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Chapter 1

Fetal development represents the most vulnerable phase of human life. From the
moment when sperm and egg cells join together in a woman’s womb, millions of events
will take place to shape a human being. It is here in utero where a dynamic interplay
between genome, epigenome and environmental factors knits us, cell by cell, into exist-
ence and prepares us for life outside of the mother’s womb. Just like our environment
affects our health, the in utero environment can have a profound impact on the way an
organism programs itself for later life. From conception to birth, the placenta is exposed
to a broad range of environmental pollutants women are exposed to during pregnancy
and contrary to old beliefs, it does not form an impermeable barrier to these agents. A
wide range of exogenous compounds has been shown to pass the placental barrier and
reach the direct environment of a developing fetus. These exogenous compounds, col-
lectively called “contaminants of emerging concern”, may include new chemicals for
which we have little toxicity data, but also known contaminants for which new insights
on their biological effects are emerging. Of specific concern is the in utero exposure to
endocrine disrupting compounds (EDCs), a diverse group of exogenous chemicals that
can interfere with the tightly regulated hormonally driven developmental processes. As
described below, such exposures have been associated with adverse pregnancy out-
comes, as well as, altered fetal programming during critical windows of development,
leading to structural and functional changes manifesting themselves as diseases later in
life, or even in subsequent generations. Gestational exposure to EDCs is associated with
a broad spectrum of adult-onset diseases and is a public health concern worldwide. This
has placed an immense responsibility on scientific and regulatory bodies as well as man-
ufacturers to appropriately characterise, assess and prevent harmful in utero exposures.
Nevertheless, due to the tremendous diversity of chemical contaminants in the environ-
ment and the obvious ethical limitations, the characterization of a whole spectrum of
EDCs potentially harmful to the fetus remains exceptionally challenging. Moreover, there
are new emerging contaminants of concern, such as micro- and nanoplastics (MNPs) and
chemicals associated with them, that could reach the placenta and contribute to in utero
exposures. However, the potential effects of MNPs on placenta functioning and fetal
development have received scant attention so far. These are recognised challenges that
require urgent scientific scrutiny. The goal of this thesis is to address major knowledge
gaps surrounding in utero exposure to these contaminants of emerging concern and their
potential effects.
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General introduction and thesis outline

Prenatal vulnerability to environmental insults

Developmental Origins of Health and Disease

In 1990 David Barker published a book titled “The fetal and infant origins of adult dis-
ease”, where he described the idea that environmental factors acting early in life, par-
ticularly during intrauterine life, can have profound effects on the developmental pro-
gramming of adult-inset pathologies. The so-called “Barker’s hypothesis” was initially
based on observations that undernutrition during gestation increases the risk for meta-
bolic abnormalities and coronary heart disease in adult life *2. Now, 32 years later, this
phenomenon is referred to as “Developmental Origins of Health and Disease” (DOHaD)
3-¢ It is now well established that intrauterine exposure to multiple other non-nutritional
factors such as infections, drugs or stress increases sensitivity to diseases and dysfunc-
tions in post-developmental life (Figure 1). Although an overwhelming body of evidence,
from epidemiological and experimental animal studies, exists in support of this hypoth-
esis, the exact mechanisms underlying the developmental programming of adult disease
are still not fully understood. However, an increasing amount of evidence suggests that
epigenetic alterations play a critical role in the developmental plasticity of adult pathol-
ogies 78, In recent years, environmental contaminants, specifically EDCs, are becoming
recognised as significant additional drivers for DOHaD, demonstrating the importance of
early environmental conditions for adult health (Figure 1) 4720,

Early life-conditioning

Transgenemuonal

Plasticity

. . Obesit;
Prenatal exposure to EDCs Childhood obesity Diabe[Zs
interfere with developmental  pmmmmmp ~ Early-onset puberty mmmm)  Cardiovascular diseases
programming Disrupted reproduction Hormone-sensitive cancers
Disrupted neurodevelopment

Neurodegenerative diseases

Figure 1. Schematic representation of the Developmental Origins of Health and Disease (DOHaD). Abbre-
viations: CECs, Contaminants of Emerging Concern; EDCs, Endocrine Disrupting Compounds.
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Chapter 1

Developmental windows of vulnerability

The timing of exposure to environmental contaminants is extremely important in pre-
dicting fetal susceptibility and the risk associated with that exposure. A considerable
amount of publications from the field of paediatrics and developmental toxicology has
grown up around the term windows of vulnerability, i.e. critical periods in life develop-
ment where exposures to stressors including environmental pollutants, may disrupt
developmental processes and predispose individuals to permanent functional impair-
ments 341112 Tt js now apparent that a fetus in all stages of development is more sus-
ceptible to exposure to environmental contaminants than adults. The most critical “win-
dows of vulnerability” exists in utero because, during early life programming, different
sets of genes are sequentially activated and deactivated, cell reproduction rates are high
and biological systems are immature and highly plastic, providing numerous targets for
environmental exposures. Other important mechanisms increase both exposure and
hazard to the fetus: sensitive periods of development for different organ systems;
increased exposures per kilogram of body weight; undeveloped blood-brain barrier; and
immature liver and kidney enzyme systems thus not well-developed detoxification pro-
cesses to metabolize, conjugate, and eliminate toxicants 13-16,

Placenta: the bridge between mother and fetus

In practice, all agents from maternal circulation i.e., nutrients, oxygen, and environ-
mental contaminants, must first pass the placenta to reach the developing fetus. The pla-
centa is the first organ that forms during human embryogenesis. It is a remarkable, mul-
tifaceted interface between maternal and fetal circulation that carries out crucial tasks
ranging from the physiological adaption of the mother to immunological acceptance, nour-
ishment and support of the developing embryo *”. The placenta is thus a key organ that
enables in utero existence and ensures healthy pregnancy outcomes. Trophoblast cells,
specifically syncytiotrophoblast are specialized placental cells with diverse biological
roles including exchange, endocrine, immune and metabolic functions 18-2°, By the end
of the first trimester, the syncytiotrophoblast cells covering the chorionic villi (functional
units of the placenta) are fully bathed in oxygenated maternal blood (Figure 2). At term,
the extensive branching of chorionic villi creates a large surface area (approximately 13
m?), which provides ample space for nutritional supply, as well as, for the interaction of
environmental contaminants present in maternal blood with the placental syncytiotroph-
oblast %21, Direct developmental toxicity may arise from contaminants in maternal blood
that cross the placental barrier and directly affect fetal development or from exposure
to the placenta tissue itself, which may affect placental development and functioning
with consequences for both, fetal and maternal health during pregnancy 2.
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Chapter 1

Contrary to the old belief, the placenta does not form a barrier for exogenous contam-
inants but is highly permeable to a large variety of compounds with diverse molecular
structures (e.g., phthalates, bisphenols, pesticides, flame retardants, metals) that can
(to various degree) cross it from the maternal blood and reach the fetus 2%2324, Passive
diffusion as well as an array of plasma membrane carriers and export pumps (located on
both the fetal and maternal side of the trophoblasts) largely regulate the transplacental
transport 25. However, the placental/fetal toxicokinetics are complex and dependent on
multiple other factors: chemical properties (molecular weight, lipophilicity, protein bind-
ing); placental characteristics (blood flow, protein and pH gradient; metabolism; placen-
tal surface area and thickness that changes throughout pregnancy); and maternal and
fetal factors (foetal growth, development, metabolism and tissue binding, maternal
metabolism and maternal health) 2°. Moreover, the placenta is highly metabolically active
and contains a wide variety of phase I and phase II enzymes 2. For example, multiple
CYPs present in the mitochondria and endoplasmic reticulum of trophoblast cells, par-
ticipate in the metabolism of endogenous (e.g., hormones) and exogenous (e.g., EDCs)
molecules 2°. Moreover, B-glucuronidase, an enzyme responsible for the deconjugation
of many xenobiotics, has particularly high activity in placental and fetal tissue hence,
there is a potential for B-glucuronidase—mediated deconjugation of xenobiotics to their
free form in utero (Figure 2). Also, other various breakdown pathways (oxidation, hydrol-
ysis, reduction and conjugation) can be promoted or retarded by placental enzymes,
making the placenta the chief regulator of the in utero (chemical) environment. Never-
theless, the complex placental toxicokinetics of environmental contaminants are still
poorly understood.

Contaminants of emerging concern

Endocrine disrupting compounds

The first important discussion about EDCs came to light in the 1940s, when natural-
ist Charles Broley linked the use of the insecticide dichlorodiphenyltrichloroethane (DDT)
with a declining population of American bald eagles ?’. Later research confirmed that DDT
exhibits endocrine-mediated toxicity causing feminization of male embryos weakened
eggshells and altered reproductive behaviour of nesting birds. This was one of the first
examples to demonstrate that xenobiotic chemicals could spread far beyond their
intended use and induce unexpected adverse effects in non-targeted species. In 1962,
this and many other examples of EDCs have been described in Rachel Carson’s now crit-
ically acclaimed book “Silent Spring”. But it wasn’t till the mid-90’s that the concerns
about this issue received a great deal of attention, following a series of publications sug-
gesting that pesticides (e.g., DDT, atrazine) and other synthetic chemicals including phtha-
lates (di(2-ethylhexyl) phthalate, DEHP), bisphenols (bisphenol A, BPA), flame retardants
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General introduction and thesis outline

(polybrominated diphenyl ethers, PBDEs), industrial chemicals (polychlorinated biphe-
nyls, PCBs) and by-products could exhibit endocrine-mediated toxicity 2. Today, the term
“endocrine disruptor” refers to an extremely wide variety of exogenous, natural or syn-
thetic chemicals that can interfere with virtually any aspect of hormonal action. Endo-
crine disruptors are defined by the WHO/IPCS as “an exogenous substance or mixture
that alters function(s) of the endocrine system and consequently causes adverse health
effects in an intact organism, or its progeny, or (sub)populations”28. EDCs have been
shown to interfere with a range of endocrine-related receptors such as estrogen (ER),
androgen (AR), glucocorticoid (GR), thyroid (TR) and the peroxisome proliferative-acti-
vated receptor (PPAR) family. EDCs are of specific concern because like hormones they
can act at extremely low concentrations, exhibit complex (hnonmonotonic) dose-response
curves and in complex mixtures dose additivity and synergism can occur 2°-32,

Nowadays, daily human exposure to a complex mixture of EDCs including persistent
organic pollutants (POPs) is inevitable. Biomonitoring studies detected a wide variety of
EDCs in the majority of the studied subject and various body tissues and fluids e.g., blood,
urine, serum and breast milk, indicating chronic low-level exposure in the human popu-
lation, including pregnant women 31:33-3¢_Tn addition, a few published studies measured
various EDCs in follicular fluid, cord blood, amniotic fluid, fetal serum and meconium
demonstrating placental transfer and fetal exposure 37-%2. Considering that the develop-
ing fetus is highly sensitive to hormonal perturbation, EDCs are increasingly recognized
as important risk factors for the programming of adult-onset diseases as they may inter-
fere with tightly regulated hormonally driven developmental processes %?43-48, Research
shows that the effects of EDCs exposures often do not manifest themselves at birth, but
result in subtle functional changes that increase the risk of disease/dysfunction long after
transient in utero exposure. Such effects include early-onset puberty 99, increased male
genital abnormalities 5, declined sperm quantity and quality 5253, increased occurrence
of hormone-sensitive cancers (e.g., breast, uterine and testicular) 3, asthma %4, cardio-
vascular diseases *°, childhood obesity 5658, diabetes *°, as well as, altered behaviour and
neurodevelopment in children 446061 Moreover, some effects can be transmitted via the
germ line to the offspring resulting in multigenerational or even transgenerational effects
10,46,62,63_

Today, more than 350 000 chemicals and mixtures of chemicals have been registered
for production and use °*. More than 1000 compounds with peer-reviewed data have
been suggested to have endocrine-disrupting properties, including chemicals used across
arange of applications and in a multitude of industrial and consumer products 4. Although
efforts have been made to identify potential novel EDCs, in its statement from 2012, the
World Health Organisation expressed that: “identifying chemicals with endocrine disrupt-
ing potential among all of the chemicals used and released worldwide is a major chal-
lenge, and, likely, we are currently assessing only the tip of the iceberg”. This statement
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Chapter 1

holds true even now, a decade later when only a small fraction of the hundreds of thou-
sands of synthetic chemicals in existence have been assessed for endocrine disrupting
activity. A recent statement by European Commission (2020) further highlights this issue:
“The exposure of humans and the environment to endocrine disrupting chemicals requires
specific attention. These substances are increasingly linked to diseases acting via the
hormonal system. Their use is on the rise, representing a serious risk to human health
and wildlife as well as creating an economic cost for society” ¢¢. Considering the complex
maternal and in utero toxicokinetics and the ethical challenges in characterizing prena-
tal exposures, identifying EDCs of potential concern for fetal development remains a
major challenge.

Challenges in the characterization of in utero exposure to EDCs

There are obvious ethical limitations for the detection of environmental contaminants
in the fetal environment during gestation. For this reason, the assessment of prenatal
exposure is based mainly on maternal biomonitoring studies, mostly using maternal urine,
blood, serum or breast milk. An example of this is shown in Figure 3, for Bisphenol A,
arguably the most studied EDC. However, the use of maternal matrices as surrogates for
fetal exposures is not without limitations. The important shortcomings of the current
approaches for in utero exposure assessment are summarized below:

1) Use of maternal matrices as surrogates for in utero exposure

a. Thereis a lack of data on placental toxicokinetics i.e., maternal urine, blood,
serum or breast milk are most commonly used for prenatal exposure assess-
ment, however, it is often unknown to what extent, if at all, chemicals present
in these matrices will reach the fetus

b. The complex placental/fetal metabolism is often not accounted for i.e., there
are various breakdown pathways (hydrolysis, reduction, conjugation and oxi-
dation) that can be promoted or retarded by placental and/or fetal enzymes,
possibly resulting in a different chemical environment in utero than in the
maternal compartment

c. The single sampling of the maternal matrices represents only a snapshot of
gestational exposure i.e., provides an imprecise estimate of the long-term in
utero exposure throughout pregnancy

d. Due toreduced placental/fetal clearance and poorly developed glucuronida-
tion processes, there might be accumulation and continuous re-exposure of
the fetus to the circulating levels of parent compounds and their metabolites
in utero, as compared to maternal matrices

16
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2) The low, presumed “safe” dose of EDCs in adults may have a potent and irrevers-
ible effect during early life development

3) Usually, only a limited number of well-known environmental pollutants are inves-
tigated, however, a fetus might be exposed to a vast number of compounds
throughout gestation, including new previously unidentified EDCs

4) The cumulative effect of co-occurring chemicals, i.e. “cocktail effect” is of great
concern, nevertheless, mixture toxicity is still rarely addressed in the studies on
early life exposures

Considering the thousands of chemicals in commercial use that pregnant women might
be exposed to and the complex maternal/fetal toxicokinetics, characterization of the
whole spectrum of EDCs and their metabolites present in utero is still a major challenge.
Consequently, the disease risk due to in utero exposure to a mixture of EDCs may be sig-
nificantly underestimated. It is, therefore, crucial to move from the quantification of a lim-
ited number of known EDCs to the characterization of complex mixtures, including pos-
sible novel and biologically active compounds, preferably in in utero specific matrices.
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Figure 3. A number of published studies that investigated bisphenol A (BPA) in maternal and fetal matri-
ces, as retrieved from PubMed (June 2022) using a combination of keywords: matrix of choice (and)
bisphenol A (and) human.
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Micro- and nanoplastics

Since 1950, global plastic production has increased significantly with approximately
367 million metric tons (Mt) produced in 2020 alone. Only approximately 10% of all plas-
tic produced and used is recycled, the rest is incarcerated and ends up in landfills or the
environment leading to an increasing plastic pollution crisis ¢’. The larger pieces of plas-
tic present a well-documented ecological problem, however, the smaller plastic particles
cause a wider, largely unexplored ecological and health concern. Microplastics (MPs, <5
mm) and nanoplastics (NPs, <1 um) collectively called micro- and nanoplastics (MNPs)
can be derived from primary or secondary sources 8. Primary MNPs are industrially man-
ufactured as microbeads of different sizes and are used in personal care products
amongst other. Secondary MNPs are typically formed by weathering, mechanical abra-
sion, and photodegradation of plastic waste and products °. Today, MNPs are abundant
and widespread throughout outdoor and indoor environments, contaminate a large vari-
ety of foods, beverages and consumer products, and are an emerging global concern for
environmental and human health.

Involuntary human exposure to MNPs by ingestion and inhalation is inevitable. It is
estimated that each person ingests between 39,000 and 52,000 plastic particles annu-
ally and up to 100,000 through inhalation 7°7, however, these estimates do not account
for the smaller nanosized particles. Recently, MNPs have been detected in human lung
tissue 7272 and blood 7 suggesting that they can translocate through the gut and lung bar-
rier and end up in systemic circulation. There is convincing evidence from experimental
in vitro and animal studies that MNPs can accumulate intracellularly, in internal organs
and the brain where they can activate the innate immune system, induce inflammatory
responses and mediate oxidative stress 75777, The toxicity of MNPs may depend on the
material, size and shape of the particles, as well as on various environmental contami-
nants they may carry 7®7°. MNPs can leach plastic-associated compounds such as plas-
ticizers, brominated flame retardants, antioxidants, UV stabilizers and synthetic dyes
many of which are known EDCs 788%81 MNPs can also absorb hazardous environmental
chemicals (e.g., PCBs, DDT, metals and polycyclic aromatic hydrocarbons (PAHs) which
can increase their overall toxic potential. Considering the above, human exposure to MNPs
has raised serious health concerns .

Recently, (ultra)fire particles from air pollution have been detected in placenta tissue
8384 Epidemiological research indicates that exposure to (ultra)fine particles during preg-
nancy can adversely affect both maternal and fetal health. Various pregnancy complica-
tions have been reported such as pre-eclampsia 8¢, pre-term birth &, low birth weight
88 and stillbirths &, as well as, increased incidence of postnatal congenital heart defects
%0 and respiratory diseases °*. Recently, MNPs have been detected for the first time in
human placenta samples on both, the maternal and fetal sides °2. This clearly demon-
strates that environmental nanoparticles including MNPs may accumulate in placental
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cells and that a human fetus may be exposed in utero. Considering the current and pro-
jected increase in MNP pollution, the potential adverse effects of MNPs on reproductive
health and fetal development are of specific concern however largely unexplored . Since
the placenta plays a central role in fetal and maternal wellbeing during pregnancy, there
is an urgent need to understand the potential placental toxicokinetics and toxicity of these
ubiquitous contaminants of emerging concern.

Moving the field forward

Amniotic fluid

Amniotic fluid (AF) is a complex nutritious milieu that surrounds and protects the fetus
in the womb. It is a product of fetal urination, tracheal secretions, and intra-/transmem-
branous pathways and a repository matrix that accumulates a wide range of environmen-
tal xenobiotics that the fetus is exposed to throughout pregnancy °*. AF represents an
important route of fetal exposure. It continuously circulates through fetal membranes
(through fetal swallowing and excretion, Figure 2) and the ongoing cycle of fetal ingestion
and excretion results in a continuous, prolonged in utero exposure °4-%¢. Moreover, it includes
not only maternal/placental but also fetal toxicokinetics, and therefore possibly contains
a mixture of metabolites and biomarkers unique to the in utero environment. Despite the
aqueous nature of AF, the spectrum of hydrophilic and lipophilic compounds detected in
this matrix is broad, and their presence in AF indisputably demonstrates placental trans-
fer and fetal exposure 42976, Consequently, this repository matrix may be more useful for
the comprehensive measurement of a whole spectrum of EDCs and their metabolites pres-
ent in utero, than other extensively researched acute maternal matrices, such as urine or
serum. The concentrations detected are usually lower (pg to ng/mL range) than those
detected in maternal urine, serum, umbilical cord blood or meconium; however recent
advances in analytical chemistry allow chemicals to be detected both qualitatively and
quantitatively at these low concentrations in complex matrices. AF can be collected non-
invasively during delivery or as a surplus sample from amniocentesis, which represents the
earlier period of gestation. AF is uniquely suited to study the in utero chemical environment
however, so far, its use has been limited. To date, only targeted analysis of a limited number
of known environmental contaminants has been performed in this unique matrix #”.

Effect-directed analysis

The success of modern methods in analytical chemistry and bioactivity-based assays
gives new opportunities to tackle complex chemical mixtures and toxicological problems.
Specifically, effect-directed analysis (EDA) can be used as a powerful tool for identifying
biologically active compounds in complex mixtures °°. EDA is an effect-based approach
that interconnects advanced analytical techniques with bioassays to isolate substances
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of biological relevance °°. EDA uses chromatographic separation techniques to separate
compounds into multiple fractions and consequently reduce the chemical complexity of
the sample %%, The biologically active fractions are then identified with relevant bioassays
that exhibit a specific mode of action (Figure 4). EDA has been successfully used to ana-
lyze chemical mixtures in environmental samples (e.g. surface waters, sediments, soil
and biota) and for the identification of (unknown) compounds with endocrine-disrupting
potencies, such as estrogenic, androgenic, anti-androgenic and dioxin-like chemicals 102
106 Two studies by Indiveri et al. (2014) and Lopez-Espinosa et al. (2009) applied the EDA
approach for comprehensive profiling of a mixture of EDCs in placenta samples, with the
former identifying several anti-androgenic compounds, including antimicrobials, insec-
ticides and components of plastic, surfactants and cosmetics, as well as, novel EDCs.
These are examples of the broad potential of the effect-directed analysis for the prena-
tal screening of EDCs. Nevertheless, this approach has rarely been applied to human
samples and has never been used to identify EDCs in human AF.

Effect-directed analysis (EDA)

/- Amniotic fluid

| Extraction/Clean-up |

Primary fractionation
(HPLC)
Reporter-gene Chemical analysis
bio-assays (e.g. Orbitrap , Q-TOF)

= = l
(Anti)estrogenic AhR  (Anti)androgenic
activity activity activity

Identification and
prioritization

Fine .
\—/ fractionation (optional) (list of suspects)

| Confirmation |

(Anti)estrogenic AhR  (Anti)androgenic
activity activity activity

!

Responsible toxicants

Figure 4. Schematic representation of the workflow for the effect-directed analysis of endocrine disrupt-
ing compounds in human amniotic fluid.
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Human placental models

There are obvious practical and ethical considerations that limit research efforts in
humans, therefore rat and mouse models are generally used to study particle transport
and developmental toxicity of MNPs 84199110 However, the placenta is one of the most
species-specific organs. The anatomical differences between species including the
number of trophoblast cell layers, often reflect the differences in exchange and trans-
port mechanisms and are important factors determining the placental permeability to
nutrients, chemicals and particles, making extrapolation from rodent models to humans
challenging 1112, The difficulty with data extrapolation is not restricted to evolutionary
distant species like rodents, but profound differences in placental biology exist even
between humans and nonhuman primates *11113-11¢_Consequently, in order to advance
our understanding of human placental MNP uptake, transport and toxicity, we need to
use predictive in vitro and ex vivo placenta models using human cells or tissue. Diverse
human placental models exist (e.g., plasma membrane vesicles, mono-culture and
co-culture, placenta on the chip, villous tissue explants, and placental perfusions), and
novel in vitro models are being developed to improve the in vivo relevance. These models
represent different levels of the placental organization and can provide invaluable infor-
mation on the diverse aspects of placental functioning, accelerating our understanding
and providing urgently needed knowledge on the in utero health hazards associated with
exposure to these contaminants of emerging concern.

Thesis aims and outline

From conception to birth, the placenta and human fetus are exposed to a broad range
of contaminants of emerging concern which reach the in utero environment with mater-
nal blood. These contaminants may influence maternal and fetal health during pregnancy
and contribute to adult-onset diseases. Considering the thousands of chemicals in com-
mercial use that pregnant women might be exposed to and the complex maternal/fetal
toxicokinetics, characterization of the whole spectrum of EDCs and their metabolites
present in utero is still a major challenge. Moreover, there are new emerging contami-
nants, such as MNPs and chemicals associated with them, that could reach the placenta
and contribute to in utero exposure. Nevertheless, the effects of MNPs on placenta func-
tioning and fetal development are still largely understudied. The comprehensive charac-
terization of the extent of in utero exposure to these contaminants is undeniably crucial
to our understanding of the relationship between exposure and health effects. Given the
paucity of data on fetal exposure to EDCs and the limited understanding of the transpla-
cental transport and toxicity of MNPs, the goal of our research was to address these major
knowledge gaps. The aim of our research was two-fold: to develop a method for effect-di-
rected analysis of a wide range of EDCs including novel compounds in human amniotic
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fluid; and to investigate possible uptake, transport and toxicity of MNPs and associated
compounds in human placenta cells in vitro. To this end, this thesis addressed four main
objectives:

1. Develop anovel method to characterize a broad spectrum of EDCs present in utero

2. Identify known and novel, previously unidentified EDCs in the direct fetal environ-
ment

3. Determine the appropriate methods and models for studying MNPs in the in utero
environment

4. Investigate the uptake, transport and toxicity of MNPs in human-relevant placen-
tal cell models

This thesis consists of 3 parts. Chapter 1, introduces the concept of fetal windows
of vulnerability and DOHaD, provides background information on EDCs and discusses the
existing challenges and novel approaches to characterize in utero exposure to these com-
pounds. Moreover, it discusses MNPs as contaminants of emerging concern for early life
health and introduces the placenta as a relevant organ to investigate. In the end, it pro-
vides the general aims, objectives and outline of this thesis.

