipogenic effect compared
with those treated with 32 uM of BPA (127 + 3%, p < 0.001) and 32 uM of BPF (152 + 3%,
p < 0.001). Moreover, cells treated with bisphenols (BPA, BPS, or BPF) had a greater
adipogenic effect than the controls. Thus, the adipogenic differentiation capacity (neutral
lipid storage capacity) can be ordered as follows: BPS > BPF > BPA > control, being significant

(p <0.001) at all treatments.

252



UNIVERSITAT ROVIRA I VIRGILI
ENDOCRINE DISRUPTION ASSESSMENT: EXPOSURE, BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

ENDOCRINE DISRUPTORS DURING

PREGNANCY AND EARLY STAGES OF LIFE
RESULTS

Maria Angeles Martinez Rodriguez

(A) Control BPA 32 uM BPS 32 uM BPF 32 uM

p

250-
(B)
2
£ _ 2004
w8
R d
T
€L 100 —
O3
%" 504
2
s N N
)
o"‘é ";I'Q SV 'b"'Q
Y ¥ & &
S ) S

Figure. 3. QOil red O staining and quantification of neutral lipid accumulation of 3T3-L1 cells after
treatment with BPA, BPS or BPF at 32 uM. 3T3-L1 preadipocytes were independently exposed to BPA,
BPS, and BPF at 32 uM in the differential growth medium for two days. After differentiation process,
images of the droplets were captured at 10 X microscopic field magnification (A). Data are expressed
as the mean + SD of 4 independent experiments (n = 4) (B). Different letters (a, b, c, d) indicate
significant differences at p < 0.001.

3.3. Protein expression levels

Adipogenic markers at the end of the differentiation process were differently expressed in
the treated cells compared with control cells (Fig. 4). Exposure of the 3T3-L1 preadipocytes
to 32 uM of BPS had a great impact on the expression of C/EBPa (p = 0.001), of PPARy (p =
0.009) and of FABP4 (p = 0.023), compared with the control. Based on these results, BPS
was the only showing the ability to upregulate significantly (p < 0.05) C/EBPa, PPARy and
FABP4. In turn, BPA and BPF at 32 uM, upregulated protein expression compared with the

control. However, it did not happened at a significant level (p > 0.05).
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EXPOSURE,

BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD

The active form of phosphorylated AKT (P-AKT) protein at Ser 473, in control cells and in

cells treated with BPA, BPS or BPF, did not show significant changes. On the other hand, the

P-AKT/AKT ratio did not show variations in treated and control cells.
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Figure 4. Adipogenic protein expressions of C/EBPa, PPARy, and FABP4 after treatment of 3T3-L1
cells with BPS, BPF and BPA at 32 uM. Data were normalized using the B-actin protein as an internal
control. Data are expressed as the mean + SD of four independent experiments (n = 4). An asterisk
indicates significant differences with respect to control at p < 0.05.
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4. Discussion

The present investigation was focused on understanding the obesogenic capacity effects in
vitro of BPA and two of its analogues, BPS and BPF. This study included a cell viability test
(MTT assay), as well as, the determination of the cell phenotype (neutral lipid storage),
protein (C/EBPa, PPARy, and FABP4) expression (western blot) in 3T3-L1 cells, which were
independently treated with BPA, BPS and BPF. The results showed that BPA is more toxic
for 3T3-L1 preadepocitic cells than its analogues, BPS and BPF. Cell viability was not affected
after 24 h or 48 h of treatment with BPS or BPF, even at the highest concentration (400 uM).
There are no available data in the scientific literature that compare the effects of
independently BPA, BPS and BPF treatments on cell viability in 3T3-L1 cells, being hard to
find studies including all of the mentioned assays. To the best of our knowledge, the current

study is the only one that has compared these three types of bisphenols (BPA, BPS and BPF).

The 3T3-L1 cells treated with bisphenols caused an increase in the number of differentiated
preadipocytes, as well as an increase in the capacity to store lipid droplets compared with
the control. BPS, followed by BPF and finally by BPA, showed a higher positive influence
over the adipogenic process at the same concentration. This is related to the detected
upregulation of transcription factors C/EBPa, PPARy, and FABP4 adipokine. Moreover, the
levels of phosphorylated Akt protein at Ser 473 remained constant, which indicates that
mature adipocytes maintain their sensitivity to insulin signalling after the exposure to

treatments (Zhang et al., 2009) .

The current results suggest that BPS has higher endocrine-disrupting activity compared with
that of BPA and BPF. In agreement with this, various studies (Deceuninck et al., 2015;
Garcia-Cércoles et al., 2018; Van Leeuwen et al., 2019) report that the higher hormonal
activity of BPS can likely be attributed to its strong polarity and the presence of a sulfonyl
group. It was reported that most BPA analogues in in vitro studies had similar or higher
estrogenic and antiandrogenic activity than BPA (Deceuninck et al., 2015; Garcia-Cdércoles

et al., 2018; Van Leeuwen et al., 2019).
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Several authors have reported that BPS promotes the accumulation of lipids and
differentiation in vitro or in vivo. Regarding in vitro studies, the results of some investigators
(Ahmed and Atlas 2016; Boucher et al., 2015; Boucher et al., 2016) were in agreement with
the present results. Ahmed and Atlas (2016) exposed 3T3-L1 cells to a range of
concentrations of 0.01-50 uM BPA or BPS during 48 h. It was also demonstrated that an
increase in lipid accumulation, as well as in mRNA and protein expression of key adipogenic
markers started after treatment with 25 uM, a similar value than that of our treatment
conditions (32 uM). Ahmed and Atlas (2016) showed that treatment concentrations bellow
25 uM of BPS or BPA did not cause significant changes to the control. These authors also
reported that treatment at the same concentration for each bisphenol (similarly to the
current study), BPS, produced higher adipocyte differentiation and lipid accumulation than
BPA, followed by higher upregulate expression levels of different adipogenic markers
including PPARy, FABP4 and C/EBPa (Ahmed and Atlas 2016). Regarding BPS, similar results
were reported by Boucher et al. (2015, 2016) who exposed human preadipocytes cells to a
range of concentrations between 0.1 nM and 25 uM of BPS during 14 days. It was observed
that BPS -at equal concentration than BPA- induced higher lipid accumulation, while the
mRNA and protein levels of several adipogenic markers were also increased. Regarding in
vivo studies, Ivry Del Moral et al. (2016) administered to mice doses of 0.2, 1.5 and 50
ug/kg/day of BPS for 23 weeks. It was found that BPS potentiates obesity in high-fat diets
by inducing lipid storage linked to faster lipid plasma clearance. Furthermore, a
comprehensive study by Verbanck et al. (2017) revealed that the potency of BPS and BPF
was of the same order of magnitude than BPA, showing similar hormonal effects in vitro
and in vivo. They suggested that BPS and BPF have analogous potency and mechanisms of

action to than those of BPA, with similar health effects (Verbanck et al., 2017).

In summary, the current results showed a greater toxic effect of BPA at equal and even
lower concentrations than its analogues. At equal concentration, BPS followed by BPF
showed a greater neutral lipid storage and adipocytes differentiation capacity than BPA.
However, a significant increase of the protein expression levels in C/EBPa, PPARy and

FABP4, respect to the control was only found for BPS.
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The endocrine-disrupting capabilities of BPA have led to the replacement of chemicals, such
as BPS or BPF. However, the in vitro results here obtained suggest that the replacement by
these analogues could not be safe. These analogues may contribute -as BPA- to diseases
like obesity and diabetes in childhood. Unfortunately, the number of available studies based
on the possible effects of BPA analogues is certainly limited (Andujar et al.,, 2019).
Therefore, further investigations are clearly required. Regulations on the assessment of the
safety of consumer products, especially considering the most vulnerable exposure

windows, prenatal exposure and childhood, should be established.
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OVERALL DISCUSSION