PartIis dedicated to the characterization of fetal exposure to EDCs in AF as a matrix
representative of the direct fetal environment. Chapter 2 describes the development of
a nondiscriminating method to extract and fractionate a wide range of lipophilic and
hydrophilic EDCs from AF. Here, a chromatographic separation technique and a battery
of cell-based reporter gene bioassays were used to identify the (anti)estrogen, (anti)
androgen, and dioxin-like activity in the fractions, and, targeted liquid chromatography/
mass spectrometry (LC/MS) analysis was used to measure a range of known xenobiotic
and natural compounds responsible for the observed activity in the AF fractions. In Chap-
ter 3 known and possibly novel EDCs responsible for the observed endocrine activity in
nonpolar AF fractions were investigated using targeted and non-targeted gas chroma-
tography high-resolution mass spectrometry (GC-HRMS). The contribution of the known
EDCs detected in AF to the activity observed in the fraction was determined using rela-
tive potency (REP) values. The compounds responsible for the remaining unexplained
activity were investigated further using an innovative, weight-of-evidence approach that
takes advantage of curated and freely available databases, predictive QSARs and end-
point-specific profiling models to mine data and predict biological properties of novel
EDCs identified through the non-targeted analysis.

Part II focuses on the placenta and MNPs as contaminants of emerging concern and
addresses objectives 3 and 4. Chapter 4 summarizes the physiology and morphology of
the human placenta, explores available human-relevant in vitro and ex vivo placental
models, reviews the current state of the science on placental MNP research, and, high-
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lights the most important areas that require further scrutiny. Chapter 5 addresses some
of the defined research gaps by investigating the uptake, transport and toxicity of pris-
tine and experimentally weathered MNPs in human placental trophoblasts cells in vitro.
Here the compositional differences following the weathering were investigated, as well
as, the toxicity of MNPs on several endpoints including cell viability, damage to the plasma
membrane and effects on placental biosynthesis of steroid hormones.

Part III summarises and discusses the data obtained in parts I and II and places
this research in a broader perspective.
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Chapter 2

Abstract

The developing foetus represents a highly sensitive period of exposure to endocrine
disrupting compounds (EDCs). However, risk assessment of EDCs is hampered by the lack
of data on direct in utero exposure. In this study, we developed a robust analytical meth-
odology for the identification of a wide range of known and unknown EDCs in full-term
amniotic fluid (AF). First, a method for extraction and fractionation of a broad range of
polar and nonpolar EDCs was developed and validated. Maximal recoveries of reference
compounds and minimal interference from the matrix were achieved with a combination
of solid phase extraction and dispersive liquid/liquid extraction. Bioassay analysis using
cell-based reporter gene assays revealed estrogenic, androgenic and dioxin-like activity
in AF extract corresponding to 1.4 nmol EEQ/L, 76.6 pmol DHT-EQ/L and 10.1 pmol TEQ/L,
respectively. Targeted analysis revealed 13 xenobiotics, phytoestrogens and endogenous
hormones in the AF extract that partly contributed to the bioassay activity. Separation of
the complex mixture of chemicals in the AF extract with reversed-phase chromatographic
fractionation and subsequent bioassay analysis revealed activity in fractions over a wide
range of polarity, indicating diverse (unidentified) substances with potential ED activity.
The method developed here represents the first methodological step in an effect-directed
analysis approach to identify unknown biologically active compounds in the foetal envi-
ronment.
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Introduction

The developing foetus is highly susceptible to exposure to endocrine disrupting com-
pounds (EDCs)*3, a diverse group of exogenous chemicals that can interfere with the
endocrine system and hormone action.* A growing body of literature indicates associa-
tions between prenatal exposure to EDCs and developmental, reproductive and neurobe-
havioral disorders, endocrine-related cancers and metabolic diseases.>1° Despite the
increasing concern for the developmental origins of adult-onset diseases, the extent of
exposure to both known and unknown EDCs in utero is still largely unknown. This signif-
icant data gap hampers comprehensive risk assessment of developmental exposures to
EDCs.

Maternal matrices, such as blood, urine and breast milk, are the most commonly used
surrogate matrices for prenatal exposure assessment, although it is usually not known
to what extent chemicals present in these matrices can reach the foetus.* Some com-
pounds (e.g. organochlorines) may pass from mother to foetus by active transplacental
transfer rather than passive diffusion and may accumulate selectively in the foetal com-
partment.’212 Moreover, both the placenta and foetal liver express a wide variety of
cytochrome P450 enzymes and are metabolically active, resulting in an in utero specific
chemical environment.>'4-1¢ Considering the thousands of chemicals in commercial use
that pregnant women might be exposed to and the complex maternal/foetal toxicokinet-
ics, the characterisation of the whole spectrum of EDCs and their metabolites present in
utero is still a major challenge.'” Consequently, new methods to measure foetal “expos-
ome”, including any potential EDCs, are needed.

Amniotic fluid (AF), a product of foetal urination, tracheal secretions, and intra-/trans-
membranous pathways, accumulates a wide range of environmental xenobiotics through-
out pregnancy.*® This foetal repository matrix is unique as it can be collected non-inva-
sively during delivery, it includes maternal/foetal toxicokinetics and provides information
on the relevant in utero exposures occurring prenatally.?*2° Although the lipid content of
full-term AF is low (approx. 0.15 g/L)?*?2, a wide spectrum of hydrophilic and lipophilic
xenobiotics has been detected in AF.18:23-28

Effect-directed analysis (EDA) is an effect-based approach used to isolate and iden-
tify known and unknown biologically active compounds from a complex mixture.2%:3°
During EDA, the complexity of the sample is reduced by extraction and fractionation and
active fractions are identified with relevant bioassays. Cell-based reporter gene bioassays
have been successfully used in EDA studies for the detection of a wide range of EDCs
including new, and emerging hormone-like contaminants in environmental samples.3%-33
However, so far this approach has rarely been applied to human samples and, to date, no
EDA methodology has been reported for identifying endocrine disrupting activity in AF.
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The application of EDA to AF presents a novel opportunity, however, this approach is
challenging considering the diversity of EDCs and the complexity of the matrix. i.e., the
presence of natural hormones, proteins and lipids that can interfere with bioassay anal-
ysis and chemical identification. Therefore, as an important first step in an EDA approach,
the goal of this study was to develop a non-discriminating method to extract and frac-
tionate a wide range of lipophilic and hydrophilic EDCs from AF with low interference from
the matrix. Xenobiotics and natural hormones were separated through chromatographic
separation and the activity profile of collected fractions was measured using a battery of
cell-based reporter gene bioassays that measured reporter gene expression under the
control of important steroid hormone receptors and transcription factors, including the
oestrogen (ER), androgen (AR) and aryl hydrocarbon (AhR) receptors. Targeted LC/MS
analysis was used to measure a range of known xenobiotic and natural EDCs that could
contribute to the bioassay activity.

Material and methods

All chemicals and reagents were purchased at the highest commercially available
purity and are given in Supporting Information S1.

Amniotic fluid samples

Samples of amniotic fluid (AF) were kindly provided by Prof. Andrés Lépez Bernal (Uni-
versity of Bristol). The samples were obtained from healthy pregnancies only, with ethi-
calapproval and informed consent (U.K. National Health Service, reference E5431, 2008).
Approximately 50 mL of AF was collected during amniotomy at full-term vaginal delivery
from each of the four anonymous donors and immediately frozen at -80°C. The samples
were pooled, homogenised, and aliquoted in volumes of 5 mL in 15 mL polypropylene
falcon tubes and stored at -80°C.

Method development

Sample extraction

A schematic representation of the experimental design for the extraction, fractiona-
tion and final analysis of amniotic fluid (AF) samples is presented in Figure 1. Two extrac-
tion techniques i.e., solid phase extraction (SPE) and dispersive liquid/liquid extractions
(DLLE), were compared and tested under different conditions in order to determine the
optimal sample extraction method capable of extracting EDCs with a wide range of chem-
ical and physical properties. For this purpose, a mix of reference compounds containing
eighteen EDCs from ten different chemical classes reported previously in AF and cover-
ing a wide range of hydrophobicity was used (Table 1, Table S1).
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| METHOD DEVELOPMENT AND OPTIMIZATION SAMPLE PREPARATION AND ANALYSIS |

EXTRACTION ’ ‘ FRACTIONATION ’ ‘ FINAL METHOD ‘

Spiked water and AF Spiked AF Non-spiked AF
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Figure 1. Schematic representation of the experimental design for the extraction, fractionation, and final
EDA analysis of AF samples. The extraction efficiency was compared between two SPE sorbents (MCX
and HLB), two combinations of DLLE solvents (DCM/acetone and CHL/ acetone), and a combination of SPE
and DLLE. The nonspiked and spiked final AF extract was fractionated with RP high-performance LC (RP-
HPLC). Chemical recoveries in the nonspiked AF extract and in the spiked fractions were analyzed with
LC-ESI-MS/MS, whereas nonspiked fractions were tested for their estrogenic (ER-Luc), androgenic (AR-
Luc), and dioxin-like (DR-GFP) activity in reporter gene bioassays.

These included natural hormones, phytoestrogens, exogenous polar and nonpolar
EDCs and their hydroxyl metabolites. Two different SPE chemistries, Oasis MCX (mixed-
mode, reversed-phase and cation exchange sorbent) and Oasis HLB (multi-purpose
reversed-phase sorbent) and two different DLLE extraction solvent combination, dichlo-
romethane (DCM)/acetone and chloroform (CHL)/acetone were tested. Detailed descrip-
tions of the extraction procedures are given in Supporting Information S2. Different
extraction methods were performed with spiked (100 pL of reference mix, Table 1, Table
S1) LC-MS grade ultra-pure water (W) or/and spiked AF aliquots. The spiked samples
were evaporated and reconstituted in 20% MeOH and the analyte recoveries were deter-
mined by liquid chromatography-electrospray ionization tandem mass spectrometry
(LC-ESI-MS/MS). The most effective extraction procedure i.e., a combination of DLLE and
SPE was used during the final AF extraction, to maximise analyte recovery.

HPLC fractionation

To elucidate the elution profile of the reference compounds, spiked AF extract was
fractionated on a reversed-phase Phenomenex Kinetex C18 (100 mm x 2.1 mm, 5 pm
pore size) column using an Agilent 1260 HPLC system equipped with binary pump, frac-
tion collector and diode array detector (DAD). Data analysis and processing were per-
formed with Agilent OpenLAB 1.1 Software. Spiked AF extract was injected (50 L) at a
flow rate of 500 pL/min in 95% HPLC grade water and 5% MeOH. The solvent gradient
was held as such for 2 min and then increased linearly reaching 100% MeOH at 48 min-
utes. It was held at 100% MeOH for 2 min and then returned to starting conditions over
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a period of 10 min to equilibrate the column before the next injection. The column tem-
perature was set at 35°C. Two-minute fractions were collected throughout the analyti-
cal period, excluding the column equilibrium period, resulting in 25 fractions. Each frac-
tion was evaporated to dryness with a gentle stream of nitrogen (at max 40°C), and the
remaining residues were reconstituted in 300 pL of 5% MeOH and analysed by LC-ESI-MS/
MS to determine the analyte recoveries.

Final sample preparation

SPE columns (Oasis HLB, 6 cc, 150 mg, 30 um particle size, Waters Corp., Milford,
MA) were conditioned with 3 mL of MeOH and 4 mL of deionised water. Aliquotes of AF
(5 mL) were diluted with 3 mL of deionised water. The non-spiked samples were loaded
on the cartridges at a rate of 1 mL/min. The aqueous eluent was collected for further
extraction with DLLE. The cartridges were rinsed with 3 mL of 5% MeOH and the analytes
were eluted with 4 x 2 mL of MeOH. The extraction solvent was evaporated (Turbovap,
Zymark Corp.) at 40°C and under a gentle stream of nitrogen to a final volume of 1 mL.
During DLLE, 0.1 M sodium acetate/acetic acid buffer was added to the aqueous eluent
to lower the pH (~ 4.5). The DLLE was performed twice by the addition of 2 mL of acetone
(dispersive solvent) followed by the addition of 500 pL of DCM (extraction solvent). Sam-
ples were vortexed and then centrifuged at 4081 x g for 15 min at 25°C, organic phases
combined and evaporated to dryness under a gentle stream of nitrogen. The 1 mL of
extract remaining after SPE was then transferred to the residue in the DLLE tube and vor-
texed. The extracts were combined and further concentrated to 1 mL, transferred to
Eppendorf tube and centrifuged at 20800 x g to separate the precipitate formed after
sample concentration. To avoid column overload, 50 pL of the final concentrated extract,
representing 100 mL AF, was injected 3 times on the RP-HPLC column, fractionated as
above, fractions combined with their complementary fractions, evaporated to dryness
and reconstituted in 300 pL of MeOH. 200 pL of each fraction was transferred, evapo-
rated to dryness and reconstituted in 100 pyL of DMSO for bioassay analysis. The remain-
ing 100 pL in MeOH was stored for further chemical analysis. All samples were capped
and stored at -20°C in amber glass vials.

LC-ESI-MS/MS analysis

Chemical analysis was carried out LC-ESI-MS/MS using an Agilent 1100 Series LC
system coupled with an AB SCIEX API ® 5000 triple quadrupole MS operating in MRM
mode. 20 pL of the extract was injected on a reversed-phase Phenomenex Kinetex C18
column (100 mm x 2.2 mm, 5 pm pore size). The chromatographic parameters (compo-
sition and flow rate of the mobile phase) were optimised. Mobile phases included HPLC-
grade water and MeOH. The ionisation was supported via adjustment of pH to 10, through
the addition of 0.1% ammonia to both mobile phases. The gradient elution program con-
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sisted of 10% MeOH (0-2 min), 70% MeOH (2.5-6.5 min), 100% MeOH (7-9 min), 10%
MeOH (9.5-11.5 min) and a flow rate of 0.5 mL/min. After elution, the analytes were ion-
ised using negative ion electrospray ionisation mode (ESI, TurbolonSpray® probe). The
optimum operating parameters for ESI were as follows: capillary voltage -4500 V, source
temperature 500°C, curtain gas 15, CAD gas 4, GS1 40 and GS2 30. The column temper-
ature was set at 25°C. The collision cell parameters and precursor/product ion transi-
tions (one for quantification and one for confirmation) were optimised for each analyte
(Table S2).

Reporter gene bioassays

The estrogen receptor-mediated luciferase reporter gene (ER-Luc) human breast car-
cinoma (VM7Luc4E2) cells®, the androgen/glucocorticoid receptor-mediated luciferase
reporter gene (AR-Luc) human breast carcinoma (MDA-kb2) cells®3, and the aryl hydro-
carbon receptor enhanced green fluorescent protein reporter gene (DR-GFP) mouse
hepatoma (H1G1.1c3) cells®* were maintained and used to test the endocrine activity of
extracts and fractions as described in the Supporting Information S3. The AF extract, 25
fractions, solvent (DMSO) control, extraction blank and positive control concentration-re-
sponse curves were tested in three independent experiments (n=3). 173-estradiol (E2),
dihydrotestosterone (DHT) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) were used
as positive controls for ER and AR-Luc and DR-GFP, respectively. In the anti-ER/AR/DR
assays, cells were co-exposed to the fraction and positive controls at 4 pM, 150 pM and
30pMofE2,DHT and TCDD, respectively. Cell viability was determined with 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Supporting information S3).

Data analysis

Six concentrations of reference compounds encompassing the entire linear range of
the calibration curve were used during LC-ESI-MS/MS analysis. For the quantitative anal-
ysis of the reference compounds in the AF extract, LC/MS grade water was injected as
calibration point 0. The remaining calibration points were prepared in the matrix to com-
pensate for any matrix-induced ion suppression during analysis and the regression lines
of each reference compound were forced through zero. The detection limits (LODs) of
measured compounds were calculated as three times the standard deviation (SD) of the
extraction blanks i.e., a full extraction procedure performed with a non-spiked HPLC
grade water (W). Agilent Analyst® 1.6.2 software was used for data acquisition and anal-
ysis. Analyte relative recovery (%) was calculated in AF spiked with reference compounds
(Table 2) as measured concentration/spiked concentration x 100.
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Matrix factor (MF) was used as a quantitative measurement of matrix effects and was
defined by the compound recoveries in the presence of matrix ions (AF)/compound recov-
eries in water only (W), where MF>1 indicates no matrix effect, MF<1 indicates interfer-
ence from the matrix.3’

Reporter gene activity was corrected for background luminescence/fluorescence
activity and expressed either as % relative luminescence units (% RLUs) for the ER and
AR-Luc or % relative fluorescence units (% RFUs) for the DR-GFP. For DR-GFP only, flu-
orescence in the AF extract was additionally corrected for the background fluorescence
in the extraction blank. In each assay, the activity in the extracts/fractions was expressed
as the relative % of luminescence/fluorescence of the highest activity observed in the
concentration-response curve of the positive control. In each co-exposure assay, the
activity in the positive control (n=4 per plate) was set at 100% and the anti-ER/AR/DR
activity in the samples (i.e., decrease in luminescence/fluorescence) was expressed rel-
ative to the positive control. ER/AR/DR activity in the AF extract was transformed into
estrogen equivalent units (EEQ), dihydrotestosterone equivalent units (DHT-EQ) and
dioxin equivalent units (TEQs) by interpolating the luminescence/fluorescence response
elicited by a diluted extract from the linear region of the four-parameter sigmoidal Hill
concentration-response curve prepared with E2, DHT and TCDD, respectively. All equiv-
alent units were expressed in picomoles or nanomoles per litre of AF (pmol/L or nmol/L).
Concentration-response curves and statistical significance of the linear correlation
between compound retention time and logP were analysed/fitted with (GraphPad Soft-
ware Inc., San Diego, CA).

Results and discussion

Extraction of EDCs in amniotic fluid: method optimization

EDCs belong to an extremely diverse group of compounds. They include pesticides,
phthalates, alkylphenols, flame retardants, polychlorinated biphenyls (PCBs), dioxins,
parabens, bisphenols, and synthetic hormones.5¢ An appropriate extraction technique,
capable of extracting chemically and structurally diverse chemicals, is essential for the
comprehensive characterisation of a broad spectrum of known and novel EDCs that might
be present in AF. In this study, a reference mixture consisting of eighteen EDCs from ten
different chemical classes was used during method development to account for this
chemical diversity (Table 1, Table S1). Although AF is less complex in its composition than
other foetal matrices such as umbilical cord blood or meconium, it contains a mixture of
biological components and developmental products, such as cells, nutrients, growth fac-
tors, lipids and proteins, that may interfere with chemical and bioassay analysis. Two
extraction methods, SPE and DLLE were tested for their extraction efficiency using a mix-
ture of reference compounds (Table 1) and a combination of different SPE sorbents and
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DLLE solvents. External calibration standards were used for the quantification of com-
pound recoveries with a correlation coefficient exceeding 0.99. For DLLE, compound
recoveries with DCM and acetone as extraction solvent and dispersive solvent respec-
tively were higher than with chloroform and acetone (Table 2), and higher than with DCM
alone (data not shown). The mixture of DCM/acetone as a stronger nonpolar solvent per-
formed better in extracting more hydrophobic compounds (e.g., triclosan, hydroxy-PCB
and PBDEs) than the mixture of chloroform/acetone. However, in both cases, recoveries
below 40% were found for E4, genistein and FICZ. FICZ is stable as a solid but decom-
poses quickly in solution and the presence of light and air (half-life of ~3h).% It is thus
likely that FICZ was lost due to light and air-induced decomposition or hydrolysis during
solvation, extraction and/or evaporation. In general, weak acids with a high number of
hydroxyl groups, such as genistein and E4, have a low affinity to partition to nonpolar
organic solvents with low dielectric constants such as DCM or chloroform. To aid the par-
tition of polar compounds into the organic phase, DLLE was additionally tested with salt-
ing-out. However, the addition of sodium chloride resulted in poor organic/aqueous phase
separation and the presence of salt residue in the final sample extracts (data not shown).
Next to DLLE, two different SPE columns, MCX and HLB, were tested. Both sorbents
performed better in extracting hydrophilic compounds than the nonpolar compounds
(Table 2). Nevertheless, extraction with HLB resulted in overall higher recoveries, with
recoveries above 40 % for all compounds except for 4-OP (6 %). The two most promis-
ing extraction conditions, DLLE (DCM/acetone) and SPE (HLB) were evaluated further for
their matrix effect (ME). Lipids, specifically phospholipids contribute significantly to ME.
They interfere with reversed-phase chromatographic methods, as they are strongly
retained on hydrophobic columns and can cause significant ionization suppression during
mass spectrometric detection. 57 The total amount of lipids in the full-term AF is gener-
ally low (~0.15 g/L)?*22, nevertheless significant preconcentration of the AF during EDA
may cause accumulation of lipids and other small organic constituents that may interfere
with the bio-/chemical analysis. Considerable interference from the matrix was observed
for the strongly hydrophilic hydroxy-PCB (MF 0.4) and hydroxy-PBDEs (MF 0.2) after DLLE
extraction (Table 2). Matrix effects for these compounds after HLB-SPE extraction were
much less pronounced (MF 0.5-0.6). Considering that lipids (phospholipids) are highly
soluble in methanol®8, SPE clean-up with 5% MeOH might have removed part of the lipids
adsorbed on the SPE cartridge, resulting in less interference from the matrix. In general,
the overall average recoveries and MF for the two extraction methods were comparable,
however, SPE-HLB showed lower variability in the recoveries than DLLE (Table 2). Since
HLB-SPE recovered more polar compounds with higher efficiency than DLLE, whereas
DLLE (DCM/acetone) recovered mid-polar to nonpolar compounds with higher efficiency
than HLB-SPE, the two methods were combined to maximise the extraction efficiency.

45



Chapter 2

SUOI1o®IIXa JO laquinu = U,

CT+L8 80 8¥LS 9%89 6’0 vT¥09 TT1¥€9 Ly 89 :374 9 9L agesane
¢*9 - 0+0 T+T T0 6+%9 GCFvY 1547 1474 0c¢ [4 ey ZJlI4
L+TCT 60 6T¥06 S+E€E0T T L¥EC CFTC 9L 86 9T 6T 0'v8 73
6+ 596 0T 8F LL C¢+9L ST 6C+C0T S+L9 aT 99 659 89 LSS 13
ST ¥L8 60 6+0L Vv+08 €T LT+L8 O0T+L9 6T 65 €9 L9 0'€r c3
TT+86 80 L+CL EFV6 €T 6T +EO0T S+18 9L €8 L6 c0T L8€ 9U0}oE|0I81UD
0T +¥S 60 8% L6 LFETT S0 cFY EFL 9 99 4 9 8'€0T uraysiuag
S+¢0T TT 9F€E0T €%56 0T TT+80T L+LOT a9 88 €6 [4] ¢'voT ulazpiep
€T +98 S0 €E¥TCc T*cv 0 ¢+9 8TF8¢ 8 Ly 6¢C [4] V'LTT LST-3049-HO-€
0T+ €0T 90 9%C¢ L+TS 0 9+vT VvE+89 8¢ 59 S¢ 18 g6y LY-309-HO-9
0T *86 80 6+¢CS €+99 T LC¥06 O0OT+8L LT €L S8 60T v'c9 S04d
€+ 60T S0 L¥8C VF1S 70 8F¢CE CEFTL G99 CL 7T 29 0°00T T19-80d-HO
6 F¥0T 80 ¢F¥EE  GFOV 80 VI+6S <CCFCL [43 09 9¢ 78 0'89 uesopu
CEF 6L 80 8F9V E€TFT9 0T LCFVL VFEL 9L 29 1451 99 Teot dai
ETFSTT L0 S¥0S VFLL 80 9FvV EFVS 66 SO0T 1) LY 09TT Sdg
0E+18 60 0Cc+89 L+V9 T LT¥98 6+%69 19 0L 1451 09 L'0S vdd
GT+98 60 ¢T¥86 VT +60T T ET+SL V+TL 29 8L VL 8v 7'LOT dauin
ST +v8 0T €EF¥EB €+08 0T 8T +90T 6+¢0T 69 T8 60T L8 60T dd
8F V9 90 S¥9T S¥9¢ ST LCF99 E€FGv 6 9 6 99 9'Le dO-¥
v 4W v M 4W dv M XOW a7TH V/1HD V/Waa
(€= u) (%) (€ = ) (%) (€= (%) @=u) @=u (WA
asy ¥ Aanoday asy ¥ Aanoday asy ¥ A1anoday (%) A1on020y (%) A1on020y aids
uopjoeixa jeuy 41H - 3dS V/W2d-311a 311a

=uol}

-08S POYIaIA 8Y} Ul Paq1iosa( se (Uolioelix3 Jeuld) senbiuyoa] UooBIIXT OM] 83 JO UOITRUIGUIOD B PUE ‘GTH “V/IWJQ YHM paioeixd 4y payids sa (M) Je1em apeln S|y
/271 paxIds 2y3 Ul painsesW 4iA PUB (QSY) UOBIASQ PIBPUBIS BAIRISY T (%) SBHOA008Y [e2IWayd (XOIW PUB G1H) SIUSQU0S 3dS JusIapia oML BuIsn 3dS pue (2uole
-0V/THO PUB 8U0182Y/ D) SUOIIBUIGUIOD JUBAJOS UOII0RIIXT JUdlaiig omM] SuIsn 3770 Yim paidelixg spunodwio) aoualasay 8yl Jo (%) Sallanoday aiAjeuy g alqel

46



Effect-directed analysis of EDCs in amniotic fluid

During the final sample preparation, dilution of AF with HPLC-grade water decreased
the sample viscosity and improved extraction efficiency (data not shown). Disruption of
protein binding was omitted in the pre-treatment stage as the amount of total protein in
AF is low (~0.4%) and lower than in maternal blood (~7%) or umbilical cord blood (~5%).5-
%1 The nonpolar compounds that did not adsorb to SPE during loading were recovered
with DLLE (DCM/acetone). Here, acidification of the sample (to pH=4.5) increased the
extraction efficiency of the weak acids (data not shown). Prior extraction with SPE resulted
in cleaner aqueous eluent for DLLE and better recoveries of nonpolar compounds. During
the final extraction, the combination of the off-line SPE and DLLE was successful in recov-
ering reference compounds with high efficiency (Table 2). The relative recoveries ranged
from ~54 to 121%, except for the chemically unstable FICZ (<10%). In general, the aver-
age relative recovery in AF was higher for the combined method (87% + 12%), than for
SPE (57% + 12%) or DLLE (60% * 14%) alone (Table 2).