In the present thesis, exposure of pregnant woman and their babies to different widespread
EDs, mostly present in food-packaging or food contact materials, was evaluated.
Subsequently, the endocrine potential activity of some of these EDs was determined. The
EDs selected were BPA, and its analogues, BPS and BPF; phthalate and non-phthalate
plasticizers; PFAS, specifically PFOS and PFOA, and TBBPA. These EDs are considered as a
particularly high concern for human health (Fromme et al., 2009; Groh et al., 2019; Muncke,
2011; Vandermeersch et al., 2015). In addition, these EDs, present in food-packaging or food
contact materials, may be a source of contamination via migration into food and beverage
(EFSA 2006). Furthermore, these EDs were selected due to their capacity to cross the
placental barrier and reach the fetus (Kawamoto et al., 2007; Li et al., 2013). The placenta
does not act as an impermeable biological barrier for these chemicals (Gédmara et al., 2007;
Kim et al., 2011; Li et al., 2013; Ribeiro et al., 2017). Finally, pregnancy, prenatal and early
postnatal stages are very critical windows of exposure to EDs, due to organs are developing
and the endocrine system mechanisms are not yet mature (EP, 2019). Moreover, it is known
that during pregnancy, not only the mother and the fetus are exposed, even the next

generation via the germinal cells (EP, 2019).

Human exposure was assessed through two different approaches. On the one hand, it has
used the method based on personal data through questionnaires and personal interviews.
These questionnaires were originally designed to assess the whole pregnancy including the
last period until birth. Information of participants in the study such as food frequency
intake, PCPs application among others, were collected. Furthermore, it has combined all of
the information mentioned with the levels of the selected EDs in dietary and non-dietary
sources from the literature. On the other hand, biomonitored data in different biological
matrices were used to calculate the reconstructed maternal exposure. Both approaches,
the estimated, based on personal and habits data, and the reconstructed, based on

biomonitored data were also combined with PBPK modelling in order to calculate the
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exposure kinetics. All the exposure routes were assessed including oral, dermal, inhalation

and non-dietary ingestion such as dust and some PCPs.

In Chapter 1, exposure to two high distributed EDs, BPA and DEHP from the EXHES
Tarragona, Spain, cohort of pregnant women and their babies were calculated. Dietary and
non-dietary routes (chapter 1, publications 1 and 2) were considered. The method based on
data obtained from questionnaires and personal interviews was used. Subsequently, the
contribution of each item to the total exposure for the EXHES cohort was evaluated in a
probabilistic way using a Monte-Carlo simulation to be able to introduce variability and

uncertainty to the different parameters considered.

Results showed that diet had the highest contribution to total exposure with >99.9% for
BPA and 63% for DEHP, respectively. The major contributors to the total dietary intake of
BPA were canned fruits and vegetables, followed by canned meat and meat products. This
is due to BPA is an industrial compound used extensively to produce synthetic polymers,
such as epoxy resins, which are incorporated into the inner coating of metal cans (Geens et
al., 2012). In turn, milk and dairy products, followed by ready to eat food, were the most
important contributors to the total dietary intake of DEHP. It is known that DEHP
contamination of milk and dairy products occurs in several stages: contaminated DEHP feed,
mechanical milking process, and migration from packaging material used in milk and dairy
products (Fierens et al., 2013). It has been found a strong correlation between fast food
intake and phthalates exposure but not with BPA exposure. This is due to DEHP is a widely
used plasticizer to render poly (vinyl chloride) (PVC) soft and malleable and PVC is used,
among others, in food wrapping (Erythropel et al., 2014). This evidence coincides with

another study from the USA (Zota et al., 2016).

Although diet was considered the primary source of exposure to BPA and phthalates, it must
be taken into account that with non-dietary sources (dermal, dust ingestion, and inhalation
exposure) the first-pass metabolism is lacking (Lu et al., 2017; Vélkel et al., 2002; Von Goetz
et al.,, 2017). Therefore, these sources may be of equal or even higher toxicological

relevance than dietary sources. BPA is conjugated in the liver by glucuronidation and
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sulfation (from dietary sources); “total BPA” stands for the sum of conjugated and
unconjugated forms. The unconjugated BPA (from non-dietary sources) is more

toxicologically relevant (Vom Saal and Welshons, 2014).

However, with this method based on data obtained from questionnaires and interviews is
possible to underestimate the exposure due to a lack of knowledge of all possible sources
that would also contribute to total exposure (Angerer et al., 2006, 2007; Pirkle et al., 1995).
Consequently, another possible approach for investigating human exposure to different
chemicals could be to reconstruct exposure through biomonitoring. As biomonitoring data
integrates all routes (oral, inhalation, dermal and dust ingestion) and sources of exposure
(i.e. including occupational, environmental and lifestyle factors such as diet, smoking), it can
provide valuable perspective to help evaluate aggregate exposure to chemicals (Angerer et

al., 2006, 2007; Pirkle et al., 1995).

Human biomonitoring can be an effective tool for assessing exposure i.e. measuring
chemicals and their metabolites, usually in blood or urine and then use this data to
reconstruct the exposure amount using either a simple approach or reverse dosimetry. For
that reason, the reconstructed exposure to DEHP, the most abundant parent/metabolite
compound from the urine of the EXHES cohort (at first and third trimester of pregnancy)
was calculated. In addition, thirteen different phthalate metabolites and two metabolites
of DINCH were also determined in urine (chapter 2, publication 3). Surprisingly, they were
detected in almost all (94 %) pregnant women's urine samples. Afterward, comparisons
with other studies over the world were made. Our results were in the same line as other
studies from Spain, Europe and the rest of the world (Casas et al., 2016; Koch et al., 2016;
Machtinger et al., 2018; Van t' Evre et al., 2019). However, it is important to clarify that it is
not usual to find articles with more than three or four metabolites measured in urine, and

this was also more complicated regarding only those who consider pregnant women's urine.

No significant differences (p>0.05) were found in phthalate and DINCH metabolites
according to maternal characteristics or lifestyle habits. However, lower birth weight was

related to higher levels of DINCH metabolites in pregnant urine. To the best of our
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knowledge, there was no information in the literature about DINCH metabolites and weight
at delivery. Meanwhile, some studies affirm that higher levels of phthalates in pregnant

women are related to lower weight at birth (Song et al., 2018; Zhao et al., 2014).

Both approaches, the estimated and the reconstructed, were combined with PBPK
modelling to predict the amount of BPA and MEHP (DEHP metabolite) that can reach the
fetus. These two EDs are fast elimination chemicals, with a half-life of fewer than 6 hours
and between 3 and 18 h, respectively for BPA and DEHP, and complete elimination within
24 hours in adult (mother) (Johns et al., 2015; Vélkel et al., 2002). The elimination of BPA
and MEHP in the fetuses is slower than mothers as the fetal metabolic activity is lower
comparing mother's metabolism (Gauderat et al., 2016; Latini et al., 2003). Subsequently,
estimated exposure (chapter 1, publications 1 and 2) was compared with the reconstructed
exposure using MEHP as a case study (chapter 2, publication 3). Results indicated that both
values were close to each other, in the same order of magnitude. However, the PBPK
simulated MEHP cumulative amount for reconstructed dose was closer to the extrapolated
MEHP cumulative concentration (24 h biomonitoring data). Overall, results showed that
BPA and MEHP stay longer in the fetal body, which may cause a higher risk to fetuses and
makes the fetus more vulnerable to the exposure compared with the mothers. EDs
exposure during these vulnerable periods can induce long-lasting changes, with adverse
effects in the short and long terms; some of these effects are expected at very low doses
(EP, 2019). Consequently, PBPK results from dose reconstruction were more accurate
compared to the previously estimated PBPK-simulation. These results suggest that it is
possible to estimate the exposure of a chemical from the concentration of their metabolites
in spot urine. In addition, these results from reconstructed biomonitoring data are more
close to a real exposure scenario than the results from the method based on questionnaires

and personal interviews.

EFSA established a TDI of 4 pg/kgww/day for BPA (EFSA, 2015). On the other hand, ECHA
established the TDI for DEHP to 50 pg/kgww/day (ECHA, 2010). Our values for BPA and DEHP

estimated and reconstructed in our study were far away from the tolerable values of the
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EFSA and ECHA. Although we were under the tolerable established, it is important to take
into account that all sources (dietary and non-dietary) must be added to the total exposure
assessment, in order to make an accurate exposure estimation. For that reason, a revision
to establish a tolerable daily exposure is needed, including all routes of exposure. Currently,
EFSA is undergoing a re-evaluation of the TDI for the BPA along with its exposure effects to

the human population which is expected to be delivered in 2020.