HPLC fractionation

AF extracted with SPE and DLLE was spiked, and fractionated on an RP-HPLC column
and each fraction was analysed with LC-ESI-MS/MS. Considering the overall low concen-
trations of EDCs in AF reported in the literature, lower resolution fractionation (25 frac-
tions) was applied to avoid loss in sensitivity during bioassay analysis. The concentration
of the reference compounds in the fractions was quantified with an external calibration
curve. Increased column temperature (35°C) during chromatographic separation resulted
in better peak separation (data not shown). In general, a good separation of all reference
compounds was achieved (Figure 2). A statistically significant correlation was observed
between retention time and the compound logP (r=0.644, p<0.001, Figure S2). Natural
hormones, E2 (logP 4.01) and E1 (logP 3.69) and the synthetic estrogen BPA (logP3.43),
eluted in fractions 13 to 15 at mid-retention times (26-30 min) (Figure 2). More polar E4
(logP 2.21), a weaker steroid hormone produced exclusively by the foetal liver during ges-
tation, eluted in the earlier fractions (8-9). As expected, the nonpolar reference com-
pounds (Figure 2, Table 1) eluted in the late fractions (17-20) with more than 75% of
organic solvent in the chromatographic gradient. Although MBP extraction efficiency was
high (79%), it was the only compound not detected in any of the fractions. Just like FICZ,
MBP can decompose when dissolved in an aqueous solution and exposed to sunlight.®?
The decomposition during the fractionation and evaporation process might, at least par-
tially, contribute to its absence in the fractions. For photosensitive compounds, sample
preparation under low UV exposure should be therefore considered.
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Bioassay analysis

Non-spiked AF was fractionated on an RP-HPLC column (Figure S3, Figure 1). Serial
dilutions of the AF extract and the 25 fractions were tested on six different endpoints
from three different reporter gene assays i.e., the AR-Luc, ER-Luc and DR-GFP in agonis-
tic (Figure 3B and 4A) and antagonistic mode (Figure 3C and 4B). The reporter gene bio-
assays used are considered highly sensitive with responses to the respective positive
controlsi.e., E2, DHT and TCDD, comparable to the responses reported in the literature,
with EC50 values of 3,52 and 11 x 102 M, respectively (Figure 3A). The diluted AF extract
was active in all three bioassays tested (Figure 3B). Estrogenic potency was high with est-
rogenic activity observed even in the extract diluted 500 times, corresponding to 1.4 nmol
(374.5 ng) EEQ/L. The AR and DR activity of the AF extract was found at lower dilutions,
corresponding to 76.6 pmol (22.2 ng) DHT-EQ/L and 10.1 pmol (3.3 ng) TEQ/L, respec-
tively (Figure 3B, n=3). The co-exposure experiments showed no significant antagonis-
tic effect of the AF extract in any of the assays tested (Figure 3C).

In order to determine if known hormones and xenobiotics contributed to the biolog-
ical activity measured in vitro, the 18 reference compounds in the non-spiked AF extract
were analysed. From 18 reference compounds, 13 were detected above LODs (Table 1,
Table S2). The concentration of natural estrogens, E2 (0.5 nM), E1 (2.8 nM) and E4 (4.2
nM), were detected at levels comparable to the concentrations reported in the literature
(Table 1). Most xenobiotics and phytoestrogens were detected at a low nM range. The
two hydroxy-PBDEs were detected close to LODs (pM range). Considering that the EC50
values for most of the exogenous reference compounds fall within the high nM to uM
range (Table 1), their contribution to the observed activity is minor.

To our knowledge, estrogenic, androgenic and dioxin-like activity has only been
reported once before in a recent study by Long et al. (2019) in samples from second-tri-
mester AF. The median concentration of the total estrogenic activity was determined at
545.8 ng EEQ/L (range 149.0-1308, n=75).28 The authors reported a high variation in the
levels of E2, ranging from 55 to 1005 E2 ng/L. After E2 subtraction, estrogenic activity
induced only by xenoestrogens was estimated at 214.4 ng EEQ/L (n=68).28 In this study,
the combined levels of E2, E1 and E4 measured in AF (Table 1) were determined at 0.56
nmol (152 ng) EEQ/L and contributed to 48% of the activity observed in the ER-Luc bio-
assay. A combination of xenoestrogens, phytoestrogens and other minor and weaker ster-
oid estrogens (e.g., estriol (E3),17a-estradiol, hydroxylated estrogen metabolites) are
most likely contributors to the remaining activity.

The combined effect on AR of endogenous androgens and xenoandrogens reported
by Long et al. (2019) was in arange of 16-290 ng DHT-EQ/L, and, the combined effect on
DR of dioxin-like compounds was in a range of 0-2.10 ng TEQ/L. The values obtained in
this study fall in the range obtained by Long et al. (2019), except for dioxin-like activity.
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Figure 3. Concentration-response curves (A) with 95% confidence intervals of ER, AR, and DR respon-
sive cell lines exposed to E2 (red), DHT (blue), and TCDD (green), respectively (n = 3). Agonistic (B) and
antagonistic (C) activity of the AF extract represented as luminescence response relative to the highest
response of the respective positive control (average % * SD, n = 3). For antagonism experiments (C),
extract dilutions were co-exposed with 4, 150, and 30 pM of E2, DHT, and TCDD, respectively. “x dilution”
represents the final dilution factor of the AF sample.
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Chapter 2

Here, the observed activity was approximately one and a half times higher than the high-
est value reported by Long et al. (2019). However, direct comparison is somewhat lim-
ited. Considering that both hormone levels and the volume of AF change during preg-
nancy, full-term AF may significantly differ from second-trimester AF in chemical com-
position and concentration.®® Moreover, the more lipophilic dioxin-like compounds may
gradually accumulate in AF throughout pregnancy, resulting in the higher activity observed
in this study, i.e. samples collected at term compared to samples from mid-gestation.

To further characterize the nature of the chemicals contributing to the biological activ-
ity, the AF extract was fractionated and the ER, AR and DR activity in each fraction was
determined. Considering that the ER activity of the 2 x diluted extract was above the max-
imum response of the positive control (~120% activity, Figure 3B), the fractions tested
for estrogenic activity were diluted 200 x in order for their response in the bioassay to be
interpolated in the linear range of the concentration-response curve of the positive con-
trol. In the ER-Luc assay, elevated activity was observed mainly in the early polar frac-
tions (Figure 4A, F2 and F5) and fractions of intermediate polarity (Figure 4A, F10-11,
F14-15). Fraction 10 showed the highest estrogenic activity, however, none of the potent
natural estrogens (E1, E2 or E4) eluted in this fraction (Figure 2). The reference compound
PFOS, a weak estrogen receptor ligand ¢4, eluted in fraction 10 and was detected in AF at
1.5 nM (Table 1). However, at 200 x dilution, the concentration would be too low to sig-
nificantly contribute to the observed activity. Nevertheless, it is possible that similar per-
fluorinated compounds and weak ER ligands (e.g. perfluorooctanoic (PFOA), perfluor-
ononanoic (PFNA), perfluorodecanoic (PFDA), acids)®*°® could elute in this fraction and
contribute to the observed activity. Moreover, these compounds have been previously
detected in maternal blood and cord blood.®¢ Estrogenic activity in fractions 2 and 5 could
not be explained by any of the reference compounds measured in this study. The reten-
tion time at which another agonistic ER activity was observed corresponded well with the
retention times of reference estrogenic compounds i.e., natural hormones (E2 and E1,
F14-15) and phytoestrogens (enterolactone, F11) (Figure 2, Figure 4A). Although E4 was
detected in AF (4.25 nM, Table 1) and was shown to elute in fractions 8 and 9 (Figure 2),
we did not observe activity in these fractions at 200 x dilution (Figure 4A). However, these
two fractions showed weak ER activity when tested at lower dilutions (Figure S4). The
anti-estrogenic activity of environmental chemicals is much less commonly reported than
the estrogenic activity. This corroborated our findings i.e., in the anti-estrogenic assay,
only few fractions showed a small decrease in the luminescence induced by the positive
control E2 (Figure 4B).

In this study, three mid-polar (F11, F13, F16) and two nonpolar fractions (F21 and
F23) showed elevated androgenic activity (Figure 4A). Although we did not analyse the
levels of DHT (logP 3.55) and testosterone (logP 3.32), these hormones have similar logP
values to BPA and enterolactone (logP 3.3) which eluted in fractions 11 and 13. Both tes-
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tosterone and DHT are commonly detected in AF.2867 It is thus possible that the activity
in these fractions is, at least to some extent, caused by endogenous androgens. The
androgenic activity found in fractions 20 and 21 is noteworthy and could be of xenobiotic
origin, as natural androgens are not expected to elute in these highly nonpolar fractions.
Antiandrogenic activity, commonly reported in the literature, was observed for multiple
fractions (F5, F10 and F16-F20, Figure 4B). MTT assay showed no decrease in cell via-
bility in any of the fractions tested. Interestingly, anti-androgenic activity was not
observed in the unfractionated extract, which may be explained by the co-elution of
androgenic compounds that, when mixed, could mask the anti-androgenic effects.®® A
similar result was observed by Indeveri et al. (2014), who reported lower total antiandro-
genic activity in a placental extract than in the summed activities in the fractions.®® The
anti-androgenic reference compounds propylparaben and triclosan eluted in the frac-
tions that showed anti-androgenic effect i.e., F5 and F17/18, respectively (Figure 4B) and
were detected in the non-spiked AF extract (Table 1). Moreover, both compounds were
previously reported in maternal blood and cord blood.3® However, the IC50 for their
anti-androgenic effects are reported at levels 3 to 4 orders of magnitude higher than the
measured concentrations (Table 1). Therefore, their contribution to the observed activ-
ity is likely minimal.

Most dioxin-like compounds are highly lipophilic and include polychlorinated diben-
zo-p-dioxins (PCDDs), polychlorinated/polybrominated biphenyls (PCBs/PBBs), polychlo-
rinated dibenzofurans (PCDFs) or polycyclic aromatic hydrocarbons (PAHs).”®7* Reports
on the quantification of these compounds in utero are surprisingly scarce, with only a few
publications reporting trace levels of dioxin or dioxin-like compounds in AF.272 Despite
their lipophilic nature, the high activity observed in this study shows that the extraction
method presented here could be successfully used for the detection of dioxin-like activ-
ity in AF extract. Consistent with the general chemical characteristics of these com-
pounds, most dioxin-like activity was found in the nonpolar fraction (F19 to F23) (Figure
4A). The observed activity in these late nonpolar fractions indicates that the extraction
method presented here extracted compounds with higher logP values than the logP value
reported for most nonpolar reference compounds used in this study (6-OH-BDE-47, logP
7.19). Interestingly, weaker dioxin-like activity was also found in earlier fractions (F13 —
F17), possibly indicating the presence of dioxin-like compounds with intermediate polar-
ity or the presence of hydroxylated metabolites. Similar to anti-androgenic activity, the
summed dioxin-like activity in the fractions was significantly higher than the activity
observed in the unfractionated extract. None of the fractions showed anti-DR activity in
the cells co-exposed to TCDD (Figure 4B). This is consistent with the literature, where the
majority of reported AhR ligands are agonists.

This study shows for the first time that a combination of off-line SPE and DLLE can be
used to extract a broad spectrum of EDCs from AF with low interference from the matrix.
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Although it is generally assumed that the chemical concentrations in AF are lower than
those detected in maternal urine, serum, or blood, we show here that the sample pre-con-
centration, fractionation and the use of cell-based reporter gene assays provide a sensi-
tive method for successful detection of a range of endocrine disrupting activities in AF
extract. The biological activity found in fractions of differing polarity gives a first indica-
tion of the diversity of endogenous and exogenous ER, AR and AhR ligands present in AF.
The method presented here sets the foundation for further qualitative and quantitative
identification of known and unknown EDCs with biological activity, a necessary step for-
ward in hazard characterisation and risk assessment of EDC exposure in utero.
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Supplementary Materials

S1. Chemicals

o-Minimal Essential Medium (MEM) with GlutaMax (32561-029), Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 medium (DMEM/F12) with GlutaMax (31331-028),
DMEM/F12 medium without phenol red (11880-028), Leibovitz’s L-15 medium (L-15,
11415-049), L-15 medium without phenol red (21083-027), Hank’s Balanced Salt Solu-
tion (HBSS, 14175-053), penicillin/streptomycin (P/S, 15140-122), trypsin (25300-054)
and foetal calf serum (FCS) were purchased from Gibco (Eggenstein, Germany); G418
(ant-gn-1, ant-gn-5, 10832-42-2) was obtained from InvivoGen (Toulouse, France);
Steady-Glo® Luciferase Assay system (E2550) was purchased from Promega (Leiden,
The Netherlands). Methanol (MeOH) and dichloromethane (DCM) were purchased from
Thermo Fisher Scientific (Loughborough, UK); acetone was obtained from BDH Labora-
tory (Poole, Dorset, UK); dimethyl sulfoxide (DMSO, 99.9+%) was obtained from Alfa
Aestar (MA, USA). All solvents used were of HPLC grade. Ammonium hydroxide solution
(ACS reagent, 28.0-30.0% NH3 basis) was purchased from Sigma Aldrich (Poole, Dorset,
UK); LC-MS grade water (LiChrosolv®) was obtained from Merck KGaA (Darmstadt, Ger-
many); chloroform (ACS reagent, 99.8+%) was purchased from Acros Organics (Geel,
Belgium). Two hydroxylated metabolites of brominated flame retardants, namely
6-hydroxy-2,2',4,4'-tetrabromodiphenyl ether (6-OH-BDE-47) and 3-hydroxy-
2,2,4,4,5,5-tetrabromodiphenyl ether (3-OH-BDE-153) were generously provided by
Dr. Lillemor Asplund (Stockholm University). All other reference compounds were pur-
chased from Sigma Aldrich (Poole, Dorset, UK) at the highest commercially available
purity. 4-methyl-2,4-bis(4-hydroxyl- phenyl) pent-1-ene (MBP), a potent metabolite of
bisphenol A, was synthesized and its identity and purity was confirmed spectrometrically
(NMR, IR and HR-MS) as described below.

S1.1. Synthesis of 4,4’-(4-methylpent-1-ene-2,4-diyl)diphenol (MBP)

Materials and Methods: NMR spectra were recorded on a Bruker Avance 500 (125.78
MHz for *3C) using the residual solvent as internal standard (*H: 8 2.05 ppm, **C{*H}: 6
206.26 ppm for acetone-d,. Chemical shifts (3) are given in ppm and coupling constants
(J) are given in Hertz (Hz). Melting points were recorded on a Blichi M-565 melting point
apparatus. Electrospray Ionization (ESI) high-resolution mass spectroscopy was carried
out using a Bruker micrOTOF-Q instrument in negative ion mode. Infrared spectra were
recorded neat using a Shimadzu FTIR-8400s spectrophotometer and wavelengths are
reported in cm™. Flash chromatography was performed on Silicycle Silia-P Flash Silica
Gel (particle size 40-63 pm, pore diameter 60 A) using the indicated eluent. Thin layer
chromatographic (TLC) analysis was performed with Merck F254 silica gel-60 and visu-
alized by UV light.
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4-Methyl-2,4-bis-(p-hydroxyphenyl)pent-1-ene (MBP): Bisphenol A (2.00 g, 8.76
mmol) was dissolved in concentrated sulfuric acid (6.86 mL) and the orange solution was
poured over ice water (116 mL) under vigorous stirring. The resulting solids were col-
lected by filtration. The filtrate was washed with MTBE (3 x 20 mL) and the previously
obtained solids were dissolved in the combined organic layers. Traces of sulfuric acid in
the organic layer were neutralized with saturated aqueous NaHCO,, after which the
organic layer was dried over Na, SO, filtered and concentrated in vacuo. The residue was
purified by flash silica gel chromatography (gradient, CH,CL,:EtOAc 97.5:2.5 - 90:10) to
give MBP (235 mg, 20 %) as a white solid.
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Figure S1.1. Proton NMR spectrum of synthesized MBP
*H NMR: (500 MHz, Acetone-d,) 6 8.16 (br s, 2H), 7.19 (ddd, 4H, J = 11.0 Hz, 9.0 Hz, 2.5 Hz), 6.74 (ddd,
4H,J=11.0 Hz, 9.0 Hz, 2.0 Hz), 5.05 (d, 1H, J = 2.5 Hz), 4.68 (s, 1H), 2.78 (s, 2H), 1.17 (s, 6H);
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Figure $1.2. *3C NMR spectrum of synthesized MBP
*3C NMR: (125 MHz, Acetone-d,) 6 157.5, 155.9, 147.4, 141.4, 135.7,128.4 (2C), 127.6 (2C), 115.7 (20C),
115.3 (2C), 115.0, 50.1, 38.6, 29.4 (2C);
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Figure S1.3. Infra-Red (IR) spectrum of synthesized MBP
IR (neat) vmax (cm™): 3265 (s), 1610 (m), 1512 (s), 1437 (m), 1366 (m), 1221 (s), 1175 (s), 895 (m), 829
(s), 555 (s);
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Mass Spectrum SmartFormula Report

Analysis Info

" Acquisition Date
Analysis Name D:\Data\HRMS2015\hrms1215\Elwin_1_01_13914.d

12/14/2015 8:49:12 AM

Method caffeine_neg_elwin2.m Operator Marek Smoluch
Sample Name Elwin Instrument / Ser# micrOTOF-Q 32
Comment EJA284 Attempt 2
Acquisition Parameter
Source Type ES| lon Polarity Negative Set Nebulizer 1.6 Bar
Focus. . Not active Set Capillary 4500 V Set Dry Heater 210°C
Scan Begin 50 miz Set End Plate Offset -500 V Set Dry Gas 8.0 Umin
Scan End 3000 m/z Set Collision Cell RF 200.0 Vpp Set Divert Valve Source
Intens.. o
tens; S, 0.3-0.3min #(18-19)
3]
267.1403
2]
1]
133.0661
R | | 4332041 567.2773
100 150 200 250 300 350 400 450 550 miz

Meas. m/z  Formula m/z |err| [ppm] err[mDa] rdb N-Rule e Conf mSigma # Sigma
133.0661 C18H1802  133.0659 19 03 100 ok even 1209 1

Figure S1.4. HRMS (ESI) spectrum of synthesized MBP

HRMS (ESI): m/z calculated for C,,H,,0, [M-H] 267.1391, found 267.1403, C .H,.0, [M-2H]* 133.0659,

18 1972 18 1872

found 133.0661; melting point 127.3-129.5 °C.

Table S1. The concentration of the reference compounds in the spike mix used during the method devel-

opment of extraction and fractionation of amniotic fluid.

Concentration in the spike mix

Compound (ug/mL)
4-0P 0.788
PP 0.394
MnBP 0.708
BPA 0.570
BPS 0.679
MBP 0.336
TCS 0.423
OH-PCB-61 0.729
PFOS 0.263
60H-BDE-47 0.378
30H-BDE-157 0.741
daidzein 0.705
genistein 0.188
enterolactone 0.308
FICZ 0.345
E2 0.693
E1 0.292
E4 0.797
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S2. Extraction procedures

Solid phase extraction (SPE): MCX columns (Qasis, 6 cc, 150 mg/3 mL, 30 um parti-
cle size, Waters Corp., Milford, MA) and HLB columns (Qasis, 6 cc, 150 mg, 30 um parti-
cle size, Waters Corp., Milford, MA) were conditioned with 3 mL of methanol and 3 mL of
deionised water. Matrix (5ml of LC-MS grade water or AF) was spiked with the reference
mix (100 L), pH was adjusted to 2 with 98% formic acid (for MCX extraction only), and
then samples were loaded on the cartridges at a rate of 1 mL/min. The MCX and HLB car-
tridges were rinsed with 3 mL of 2% formic acid (in deionized water) and with 5% meth-
anol respectively, and then air dried for 1 min. The analytes were eluted from the MCX
cartridges with 2 x 2 mL of 200% methanol and 2 x 2 ml of 5% of ammonium hydroxide,
and from the HLB cartridges with 4 x 2ml of 200% methanol. Deionised water (0.2 mL)
was added to the extracts and the extracts were put in a water bath (max. temperature
40°C) where the solvent was evaporated under a gentle stream of nitrogen to a final
volume of 0.2 mL. The samples were then reconstituted with 0.3 mL of 10% methanolin
deionised water, transferred to glass vials for analysis and analysed on LC-ESI-MS/MS
for chemical recoveries.

Dispersive liquid/liquid extraction (DLLE): 5 ml of LC-MS grade water or amniotic fluid
was spiked with the reference mix (100 pL) and pH adjusted to ~4.5 with sodium acetate/
acetic acid buffer (0.1 M). DLLE was performed by addition of DCM (0.5 mL) or chloroform
(0.5 mL) only, or by addition of a mixture of acetone (1ml) (dispersive solvent) and DCM
(0.5 mL) or chloroform (0.5 mL) (extraction solvent). Samples were then vortexed 2 x for
15 seconds and centrifuged at 4081 x g for 15 min at 25°C. The supernatant was removed,
50 pL of deionised water was added, the organic layer evaporated under a gentle stream
of nitrogen and the residue was reconstituted with 10% MeOH to a final volume of 0.5
mL. Samples were transferred to glass vials and analysed on LC-ESI-MS/MS for chemi-
cal recoveries.
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S3. Cell culture

The estrogen receptor-mediated luciferase reporter gene (ER-Luc) human breast car-
cinoma (VM7Luc4E?2) cells?, the androgen/glucocorticoid receptor-mediated luciferase
reporter gene (AR-Luc) human breast carcinoma (MDA-kb2) cells? and the aryl hydrocar-
bon receptor enhanced green fluorescent protein reporter gene (DR-GFP) mouse
hepatoma (H1G1.1c3) cells® were routinely maintained in 75 cm? canted neck tissue cul-
ture flasks (Greiner Bio-One Ltd.). ER-Luc and DR-GFP cells were maintained in DMEM/
F12 and a-MEM medium respectively, supplemented with 10% FCS and 1% P/S (culture
media) and incubated in a humidified incubator at 37 °C and 5% CO,. DR-GFP cells were
additionally supplemented with 1% G418. AR-Luc cells were maintained in Leibowitz-15
(L-15) medium supplemented with 10% FCS (culture media) and incubated in a humidi-
fied incubator at 37 °C without additional CO,. Cells were subcultured when 70-80% con-

fluent.

ER, AR and DR reporter gene assays

ER-Luc: Prior to experiments, ER-Luc cells were maintained in DMEM/F12 medium
without phenol red (assay media) supplemented with 10% charcoal dextran stripped FCS
(cdFCS) and 1% P/S for two media changes (4 days). Cells were seeded at a density of
2x10% cells per well in 100 pL of assay media in clear-bottomed 96-well tissue culture
dishes (Greiner Bio-One Ltd.) and allowed to attach. After 24 h media was removed and
100 pL of assay media containing test chemicals or DMSO control (0.5%) was added to
the wells. After 24h of exposure, media was removed, cells were washed with PBS (200
uL), PBS was removed and lysis buffer was added (20 pL). After cell lysis (15 min with
shaking) the luciferase activity was determined in a plate reader (LUMIstar Optima, BMG
Labtech GmbH) with 100 pL of luciferase reagent media injected directly into each well
during measurement.

AR-Luc: Prior to experiments, AR-Luc cells were maintained in L-15 medium supple-
mented with 10% cdFCS (pre-assay media) for two media changes (4 days). Cells were
then seeded at a density of 2x104 cells per well in 200 uL of phenol red-free L-15 medium
supplemented with 10% cdFCS (assay media) into white, clear-bottomed 96-well tissue
culture dishes and allowed to attach. After 24 h, 100 pL assay medium was added to the
wells with twice the intended final concentration of test chemicals or DMSO control
(0.5%), to obtain the desired test concentrations. After 24 h of exposure, 100 pL of media
was removed and SteadyGlo assay reagent (Promega UK Ltd.) (100 pL) was added to the
wells and the plate was left shaking for 10 min. The luciferase activity was determined
as described above.

DR-GFP: DR-Luc cells were maintained in culture media and when confluent seeded
in black, clear-bottomed 96-well tissue culture dishes (DR-Luc) (Gre- iner Bio-One Ltd.)
in MEM Alpha media supplemented with 10% FCS, 1% P/S, but without the addition of
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G418 (assay media). Cells were seeded at a density of 3x10 cells per well in 100 pL of
assay media and left to attach. After 24 h, media was aspirated and cells were exposed
to test chemical or DMSO control (1%) in 100 pL of assay media. After 24 h of exposure,
fluorescence was measured in the intact cells (without removal of media) using a fluo-
rescent plate reader (POLARstar Galaxy, BMG Labtech GmbH) with an excitation wave-
length and an emission wavelength set at 485 nm and 510 nm, respectively. In order to
normalize results the fluorescence gain was adjusted per plate to the highest activity of
the positive control. In each assay, the outer wells of the plate were not included in the
measurements and were filled with 200 pL assay media only.

Cell viability was determined with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT). Briefly, after 23 h exposure, media was removed from each well,
100 pl of 5 mg/ml freshly made MTT solution was added and plates were incubated at
37 °C. At t= 24 h, MTT solution was removed, lysis buffer (150 uL of isopropanol) was
added to the wells and the plate was left shaking for 15 min. The absorbance at (Aex = 590
nm) was measured with a POLARstar fluorescent plate reader.

1219
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0 5 10 15 20 25 30 35 40 45 50
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Figure S2. The logP of reference compounds retrieved from the PubChem database (www.pubchem.nchbi.
nlm.nih.gov) plotted against retention times (RT) during RP-HPLC fractionation of spiked AF extract,
including estetrol (E4), 17B-estradiol (E2) estrone (E1) and bisphenol A (BPA). LogP of estriol (E3), andros-
tenedione (ASD), dihydrotestosterone (DHT) and testosterone was plotted against their predicted RTs
interpolated from linear regression analysis (GraphPad Software Inc., San Diego, CA).
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Figure S3. An example of a chromatogram obtained during reversed-phase fractionation of AF extract.
The sample was injected onto a reversed-phase Phenomenex Kinetex C18 (100mm x 2.1 mm, 5 ym pore
size) column using an Agilent 1260 system equipped with a diode array detector (DAD). Absorbance was

monitored with a 253 nm wavelength and plotted against retention time. Eluted fractions were concen-
trated, resuspended in DMSO and used for bioassay analysis.
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Figure S4. The agonistic activity of AF fractions (50 x diluted) in the ER-Luc assay. ER activity was meas-
ured as described in the method section (n=1).
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Chapter 3

Abstract

BACKGROUND: Prenatal exposure to endocrine disrupting compounds (EDCs) may
contribute to endocrine-related diseases and disorders later in life. Nevertheless, data
on in utero exposure to these compounds are still scarce.

OBJECTIVES: We investigated a wide range of known and novel nonpolar EDCs in
full-term human amniotic fluid (AF), a representative matrix of direct fetal exposure.

METHODS: Gas chromatography high-resolution mass spectrometry (GC-HRMS) was
used for the targeted and non-targeted analysis of chemicals present in nonpolar AF frac-
tions with dioxin-like, (anti-)androgenic, and (anti-)estrogenic activity. The contribution
of detected EDCs to the observed activity was determined based on their relative poten-
cies. The multitude of features detected by non-targeted analysis was tentatively identi-
fied through spectra matching and data filtering and further investigated using curated
and freely available sources to predict endocrine activity. Prioritized suspects were pur-
chased and their presence in AF was chemically and biologically confirmed with GC-HRMS
and bioassay analysis.

RESULTS: Targeted analysis revealed 42 known EDCs in AF including dioxins and
furans, polybrominated diphenyl ethers, pesticides, polychlorinated biphenyls, and poly-
cyclicaromatic hydrocarbons. Only 30% of dioxin activity and less than 1% of estrogenic
and (anti-)androgenic activity were explained by the detected compounds. Non-targeted
analysis revealed 14,110 features of which 3,243 matched with library spectra. Our data
filtering strategy tentatively identified 121 compounds. Further data mining and in silico
predictions revealed in total 69 suspected EDCs. We selected 14 chemicals for confir-
mation, of which 12 were biologically active and 9 were chemically confirmed in AF,
including the plasticizer diphenylisophthalate and industrial chemical p,p’-ditolylamine.

CONCLUSIONS: This study reveals the presence of a wide variety of nonpolar EDCs
in direct fetal environment and for the first time identifies novel EDCs in human AF. Fur-
ther assessment of the source and extent of human fetal exposure to these compounds
is warranted.
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CONCLUSIONS: This study reveals the presence of a wide variety of
nonpolar EDCs in direct fetal environment and for the first time identifies
novel EDCs in human AF. Further assessment of the source and extent of
human fetal exposure to these compounds is warranted.

Graphical abstract

Introduction

Environmental pollutants are increasingly recognized for their ability to alter fetal pro-
gramming during critical windows of development 2. Prenatal exposure to endocrine dis-
rupting compounds (EDCs) is of particular concern, as EDCs can interfere with hormonal
signalling and affect many developmental processes tightly regulated by hormones (Ho
et al. 2016; Vaiserman 2014). Growing scientific evidence suggests that prenatal expo-
sure to EDCs is a contributing factor in the increasing prevalence of endocrine-related
disorders such as early onset of puberty (Lee et al. 2019), hormone-sensitive cancers &,
metabolic and neurobehavioral disorders and cardiovascular diseases °-** and that these
effects might be transgenerational (Heindel and Vandenberg 2015). The EDC-mediated
developmental programming of adult-onset disease is now a public health concern that
requires careful scrutiny. Nevertheless, the tools for comprehensive evaluation of in utero
exposure to EDCs, crucial for accurate risk assessment, are still lacking.

EDCs are chemically very diverse and include compounds with a wide range of phys-
icochemical properties, including differing polarity. Nonpolar, lipophilic EDCs are ubig-
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uitously present in the environment with widespread chronic, low-level exposure in the
general population 415, Many nonpolar EDCs have long elimination half-lives, tend to
accumulate over time in the maternal body lipids, and can be mobilized during gestation
when maternal energy expenditure and metabolism change rapidly to support the devel-
oping fetus . Pollutants eliminated from the maternal compartment (e.g., via placental
transport to the fetus) might, at the same time, be gradually released from maternal lipo-
philic storage depots back into the blood *”. The circulating low level of persistent pollut-
ants in the maternal compartment may result in chronic exposure to the fetus. Although
many factors influence the transplacental transport of environmental chemicals, in gen-
eral EDCs with higher lipophilicity are thought to more readily cross the placenta than the
more hydrophilic compounds 817,

Nowadays, there are thousands of chemicals in commercial use that pregnant women
might be exposed to, with the vast majority lacking toxicity data on endocrine endpoints
2021 The majority of research on prenatal exposure is focused only on a limited number
of well-known environmental pollutants often measured in maternal matrices as a sur-
rogate for the fetal environment 22726, However, considering complex placental and in
utero specific toxicokinetics, extrapolation of exposure from the maternal to the fetal
compartment remains challenging 2728, 1t is, therefore, crucial to move from the quanti-
fication of a limited number of known EDCs to the characterization of complex mixtures,
including possible novel and biologically active compounds, preferably in in utero spe-
cific matrices.

Amniotic fluid (AF) is a unique complex nutritious milieu and a repository matrix for
many environmental xenobiotics that the mother and the fetus are exposed to through-
out pregnancy. Compounds in AF continuously circulate through foetal membranes
(through foetal swallowing and excretion) and therefore AF represents not only maternal
but also fetal toxicokinetics 2°. The ongoing cycle of fetal ingestion and excretion of AF
may result in fetal accumulation 2° and/or prolonged fetal exposure 31. Despite the low
lipid content of AF (approx. 0.15 g/L), highly lipophilic compounds, such as polybromi-
nated diphenyl ethers (PBDEs) or organochlorines, have been previously detected in this
matrix, and their presence in AF indisputably demonstrates placental transfer and fetal
exposure (Barmpas et al. 2020; Miller et al. 2012). Although concentrations of xenobiot-
ics detected in AF are usually lower than in maternal blood and difficult to detect using
conventional methods, advances in analytical chemistry provide sensitive methods for
qualitative and quantitative detection of these compounds, even at trace levels (pg-ng/
mL range). Nevertheless, the use of AF for the assessment of prenatal exposure to non-
polar EDCs is still largely unexplored.

Recently, we developed a robust, non-discriminating method for the extraction of
EDCs with a wide range of polarities from full-term AF 35. We used an effect-directed
approach (EDA) in which chromatographic separation of chemicals in AF extract allowed
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for a separation of compounds with different polarities into fractions and consequent
reduction of the chemical complexity. The endocrine disrupting activity profile of the frac-
tions was determined with a battery of cell-based in vitro reporter gene bioassays. This
approach revealed significant dioxin-like, (anti-)androgenic, and (anti-)estrogenic activ-
ity in the nonpolar AF fractions, that could not be attributed to the presence of endoge-
nous hormones *. The goal of the current study was to identify known and possibly novel
EDCs responsible for the observed endocrine activity. To this end, we performed targeted
and non-targeted analyses of EDCs in nonpolar fractions using gas chromatography
high-resolution mass spectrometry (GC-HRMS). The contribution of the known EDCs
detected in AF to the activity observed in the fraction was determined using relative
potency (REP) values. To investigate the remaining unexplained activity further, we devel-
oped an innovative, weight-of-evidence approach to prioritize novel EDCs from the mul-
titude of m/z features identified through the non-targeted analysis. This approach takes
advantage of curated and freely available resources to mine data and predicts the bio-
logical properties of unknown chemicals. We compared the ‘hits’ from the non-targeted
GC-HRMS analysis to a battery of experimental data obtained from high-throughput bio-
assays (ToxCast and Tox21 databases ¢ available through EPA CompTox Chemicals Dash-
board 37), predictive QSARs (OPERA 38 and Danish (Q)SARs Database *°) and endpoint spe-
cific profiling models (OECD QSAR Toolbox #°). Unknown compounds prioritized based on
in silico and in vitro profiling were purchased and their presence in the active fraction was
chemically and biologically confirmed with GC-HRMS and bioassay analysis, respectively.

Materials and methods

AF sampling, extraction and fractionation

Approximately, 50 mL of AF was collected during amniotomy at full-term vaginal deliv-
ery, from four healthy pregnancies, with ethical approval and informed consent, and
immediately frozen at -80 °C (U.K. National Health Service, reference E5431, 2008). Sam-
ples were pooled, homogenised, and 100 mL was extracted with a combination of sol-
id-phase extraction (SPE) and dispersive liquid/liquid extraction (DLLE) as described in
Dusza et al. (2019). Briefly, aliquots of AF (5 mL) diluted with 3 mL deionized water were
loaded on the SPE columns (Oasis HLB, Waters Corp., Milford, MA), the aqueous eluents
were collected for further extraction with DLLE, the cartridges were rinsed and the ana-
lytes eluted with MeOH. The solvent was evaporated with nitrogen, to a final volume of 1
mL. DLLE was performed twice, on the aqueous eluents acidified with acetate/acetic acid
buffer (pH ~4.5), using acetone as dispersive solvent and DCM as extraction solvent. The
samples were vortexed, centrifuged and the organic phases combined and evaporated
to dryness with nitrogen. The extracts remaining after SPE were transferred to the resi-
dues in the DLLE tubes, vortexed, combined and further concentrated to 1 mL. The final
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extract was centrifuged at 20 800g to separate the precipitate formed after sample con-
centration. The extraction procedure was repeated with an AF sample spiked with a mix
of reference compounds containing 18 EDCs from 10 different classes and covering a
wide range of hydrophobicity (logP 1.65 —7.19). The average relative recovery of the ana-
lytes was 87 + 12% RSD, n=3 (see Dusza et al. 2019).

AF extraction and RP- Non-targeted analysis Toxicity evaluation of
HPLC fractionation GC-HRMS Orbitrap suspects (121)
N E ) Deconvolution Experimental:
ég m U Chromatogram ToxCast/Tox21, PubChem
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‘ (Bio)activity of fractions ‘ cc’"':;',:’;:;/;,/%‘ T o Unkown oredicted
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Spectra matching with NIST QSAR
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Figure 1. Study design for identification of nonpolar endocrine disruptors (EDCs) in full-term amniotic
fluid (AF), using a combination of targeted and non-targeted chemical analysis, reporter gene bioassays,
toxicity profiling and prediction tools.

A total of 150 pL of non-spiked AF extract (representing 100 mL AF) was injected on
a reversed-phase (RP) Phenomenex Kinetex C18 (100 mm x 2.1 mm, 5 um pore size)
column and separated into 25 fractions using high-performance liquid chromatography
(Agilent 1260 HPLC system) and a gradient elution using water and MeOH. Each of the
25 fractions was tested for the (anti-)estrogenic, (anti-)Jandrogenic and dioxin-like activ-
ity using reporter gene bioassays ®°. In this study, the nonpolar fractions were further
analysed with targeted and non-targeted GC-HRMS analysis to screen for the known and
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unknown (novel) nonpolar EDCs present in the active fractions. Moreover, an extraction
blank (i.e., a full extraction procedure performed with a non-spiked HPLC grade water)
and a solvent blank (i.e., solvents used to prepare AF fractions for GC-HRMS analysis)
were also included in the analysis. A schematic representation of the study design is pre-
sented in Figure 1. Details of chemicals, reagents and bioassays used are given in Sup-
plementary Material S1.1 and S1.2.

Relative effect potency (REP)

REP values of the individual compounds were determined by dividing the EC50 value
obtained for the respective positive control (E2, DHT or TCDD) by the EC50 obtained for
the test compound. In the AR-antagonistic assays, the REP values were calculated as the
potency of a test compound relative to the EC50 of the positive control, flutamide (Flu).
The REP values were calculated based on EC50 data derived in this study or collected
from open literature sources or retrieved from ToxCast/Tox21 (Table S1). The ER/anti-AR/
DR activity was transformed into estrogenic (EEQs), anti-androgenic (Anti-AR-EQs) and
dioxin (TEQs) equivalent units, by multiplying the REP values with the concentrations of
compounds measured quantitatively in the AF fraction. The equivalent units were
expressed in ng of E2-EQs, Flu-EQs or TCDD-EQs per litre AF (ng/L), respectively.

GC-HRMS Sample Preparation

Prior to GC-HRMS analysis, the methanol fractions were evaporated to 50 pL under
nitrogen gas using a Thermo Scientific Reacti-Therm (Waltham, MA 02541). The 50 pL
sample and two 30 pL dichloromethane rinses were transferred to an amber GC vial with
a 350 plfused glass insert. Each sample was spiked with 10 pL of internal standard solu-
tion to achieve a final concentration of phenanthrene-d10 and chrysene-d12 of 20 ng/
mL and a concentration of each compound in the carbon number distribution marker of
93 ng/mL. The final volume of each sample was brought to 150 pyL with dichloromethane.
The deuterated internal standards were used to verify injection consistency and column
performance, while the carbon number distribution marker was used for non-targeted
HRMS analysis as discussed below. Overall, the injection consistency during GC-HRMS
analysis was high, with the coefficient of variation (CV) for both internal standards of less
than 5% (Supplementary Excel File). The two columns used showed a high level of repro-
ducibility with CV for RT drift for both internal standards of less than 0.1%.

GC-HRMS Data Collection and Targeted Analysis

Sample extracts were analyzed using a Thermo GC-Orbitrap mass spectrometer,
which was equipped with a Thermo Trace 1300 GC and TriPlus RSH autosampler oper-
ated in positive electron ionization (EI) mode. Helium (99.9999% purity) and nitrogen
(99.999% purity) were used as the carrier and c-trap gases, respectively. Two GC runs
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were performed; the first run was used to quantify dioxins, furans, and polybrominated
diphenyl ethers (PBDEs) separated on a 15-m Restek Rtx-5SilMS column (0.25 mm inner
diameter x 0.25 pm film thickness), while the second run was used to quantify polychlo-
rinated biphenyls (PCBs), pesticides, and non-brominated flame retardants and for
non-targeted HRMS analysis separated on a 30-m Restek Rtx-5Sil MS column (0.25 mm
inner diameter x 0.25 pm film thickness). For the full list of compounds see Supplemen-
tary Material, Table S2. For targeted analysis of dioxins, furans, and PBDEs, 6 pL of the
extract was injected into a programmable temperature vaporizer inlet (PTV) operatingin
large volume injection (LVI) mode. The PTV-LVIinjection occurred in the following stages:
(1) injection: split mode for 0.05 minute at 45°C with a split gas flow rate of 200 mL/min,
(2) evaporation: split mode for 1 minute with a split flow of 250 mL/min while the tem-
perature increased at 14.5°C /s to 60°C, (3) transfer: splitless mode for 2 min and
increased to 330°C at 14.5°C /s, (4) cleaning: split mode for 5 min with a split flow of 200
mL/min and the temperature increased 14.5°C /s to 350°C, and (5) post-cycle: split mode
and the temperature was maintained at 350°C for the remainder of the GC run. The car-
rier gas flow rate was 1.5 mL/min. The oven temperature ramp was: 75°C for 0.4 min,
200°C at 30°C /min, 260°C at 10°C /min with a 3 min hold, 310°C at 5°C /min, and to
360°C at 50°C /min with a 3 min hold. The transfer line and source were maintained at
300°C. Data were collected between 5.3 and 23 minutes (the total run time was 34 min-
utes) in full-scan mode with 60,000 resolution and a scan range of 220 to 850 m/z. The
instrument was calibrated before sample analysis to less than 1 ppm mass accuracy.

Sample extracts were injected a second time to evaluate the concentration of PCBs,
pesticides, and non-brominated flame retardants and for non-targeted analysis. A 3-pl
sample was injected into a 290°C splitless inlet operated in split-less mode. The carrier
gas flow rate was 1 mL/min. The transfer line and the source temperature were main-
tained at 300°C. The oven temperature ramp was as follows: 50°C hold for 0.5 min, 221°C
at 7°C /min and held for 2 minutes, 222°C at 0.1°C /min, and 320°C at 7°C /min and hold
for 3 minutes (total run time of 49 minutes). Data were collected in full-scan mode
between 5 and 45 minutes with a scan range of 50 to 750 m/z.

The extracted ion chromatogram (XIC) was used for quantification using the most
abundant peak in the mass spectrum for each compound. Compound identity was con-
firmed using retention time and two confirming ions (Supplementary Material, Table S2).
Quantification was performed by an external eight-point calibration curve prepared by
serial dilutions of the calibration standards (0.005 to 15 ng/mL). LOD for each compound
was determined by injecting 7 low-calibration standards near the detection limits
(between 0.05 and 2 ppb, depending on the concentration of the analyte in the standards
purchased from Accustandard) and was calculated as t (the student’s t value for a 99%
confidence level with n-1 degrees freedom, t=3.14) times standard deviation divided by
the calibration curve slope (Long and Winefordner 1983). The concentration of compound
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detected in AF fractions above LOD was corrected for the preconcentration factor and
reported in ng/L AF, ng/g lipids (based on the average AF lipid content at full term (0.15g/L)
as reported in the literature ***?) and as a non-lipid adjusted molar concentration (M).

Non-targeted GC-HRMS Data Analysis

The data files produced by the GC-HRMS runs on the 30-m column were re-processed
for non-targeted analysis using Thermo TraceFinder software (EFS Version 4.1 SP 1) with
the Deconvolution Plugin. The Deconvolution Plugin was used to automate forward mass
spectra searching to the 2017 NIST Mass Spectra Library (NIST/EPA/NIH EI and NIST
Tandem Mass Spectral Library Version 2.3) and a high-resolution library developed using
certified standards. The NIST library contains over 250,000 compounds while the
in-house library contains 300 compounds. Features were integrated for a signal-to-noise
(S/N) ratio of greater than 10, a minimum total ion chromatogram (TIC) intensity of 1,000,
and a 99% allowable ion overlap window. The compounds in the carbon number distri-
bution marker were used to align peaks and to calculate the retention index (RI) of each
m/z feature. The RI of each peak was compared to the library match RI data contained
in the spectral libraries. The allowable RI delta was 300. The library search was per-
formed with a reverse match factor (RSI/Rev) score threshold of 500 (a comparison score
of the obtained spectrum to the library spectrum). The compound with the highest RSI
score was assigned as the identification. A data filtering strategy (Supplementary Mate-
rial S1.3) based on a calibration standard containing 350 compounds (Supplementary
Excel File), was performed using MATLAB (vR2018a). Briefly, the script exported the iden-
tified features for all samples to the PubChem database to retrieve International Chem-
ical Identifiers (InChi) and CAS numbers, and compared features to a single standard
containing the 350 compounds. When a feature was present in the calibration standard
list and the sample, it was flagged as Identified Known, when a feature was present in
the sample but not in the calibration standard, it was flagged as Identified Unknown. The
unmatched features were not included in this analysis. Features detected only in the sol-
vent blank, extraction blank, and calibration standard (not detected in any of the sam-
ples) were also not included in the analysis. The selected Identified Knowns were further
quantified using a full calibration curve.

Identification of Candidate EDCs

The peak intensities of the Identified Unknowns found in the AF fractions were visu-
alized with a colour-coded heatmap using the ClustVis web tool “3. Identified Unknowns
that correlated with the active fractions were chosen for further analysis when the fol-
lowing criteria were met: a) not present in the extraction/solvent blank or peak intensity
at least 5 x higher than in the extraction/solvent blank; b) RSI/Rev Dot product > 700; c)
log P value (octanol-water partition coefficient), experimental or predicted > 4.0. Exper-
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imental Log P values were retrieved from Chemspider (http://www.chemspider.com/),
PubChem (https://pubchem.ncbhi.nlm.nih.gov/) database or publicly available Episuite
Kowwinv1.67, U.S. EPA software (available at www.epa.gov). Predicted values were esti-
mated with Episuite Kowwin v1.67 and OPERA software (OPEn structure-activity/prop-
erty Relationship App) 8. Identified Unknowns that met the above criteria were further
evaluated for their potential (anti-)estrogenic/androgenic/dioxin-like activity using a com-
bination of publicly available experimental data and predictive models.

Experimental Data

Experimental data were retrieved from ToxCast and Tox21 high-throughput bioassays
3¢ that measured agonistic and antagonistic activity directly linked to estrogen receptor
(ER), androgen receptor (AR) and aryl hydrocarbon receptor (AhR) activation or binding
using The U.S. Environmental Protection Agency’s (EPA) web-based CompTox Chemicals
Dashboard platform (https://comptox.epa.gov/dashboard, Williams et al. 2017). InChi
identifiers of the Identified Unknowns were used as an input format. Compounds were
screened, using a batch search mode, against a total of 31 bioassays (2 AhR, 12 AR and
17 ER assays), comprised of various reporter gene and binding assays. Where possible,
for each antagonistic assay complementary viability assays were included to ensure that
the observed antagonistic activity was not caused by cell death. For a detailed list of bio-
assays used see Table S3. Additionally, Identified Unknowns were checked against the
experimental database available through the QSAR Toolbox application (OECD QSAR
Toolbox, https://www.qsartoolbox.org), which included data on three receptor-mediated
endpoints i.e., androgen binding affinity (ARBA) for 2099 compounds, estrogen relative
binding affinity (ERBA) for 3715 compounds, and AhR activity for 142 compounds. Iden-
tified Unknowns were also checked against a high throughput screening database for the
activation of AhR, developed by The Scripps Research Institute Molecular Screening
Center (available online at https://pubchem.ncbi.nlm.nih.gov/bioassay/2796,) and against
Human Metabolome Database “, to screen for known endogenous compounds.

Profiling and QSARs

Quantitative-Structure Activity Relationship (QSAR) models were used as a part of
the weight of evidence to fill data gaps where experimental data were scarce and to fur-
ther predict chemicals with potential (anti-)estrogenic/androgenic/dioxin activity. InChI
strings of the Identified Unknowns were converted to a simplified molecular-input line-en-
try system (SMILES) with OpenBabel software #¢, accessed through http://www.chem-
info.org/. SMILES structure descriptors, were used as input for QSARs. Two separate
QSAR tools were used. First, OPERA (OPEn structure-activity/property Relationship App)
a command-line application with two QSAR models i.e., COMPARA (Collaborative Mod-
elling Project for Androgen Receptor Activity) 47 and CERAPP (Collaborative Estrogen
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Receptor Activity Prediction Project) “6. Second, an online-based Danish QSAR Database
with estimates from more than 200 free and commercially available (Q)SAR platforms
(Danish (Q)SAR Database, Division of Diet, Disease Prevention and Toxicology and Food
Institute, Technical University of Denmark 2015, http://qsar.food.dtu.dk/). Here, a bat-
tery of modelling systems was used to predict ER activation and binding, AR antagonism
and AhR activation (Klimenko et al. 2019). Moreover, ER binding profiler available through
QSAR Toolbox was additionally used (https://www.gsartoolbox.org). The profiler predicts
chemical binding to ER based on molecular weight (MW) and structural characteristics,
classifying chemicals as very strong, strong, moderate, weak or non-binders. A detailed
description of each QSAR and profiling tool is given in Table S4 and Figure S1. Identified
Unknowns were ranked based on the weight of evidence for their possible endocrine dis-
rupting potency (the experimental, profiling and QSAR data was given the same weight)
and the correlation between the elution profile and the activity observed in the fractions
(checked manually for each suspected EDC).