The methodology applied in chapters 1 and 2 to assess the estimated exposure was used
again for another ED family, the PFASs, a group of synthetic chemicals, which include PFOS
and PFOA (chapter 2, publication 4). In addition, to verify the accuracy of this method, the
estimated exposure was compared with biomonitoring data for the same cohort. PFASs
have been detected in a number of environmental matrices, including air, dust and water
(Fromme et al., 2009). PFASs are highly resistant to degradation in the environment and
tend to bioaccumulate in living organisms including humans (Butt et al, 2010; Kannan et al.,
2005; Karrman et al., 2010; Letcher et al., 2010; Morales et al., 2012; Suja et al., 2009).
Accordingly, the method based on questionnaires and personal interviews were applied, it
was considered, among others, the intake of PFOS and PFOA through food and drinking
water consumption for this cohort, while the potential contribution of indoor dust ingestion
and air inhalation were also calculated according to the activity profile of these pregnant
women. In agreement with many other studies (Domingo and Nadal, 2017; Ericson et al.,
2008; Sungur, 2018), results showed that similar to BPA and DEHP, dietary intake was the
main route of exposure to PFOS (>99%) and to PFOA (>96%). The consumption of fish and
seafood was the main contributor to PFOS intake, and the second contributor to PFOA, after
milk and dairy products. These results are in line with other national and international

studies (Domingo and Nadal, 2017; Manzano-Salgado et al., 2016; Sungur, 2018).

Concerning the prenatal exposure, the placental barrier is not impermeable to PFOS and
PFOA (Liu et al., 2011; Kim et al., 2011). Furthermore, these toxic substances can be
transferred from mother to child during breastfeeding (Karrman et al., 2010; Motas Guzman

etal., 2016). Pregnancy PBPK models of PFOA and PFOS were adapted and used to simulate

269



UNIVERSITAT ROVIRA I VIRGILI

ENDOCRINE DISRUPTION ASSESSMENT: EXPOSURE, BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD
ENDOCRINE DISRUPTORS DURING

PREGNANCY AND EARLY STAGES OF LIFE

Maria Angeles Martinez Rodriguez

and estimate mother and fetus internal exposure. The model simulation results obtained
for plasma were compared with biomonitored data from the same cohort. To achieve this
goal, PFOA and PFOS were biomonitored in maternal blood during the first trimester of
pregnancy, at delivery and in cord blood. It was detected traces of PFOS in all samples. PFOA
and PFOS plasma levels in the first trimester (0.45 and 2.93 ng/mL, respectively) were
significantly higher (p<0.001) than those at delivery (0.13 and 2.21 ng/mL, respectively) and
in cord blood (0.12 and 1.17 ng/mL, respectively). Decreases of 69% and 25% in PFOA and
PFOS plasma levels, respectively, between the first trimester and at delivery were
registered. In addition, around 70% and 60% of maternal plasma levels in the first trimester
were found in cord blood for PFOA and PFOS, respectively. Our results are in agreement
with others studies from the scientific literature, where a decreasing trend during
pregnancy has also been reported (Glynn et al. 2012; Kato et al. 2014). This could be due
the fact that there is a transplacental transfer and a dilution process caused by an increase

in total blood volume (Caserta et al. 2018; Mitro et al., 2015; Glynn et al. 2012).

Modelled levels were almost in line with those obtained by biomonitoring. The estimated
mean plasma concentrations for the mother in the first trimester of pregnancy of PFOA and
PFOS were 0.34 and 3.14 ng/mL, respectively. Estimated mean plasma concentrations for
the fetus during the first trimester of pregnancy (6-12"" GW) were 0.33 and 1.39 ng/mL,
respectively. At delivery, the estimated mean plasma concentrations of PFOA and PFOS for
the mother were 0.33 ng/mL and 2.99 ng/mL, respectively. And for the fetus (38-39'"" GW),
they were 0.32 ng/mL and 1.34 ng/mL, respectively. In general terms, modelled levels were
always a little higher than those obtained by biomonitoring. This could be due to the fact
that data used for exposure assessment were obtained from studies performed in the study
area some years ago (Ericson et al., 2008; Domingo, 2012). It is well known that levels of
PFOS and PFOA have decreased in food during the last years (Johansson et al. 2014). In
addition, the use of food frequency questionnaires (FFQ) and food ratios from the literature
instead of dietary records could not be the best accurate way. Despite this, the PBPK model

was able to validate analytical data from biomonitoring samples, even with a small cohort