Chemical and biological confirmation

Where possible, reference standards for the selected candidate EDCs were purchased
at the highest commercially available purity (see Supplementary Material S1.1), and their
presence in the AF fraction(s) was further confirmed with GC-HRMS by comparing their
exact masses (5 ppm mass accuracy tolerance), mass spectra and retention times (RT
difference of £0.05 min) to the data obtained during the non-targeted analysis. The (anti-)
estrogenic/androgenic/dioxin-like activity of the selected candidates was further con-
firmed in the respective bioassays. A concentration range of the candidate EDCs (0.01 to
100 uM) was prepared by serial dilution in DMSO and, where needed, was adjusted to
include more points in the linear part of the concentration-response curve. Candidate
EDCs were tested with the same media composition and final DMSO concentration as
used to test AF fractions.

Results

Endocrine activity in nonpolar AF fractions

In the previous study by Dusza et al. (2019), extraction and fractionation of full-term
AF into 25 fractions resulted in elevated (anti)-AR and DR activity in nonpolar fractions
F17-F25. In this study, ER activity was tested at the same fraction dilution in which we
observed (anti)-AR and DR activity, i.e. 2 times dilution. ER activity was observed in all
except two (F19 and F22) nonpolar fractions tested (Figure 2A). The highest ER activity
was observed in F23 and reached 28% of the activity of positive control E2, the most
potent ER agonist. As shown in our previous study 3, elevated DR activation was observed
in 6 (F17 and F19-23) out of the 9 nonpolar fractions tested, with the highest observed
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activity (F21) reaching 30% of the activity of TCDD, the most potent AhR agonist (Figure
2A). AR activity was present only in F21 and F23, with 8% and 20% induction of lucif-
erase activity as compared to the highest activity observed for the positive control DHT,
respectively (Figure 2A). None of the nonpolar fractions showed anti-ER or anti-DR activ-
ity. However, anti-AR activity was observed, with 4 fractions (F17-F20, Figure 2B) show-
ing up to 18% decrease of DHT-induced luminescence. Based on their activity profile,
seven nonpolar fractions (F17-F23) were chosen for further targeted and non-targeted
chemical analysis.

GC-HRMS Targeted Analysis

Atotal of 48 known environmental pollutants were measured with targeted GC-HRMS
analysis of the active nonpolar AF fractions (Table S2). Fractions were additionally
screened for the presence of environmental pollutants by comparing features present in
the sample to a single standard point in the calibration standard containing 350 environ-
mental chemicals (Supplementary Excel File), using the data filtering strategy (Supple-
mentary Material S1.3). Here, 73 compounds were detected as Identified Knowns. From
these, 62 were present in ToxCast/Tox21database, but only 14 showed endocrine activ-
ity in one or more high-throughput in vitro screening (HTS) bioassays (Table S3) and there-
fore were additionally quantified with a full calibration curve. Compounds from the quan-
titative, targeted analysis of nonpolar AF fractions are presented in Table 1. Moreover, 5
additional nonpolar compounds previously detected in the nonpolar AF fractions reported
by Dusza et al. (2019), were also included in Table 1. In total, 42 compounds were
detected above LODs (Table 1 and S2), including 4 dioxins and furans, 10 PBDEs, 12 pes-
ticides, fungicides and herbicides, 6 PCBs, and 10 other compounds, such as plasticiz-
ers and polycyclic aromatic hydrocarbons (PAHs). The concentrations of most compounds
were in the ng/L range, with the highest concentration detected for o,p’-DDD, 6-HCH and
p,p’-DDD at 537.2, 498.1 and 274.8 ng/L AF, respectively. The lipid-adjusted concentra-
tions, based on the AF lipid content of 0.15 g/L were, as follows, 6.6 times higher than
the non-adjusted values (Table 1). Eight compounds were detected in the extraction blank
above the LODs, namely phenol, 2,4,5-trichloro-, PCB 114, TPP, EDP, B[a]P, B[b]F, mesi-
tylene and azobenzene (Table 1 and Table S2). For all, except phenol, 2,4,5-trichloro-
and azobenzene, the concentrations found were close to LOD levels (Table S2).
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Figure 2. Agonistic (A) and antagonistic (B) activity of nonpolar fractions of amniotic fluid (AF) in ER (black),
AR (grey), and DR (striped) responsive cell lines. Agonistic response is expressed relative to the maxi-
mum induction observed in the concentration-response curve of the positive control E2 (50 pM), DHT (0.5
nM) and TCDD (1 nM). Antagonistic activity is measured as a decrease in luminescence after co-exposure
with 4, 150, and 30 pM of E2, DHT, and TCDD, respectively. Results presented as average % of response
of respective positive control + SD (n = 3).
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Table 1. Environmental pollutants in nonpolar fractions of full-term amniotic fluid (AF) measured with
targeted GC-HRMS analysis, including molecular weight (MW), partition coefficient (logP), total concen-
tration measured in fractions (expressed in ng/L AF, ng/g lipids and non-lipid adjusted molar (M) concen-
tration), and fraction(s) in which compound was detected above the limits of detection (LOD).

Chemical

group Conc. Conc. Conc. Fraction
Compound name MW LogP”  (ng/L AF) (ng/g lipid) M) nr.

Dioxins and Furans
2,3,7,8-TCDF 306.0 6.53 <LOD <LOD <LOD -
2,3,7,8-TCDD 322.0 6.80 1.4 9.3 4.6 x1012 23
1,2,3,7,8-PCDF 340.4 6.79 <LOD <LOD <LOD -
1,2,3,7,8-PCDD 356.4 6.64 0.9 6.0 2.5x10* 19-20
1,2,3,4,7,8-HCDF 374.9 NA 4.5 30.0 1.2x10% 21-22
1,2,3,4,7,8-HCDD 390.9 7.80 <LOD <LOD <LOD -
1,2,3,4,6,7,8-HCDF 409.3 7.92 <LOD <LOD <LOD -
1,2,3,4,6,7,8-HCDD 425.3 8.20 <LOD <LOD <LOD -
OCDF 443.7 8.60 1.9 12.7 4.3x1072 17
OoCDD 459.7 8.20 <LOD <LOD <LOD -

Polybrominated Diphenyl Ethers (PBDEs)
BDE 3* 2491 NA 129.6 864.0 5.2x107% 21-22
BDE 28 406.9 5.942 32.4 216.0 8.0x10* 17-20
BDE 47 485.8 6.812 1.0 6.7 2.0x10* 21-22
BDE 99 564.7 6.84 1.1 7.3 1.9x10%2 22
BDE 100 564.7 7.242 15.1 100.7 2.7x10* 20
BDE 153 643.6 7.902 7.0 467 1.1x10% 17-18
BDE 154 643.6 7.822 <LOD <LOD <LOD -
BDE 180 722.5 NA <LOD <LOD <LOD -
BDE 183 722.5 8.272 1.8 12.0 2.5x10*2 20
BDE 209 959.2 9.97° 34.3 228.7 4.7x10% 22-23
6-OH-BDE 47¢ 501.8 NA 13.7 91.3 2.7x10*  19-20
3-OH-BDE 157¢ 659.6 NA 9.5 63.3 1.4x10% 19-20

Pesticides, Fungicides, and Herbicides
p,p’-DDT 354.5 6.91 0.8 5.3 2.2x10*2 17
o,p’-DDT 354.5 6.79¢ 7.8 52.0 2.2x10* 19-22
p,p’-DDE 318.0 6.51 <LOD <LOD <LOD -
o,p’-DDE 318.0 6.00¢ <LOD <LOD <LOD -
p,p’-DDD 320.0 6.02 274.8 1832.0 6.6x107% 17-22
o,p’-DDD 320.0 5.87¢ 537.2 3581.3 1.7x10° 17-22
Mirex 545.5 6.89 <LOD <LOD <LOD -
Endrin 380.9 5.20 51.3 342.0 1.3x10%° 21-22
Fonofos* 246.3 3.94 1.5 10.0 6.0x10%2 17
Heptachlor 373.3 6.10 1.0 6.7 2.8x10%*? 20
y-HCH 290.8 3.72 2.5 16.7 8.6x10%2 22
a-HCH 290.8 3.80 <LOD <LOD <LOD -
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Table 1. [continued]

Chemical

group Conc. Conc. Conc. Fraction
Compound name MW LogP”  (ng/L AF) (ng/g lipid) M) nr.
B-HCH 290.8 3.78 8.6 57.3 29x101  17-22
6-HCH 290.8 4.14 498.1 3320.7 1.7x10° 17-20
Triclosan® 289.5 4.76 45.7 304.7 1.5x10%° 17-18
cis-Chlordane 409.8 6.10 <LOD <LOD <LOD -
trans-Chlordane 409.8 6.22 <LOD <LOD <LOD -
trans-Nonachlor 444.2 6.35 <LOD <LOD <LOD -
Hexachlorobenzene 284.8 5.73 <LOD <LOD <LOD -
Phenol, 2,4,5-trichloro-* 197.4 3.72 27.3 182.0 1.4x107%° 17-23

Polychlorinated biphenyls (PCBs)
PCB 18* 257.5 5.48 0.7 4.7 2.7x1072 22
PCB 65 292.0 NA <LOD <LOD <LOD -
PCB 81* 292.0 NA <LOD <LOD <LOD -
PCB 105* 326.4 6.79 0.1 0.7 3.1x10% 21-22
PCB 114* 326.4 NA 3.5 23.3  1.1x10% 22-23
PCB 118 326.4 7.12 <LOD <LOD <LOD -
PCB 126 326.4 NA <LOD <LOD <LOD -
PCB 138* 360.9 7.44 1.4 9.3 3.9x10-2 20-22
PCB 153 360.9 7.75 <LOD <LOD <LOD -
PCB 166 360.9 7.31 <LOD <LOD <LOD -
PCB 169 360.9 7.41 <LOD <LOD <LOD -
PCB 180 395.3 7.722 <LOD <LOD <LOD =
PCB 206 464.2 9.14 1.6 10.7 3.5x10%? 21
OH-PCB 61¢ 308.0 NA <LOD <LOD <LOD -

Other
TPP 326.3 4.59 36.8 2453 1.1x107%° 21
EDP 362.4 5.73 2.5 16.7 6.9 x1072 23
IPyr* 276.3 6.58 1.1 7.3 3.9x10%? 22
B@P 252.3 6.13 69.3 462.0 2.7x107%° 18-22
B(b)F* 252.3 5.78 3.7 247 1.5x10 17-23
DNOP* 390.6 8.10 4.4 29.3 1.1x10% 18-23
Pyrene 202.3 4.88 7.5 50.0 3.7x10* 17-20
Fluorene* 166.2 4.18 5.7 38.0 3.4x101* 19-23
Mesitylene* 120.2 3.42 69.3 462.0 2.7x107%° 17-23
Azobenzene* 182.2 3.82 251.1 1674.0 1.4x10° 17-22
4-Octylphenol® 206.3 5.30 <LOD <LOD <LOD -

Note: compounds were analysed in one pooled AF samples, n=1; NA - not available; * - targeted analysis
of compounds selected from the analysis of 350 environmental chemicals; underscore — compounds
present in the extraction blank above LOD; ~ - experimental Log P values based on octanol/water parti-
tion coefficient were retrieved from PubChem or literature; a - Braekevelt et al. 2003; b - Watanabe and
Tatsukawa 1990; c - Swann et al. 1981; d - Howard and Meylan 1997; e - Dusza et al. 2019.
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DR, (anti-)AR and (anti-)ER activity of detected compounds

Dioxin-like activity was found for 13 compounds with EC50 values ranging from 9.5
x 1012M for the most potent compounds (2,3,7,8-TCDD and 1,2,3,7,8-PCDD) to >1.5 x
10-°M for the least potent compound (BDE 99) (Table 2). In terms of androgenic activity,
only one compound (mesitylene) was a weak AR agonist, with EC50 of 6.4 x 10°M,
whereas 23 compounds were AR antagonists. The majority of AR antagonists had low to
moderate anti-AR potency while two, namely BDE 100 (0.1 uM) and p,p’-DDD (0.7 uM),
were highly potent (Table 2). Estrogenic potency was found for 15 compounds, with EC50
values ranging from 2.0 x 10-° M (o,p’-DDT) to >1.5 x 10-°* M (BDE 28). Additionally, 9 com-
pounds were ER antagonists, from which 2,3,7,8-TCDD, IPyr, B(b)F and 6-OH-BDE 47
were reported as highly potent with IC50 values of 1.0 x 10¥M, 3.0 x 107 M, 4.0x 107" M
and 5.0 x 107 M, respectively (Table 2).

Table 2. Compounds detected in nonpolar fractions of amniotic fluid by targeted GC-HRMS analysis and
their dioxin-like (DR), androgenic (AR), anti-androgenic (anti-AR), estrogenic (ER) and anti-estrogenic (an-
ti-ER) potencies measured as half-maximal effect (EC50) or inhibition (IC50) concentration, as reported
in in vitro reporter gene bioassays.

EC50 or IC50 (M) based on Reported Gene Assays

Compound DR AR anti-AR ER anti-ER Fraction
(EC50) (EC50) (IC50) (EC50) (IC50) number

2,3,7,8-TCDD 1.1x 102 - - - 1.0x 108" 23
1,2,3,7,8-PCDD 9.5x 102 NA NA NA NA 19-20
1,2,3,4,7,8-HCDF 9.6 x 1012 NA NA NA NA 21-22
OCDF 4.0x10% NA NA NA NA 17
BDE 3 - - 5.9x10%" - 7.5x 105~ 21-22
BDE 28 - - 3.1x10°% >1.5x10°%¢ - 17-20
BDE 47 - - 1.0x10°% 1.2x10°% - 21-22
BDE 99 >1.5 x 1075¢A - 7.8 x10°¢¢ - - 22
BDE 100 - - 1.0x107¢ 7.0x10°¢ - 20
BDE 153 6.0x 107 - 1.3 x10°5¢ - - 17-18
BDE 183 2.0 x 106N - >1.5x10°5¢ - 6.4 x10°¢° 20
BDE 209 - - - - - 22-23
6-OH-BDE 47 1.3 x10°¢° - 2.8x 10 - 5.0x 107 19-20
3-OH-BDE 157 NA NA NA NA NA 19-20
p,p’-DDT - - 1.0x10°% 5.2x10° - 17
o,p’-DDT - - 3.3x10°% 2.0x10° - 19-22
p,p’-DDD - - 7.0x107 2.8x10°5" - 17-22
o,p’-DDD - - 9.9x10°" 6.3x10°" - 17-22
Endrin - - 3.2x105" 2.3x10°57 - 21-22
Fonofos - - 2.9x10°7 - - 17
Heptachlor - - - - - 20
y-HCH - - 4.0 x 107 NA - 22
B-HCH - - - 2.8x10°" - 17-22
0-HCH NA - 5.1x105n NA - 17-20
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Table 2. [continued]

EC50 or IC50 (M) based on Reported Gene Assays

Compound DR AR anti-AR ER anti-ER Fraction
(EC50) (EC50) (IC50) (EC50) (IC50) number
Triclosan - - 1.3x10° 2.0x10° 6.9x10° 17-18
Phenol, 2,4,5-trichloro- - - 4.3x10° - 9.2x10° 17-22
PCB 18 NA NA NA NA NA 17-22
PCB 105 4.0x107 NA NA NA NA 21-22
PCB 114 4.0x107 NA NA NA NA 22-23
PCB 138 NA NA 1.0 x 107 NA 1.6 x 105~ 18-22
PCB 206 NA NA NA NA NA 21
TPP - - 7.7 x10¢~ 7.3 x10°/ - 21
EDP - - - - - 23
Pyrene - - 2.5x10°" - - 17-20
Fluorene - - - - - 19-23
Mesitylene - 6.4x10° - - - 17-23
Azobenzene - - - 4.8x10°7 - 17-22
IPyr 4.0x10¢% - 4.2 x10°n - 3.0x107» 22
B[a]P 6.0x107 - 1.1x10°" 3.4x10°" 2.6x10°" 18-22
B[b]F 1.0x10% - - 4.2x10°~ 4.0x107~ 17-23
DNOP - - - - - 23

Note: NA, not available; #, partial agonist/antagonisti.e., maximum activity below 100% of the activity of
the positive control; a, own data; b, based on TEF values (WHO 2005); c, Hamers et al. 2006; d, Misaki et
al. 2015; e, Ait-Aissa et al. 2010; f, Hamers et al. 2011; g, Vondracek et al. 2017; h, Legler et al. 1999; all
other data was retrieved from ToxCast bioassays: TOX21_AhR_LUC_Agonist, TOX21_AR_LUC_MDAKB2_
Agonist TOX21_ERA_LUC_VM7_Agonist, TOX21_ERA_LUC_VM7_Antagonist_0.1nM_E2. Details of each
bioassay used are given in Supplementary Material Table S1.

Contribution of compounds to the observed bioassay activity

Total analytical TEQs of the detected DR agonists corresponded to 3.0 ng TCDD-EQs/L
AF (Table 3). Three compounds, namely 2,3,7,8-TCDD, 1,2,3,4,7,8-HCDF, 1,2,3,7,8-PCDD,
contributed 47 %, 17 % and 35 % to the estimated total analytical TEQ, respectively
(Table 3). Total bioassay TEQ of the active nonpolar AF fractions corresponded to 10.0
ng TCDD-EQs/L AF, from which approximately 30 % could be explained by the total ana-
lytical TEQ (Table 4). Approximately 40 % and 48 % of the bioassay activity observed in
F19 and F20 respectively was explained by the dioxin-like compounds measured in these
fractions, whereas the activity observed in F23 could be explained almost entirely (97
%) by the respective analytical TEQ. For the most DR-active AF fraction (F21, Figure 2A),
only 8 % of the activity observed was explained by the dioxin-like compounds measured
in this fraction. Three DR-active compounds, namely PCB 114, B[a]P and B[b]F were also
detected in the extraction blank (Table S2), nevertheless, their levels in the extraction
blank were low (close to LODs) and thus their contribution to the observed activity in the
AF fraction was minimal (<1%, Table 3).
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Table 4. Toxic Equivalents (TEQs) based on the reporter gene activity (bioassay TEQs) and GC-HRMS anal-
ysis (analytical TEQs) of the nonpolar fractions of full-term amniotic fluid (AF) expressed in ng TCDD equiv-
alents/L AF (ng TCDD-EQs/L).

Fraction number (ntl‘cF&CITJSSYEBEs?E)* (ﬁgé.}lgg?lggsf) Explained (%)
F17 1.0 4x10°3 <1

F18 - 4x10* -

F19 0.8 0.3 40

F20 1.5 0.7 48

F21 3.3 0.3 8

F22 2.0 0.3 13

F23 1.5 1.4 97

3 10.0 3.0 30

Note: *, agonistic activity of AF fractions was measured with DR-GFP reporter gene assay as described in
the method section.

The androgenic activity observed in the F21 and F23 fraction was not explained by
any of the compounds measured in this study, and the contribution of the only weak AR
agonist, mesitylene (Table 1 & 2), to the observed AR-activity was negligible. The total
analytical Anti-AR-EQs measured in the nonpolar AF fractions corresponded to 673.3 ng
Flu-EQs/L AF (Table 5). The individual chemicals o,p’-DDD, BDE 100 and p,p’-DDD con-
tributed 48 %, 30 % and 11 %, respectively to the total analytical Anti-AR-EQ. The total
bioassay Anti-AR-EQ corresponded to 336.1 pg Flu-EQs/L AF, from which <1 % could be
explained by the total analytical Anti-AR-EQ (Table 6).

The ER potencies of the detected compounds were much lower than that of the pos-
itive control E2, with the REP values between 6 to 8 orders of magnitude below E2. Con-
sequently, the calculated total analytical EEQ was low and corresponded to 0.4 pg
E2-EQs/L AF (Table 7). o,p’-DDD contributed 59 % to the total analytical EEQ, followed
by triclosan (15 %) and p,p’-DDD (7 %). The total bioassay EEQ corresponded to 1.8 ng
E2-EQs/L from which <1 % could be explained by the total analytical EEQ (Table 8). The
anti-ER activity was not observed in any of the fractions tested (Figure 2B).

Non-targeted GC-HRMS analysis: filtering and screening of the
Identified Unknowns

Atotal of 14,110 features were found in all the fractions, including solvent and extrac-
tion blanks, from which 3,243 were match identified with NIST/in house database. After
applying the data filtering strategy (see Supplementary Material S1.3) the resulting chem-
ical list contained 977 unique compounds: 73 Identified Knowns and 904 Identified
Unknowns. The remaining 2,428 compounds fell into the Ambient Background Noise and
were eliminated because these features were likely solvent or sample preparation arte-
facts.
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Table 6. Anti-Androgenic Equivalents (Anti-AR-EQs) based on reporter gene activity (bioassay Anti-AR-
EQs) and GC-HRMS analysis (analytical Anti-AR-EQs) of the nonpolar fractions of full-term amniotic fluid
(AF), expressed in ng flutamide equivalents/L AF (ng Flu-EQs/L).

Bioassay Anti-AR-EQs  Analytical Anti-AR-EQs

Fraction number Explained (%)

(ng Flu-EQs/L)* (ng Flu-EQs/L)
F17 6.9 x10* 37.6 <1
F18 9.4 x 104 42.8 <1
F19 5.4 x 10* 152.2 <1
F20 7.5.x 10* 365.7 1
F21 2.5x10* 53.4 <1
F22 1.9 x 104 21.8 <1
F23 - - ND
3 33.6x10* 673.3 <1

Note: *, antagonistic activity of AF fractions was measured with co-exposure to 150 nM of DHT (positive
control) in AR-Luc reporter gene assay, as described in the method section.

The strategy for filtering and prioritization of Identified Unknowns is shown in Figure
S1.The heatmap (Figure S1), showing relative peak intensities of the Identified Unknowns
(calculated as z scores), was generated for a visual inspection of the chemical complex-
ity of each fraction and corroboration of the correlation between compound elution and
bioassay activity. Only compounds with RSI/Rev Dot Product Score above 700 were
included in the generation of the heatmap and further analysis. This threshold was based
on the observed RSI/Rev of the Identified Knowns, which for the majority of compounds
fell between 700 and 999. Further, the lipophilicity of compounds was used to filter chem-
icals based on the correlation between their predicted logP (Kowwin and OPERA) and
their elution profile. Based on the elution profile of the reference compounds (logP > 4.0
observed in = F17, Dusza et al. 2019), only compounds with logP > 4.0 were included in
the subsequent analysis. For the 67 targeted compounds, a high correlation was found
between experimental and predicted logP values estimated with both Kowwin (r =0.95)
and OPERA (r=0.92) software (Figure S2). For a few compounds, such as BDE 209 and
B(b)F, Kowwin overestimated, whereas OPERA underestimated the logP values (Figure
S2). To ensure that no compound was eliminated from further analysis based on an inac-
curate logP prediction, both tools were used to predict logP values of the Identified
Unknowns, and any inconsistencies in the predictions were checked against online data
sources (e.g., PubChem). In general, a good correlation (r=0.725) was found between the
logP from the two prediction tools nevertheless, after the discrepancy check, 27 addi-
tional compounds were included in further analysis.
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Identification of nonpolar EDCs in human amniotic fluid

Table 8. Estrogenic Equivalents (EEQs) based on reporter gene activity (bioassay EEQs) and GC-HRMS
analysis (analytical EEQs) of the nonpolar fractions of full-term amniotic fluid (AF) expressed in ng estra-
diol equivalents/L AF (ng E2-EQs/L).

Bioassay Analytical
Fraction number EEQs EEQs Explained (%)
(ng E2-EQ/L)* (ng E2-EQ/L)
F17 0.3 6x10° <1
F18 0.2 6x10° <1
F19 - 1x10* -
F20 0.2 1x10* <1
F21 0.4 5x10° <1
F22 0.1 2x10° <1
F23 0.7 3x107 <1
y 1.8 4x10* <1

Note: *, agonistic activity of AF fractions was measured with ER-Luc reporter gene assay as described in
the method section.

The final list of Identified Unknowns consisted of 121 unique compounds, of which
squalene and heptadecane were the only endogenous metabolites. These compounds
were further evaluated for their endocrine activity using experimental data available
through various ToxCast and Tox21 HTS bioassays (CompTox Chemicals Dashboard, Table
S3),and ERBA and ARBA experimental databases (OECD QSAR Toolbox). Of the 121 com-
pounds, 47 were found on the CompTox Chemicals Dashboard, of which only 7 were
tested for their endocrine activity in ToxCast/Tox21 HTS bioassays. From the 7 com-
pounds, 4 were weak ER agonists (EC50 >1 pM) and one compound, allethrin, was both
aweak ER and AR antagonist (EC50 6-7 x10-° uM, Table S5). Additionally, five compounds
were also tested in ERBA and ARBA of which 4 were inactive and one, benzoin isobutyl
ether, was weakly active in both assays (Table S5). There were no Identified Unknowns
that matched PubChem or OECD QSAR Toolbox experimental databases for activation of
the AhR. Compounds were further estimated for their biological activity using various
QSARs and profiling tools with endocrine endpoints (Table S4). Here, 69 compounds were
found active in one or more QSARs (Supplementary Excel File). Compounds were further
prioritized based on commercial availability. The resulting 14 compounds listed in Table
9 were purchased, and chemically and biologically confirmed with GC-HRMS and reporter
gene bioassay analysis, respectively.
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Identification of nonpolar EDCs in human amniotic fluid

Chemical and biological confirmation of candidates

The 14 prioritized candidates were tested for both agonistic and antagonistic potency
(Figure 3). Nine compounds showed anti-androgenic activity, with IC50 values ranging
from 1.4 x 10°° M (CAB) to 5.2 x 10°¢(BMD). For all but one compound (BFBT), full antag-
onism was observed (Table 9). In general, tested candidates were 5- to 37-fold less potent
than the reference antiandrogen flutamide. Additionally, four compounds i.e., BMD, NABD,
BFPT, and allethrin, exhibited cytotoxicity in the concentration range tested (Figure S3).
No compounds showed androgenic activity, except for diphenylisophthalate, which was
AR active, but only when co-exposed with the positive control DHT, showing a 234 %
increase in luminescence as compared to DHT alone (Figure S4).

A
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3 150 1 =¥~ Cholesterol n-propionate
'2\., =4~ Diphenyl isophthalate
3 =+~ p,p-Ditolylamine
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Figure 3. Estrogenic (A) and anti-androgenic (B) activity of novel identified compounds in AF fractions,
measured in ER-Luc and AR-Luc reporter gene assay, respectively. In the ER-Luc assay, the % response
is expressed relative to the maximum induction by 50 pM E2. In the AR-Luc assay, cells were co-exposed
with DHT and the antagonistic response is expressed relative to 150 pM DHT, n=3.
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Estrogenic activity was observed for 6 compounds: p,p’-ditolylamine, benzoin isobu-
tyl ether, diphenylisophthalate, cholesterol n-propionate, BFBT, and CAB, of which diphe-
nylisophthalate and cholesterol n-propionate were the most potent, with EC50 of 8.2 x
107 M and 3.9 x 1077 M, respectively (Table 9). The REP of the tested candidates ranged
from 10-°to 10 of the potency of E2. Here, diphenyl isophthalate showed maximum ago-
nistic activity of 163 % as compared to the highest activity observed for the positive con-
trol E2, and a 217 % increase in luminescence activity when co-exposed with E2 (Table
9, Figure S4). None of the tested compounds showed ER antagonistic activity. Addition-
ally, two compounds (i.e., tridecyl benzoate and TTCP) were partial AhR agonists, show-
ing weak dioxin-like activity. For these compounds only EC20 values could be derived
(Table 9). The presence of 9 out of 14 candidates in AF fractions was confirmed with
GC-HRMS and high-purity standards by comparing their exact masses, mass spectra and
retention times to the data obtained during the non-targeted analysis (Table 9).

Discussion

Prenatal exposure to nonpolar EDCs is still largely unexplored, with the majority of
research restricted to the analysis of well-known priority pollutants in maternal matri-
ces, which are used as surrogates for the fetal environment *7. This study is the first to
investigate a wide range of known and novel nonpolar EDCs in AF, an in utero matrix rep-
resentative of direct fetal exposure. Previously, using an effect-directed analysis (EDA)
approach, we discovered significant (anti-)estrogenic, (anti-)androgenic and dioxin-like
activity in nonpolar fractions of full-term AF which could not be attributed to the pres-
ence of natural endogenous hormones 2°. The discovery of endocrine activity in nonpo-
lar fractions was noteworthy given the aqueous nature of AF and the very low concentra-
tions generally reported for nonpolar compounds in this matrix. In this study, through tar-
geted and non-targeted GC-HRMS analysis and an innovative weight-of-evidence
approach, we identified known and novel EDCs that, at least partially, were responsible
for the observed endocrine activity.

Known and Novel Nonpolar EDCs in AF

The targeted analysis of nonpolar AF fractions revealed a wide range of nonpolar EDCs
from multiple chemical classes, many of which had never before been measured in AF
samples (Table 1). The presence of these compounds in AF undoubtedly demonstrates
placental transfer and fetal exposure. Many of the 42 compounds detected, such as
organochlorine pesticides (OCPs), PCBs and dioxin and furans, are known as persistent
organic pollutants (POPs), recognized for their high toxicity, slow degradation, bioaccu-
mulation and long biological half-lives. Although the production and use of these POPs
have been banned or severely restricted (e.g. under the Stockholm Convention, 2001),
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they are continuously and frequently detected in maternal and fetal tissues and thus their
legacy persists 33:34.53.54,

Three OCPs namely, o,p’-DDD, p,p’-DDD and 8-HCH, were the most abundant com-
pounds detected in AF during the targeted analysis. DDT is omnipresent in the environ-
ment and is usually detected in >90 % of samples including maternal matrices *-%7. Typ-
ically, DDE is the most abundant metabolite of DDT measured in maternal serum, pla-
centa or cord blood 335859 Considering that AF is largely a product of the fetal metabolic
activity, the higher concentrations of o,p’-DDD and p,p’-DDD detected in AF could be indic-
ative of specific in utero metabolism and/or toxicokinetics. The reports on the presence
of these compounds in AF are limited, however, one recent study corroborated our find-
ingsi.e., p,p’-DDD was measured in AF but not in maternal serum 23, Other OCPs, such as
heptachlor and endrin, were also detected but were present at much lower levels (Table
1).

Although Penta- and Octa-BDEs have been largely phased out, Deca-BDE is still pro-
duced and used . The presence of these compounds in maternal blood, cord blood and
placenta, has been previously demonstrated ¢1-%3. It has been suggested that the higher
relative bromination of BDEs may decrease transplacental transport due to increased
molecular weight, resulting in higher concentrations found in e.g., maternal blood rather
than cord blood 4%, In this study, Penta-, Octa-, Deca-BDE and higher brominated BDEs
(e.g., BDE 209) were detected in AF above LODs, with the latter detected at a higher con-
centration than some of the more common lower brominated BDEs, such as DBE 47. This
suggests that despite the high bromination, BDE 209 pass effectively the placenta bar-
rier. It is possible that the higher brominated compounds accumulate in utero e.g., due
to low placental and fetal clearance, however, this is still largely unexplored ¢3¢, To our
knowledge, only one other study measured BDEs in AF, and the congeners and concen-
trations reported were similar to the ones reported here 32

Only 5 out of 14 PCB congeners analysed were detected above LODs (Table 1). The
low concentration range measured in this study (low ng/L range) fell within the concen-
tration range reported in AF by other authors 33:3467-¢% and in general, was much lower
than that reported in maternal serum 547°, The presence of the higher chlorinated PCBs
in our samples (e.g., PCB 206, 138), was corroborated by a few other studies 34636871,
confirms their bioavailability and transplacental transport.

PAHSs such as IPyr, B[a]P and B[b]F were detected in this study, as well as a small
number of other studies that analysed human AF 7274, Maternal exposure to PAHs and
their ability to cross the placenta and reach cord blood has already been demonstrated
75-77_However, to our knowledge, this study is the first to detect the most potent, highly
toxic dioxins i.e., 2,3,7,8-TCDD, 1,2,3,7,8-PCDD and 1,2,3,4,7,8-HCDF in human AF sam-
ples (Table 1 & 2). Although the past decades have seen a steady decrease in exposure
to these compounds in the general population 78, considering their high toxic potency
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(EC50 within pM range), the concentration measured here might be of toxicological sig-
nificance. Taken together, maternal exposure to the chemicals detected in AF including
dioxin and furans, OCPs, BDEs and PCBs have been linked, amongst other things, with
impaired fetal neurodevelopment, metabolism and growth, changes in steroid hormone
levels and increased prevalence of hormone-sensitive cancers, raising further concern
for their contribution to the fetal origins of adult disease 7984,

Approximately 30 % of the dioxin-like activity (Table 4) and only a small fraction of
the estrogenic and (anti-)androgenic activity observed in the nonpolar fractions could be
explained by the compounds discussed above (Table 6 & 8), indicating the presence of
potential novel, potent EDCs in the AF. Following our non-targeted suspect screening
workflow, 121 unique compounds were tentatively identified in AF (Supplementary Excel
File) including such diverse compounds as hexyl pivalate and octyl benzoate (fragrance
agents), octyl methacrylate (adhesive and components of coatings), nerylisovalerate (fla-
vouring agent) and betamethadol (synthetic opioid analgesic). Squalene and heptade-
cane were the only two identified endogenous metabolites. This could be explained by
the fact that the majority of endogenous compounds in the human body (e.g., hormones,
fatty acids, amino acids, carbohydrates, cyclic amines) are polar or semi-polar & and
therefore would not elute in the nonpolar fractions analysed in this study. Only 8 out of
the 121 Identified Unknowns were previously experimentally tested for their endocrine
activity (Table S5). Further evaluation of their endocrine activity using in silico prediction
and profiling tools resulted in a total of 69 additional suspects (Supplementary Excel File).
To our knowledge, none of these compounds was previously measured in AF samples,
and for only a few of them, limited information on production and use was found. In a
recent study, Wang et al. (2021) performed non-targeted screening of paired maternal
and cord serum samples and tentatively identified 55 compounds previously not reported
in human samples. There was no overlap between the compounds identified by Wang et
al. (2021) and this study, which is not surprising considering that Wang et al. (2021)
focused mainly on polar industrial chemicals. Collectively, these studies show that there
is a vast knowledge gap regarding in utero exposure to both polar and nonpolar environ-
mental pollutants that calls for further investigation into their origins and possible health
effects 8.

From the 69 compounds with potential endocrine activity, 14 were chosen for fur-
ther evaluation, based on the toxicity profile and commercial availability (Table 9). From
the six compounds confirmed to have estrogenic activity, diphenyl isophthalate, a plas-
ticizer and a flame retardant, was one of the most active, showing 10-°of the potency of
E2. Interestingly, diphenylisophthalate showed supramaximal responses (i.e., induction
of luminescence at higher levels than the positive control E2), as well as, high androgenic
activity in AR-Luc assay, but only after co-exposure to positive control DHT (Figure S4).
The mechanism behind the supramaximal responses is still not fully understood. The
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unexplained androgenic activity observed in AF fractions may at least in part, stem from
its mixture activity, which is typically overlooked when using REP values of individual
compounds. The information about diphenyl isophthalate in the literature is scarce and
to our knowledge, this is the first report on its presence in human samples. The other
potent ER agonists measured in AF were cholesterol n-propionate and p,p’-ditolylamine.
The chemical structure of cholesterol n-propionate closely resembles estradiol, whereas
p,p’-ditolylamine (an amine bound to two phenyl groups) resembles the known endocrine
disruptor bisphenol A (BPA), which may explain their estrogenic activity. Both compounds
also acted as weak anti-androgens (Table 9). The information about this compound in the
literature is scarce, however, some online sources report them as industrial chemicals
used mainly in semiconductors (www.tcichemicals.com). Similarly, benzoin isobutyl ether
showed both ER and anti-AR activity (Table 9). Online sources report that it is used mainly
as a coating auxiliary agent #. For the other active compounds confirmed in AF, limited
to no information about their source or use could be found.

Strengths and limitations of this study

We developed a robust method for the analysis and identification of novel nonpolar
EDCs in AF. The use of AF indisputably demonstrates placental transfer and fetal expo-
sure and in general, might be a better approximation of fetal body burden to environmen-
tal pollutants than maternal matrices. Additionally, the wide range of nonpolar com-
pounds detected in this study demonstrates that AF can be successfully used for the
analysis of even highly lipophilic compounds. It should be noted that this study used a
small number of AF samples, and larger epidemiological investigations are needed to
better understand the extent of exposure to these compounds in the general population.

The analytical methods applied in this study, i.e. GC-HRMS is the method of choice
for non-targeted screening of nonpolar compounds, which usually remain undetected
with softer ionization methods like electron spray ionization (ESI) 2. It provides trace-
level detection of highly nonpolar compounds (BDE 209, logP 9.97, Table 1), and allows
for the non-targeted detection of thousands of volatile substances. Matching spectral
information with the compound’s retention time provides much improved tentative iden-
tifications ®8. In addition, LogP values increase the accuracy of chromatographic reten-
tion time prediction, narrowing the number of candidates that could elute in the nonpo-
lar fraction during the chromatographic fractionation 3°. The two logP prediction tools
used in this study, Kowwin and OPERA, showed a high correlation between experimen-
taland predicted logP values for the compounds detected during targeted analysis (Figure
S2). Nevertheless, discrepancies were found for approximately 20% of the Identified
Unknowns. Cross-checking the inconsistencies with external databases (e.g., PubChem)
greatly improved the compound selection process.
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The use of curated and freely available resources such as the CompTox Chemicals
Dashboard, which contains a wealth of information for thousands of chemicals improved
the identification and prioritization of suspected EDCs from the list of tentatively identi-
fied compounds 378%. The ongoing advances in in vitro technologies, and the increase in
the availability of HTS data, continuously improve modelling algorithms and predictive
performances of QSAR in silico models. The reported sensitivity, specificity and accu-
racy of all QSARs used in this study were high (>80%, Table S4) and our data (i.e., the
confirmed activity of 12 out of 14 suspected EDCs) validated the applicability of QSAR
models for profiling of novel EDCs. Accordingly, there is a high degree of confidence that
the list of remaining suspected EDCs that could not be tested in this study (Supplemen-
tary Excel File) contains biologically active compounds that could contribute to the
remaining, unexplained activity observed in the AF fractions.

Regarding potential methodological limitations in this study, lipid adjustment is note-
worthy. The low concentration range of nonpolar compounds reported in AF, including
this study, may be attributed to the low concentration of lipids present in the full-term AF
41, Lipid adjustment is a common practice in order to compare the inter and intra-individ-
ual differences in lipophilic toxicant concentration °°°1; however, it is not without pitfalls.
For highly lipophilic, nonpolar compounds, tissue distributions are more closely related
to the lipid composition, rather than total lipids °2°3. The AF lipid profile is highly specific
and differs significantly from the maternal plasma #2. The differences in ratio and com-
position of polar (e.g., phospholipids) to neutral lipids (e.g., cholesterol, triglycerides) in
AF and maternal plasma might therefore influence nonpolar EDC distribution, however,
this is still largely unexplored. Moreover, a mixture of developmental waste products and
small organic constituents (cells, nutrients, growth factors and proteins) present in AF
provide additional matter to which nonpolar compounds may sequester 2°. In particular,
as binding to plasma protein is a competitive process between exogenous compounds
and endogenous ligands, specifically free fatty acids 28, lower fatty acids concentration
in AF as compared to maternal serum might increase EDC binding to proteins and other
organic matter present in AF. This illustrates that measurements adjusted for lipid con-
tent may not yield meaningful values. Consequently, extrapolation of AF concentration
to maternal matrices, based on lipid adjustment, is challenging and should be performed
with caution.

Additional methodological limitations may lie in the bioassays used to measure endo-
crine activity, or in the EDA approach. Although dioxin-like activity in AF fractions could
be partially attributed to the analytical TEQ measured, the observed ER and AR activity
was largely unexplained by their respective analytical EQs (Table 6 & 8). It is possible
that the unexplained (anti-)androgenic activity, to some degree, stems from the use of
MDA-kb2 cells which stably express an androgen-responsive luciferase reporter gene
construct that responds to compounds that activate not only the AR but also the gluco-
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corticoid receptor (GR) °*. Thus, the contribution of GR-active compounds to the observed
androgen activity cannot be excluded. Furthermore, in our EDA approach, though chro-
matographic separation ensures the reduction of the chemical complexity of the sample,
there could be masking effects of co-eluting agonists and antagonists °°, or unknown mix-
ture effects resulting in significantly lower or higher bioassay activity than calculated
based on the individual REP values °¢, as shown with diphenyl isophthalate (Figure S4).
Higher-resolution fractionation may further decrease chemical complexity, but at the
same time could result in lower bioassay sensitivity due to compounds being split over
multiple fractions. Such trade-offs are inherent to the EDA approach, especially when
measured compounds are expected to be present at low levels.

Conclusions

While several thousand man-made substances have been detected to date in the envi-
ronment, the number of compounds with endocrine disrupting properties that the fetus
might be exposed to is still largely unknown. The workflow used in this study i.e., the com-
bination of targeted and non-targeted GC-HRMS analysis of AF together with the appli-
cation of curated and freely available in vitro experimental data and in silico prediction
tools, provided a powerful tool to identify known and novel nonpolar EDCs in the fetal
environment. Although we measured a wide variety of known EDCs in AF the remaining,
the largely unexplained endocrine activity observed in the nonpolar fractions indicates
the presence of potential, novel active compounds. The non-targeted analysis together
with the innovative, weight of evidence data mining approach, allowed for the identifica-
tion of additional suspected EDCs, for which limited to no information on their produc-
tion and use was found. This study contributes to a better understanding of the fetal
exposome and shows that the fetus may be directly exposed to many more EDCs than
previously thought, including novel unknown compounds. Further research is needed to
better understand the source, nature and extent of exposure to these compounds and
their possible effects on fetal development and long-term health.
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Supplementary Materials

S1. Materials and Methods

S1.1. Chemicals and reagents

The following certified reference standards of purity 297% were obtained from Accu-
Standard (New Haven, CT): Furan Mix, Dioxin Mix, PBDE Congeners of Primary Interest
Calibration Mix, Pesticide Mix 1, Pesticide Mix 2, AccuGrand 8270 Semi-Volatile Stand-
ard (AGO1), Organochlorine Pesticides, Pesticide/Herbicide Mix, Triphenyl phosphate,
WHO/NIST/NOAA Congener List, PCB Congeners Mix 2, Pesticide/Herbicide Mix, Inter-
nal Standard (Phenanthrene-d10 and Chrysene-d12), and Carbon Number Distribution
Marker (n-hexane, n-heptane, n-octane, n-decane, n-dodecane, n-hexadecane, n-henei-
cosane, n-octacosane, and n-pentatriacontane). Dichloromethane, methanol and water
(HPLC grade) were purchased from Fisher Scientific (Waltham, MA). Benzoic acid, tride-
cyl ester (>95% purity) was purchased from Angene (Nanjing, China). 6-benzyl-3-thio-
phen-3-yl-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole (BTT, >92% purity) and 4,6-Bis(4-eth-
oxybenzylthio)-5-nitropyrimidine (BNP, >92% purity) were purchased from Interbio-
screen Ltd. (Montenegro). 1H-benzoimidazole,1-(4-fluorobenzyl)-2-p-tolyloxymethyl-
(BFPT); [1,2,4]triazolo[3,4-b][1,3,4]thiadiazole,3-(4-chlorophenyl)-6-(4-pyridinyl)-
(TTCP) and N,N’-Di-acridin-9-yl-benzene-1,4-diamine (NABD) were purchased at >90%
purity from Vitas-M Laboratory, Ltd. (Hong Kong, China). 1H-Benzimidazole, 1,2-diphe-
nyl- (BMD, >95% purity) were purchased from Carbosynth LLC (Compton, UK) and
cyclohexanone, 2-(a-anilinobenzyl)- (CAB, >95% purity) from Chemat (Gdansk, Poland).
All other reference compounds, if not specified otherwise, were purchased from Sigma
Aldrich (Poole, Dorset, UK) at the highest commercially available purity.

S1.2. Reporter gene bioassay

The (anti-)estrogen (ER-Luc) receptor-mediated luciferase reporter gene assay
(VM7Luc4E2 human breast carcinoma) 2, the (anti-)androgen/glucocorticoid (AR-Luc)
receptor-mediated luciferase reporter gene assay (MDA-kb2 human breast carcinoma)
2, and the aryl hydrocarbon (DR-GFP) receptor enhanced green fluorescent protein
reporter gene assay (H1G1.1c3 mouse hepatoma) * were used to test the endocrine activ-
ity of AF fractions and candidate compounds. Cells were seeded on 96-well plates and
exposed to AF fractions, candidate EDCs, solvent (DMSO) control, extraction blank, pos-
itive control concentration-response curves (173-estradiol (E2), dihydrotestosterone
(DHT) and 2,3,7,8-tetrachlorodibenzodioxin (TCDD) for ER- and AR-Luc and DR-GFP,
respectively) in three independent experiments. In the anti-ER/AR/DR assays, cells were
co-exposed to the fractions and positive controls at 4 pM, 150 pM and 30 pM of E2, DHT
and TCDD, respectively. After 24 h of exposure, ER-Luc and AR-Luc cells were lysed, lucif-
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erase reagent was added and the luciferase activity was measured in a luminometer
(LUMIstar Optima, BMG Labtech GmbH). The fluorescence activity in the DR-GFP cells
was measured in the intact cells using a fluorescent plate reader (POLARstar Galaxy,
BMG Labtech GmbH) with 485 nm and 510 nm excitation wavelength and an emission
wavelength, respectively. Cell viability was determined with 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT).

Reporter gene activity of each fraction or candidate EDC, corrected for background
luminescence or fluorescence, was compared to the highest activity observed in the con-
centration-response curve of the positive control express either as % relative luminescence
units (% RLUs) for the ER and AR-Luc or % relative fluorescence units (% RFUs) for the
DR-GFP. The maximum activity (Max) observed for the candidate compound was expressed
as % of the highest activity observed in the concentration-response curve of the positive
control. In each co-exposure assay (anti-ER/AR/DR activity), the activity of the positive con-
trol was set at 100% and the decrease in luminescence/fluorescence was expressed as
relative to the positive control. The concentration-response curves of the positive controls
and the candidate compounds were fit with the four-parameter sigmoidal Hill equation
(GraphPad Software Inc., San Diego, CA). Compound activity was reported as a concen-
tration at which 50% of the maximum activation (EC50) or inhibition (IC50) of the lumines-
cence/fluorescence, was interpolated from the linear region of the sigmoidal equation.

S1.3. Non-targeted GC-HRMS data filtering strategy

A data filtering strategy, based on a calibration standard containing 350 compounds
was performed using MATLAB (vVR2018a). The script exported the identified features for
all samples to the PubChem database to retrieve International Chemical Identifiers (InChi)
and CAS numbers. The InChi numbers found in all samples were compared to a list of InChi
identifiers that the calibration standard contained. If the InChi identifier was found in the
samples and in the calibration standard list, then the chemicals were flagged as “InChi
match”. If an InChi identifier was in the samples and not in the calibration list, the chem-
ical was flagged as “no InChi match”. The calibration standard was also evaluated for fea-
ture area and classified as “contains feature” or “does not contain feature.” The identified
chemical data was then sorted into four categories: (1) Identified Knowns, which were
flagged as “InChi match” and “contains feature” (i.e., positive identification, the compound
was found in the standard and the samples), (2) Identified Unknowns, which were flagged
as “no InChi match” and “does not contain feature (i.e., identification, the compound was
identified and the samples contained it, but the standard did not contain it), (3) compounds
flagged as “InChi match” and “does not contain feature” (i.e., the samples and the stand-
ard contained it, but it was not detected in the standard), and (4) ambient background
noise, which was flagged as “no InChi match” and “contains feature” (i.e., a compound
was identified, but it was categorized as GC background noise or solvent contamination).
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Chapter 3

Table S4. QSARs and profiling tools used for the in silico evaluation of ER, AR and DR (AhR) activity of the
Identified Unknowns uncovered through the non-targeted screening of the nonpolar AF fractions.

OECD QSAR Toolbox (Version 4.3)

1. Estrogen receptor (ER) binding: ER binding profiling scheme was developed to predict ER binding
using structural and parametric data extracted from literature and supported by experimental data.
Chemicals are categorized as very strong, strong, moderate, weak and non-binders based on their
molecular weight (MW) and structural characteristics (OECD QSAR Toolbox, https://www.gsartoolbox.
org).

OPERA (Version 2.5)

1. CERAPP (Collaborative Estrogen Receptor Activity Prediction Project): A large scale modelling project
developed in collaboration with 17 groups in the United States and Europe. CERAPP combines multiple
models trained on a set of 1,677 chemical structures from high-throughput screening data provided by
US EPA. CERAPP is applied to evaluated chemicals for binding, agonist, and antagonist ER activity
(Mansouri et al. 2016).

2. COMPARA (Collaborative Modelling Project for Androgen Receptor Activity): A large scale modelling
project developed in collaboration with 25 international groups that contributed 91 predictive models
for binding, agonist, and antagonist AR activity. COMPARA models were trained on a set of 1,746 from
11 ToxCast™/Tox21 high-throughput in vitro screening assays, and have an averaged predictive
accuracy of approx. 80% (Mansouri et al. 2020).

Danish (Q)SAR database (2015)

1. ER alpha binding (human in vitro): Combines a battery of three models: MultiCASE CASE Ultra model
for binding to the human Estrogen Receptor alpha (hERalpha) in vitro; Leadscope Enterprise model for
binding to the hERalpha in vitro, and SciMatics SciQSAR model for binding to the hERalpha in vitro. All
three models used training data set consisted of 595 compounds (284 positives and 311 negatives)
tested for ER binding in a cell-free assay containing the hERalpha.

2. ER alpha activation (human in vitro): Combines a battery of three models: MultiCASE CASE Ultra
model for activation of the human Estrogen Receptor alpha (hERalpha) in vitro; Leadscope Enterprise
model for activation of the hERalpha in vitro; and SciMatics ScCiQSAR model for activation of the
hERalpha in vitro. All three models used training data set consisted of 481 compounds (195 positives
and 286 negatives) tested for their ER activity in MCF-7 cells.

3. Androgen receptor (AR) antagonism (human in vitro): Combines a battery of three models: MultiCASE
CASE Ultra model for Androgen Receptor (AR) antagonism (human vector) in vitro; Leadscope
Enterprise model for AR antagonism (human vector) in vitro, and SciMatics SciQSAR model for AR
antagonism (human vector) in vitro. All three models used training data set consisted of 874 com-
pounds (231 positives and 643 negatives) tested for their AR antagonism of human androgen receptor
in Chinese Hamster Ovary cells.