270



UNIVERSITAT ROVIRA I VIRGILI
ENDOCRINE DISRUPTION ASSESSMENT: EXPOSURE, BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD
ENDOCRINE DISRUPTORS DURING

PREGNANCY AND EARLY STAGES OF LIFE OVERALL DISCUSSION

Maria Angeles Martinez Rodriguez

population. However, assumptions for exposure scenarios and intake assessment were
simplistic with high uncertainty, meaning this issue needs a clear improvement. Moreover,
the performance of the PBPK model can be further improved by introducing temporal
dynamics of exposure concentration and physiological parameters for long-term exposure.
Dietary exposures of PFOA in our study (1.4-10* pg/(kg-day)) were close to, but below, the
provisional TDI set by EFSA (1.86-102 pg/(kg-day)). In turn, the dietary intake of PFOS was
calculated to be well above (3.4:10 pg/(kg-day)) the most updated provisional TDI set by
EFSA (8.6:10* pg/(kg-day)). Therefore, more studies regarding the exposure of PFOS are
needed. Where appropriate, the EFSA should carried out a reassessment of the PFOS

exposure values.

Apart from estimating the prenatal exposure to EDs (publications 1 to 4), the exposure to
BPA and TBBPA during the early stages of life through breast and infant formula milk
(chapter 2, publication 5) was established. Three periods of exposure were considered: (a)
<1-month-old; (b) between 1- and 6-month-old; and (c) between 6 and 12-month-old
infants, fed exclusively with either human milk or infant formula. To assess the exposure it
was used the measured concentration levels of BPA and TBBPA in breast and formula milk
and the literature data about the daily amount of milk ingested by body weight in each
period previously mentioned. The study assumed similar milk intakes between the
breastfed and the formula-fed groups. The presence of some pollutants like BPA, TBBPA,
fatty acids and a wide spectrum of major and trace elements were analysed in human milk
and infant formula. It was detected that BPA and most trace elements showed a similar
decreasing trend in the different feeding period groups mentioned before (a,b and c). Such
a decreasing trend may be due to the fact that the milk intake:body weight ratio decreases
with age. The concentration of BPA was significantly higher in infant formula samples than
in breast milk, which also contained significantly lower values of some essential elements.
The fatty acid profiling also revealed major differences between human milk and infant
formulas, which should be taken into account in the development of new formulas a well

as in specific recommendations for the diet of breastfeeding mothers (EFSA, 2010; WHO
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2008). In the case of TBBPA, only a few samples in formula milk and fewer in breast milk
presented TBBPA levels above the detection limit (0.50 pg/L). These results should be taken
with caution beacause the derivatization steps required for gas chromatography—mass
spectrometry (GC-MS) analysis may be responsible for a low recovery rate of this compound
(Covaci et al., 2009). In spite of this, our exposure values were far below the TDI threshold
set by EFSA (1 mg/kg/day) for both formula-fed and breastfed infants. In any case, TBBPA
concentrations were similar to those observed in other studies (Inthavong et al., 2017;
Lankova et al., 2013). Results showed that the exposure to BPA was higher in formula-fed
infants than in breastfed infants. However, BPA intake was far below the TDI threshold set
by EFSA (4 pg/kg/day) for both formula-fed and breastfed infants. Our results on BPA
exposure are in agreement with those obtained by Sarigiannis et al. (2016) for breastfed
infants. But, they are lower for formula-fed infants (Sarigiannis et al., 2016). The fact that
only BPA-free material was used in this study may account for the lower BPA exposure
values estimated for formula-fed infants. Moreover, the presence of BPA in infant formulas
could have decreased in the last years due to the general tendency of using BPA-free
coatings for canned formulas (Adesman et al., 2017; Cao et al., 2015). Consequently, the
results of this study reinforce that breastfeeding should be always the first feeding option
in early life. WHO recommends exclusive breastfeeding up to 6 months of age with
continued breastfeeding along with appropriate complementary foods up to 2 years of age
or longer. The longer an infant is breastfed, the greater the protection from certain illnesses
and long-term diseases. The more months or years a woman breastfeeds (combined
breastfeeding of all her children), the greater the benefits to her health as well (Cosemans
et al., 2020). Nevertheless, the milk quality is very important so, a good and healthy diet

and lifestyle is the key to improve breast milk (Allen and Hampel, 2020).