4. Arylhydrocarbon (AhR) activation (human in vitro): Two models are available within Danish QSAR
database for prediction of AhR activation: rational model trained with data on 832 actives and 3,328
inactives and a random model with a proportion of inactives chosen entirely by random. Both models
show good statistical performance, with the rational model having external validation sensitivity of
85.1% and specificity of 97.1%, compared to the random model with sensitivity 89.1% and specificity
91.3% (Klimenko et al. 2019).
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Deconvoluted Spectra | b d ‘ MATLAB (vR2018a) script | - | OpenBabel software

Matching with NIST Database: InChlI keys retrieved from InChlI keys converted to
904 identified unknowns PubChem database SMILES
ClustVis heatmap EPA Dashboard OECD QSAR Toolbox
RSI/Rev > 700 TOXCast/Tox21 Exp: ERBA, ARBA, AhR
logP > 4.0 Profiling: ER binding
Danish QSARs OPERA 24

AhR, ER & anti-AR logP (exp. & prediction)

CoMPARA, CERAPP

PubChem bioassays EPISUIT 4.1
= AhR activation (AID 2796) logP (exp & prediction)
% iix > Fig Ffrg g Ry F2 R
e
o
{ J
Y

Filtering/prioritization of identified unknowns was based on compound’s physical/chemical properties,
elution profile, bioassay activity and a combination of publicly available experimental data and
predictive models

Figure S1. Strategy for filtering and prioritization of novel EDCs from the unknown compounds identified
through the non-targeted GS-HRMS analysis.
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Figure S2. Correlation between experimentaland OPERA (A), experimentaland KOWWIN (B), and OPERA
and KOWWIN (C) predicted logP values for the compounds measured during the targeted analysis of the
nonpolar fractions of amniotic fluid, and a correlation between OPERA and KOWWIN logP values pre-
dicted for a subset of Identified Unknowns (D).
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Figure S3. Comparison of AR-antagonistic activity (black circles) and cytotoxicity (blue triangles) of
1H-benzimidazole, 1,2-diphenyl- (BMD), N,N’-di-acridin-9-yl-benzene-1,4-diamine (NABD),
1-(4-fluorobenzyl)-2-p-tolyloxymethyl (BFPT) and allethrin, measured with AR-Luc assay and MTT assay,
respectively, as described in the method section. Half maximal effective concentration (EC50) is given in
molar units (M), n=3 except for allethrin, n=1.
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Figure S4. Diphenylisophthalate agonistic (black triangles), antagonistic (blue circles) and cytotoxic activ-
ity (grey bars) measured in ER-Luc (A) and AR-Luc (B) reporter gene assays. The % of the agonistic
response was measured as relative to the maximum induction by positive control E2 (A, n=3) or DHT (B,
n=3). The antagonistic activity was measured with co-exposure to E2 (4 pM, n=1) and DHT (150 pM, n=3)
and the decrease in luminescence was expressed as relative to the respective positive control. Cytotox-
icity was measured with MTT assay, n=3.
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Chapter 4

Abstract

Micro- and nanoplastics (MNPs) are ubiquitous in the environment and have recently
been found in human lungs, blood and placenta. However, data on the possible effects
of MNPs on human health is extremely scarce. The potential toxicity of MNPs during preg-
nancy, a period of increased susceptibility to environmental insults, is of particular con-
cern. The placenta provides a unique interface between maternal and fetal circulation
which is essential for in utero survival and healthy pregnancy. Placental toxicokinetics
and toxicity of MNPs are still largely unexplored. Practical and ethical considerations limit
research options in humans, and extrapolation from animal studies is challenging due to
marked differences between species. Nevertheless, diverse in vitro and ex vivo human
placental models exist e.g., plasma membrane vesicles, mono-culture and co-culture of
placental cells, placenta-on-a-chip, villous tissue explants, and placental perfusion that
can be used to advance this research area. The objective of this concise review is to reca-
pitulate different human placental models, summarize the current understanding of pla-
cental uptake, transport and toxicity of MNPs and define knowledge gaps. Moreover, we
provide perspectives for future research urgently needed to assess the potential hazards
and risks of MNP exposure to maternal and fetal health.

Experimental human placental models for studying uptake,
transport and toxicity of micro- and nanoplastics (MNPs)

Experimental human Data on placental MNP
placental models reviewed uptake, transport and
toxicity reviewed

In vitro Number of studies

e Plasma membrane vesicles
e Mono-cultures Mono-cultures
e Co-cultures Pacental
o Placental spheronfis u perfusions
e Placenta-on-a-chip » .
| ] Co-cultures

Ex vivo
e Villous tissue explants
e Dually perfused placental
cotyledon Knowledge gaps and
perspectives for future
studies provided

Graphical abstract
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Abbreviations

ABC = ATP binding cassette

ABCBL1 = P-glycoprotein

ABCG2 = Breast cancer resistance protein
CdTe-COOH = Carboxylic acid functionalized CdTe quantum dots
CRH = Corticotrophin-releasing hormone
CTs = Cytotrophoblasts

CuO = Copper oxide

DDT = Dichlorodiphenyltrichloroethane
ECM = Extracellular matrix

ER = Estrogen receptor

EVCTB = Extravillous cytotrophoblast
EVTs = Extravillous trophoblasts

Fluo-PS = Fluorescent polystyrene

GPMVs = Giant plasma membrane vesicles
hCG = Human chorionic gonadotropin

hPL = Human placental lactogen

HPVEC = Human placental vascular endothelial cells
HUVEC = Human umbilical vein endothelial cells
IL = Interleukin

MNPs = Micro- and nanoplastics

MPs = Microplastics

NPs = Nanoplastics

PAH = Polycyclic aromatic hydrocarbons
PCB = Polychlorinated biphenyls

PGH = Placental growth hormone

PL = Placental lactogen

PR = Progesterone receptor

PS = Polystyrene

ROS = Reactive oxygen species

ST = Syncytiotrophoblast

TiO, = Titanium dioxide

TLR = Toll-like receptor

VCTs = Villous cytotrophoblasts
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Introduction

The environment is widely polluted with microplastics (MPs, <5 mm) and nanoplas-
tics (NPs, <1 pm), collectively called micro- and nanoplastics (MNPs) 2. MNPs are syn-
thetic polymers that are formed by weathering, mechanical abrasion, and photodegrad-
ation of plastic products and waste 3*. MNPs are also intentionally produced for various
purposes such as drug delivery systems and cosmetics (e.g., sunscreens) °. Thus, envi-
ronmental exposures are typically to a mixture of MNPs of various sizes, polymer types
and chemical compositions. Exposure to MNPs in humans occurs mainly through inges-
tion and inhalation *¢. Recently, MNPs have been found in lung tissue and blood confirm-
ing internal human exposure ’-% and raising concerns about their effects on human health
10, Of special concern is the potential toxicity of MNPs during pregnancy. The fetus is highly
susceptible to toxicity due to intense and strictly regulated cell proliferation, apoptosis,
cell differentiation and cell migration during organogenesis. The so-called developmen-
tal windows of susceptibility define periods of heightened vulnerability to environmen-
tal toxicants, during which disturbance of pre- or postnatal development could contrib-
ute to adult-onset disease %2, In the case of MNPs, direct developmental toxicity may
arise from particles in maternal blood that cross the placental barrier and damage fetal
tissues 3. However, developmental toxicity may also arise from the damage to the pla-
centa itself, which may affect not only fetal but also maternal health during pregnancy.

The placentais a multifaceted temporary organ at the interface of maternal and fetal
circulation, crucial for fetal growth and development. Contrary to the old belief that the
placenta forms an impermeable layer that protects the fetus from harmful substances
present in maternal blood, it is now known that a large variety of environmental pollut-
ants with diverse molecular structures can cross the placenta. Transplacental transport
of licit and illicit drugs, xenobiotics, as well as engineered metallic and carbonaceous
nanoparticles is now well documented *#-*”. More recently, (ultra)fine particles from air
pollution have been detected in placental tissue, notably ambient black carbon particles
18 and nanoparticles from diesel exhausts *°. Carbon and metal-bearing nanoparticles
were also recently found in placental phagocytes 2°. Epidemiological data indicate that
exposure to (ultra)fine particles during pregnancy is associated with various complica-
tions such as pre-eclampsia %22, pre-term birth 23, low birth weight 24 and stillbirth 2°.
They may also predispose the fetus to malformations such as congenital heart defects 2¢
and diseases later in life such as respiratory diseases ?’. Recently, MNPs have been
detected for the first time in human placental samples and meconium 222°, This demon-
strates that environmental (ultra)fine particles including MNPs reach placental cells and
that a human fetus may be exposed in utero. Considering the central role of the placenta
in fetal and maternal wellbeing during pregnancy, there is an urgent need to understand
the potential placental toxicokinetics and toxicity of MNPs.
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Due to practical and ethical considerations, in vivo studies with rodents are the most
commonly used to study placental function and development. So far, only a few studies
have investigated the transplacental transport of MNPs. In vivo rodent studied have
shown that MNPs can cross the placental barrier and accumulate in the internal organs
of the offspring 17:39-32, Tt is hypothesized that consequent toxicity, such as metabolic dis-
turbance, alterations of behaviour, neurotoxicity and increased mortality, are mediated
through changes in gene expression, oxidative stress, inflammation and cell death 3. The
placenta is, however, the most species-specific organ with outstanding evolutionary
diversity. The functional (e.g., expression of transporter proteins), as well as anatomical
(e.g., the number of trophoblast cell layers) differences between species are important
factors determining placental permeability to nutrients, chemicals and particles, making
extrapolation from rodent models to humans challenging 34-3¢. The use of models rele-
vant to humans, derived from human placental tissue, such as primary cells or cell lines
of placental origin, are therefore considered superior to using other mammalian models
when analysing various aspects of placental biology and toxicity, including uptake and
toxicity of MNPs. So far, a limited number of studies employing human in vitro placental
cell models and ex vivo placental perfusion have investigated transplacental transport
of MNPs, and MNP toxicity and the mechanisms underlying toxicity have rarely been
addressed. The objective of this concise review is to summarize the current state of the
science of placental MNP research, with a focus on the available in vitro and ex vivo pla-
cental models relevant to humans. First, we summarize the development, physiology and
morphology of the human placenta. Next, we critically evaluate different models of the
human placenta and recapitulate the current understanding of placental toxicokinetics
and toxicodynamics of MNPs. Lastly, we highlight areas that require further scrutiny
including potential toxicity endpoints and key components to consider when investigat-
ing the placental MNP exposure.
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Chorionic plate
Basal plate
Intervillous spaces
A chorionic villus
Uterine vein

and artery
Spiral
arteries

Mesoderm

Fetal capillary
Syncytiotrophoblast
Cytotrophoblasts

Fetal vascular
endothelium (HPVEC)

Hofbauer cell
Fibroblast

Fetal Maternal
circulation blood

Chorion

4‘S’yncytiotrophoblast (Differentiated BeWo)
— Cytotrophoblast (BeWo, JAR, JEG-3)

Intervillous
space

—Placental septum
—Maternal blood
— Fetal circulation

r— Spiral arteries
r— Uterine vein and artery

Decidua [

Micro-/nanoplastic particle

Figure 1. Schematic overview of the morphology of the human placenta and chorionic villi. The different
in vitro cell models representative of various placental cell types are given in brackets. This figure was
created using BioRender.com

Human placenta

Placental development and physiology

The placenta is the first organ that forms during human embryogenesis. It develops
from the trophectoderm (i.e., early trophoblast cells surrounding the blastocyst) in the
first weeks of pregnancy ¥’. Human placentation differs from that of other mammals and
is orchestrated by highly regulated temporal and spatial interactions between extraem-
bryonic mesenchymal cells and trophoblastic cells . The trophoblastic cells engage in
diverse functions throughout gestation, ranging from attachment, invasion, and vascular
remodelling to hormone production and nutrient transport. Implantation and placental
development have been extensively described elsewhere 943, Trophoblastic cell line-
age has two distinctive cell populations, the undifferentiated cytotrophoblasts (CTs) and
the fully differentiated syncytiotrophoblast (ST). The undifferentiated CTs either differ-
entiate into villous cytotrophoblasts (VCTs) and further fuse to form multinucleated ST
(with a lost capacity to divide) or gain a migratory phenotype to become extravillous
trophoblasts (EVTs). Molecular details of the regulation of the differentiation processes
are very complex and still being studied #°. At two weeks after implantation, EVTs begin
an aggressive invasion into maternal stroma and remodelling of the resident blood ves-
sels, a process unique to human placentation #4. At the same time, VCTs start to form pri-
mary chorionic villi and proteolytic enzymes continue to break down the extracellular
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matrix (ECM) to generate intervillous space. By approximately 8 weeks postconception,
the blueprint of the placenta is established and maternal blood starts to flow through the
placental villi 4>#%, The placenta and placental villi continue to change and grow to ensure
adequate nutritional supply throughout the developmental stages of the fetus “°.

At full-term, the human placenta s a large discoid organ that is 2-2.5 cm thick, approx-
imately 15-20 cm in diameter and weighs up to 600 grams #%47. On one side, there is a
chorionic plate with an umbilical cord that connects to the fetus. On the other side, there
is a basal plate that is attached to the maternal endometrium (Figure 1). Villous trees
emerging from the chorionic plate begin with stem villi that branch into 3-5 intermediate
villi and then further into 10-12 terminal villi (<20 pm diameter), richly vascularized by a
fetal capillary network #84°, These villous trees float in an intervillous space filled with
maternal blood and are separated laterally by incomplete placental septa. At full-term,
maternal blood (about 30% of the maternal cardiac output) from remodelled spiral arter-
ies flows through the intervillous space at a flow rate of 600-700 mL/min, bathing villous
trees with a total surface area of 12-14 m? 145051 Tt is here, at the cellular barrier of the
villous tree, that the exchange of nutrients, gases and waste products between maternal
and fetal blood takes place, and where the exogenous particles such as MNPs present in
maternal blood can interact with the placental trophoblastic structures.

Placental barrier

The term “placental barrier” refers to the cell layers that separate maternal blood in
the intervillous space from the fetal capillaries in the core of the chorionic villi (Figure 1)
and harbour important molecular structures supporting placental functions, such as spe-
cialized transporter proteins. The cell layer in direct contact with maternal blood is a layer
of ST with multiple nondividing nuclei and without lateral cell membranes forming thus
one continuous layer 5253, The plasma membrane of the ST is highly polarized and con-
sists of two horizontal membranes: the brush border membrane facing maternal blood
and the basal membrane, which can be distinguished by their protein, receptor, and trans-
porter compositions ®4. In the villous stroma, under the ST, are some remaining CTs that
retain the capacity to divide, and by cellular fusion give rise to ST (Figure 1). Behind ST
and CTs lies the connective tissue containing fibroblasts and Hofbauer cells, the placen-
tal macrophages 14535, The last layer of the placental barrier in the chorionic villi is the
endothelium of the fetal capillaries.

This placental barrier in chorionic villi undergoes dynamic morphological changes
during pregnancy that may influence placental MNP toxicokinetics. The ST layer becomes
thinner, fetal capillaries move towards the periphery of the villi, CTs become flat rather
than cubic, and their relative cell mass in relation to ST diminishes *¢. The average thick-
ness of the barrier in the first trimester is approximately 20-30 um and by the end of the
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third trimester, the thickness is reduced considerably to as little as 5 pm, to allow
increased exchange between the mother and the fetus 39525758,

Placental functions

One of the most important placental functions is the transport of nutrients and solutes
from maternal to fetal circulation, through the placental barrier. Various mechanisms of
transplacental transport exist including passive diffusion, active transport, pinocytosis
and phagocytosis 4. Most compounds with low molecular mass (<500 Da) simply diffuse
across the placental tissue through the lipid membrane or protein channels, driven mainly
by a concentration gradient. There are, however, some exceptions, such as immunoglob-
ulin G (IgG, 160 Da) which is transported mainly via pinocytosis *°. IgG is the most common
antibody in the human body and its transplacental transfer takes place through binding
to a specialized neonatal Fc receptor (FcRn). The FcRn-mediated transcytosis shuttles
IgG in both directions across the ST layer €. Pinocytic extracellular vesicles of various
sizes (macrovesicles, microvesicles and exosomes) that carry protein, lipids, DNA, and
RNA, and originating from ST, provide a means of feto-maternal communication and trans-
mission of macromolecules between cells. Trophoblastic cells are also active phagocytes.
They are involved in histotrophic phagocytosis during tissue remodelling throughout
implantation and placentation, but also participate in innate immune defence by remov-
ing bacteria or other components of the ECM during inflammation %73, Active placental
transport occurs against a concentration gradient and requires protein membrane carri-
ers. The major influx and efflux transporter families in the human placenta are the solute
carrier (SLC) and ATP-binding cassette (ABC) transporters . There are over 30 types of
specialized transporter proteins present in placental cells, with varying expressions
depending on the stage of pregnancy %4, The ABC efflux transporters, especially the
p-glycoprotein (ABCB1) and the breast cancer resistance protein (BCRP or ABCG2) are
abundant in the brush border of syncytiotrophoblast facing maternal blood and are impor-
tantin protecting the fetus from foreign and potentially teratogenic compounds *°. In addi-
tion, the human placenta contains enzymes for xenobiotic metabolism yielding metabo-
lites with an altered capacity to be transported ¢°. Overall, the blood flow, surface area,
membrane thickness and protein binding are important parameters influencing the uptake
and transport of exogenous compounds, and possibly MNPs, at the placental barrier.

Besides transport, the placenta has many other functions including biosynthesis and
metabolism of cholesterol, steroid hormones and growth factors essential for the main-
tenance of pregnancy and fetal development ¢, The communication between the
mother, placenta and fetus is largely regulated by the placenta through the effects of pla-
cental hormones liberated to both maternal and fetal blood, and the exchange of other
important molecules between the circulations #%¢”. The numerous bioactive molecules,
such as chorionic gonadotropin and placental lactogen, are mainly secreted by the ST
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476768 Each placental hormone is tightly regulated in space and time by several factors,
including other placental hormones. This delicate hormonal interplay is important for a
wide variety of processes that are vital for the establishment and maintenance of preg-
nancy such as implantation, invasion of trophoblast, placental angiogenesis, hormone
synthesis, maternal and fetal metabolic regulation, fetal growth and myometrium con-
tractility, among others (for a comprehensive review see Costa 2016) ¢”. The placenta is
also an active immunological organ ¢%7°. Specifically, the interplay between the ST and
maternal immune cells actively inhibits infections and protects the fetus from rejection
by the maternal immune system 7. Also, maternal long-chain fatty acids, by inducing cell
proliferation, differentiation and angiogenesis, play a crucial role in placental and fetal
growth and development 72. Special placental proteins exist to ensure transcellular and
transplacental transfer of fatty acids, including transport proteins in the cell wall (FAT,
FATP, p-FABPpm, & FFARS), and the intracellular fatty acid-binding protein FABP. Disrup-
tion of these diverse placental functions has been implicated in various adverse preg-
nancy outcomes such as placental insufficiency, intrauterine growth restriction, preterm
birth, pre-eclampsia and loss of pregnancy. However, all in all, placental functions during
various stages of pregnancy remain poorly understood and studied “°. Very little is known
about the placental toxicity of environmental factors, such as MNPs, and their potential
impact on maternal and fetal health during pregnancy. Nevertheless, diverse in vitro and
ex vivo human placental models exist and can be used to advance this research area.

Human placental models

Various in vitro and ex vivo models of the human placenta exist including mono-cul-
tures, co-cultures, 3D models, placenta-on-a-chip, explant cultures and ex vivo human
placental perfusion models, reflecting different levels of placental organisation and com-
plexity (Figure 2). These models have been successfully used to investigate diverse
aspects of placental biology, such as xenobiotic metabolism, steroid metabolism and
transfer of drugs, endogenous and exogenous compounds and nanoparticles. The main
characteristics of each model are presented in Table 1 and summarized below, moving
from less to more complex models based on their biological organisation. The use of
these models in MNP research is discussed in the later sections.

Plasma membrane vesicles

Isolated plasma membrane vesicles from the human placenta have been used to
characterize the expression and function of membrane transporter proteins, and to study
transport mechanisms of substrates across individual plasma membranes, either the
maternal-facing microvillous brush border membrane or the fetal-facing basal membrane
7374 Various inhibitors of specialized membrane transporter proteins can be used to study
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specific transport mechanisms in the apical and basal membranes separately 7. Never-
theless, the purity of the isolated membrane vesicles has to be considered, as cross-con-
tamination of the contralateral membrane can occur. So far, the microvillous membrane
vesicles have not been used in MNP research. Although such cell-free in vitro models may
lack crucial constituents important for particle uptake *. Recently giant plasma mem-
brane vesicles (GPMVs, size range in the lower um) isolated from various cell lines (HepG2,
Caco-2 and Hela) have been suggested to represent a useful substitute for a cellular
model 76. Carboxylated polystyrene (PS) particles of 40 and 100 nm were efficiently trans-
ferred to GPMVs 7¢. Nevertheless, isolated microvillous membrane vesicles are relatively
small (@about 0.15 pum in diameter) and the size range of MNPs that can be studied using
this method is rather limited.

Placental mono-cultures

From all the different placental cell types, the trophoblast is probably the most stud-
ied. Different cell lines were developed to study trophoblast functions including gesta-
tional choriocarcinoma, immortalized trophoblasts and CT-derived stem cells, however,
their use in MNP research so far has been limited. The most commonly used placental
cell lines are described in Table 1. Three malignant human choriocarcinoma cell lines,
BeWo, JEG-3 and JAR, are commonly used in vitro models to investigate diverse aspects
of trophoblast function 7. The BeWo and JEG-3 cell lines have been used to study endo-
crine function since they produce multiple hormones e.g., human chorionic gonadotro-
pin (hCG), progesterone, and androgens 787°. However, multiple genes are differentially
expressed between BeWo and JEG-3 suggesting that they may vary in their function 7.
While the JAR cells also produce hormones, they are not frequently used to study endo-
crine functions. The most frequently used cell model for placental transport studies is
the BeWo b30 which is a subclone of the BeWo cell line. This cell line forms a confluent
monolayer on a permeable membrane and develops polarized membranes with differ-
ent expression of growth factors and transporter proteins in apical and basal membranes
78, Although BeWo is a carcinoma cell line and there are marked differences in solute car-
riers and transporter proteins between BeWo cells and trophoblasts in situ, transport
studies with BeWo b30 cells are usually in agreement with the ex vivo results 881, Another
trophoblastic cell line, the 3A-sub-E cell line, has been used to study chemokine recep-
tors and promoter activity, such as the ABCB1 promoter which encodes the placental
efflux transporter P-glycoprotein 8283,

Freshly isolated primary trophoblasts are less frequently used than choriocarcinoma
celllines since they are difficult to isolate and culture, have a short lifespan and are often
contaminated by different cell types 8. Moreover, primary CTs can spontaneously differ-
entiate into functional syncytium (followed by a loss of epithelial cell-cell junctions) and
therefore a successful establishment of a confluent monolayer from primary CTs is chal-
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lenging 788, Nevertheless, the use of highly viable purified CTs, optimized culture condi-
tions and semipermeable inserts can aid the formation of a tight monolayer 827. Two com-
monly used cell lines derived from primary cells are ACH-3P and HRT-8/Svneo (Table 1).
ACH-3P cells may be applied to study autocrine and paracrine regulation of trophoblast
formation -2, while HRT-8/Svneo cells may be used to study e.g., extravillous cytotroph-
oblast (EVCTB) invasion and proliferation. More recently, trophoblast stem cells were
derived from human villous CTs and human blastocysts °*. These long-term stem cell cul-
tures may give rise to CTs, EVT and ST-like cells that show transcriptomes similar to those
of the corresponding primary trophoblasts, providing a new powerful model to study
human trophoblast development and function.

The two most common vascular endothelial cell lines applied in placental research
are human umbilical vein endothelial cells (HUVEC) and human placental vascular
endothelial cells (HPVEC) °2°° (Table 1). HUVECs represent macrovascular endothelial
cells while HPVECs represent microvascular endothelial cells involved in the formation
of the placental vascular network, and thus marked phenotypic and physiologic differ-
ences exist between these cell lines °3. The HPEC-A2 cell line is another SV-40-trans-
formed placental venous endothelial cell line, however, it has limited commercial avail-
ability and thus is not commonly used in placental research.

Placental mono-cultures allow for low-cost and high-throughput investigation of dif-
ferent aspects of placental biology under controlled and simplified conditions. They can
be applied to study transplacental transport (e.g., using the Transwell ® system) or to
investigate other functional endpoints (using a standard well plate format). However, as
they lack the physiological complexity of the multi-layered cell structures of placental
villi (e.g., trophoblasts, mesenchymal, Hofbauer cells and fibroblasts) they do not account
for the complex placental cell-cell interactions.

Placental co-cultures

Co-culture models may improve the physiological relevance of in vitro models by mim-
icking the human anatomical architecture of placental tissue and by facilitating cell-cell
interactions °4. Two different co-culture model types are used, namely direct co-culture
and indirect co-culture °. In direct co-culture, distinct cell types are in physical contact
with each other which allows direct communication between them. In the indirect co-cul-
ture model, the distinct cell types are physically separated from each other, and the com-
munication between them is facilitated through a culture medium (Figure 2). Co-culture
models may show altered protein expression and hormone secretion in comparison with
mono-cultures. For example, co-culture of BeWo or JEG-3 cells with the human adreno-
cortical cell line H295R resulted in higher secretion of progesterone, estradiol, estriol and
estrone in comparison with H295R, JEG-3 or BeWo cells cultured alone 77°¢, Both direct
and indirect co-culture models may also be applied in a Transwell ® system to determine
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the transplacental transport of compounds or particles over multiple cell barriers. How-
ever, in the co-culture models, the distinct cell types often require different media and
supplements to ensure optimal culture conditions. Thus, finding the right medium com-
position is often challenging. So far co-culture models have rarely been applied to MNP
research.