As a final point, in this thesis, it was also evaluated the effects of the endocrine-disrupting
activity. BPA and its analogues, BPS and BPF, were selected for the case study. They were
selected because the EU banned the use of BPA in plastic materials that can contact with
food intended for children (0-3 years) (EC, 2011). However, the principal analogues of BPA,

BPS, and BPF are still being used. Then, in publication 6 (chapter 3) we wanted to clarify if
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BPA has equal or different effects than its analogues, BPS and BPF, in cell toxicity and on the
adipocyte differentiation process. This was assessed by in vitro experiments with
preadipocytic 3T3-L1 cell line. The results showed that the 3T3-L1 cells treated with
bisphenols caused an increase in the number of differentiated preadipocytes, as well as an
increase in the capacity to store lipid droplets compared with the control. BPA was more
toxic for 3T3-L1 preadipocytic cells than its analogues, BPS and BPF. Cell viability was not
affected after 24 h or 48 h of the treatment with BPS or BPF. Therefore, the current results
suggest that BPA has a greater toxic effect at equal and even lower concentrations than its
analogues. But, BPS followed by BPF has higher endocrine-disrupting activity compared with
BPA and the control. In agreement with this, various studies (Deceuninck et al., 2015;
Garcia-Cércoles et al., 2018; Van Leeuwen et al., 2019; Moon, 2019) report that the higher
hormonal activity of BPS can likely be attributed to its strong polarity and the presence of a
sulfonyl group. It was reported that most BPA analogues in in vitro studies had similar or
higher estrogenic and antiandrogenic activity than BPA (Deceuninck et al., 2015; Garcia-
Corcoles et al., 2018; Van Leeuwen et al., 2019). A number of authors have reported that
BPS promotes the accumulation of lipids and differentiation in vitro or in vivo (Ahmed and
Atlas 2016; Boucher et al., 2015; Boucher et al., 2016). These authors also reported that
treatment at the same concentration for each bisphenol (similar to the current study), BPS,
produced higher adipocyte differentiation and lipid accumulation than BPA, followed by
higher upregulate expression levels of different adipogenic markers including PPARy, FABP4
and C/EBPa. Furthermore, Verbanck et al. (2017) revealed that the endocrine potency of
BPS and BPF colud be in the same order of magnitude than BPA, showing similar hormonal
effects in vitro and in vivo. They suggested that BPS and BPF have analogous potency and
mechanisms of action to those of BPA, with similar health effects. To sum up, the in vitro
results here obtained suggest that the replacement by these analogues could not be safe.
Unfortunately, the number of available studies based on the possible effects of BPA
analogues is certainly limited (Andujar et al., 2019). Further studies on these analogues
would be necessary to corroborate these results, and consequently, changes in the

legislation on the bisphenols’ family would be necessary. Regulations on the assessment of

273



UNIVERSITAT ROVIRA I VIRGILI

ENDOCRINE DISRUPTION ASSESSMENT: EXPOSURE, BIOMONITORING AND POTENTIAL ACTIVITY OF WIDESPREAD
ENDOCRINE DISRUPTORS DURING

PREGNANCY AND EARLY STAGES OF LIFE

Maria Angeles Martinez Rodriguez

the safety of consumer products, especially considering the most vulnerable exposure
windows, prenatal exposure and childhood, should be established. In addition, future in
vitro experiments using mixtures of bisphenols or mixtures of different EDs will be very
useful to understand the effect of synergy or antagonism of the mixture and to be more

close to our real scenario.

With future studies, dealing with the current outstanding issues we could help to broaden
the understanding in this endocrine disruption field and be more accurate in the regulations

and legislative part.
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CONCLUSIONS

This thesis project arises from the current problems of EDs exposure during the prenatal
period and early stages of life, this exposure can cause adverse outcomes. Firstly, this thesis
runs from recruitment and follow-up time of a cohort of pregnant women in the first weeks
of pregnancy. Then, face-to-face questionnaires and personal interviews, sampling (blood,
urine and breast milk) and analysis of different EDs in biological matrices were performed.
Thirdly, to estimate the pregnant women and fetus exposure to selected EDs, the
application of biological modeling tools (PBPK) was used. Finally, in vitro studies based on
cell toxicity and adipose differentiation process by preadipocytic 3T3-L1 cell line were

assessed for a well-known EDs family.
The main specific conclusions drawn from the present thesis were:

1. Diet was the main contributor to total BPA and DEHP exposure (99.9% and 63%,
respectively). In the case of BPA, canned fruits and vegetables followed by canned
meat and meat products were the major contributors. The non-dietary exposure to
BPA practically did no contribute to the total exposure (0.22%). Regarding DEHP,
milk and dairy products followed by ready to eat food were the most important
contributors. Non-dietary sources contribute 37% of the total exposure. The total
dietary intake estimated for BPA and DEHP was considerably lower than their
respective current TDI values established by EFSA.

2. Internal dosimetry simulations showed that BPA and MEHP plasma concentrations
in women were characterized by transient peaks (associated with meals). In
contrast, in fetus’ plasma, the concentration of both chemicals reach levels much
higher than in mothers. Fetal exposure was characterized by a low but sustained
basal BPA and MEHP concentrations due to a lack of metabolic activity in the fetus.
Therefore, this can make the fetus more vulnerable to the exposure compared with
their mothers.

3. Phthalate and DINCH metabolites were detected in almost all (94%) urine samples

in both periods, first and third trimester of pregnancy. No significant differences
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(p>0.05) were found in phthalate and DINCH metabolites according to maternal
characteristics or lifestyle habits. However, lower birth weight was related to higher
levels of DINCH metabolites in pregnant urine.

4. Estimated vs reconstructed exposure to MEHP were compared and the values were
close to each other. However, the PBPK simulated MEHP cumulative amount for
reconstructed dose was closer to the extrapolated MEHP cumulative concentration
(24 h biomonitoring data). In addition, it has been demonstrated that using only
spot urine is possible to obtain very representative exposure values.

5. The dietary intake was again the main route of exposure to PFOS and PFOA. In
addition, the consumption of fish and seafood was the main contributor to PFOS
intake, and the second contributor to PFOA, after milk and dairy products. The non-
dietary exposure to PFOS practically did no contribute to the total exposure (0.3%).
Regarding PFOA, non-dietary sources contribute 3% of the total exposure. Dietary
exposures of PFOA in our study were close to, but below, the provisional TWI set by
EFSA. In turn, the dietary intake of PFOS was well above the most updated
provisional TWI.

6. PFOS was found in all plasma samples in the first trimester and at delivery, and in
most cord blood samples. A transplacental transfer of PFOS and PFOA of around
70% and 60%, respectively, was observed. A decreasing trend of PFOS and PFOA in
plasma was found when data from the current study were compared with values
obtained in the past for a similar adult population.

7. The model simulation results obtained for plasma were mostly in line with results
from biomonitoring in samples for both PFOS and PFOA. PBPK model is a good tool
to predict the chemicals exposure to these substances even with a small cohort
population. This model was able to validate analytical data from biomonitoring
samples.

8. Regarding human milk biomonitoring, the concentration of BPA was significantly
higher in infant formula samples than in breast milk, which also contained

significantly lower values of some essential elements. Subsequently, the exposure
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to BPA was estimated to be higher in formula-fed infants than in breastfed infants.
However, in both cases were lower than their respective current TDI values
established by EFSA. The results of this study reinforces that human milk is the gold
standard for infant nutrition during the first months of life.

9. The preadipocytic 3T3-L1 cells treated with bisphenols caused an increase in the
number of differentiated cells, as well as an increase in the capacity to store lipid
droplets compared with the control. Results showed that BPA was more toxic for
3T3-L1 preadepocitic cells than its analogues, BPS and BPF. However, BPS followed
by BPF and finally by BPA, showed a higher positive influence over the adipogenic

process at the same concentration.

As a general conclusion, the exposure to selected EDs (BPA, and its analogues, BPS and BPF;
phthalate and non-phthalate plasticizers; PFAS, specifically PFOS and PFOA, and TBBPA) is
acommon phenomenon in adult populations and during early stages of life, such as prenatal
and newborn children. This exposure can cause adverse outcomes. For that reason, more
studies regarding endocrine potential activity are crucial to reevaluate the statements and
the TDI exposure including dietary and non-dietary sources. Regulations based on the
assessment of the safety of the most vulnerable exposure population, pregnant women and

their children, should be established in the endocrine disruption context.
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