Placental spheroids

Placental spheroids are more comparable to the placenta in situ than mono-, or
co-cultures since spheroids have multiple cell layers and recreate a ‘natural-like’-mi-
croenvironment for the cells °7°8. The cell-cell interactions in spheroids induce changes
in cellular morphology and functions, showing continuous proliferation, differentiation,
and changes in gene and protein expression which are more representative of the pla-
centa in situ *°. Placental spheroids can be formed using transfected cell lines, primary
or progenitor cells, and by combining different cell types e.g., endothelial precursor cells,
cytotrophoblasts and villous stromal cells 1°101- For example, Turco et al. (2018) estab-
lished trophoblast organoids capable of differentiating to ST and EVTs, that formed com-
plex structures which anatomically and functionally resembled placental villi 2. Sphe-
roids can be formed using round-bottom nonadherent well plates or the hanging drop
technique 3, Both techniques can be used in 96-well plates, which allows for high
throughput screening %4, Depending on the cell types used to form spheroids, this model
can be used to study cell adhesion, proliferation, placental vascular development and
trophoblast invasion °81%, Nevertheless, using spheroids is not without challenges. For
instance, it is difficult to exchange culture medium, prevent necrotic damage and control
the size and exact composition of the cellular components of spheroids 2%,

Placenta-on-a-chip

The emergence of the ‘placenta-on-a-chip’ model, combining microfluidics and
diverse human placental cells in 3D structures, provides a novel promising tool that exhib-
its organotypic features of the placenta 2%, This model has been already used to study
placental translocation, inflammatory responses and complex cellular interactions 1°¢-
110 Tn the placenta in situ, the ECM is an important component of the tissue microenvi-
ronment since it regulates cellular adhesion, migration and invasion %112, Therefore, the
use of an ECM membrane can be physiologically relevant for creating the placental bar-
rier in vitro 1%, Matrigel®, fibronectin or gelatine, have been used to represent the ECM in
the placenta-on-a-chip model 1°8113-115 On top of the ECM diverse placental cell types
can be grown. Human villous mesenchymal fibroblasts have been used in a combination
with the BeWo b30 cells to study the translocation of PS particles across the placental
barrier ¢, Other cell lines can be included in this model, such as endothelial orimmune
cells, creating co-culture microtissues and further reducing the gap between in vitro and
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in vivo conditions 7, However, similar to co-cultures, the different cell types in the pla-
centa-on-a-chip model may require a specific medium/microenvironment *°. Further-
more, these models are labour-intensive since it is essential to continuously monitor cell-
cell communication and their microenvironment for secreted metabolites or hormones,
and, cannot be used for high throughput screening. Nevertheless, the potential of the pla-
centa-on-a-chip model has already been demonstrated in the fields of reproductive biol-
ogy and toxicology (e.g., assessment of engineered nanoparticles for drug delivery),
reviewed recently by Young and Huh (2021) and Shojaei et al. (2021).

Villous tissue explants

Placental villous tissue explants from term placentas are most commonly used,
although explants from the first trimester (from elective abortions) have also been uti-
lised 1%, Villous explants from term placentas have been used to evaluate villous metab-
olism, endocrine function and transport of amino acids and other small molecules 120122,
whereas early placental tissue explants have been used to study placentation, invasion
of EVTs, trophoblast proliferation and differentiation 23124, Villous explants from both
early and term placenta have been used to study the effects of xenobiotics on transporter
expression 2% and endoplasmic reticulum (ER) stress *?¢. These models maintain the
topology of chorionic villi (i.e., contain microvillous membrane of the syncytium, mesen-
chymal stromal cells, endothelial cells, blood cells and Hofbauer cells) and represent a
functional unit of the placenta. However, the tissue has to be carefully dissected from the
placenta soon after delivery and assessed for structural integrity and viability after han-
dling and during culture (syncytial detachment, necrosis and other tissue degeneration
are often reported) . The production of hormones, growth factors, cytokines and pro-
teins may show significant inter- and intra-placental variation 19128129, Additionally, dif-
ferent culture conditions (use of diverse supports and inserts, different oxygen levels and
culture media composition) can have marked effects on the explant function 130-132, | astly,
villous explant cultures under static conditions, the most commonly used approach, differ
significantly from the in vivo situation as they lack the beneficial effects of fluid flow which
creates stress on placental villi, specifically on ST 33134, Human placental villous explants
under flow culture systems show better structural and biochemical integrity as compared
to a static culture 3. To our knowledge, villous explants have so far not been used to
study the uptake or toxicity of MNPs in villous structures.

Dually perfused placental cotyledon

Placental cotyledons are functional units of the placenta, containing chorionic villi
separated by placental septa. Since its development by Panigel et al., in 1967, the ex vivo
perfusion of a placental cotyledon is still considered the golden standard for the evalua-
tion of placental clearance and transport of various endogenous compounds 36137 phar-
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maceutical drugs 138139 and environmental pollutants 1° under dynamic, near-physiolog-
ical conditions. This ex vivo model takes advantage of the full complexity of the intact
human term placental tissue and generally shows a good correlation with in vivo data 4%,
Usually, only a single cotyledon is used and the transfer can be analyzed over time. After
perfusion, samples can be taken from placental tissue, which can be processed further
for biomarkers (e.g., using genomic or proteomic methods). However, the perfusion time
is limited and mainly term placentas are used, because perfusion of the earlier placenta
is extremely difficult 142. Additionally, considering that placental physiology changes sig-
nificantly during pregnancy, the term placenta does not represent the earlier develop-
mental phases *>'4%, Similar to villous explants, placental perfusion conditions (such as
the composition of perfusates and gas mixtures used to oxygenate the tissue, flow rates
in maternal and fetal circulations and perfusate volumes) may significantly affect the
transport function. Placental viability must be closely monitored during perfusions and
interindividual variation in transplacental kinetics, including potential consequences of
polymorphisms, must also be considered *#3. Human placental perfusion has been used
to study the transplacental transfer of various nanoparticles (reviewed by Aengenheister
et al. (2021)), but only a limited number of studies have investigated MNPs of which all
were PS particles.
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Figure 2. Diverse in vitro and ex vivo human placental models with increasing order of complexity (from
amolecule, cell, tissue to organ) used to study diverse aspects of placental development and functions,
including transplacental transport. On a molecular level, plasma membrane vesicles are used. These can
be isolated from human placental tissue to study specific transporter proteins. On a cell level, mono- and
co-cultures models can be used. Here, diverse placental epithelial and endothelial cells are cultured in a
well-plate or a Transwell ® system. Co-cultures can be used in the “indirect” model where no physical
contact between different cell types exists, or in the “direct model” where the different cell types are in
direct contact. On a tissue level, placental spheroids can be used. Placental spheroids may consist of one
or multiple cell types that are cultured in a round bottom well or using a hanging drop technique to recre-
ate a more ‘natural-like’ microenvironment of the cells. More complex is the placenta-on-a-chip model
which combines diverse human placental cells and microfluidics in 3D structures. Moreover, placental
tissue explants, such as villous tissue explants can be isolated from the placenta and cultured in vitro. On
an organ level, placental cotyledon representative of a whole functional unit of the placenta can be dually
perfused to study maternal and fetal clearance of various molecules under dynamic, near-physiological
conditions.
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Chapter 4

In vitro placental PS uptake, transport and toxicity

Uptake

To date, the only MNPs investigated in the in vitro placental models were PS particles.
Several methods have been used to confirm the uptake of PS particles by placental cells,
namely light-, electron- and confocal microscopy. So far, only fluorescent PS particles
(Fluo-PS), with a size range of 20 nm to 10 pm, have been investigated in placental epi-
thelial and endothelial cells in vitro (Table 2). Fluo-PS uptake was investigated in BeWo
b30, 3A-sub-E cells, HUVEC and HPEC-A2 cells and all, except the HPEC-A2, took up
Fluo-PS particles in a size-dependent manner. However, the exact mechanisms of uptake
remain unclear. HUVEC and HPEC-A2 are micro- and macrovascular endothelial cells
showing phenotypical and physiological heterogeneity and marked differences in gene
expression and cell signalling °3. Moreover, other microvascular HPVEC cells, have been
shown to lack fenestrations and pinocytotic activity *°°. These differences between
macro- and microvascular cells may account for the observed difference in PS uptake;
however, so far this has not been elucidated.

Transfer

The most studied aspect of in vitro placental MNP exposure is the transplacental
transport of MNPs across the maternal-fetal interface (Table 2). For this, the Transwell ®
system is commonly used, where cells are separated by a semi-permeable membrane.
The Transwell ® model has been used to study the transport of a variety of substrates
(e.g., caffeine, silver nanoparticles) over the placental barrier 1°%1¢°, However, the trans-
port of MNPs has been insufficiently investigated. Only five in vitro studies using Tran-
swell ® inserts have examined PS transport across cell layers, of which three have used
mono-cultures, one co-culture and one study used both (Table 2). These studies used
several methods to determine permeability and monolayer formation (e.g., by measur-
ing transepithelial/endothelial electrical resistance (TEER)), uptake (e.g., by electron
microscopy) and transfer (e.g., by microplate reader) (Table 2).

The mono-cultures used BeWo b30, JEG-3, JAR, ACH-3P or HPEC-A2 cell lines,
whereas the co-culture consisted of a combination of BeWo b30 and HPEC-A2 cells 56161
163 Due to their ability to form a tight monolayer, the BeWo b30 cells are the most fre-
quently used trophoblastic cell line to study the time-dependent transplacental transfer
of MNPs using the Transwell set-up 56:162-164,

The transplacental transport has been investigated using different sizes (20 nm to 10
pm) and concentrations (0.05 to 1000 pg/mL) of PS particles (Table 2). Additionally, one
study investigated negatively and positively charged PS particles 142, All PS particles tested
were able to cross the cellular monolayers regardless of the cell type, except for the 70 nm
%6 and the negatively charged 50 nm PS particles (Magasphere) 1¢2. Also, neither 50 nor 500
nm negatively charged PS beads were translocated over the BeWo b30/HPEC-A2 co-cul-
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ture 11, Kloet and coworkers (2015) argued that the different translocation rates for the
negatively charged 50 nm PS particles are possibly due to the different chemical groups on
the surface of the PS supplied by the different manufacturers. The particle surface moiety
in addition to the surface charge is thus probably an important factor in the placental uptake
and transport of MNPs. In the co-culture model developed by Aengenheister and cowork-
ers (2018), fluo-PS beads (70 nm) did not cross the BeWo b30/HPEC-A2 layers, while the
smaller beads (49 nm) did %¢. Overall, the in vitro transcellular transport of MNPs has been
shown to be limited, with a maximum of 41 and 2% of initial concentration measured in the
basolateral compartment in mono-culture and co-culture, respectively.

Toxicity

The MNP toxicity, similarly to uptake and transfer, was studied only with PS particles,
in atotal of 9 in vitro studies (Table 2). An overview of the different toxicity endpoints inves-
tigated to date is presented in Table 2. Cell viability was most commonly investigated, using
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) or MTS
(3-(4,5-dimethylthiazol-2-yls)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-2H-tetra-
zolim) assay (Table 2). Only exposure to 50 and 100 nm (1 mg/mL) non-charged PS and
positively charged 50 nm PS (20 ug/mL) particles resulted in a reduction of cell viability
162164 However, the tested concentration of 1 mg/mL is most probably too high to reflect
real human exposure level (the total amount of MNPs measured in human blood was
recently estimated at 1.6 ug/mL 7). Additionally, exposure to 50 nm (>5 pg/mL) and 500
nm (0.01-10 pg/mL) PS particles in a co-culture model with BeWo b30 and HPEC-A2 cells
increased mitochondrial activity 1. Nevertheless, PS particles were not transferred over
the barrier and did not affect barrier integrity. In 3A-sub-E cells, exposure to 20 nm (500
pg/mL) and 40 nm (200 pg/mL) PS particles resulted in an increased number of TUNEL-pos-
itive cells indicating DNA fragmentation upon PS exposure 3. Additionally, 20 nm PS par-
ticles (200 pg/mL) reduced cell proliferation (BrdU assay) in these cells.

In HUVEC cells, cytotoxicity was observed after exposure to 50 nm PS particles with
a concentration of 50 pg/mL ¢5-1¢7 In addition, all sizes (20-10000 nm, 1000 pg/mL)
resulted in apoptosis, with higher apoptosis rates observed in cells treated with smaller
PS particles ¢7. Furthermore, exposure to 20, 100 and 20000 nm (1000 pg/mL) PS par-
ticles resulted in lactate dehydrogenase (LDH) leakage. Upregulation of reactive oxygen
species (ROS) was also seen after exposure to 20, 50 and 100 nm PS particles, at high,
most probably far-from-physiological concentrations (1000 pg/mL). In contrast, another
study showed that exposure to 500 nm PS particles at lower concentrations (0-80 pg/
mL) did not increase ROS levels 5. More data is needed to assess whether PS particles
cause increased ROS levels in endothelial cells. HUVEC tube formation was repressed in
a concentration-dependent manner after exposure to 500 and 1000 nm PS particles 8,
but not after exposure to 5000 nm PS particles indicating a size-dependent effect.
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Ex vivo placental PS uptake, transport and toxicity

To date, five studies have investigated transplacental MNP uptake and transport in
the ex vivo placental perfusion model, all using term placentas, closed, recirculating per-
fusion model with separate circulations on fetal and maternal sides, and 3 to 6-hour per-
fusion duration (Table 3). Fluo-PS particles have been the only MNPs investigated, with
perfusate concentrations of 25 or 40 pg/ml, particle sizes ranging from 50 to 534 nm and
various PS surface functionalization i.e., plain, carboxylate or amine-modified. Overall, a
size-dependent maternal-to-fetal translocation was observed for all PS particles inves-
tigated. Smaller particles have been transferred more readily than bigger particles (Table
3). Typically, the lower transfer rate corresponds to a higher accumulation of PS particles
in the placental tissue, specifically in the ST layer 169171, It seems that PS particles larger
than 250 nm accumulate mainly in the ST and do not translocate to the deeper layers of
the chorionic villi, at least not after acute exposure (up to 6h), suggesting that ST may be
a major barrier for the transplacental transport of at least larger particles ®3. This is fur-
ther supported by data on engineered metallic and carbonaceous nanoparticles where
accumulation in placental tissue, specifically in the outer layer of the chorionic villi, has
also been observed 7172173 Nevertheless, it is unknown whether longer perfusions would
result in increased translocation of MNPs to the deeper layers of the chorionic villi.
Fluo-PS transport in the reverse direction i.e., fetal-to-maternal, has also been investi-
gated 1¢°. After 6h of perfusion, a concentration equilibrium between maternal and fetal
circulations was not achieved and the PS beads showed a tendency for a higher transfer
in the reverse direction. This demonstrates that passive diffusion may not be the main
mechanism underlying the placental translocation of PS particles ¢°. As previously men-
tioned, the trophoblast is actively involved in pinocytosis and phagocytosis of macromol-
ecules, such as IgG, from the extracellular environment and has importance in the trans-
port of therapeutic monoclonal antibodies such as infliximab ©°. Such endocytotic path-
ways were also indicated as potential energy-dependent mechanisms of cellular parti-
cle uptake 74, Caveolae-mediated endocytosis of PS nanoparticles up to 200 nm in diam-
eter in endothelial cells *’°, and, caveolae-mediated endocytosis of pullulan acetate nan-
oparticles in BeWo b30 cells have been observed 7. However, specific mechanisms of
MNP uptake by placental trophoblast remain to be identified.

Surface charge and modification of MNPs probably also influence placental transport.
Grafmieller et al (2015b)*° observed a higher transport of plain or carboxylated PS beads
than amine-modified PS of similar sizes. The amine-modified PS particles were mostly
found in the ST and the villous mesenchyme. Similarly, amine-modified titanium dioxide
nanoparticles showed higher accumulation in placental tissue than carboxylated parti-
cles of similar size *”7. Based on these studies, transplacental transport of particles seems
to decrease in order of plain>carboxylated>amine-modified. Furthermore, next to sur-
face modification, serum proteins seem to influence the placental uptake and transport
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of MNPs. Plasma proteins increased the transplacental transfer of unmodified 80 nm
PS-particles and the protein corona composition significantly changed upon crossing the
human placenta 78, The key proteins of the corona formed in the plasma medium were
albumin, immunoglobulins and apolipoproteins 8. Human plasma-induced corona for-
mation enhanced the transfer of PS particles compared to PS-corona formed by bovine
serum albumin and dextran. Furthermore, human albumin significantly increased the
transfer of PS-particles compared to immunoglobulin G-corona 78, The presence of albu-
min in perfusion media was also shown to increase the placental transfer rate of hydro-
phobic compounds such as benzo(a)pyrene 7°. Moreover, it has previously been shown
that caveolae-mediated endocytosis of nanoparticles is dependent on the albumin coat-
ing of particles 17°. Therefore, the fact that proteins increase the transplacental transfer
of PS particles further indicates the involvement of endocytosis in the transplacental
transport of MNPs. Considering that endocytosed nanoparticles tend to accumulate in
lysosomes, lysosomal dysfunction and subsequent cell death may be a possible mech-
anism of MNP toxicity, as previously shown for gold, SiO2 NPs and amine-modified PS
nanoparticles 18181 In summary, the polymer type, size, charge and functional groups
on the particle surface can alter the biological reactivity of the particles which can affect
the formation of the protein corona, cellular uptake and consequently toxicity of MNPs
178,182,183'

None of the five studies indicated that the viability and functionality of placental tissue
are affected by PS particles during perfusion. No effects on barrier integrity (monitored
with passive diffusion markers and/or absence of fetal to maternal leakage of perfusate),
on human chorionic gonadotropin, leptin, or lactate production, or on glucose consump-
tion have been observed (Table 3). Perfusion time is usually 6 hours or less and thus, no
long-term effects can be studied in this model. So far, effects of MNP on other toxicity
endpoints such as oxidative stress, inflammation markers or endocrine functions have
not been studied in human placental perfusion.
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Future directions

There are numerous knowledge gaps concerning MNPs and human health, specifi-
cally potential effects on pregnancy and the developing fetus are largely unexplored °.
Recently, MNPs have been detected in human blood, placental tissue and meconium.
Since pregnancy and early life represent the most vulnerable period of human develop-
ment, toxicity studies on the potential effects of MNPs on placental development and
essential metabolic, endocrine and immune functions are urgently needed. Experimen-
tal data on the toxicokinetics and toxicodynamics of MNPs in the human placentais scarce
and based solely on PS particles. The results from both in vitro and ex vivo studies indi-
cate that PS particles are taken up and transported through the placental barrier in a size-
and dose-dependent manner, which calls for a comprehensive investigation of placental
toxicokinetics and toxicity of other environmentally relevant MNPs, and consequent
effects of such exposure on fetal and maternal health during pregnancy.

Choosing the right human placental model

To pursue human developmental toxicity studies with MNPs, human placental models
are essential because of the interspecies variation in placental structure, physiology and
cell biology. A variety of experimental models using human placental tissue (tissue
explant cultures, human placental perfusion), and human placental cells (primary cells,
human choriocarcinoma cell lines) either as simple cultures or co-culture models can
provide valuable, human-relevant data. As described above, each model has advantages
and disadvantages and has to be carefully chosen according to the aim and relevant
research question being studied. The use of placental cell lines provides relatively simple,
high-throughput and robust tools to investigate cell type-specific processes underlying
placental transport and toxicity of MNPs. However, they lack physiological complexity.
Tissue explant cultures and human placental perfusions more closely simulate the func-
tional units of term placental tissue and could be useful in studying villous transport,
endocrine, metabolic and immune functions 129131.133.184 35 well as the aetiology of pla-
cental diseases such as pre-eclampsia 128185, Moreover, villous explants from the first tri-
mester can be used to study EVT proliferation and differentiation 1123, Recently, villous
explants have been used in research on biogenic silver nanoparticles 8 and polyglycerol
nanoparticles %, and, a combination of villous explants with human placental perfusion
has been successfully used to study the transplacental passage of PEGylated liposomes
187, In placental perfusion, the transplacental passage of MNPs can be investigated in
both directions, maternal-to-fetal and fetal-to-maternal 1¢°. This can elucidate the poten-
tial role of placental transporters in the transplacental transfer of MNPs, however, trans-
port processes occurring at specific cell types cannot be differentiated using this method.
Also, placental accumulation and potential toxic effects could be investigated by using
various markers of toxicity and multi-omics approaches, such as RNA sequencing and
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metabolomic profiling 167188, However, taking into account a large number of possible
experimental conditions (the multitude of MNP polymer types, shapes and sizes), the
most important consideration for tissue explant cultures and placental perfusion stud-
ies is the low throughput of these methods: they are laborious, time-consuming, and,
morphological and functional characterization of these fragile tissues has to be performed
at different time points to ensure robust results. Furthermore, no standardised perfusion
protocol for MNP research exists 1518, Such experiments have to be thus planned and
designed carefully to maximize their usefulness. Moreover, due to technical difficulties
so far only acute exposures and term placentas have been used. How the morphological
changes that occur during placental development may influence the MNP toxicokinetics
in the early gestation also need to be considered. More advanced in vitro models such as
hanging-drop or placenta-on-a-chip provide promising models for microphysiological
recapitulation of the human placenta that can be used for high-throughput screening.
This has been previously demonstrated in studies with nanoparticles, such as titanium
dioxide (TiO,), copper oxide (CuO) and cadmium telluride quantum dots (CdTe-COOH)
108114 Here, endpoints including oxidative stress, cell apoptosis, barrier integrity and per-
meability were investigated, as well as the effects on maternal immune cells.

Placental transport and placental toxicity

The ST layer seems to be the main barrier to transplacental PS transport, as demon-
strated with the ex vivo perfusion studies where bigger particles showed higher reten-
tion in ST. The exact mechanisms involved in MNP uptake and transport have not been
elucidated, but likely passive diffusion is not the key mechanism underlying placental
translocation, at least for the larger spherical PS particles. It is worth noting that ST is
actively involved in pinocytosis and phagocytosis of micro- and macrovesicles between
maternal and fetal circulations. Although these endocytotic pathways have been consid-
ered too slow to have any significant effect on placental drug transport 4, their role in
MNP transport has not yet been characterized. ST is the first cell layer in contact with the
maternal blood and plays a major role in the metabolic, endocrine, and immune functions
of the placenta. However, to our knowledge, no in vitro studies exist on MNP uptake and
toxicity in this cell layer. The possible accumulation of MNPs in ST presents a potential
hazard. For example, the trophoblastic cells and structures, specifically ST, contribute
to the production of extracellular vesicles. These contain mainly deported multinuclear
fragments and sub-cellular components (from 50 nm to 1 um in size) that are shed by the
syncytial surface throughout pregnancy. An increase in placental debris has been asso-
ciated with the development of maternal pre-eclampsia *°. Whether the uptake of MNPs
in ST contributes to an increase in the production of extracellular vesicles is not known,
but warrants further investigation.
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While the body of evidence on the placental transport of MNPs is growing, data on
toxicity and the effect of MNPs on placental function is scarce. However, other particles,
such as fine particulate matter from ambient air pollution, have been shown to translo-
cate from the respiratory tract to the placenta and contribute to various adverse preg-
nancy outcomes 1821-24.27191 'MNPs, including fibres and traffic-generated particles, are
increasingly found in ambient air pollution further adding to the atmospheric particle
burden %2, Yet, it is unknown if atmospheric MNPs pose added or novel risks for the devel-
oping child and maternal health during pregnancy. To date, research on MNPs investi-
gated mostly generic acute endpoints such as cell viability, cytotoxicity and barrier integ-
rity with effects observed mainly at high, most probably far-from-physiological concen-
trations. Whereas, the physiological and pathological placental perturbations, including
more subtle endocrine or immune-related effects of particle and chemical toxicity of
MNPs at environmentally relevant exposure scenarios have received scant attention. A
growing body of literature shows that maternal exposure to other particle types such as
engineered nanoparticles may directly or indirectly affect maternal health, placental func-
tions and fetal development, which may subsequently lead to a range of adverse preg-
nancy outcomes and health effects later in life 1. Impairment of placental growth, pla-
cental oxidative stress and inflammation, activation of placental toll-like receptors (TLRs),
and altered secretion of hormones and vascular factors have been previously identified
upon placental exposure to such particles 3%, Clearly, there are strong indications that
MNP could affect placental function, but more studies are urgently needed that address
this.

Defining MNP exposure

Experimental placental MNP research has focused mainly on acute exposures (up to
24h) and tested only one polymer type and shape (commercially available and fluores-
cently labelled spherical PS particles) under a limited number of conditions. The toxicoki-
netics and toxicodynamics of MNPs, however, are dependent on many factors such as
particle size and shape, surface charge, presence of eco- or bio-corona, as well as vari-
ous chemicals they may carry, all of which are strongly influenced by environmental
weathering processes 10183194-1% Tt js evident that the environmental MNPs are very com-
plex and differ significantly from the pristine spherical PS particles commonly used in the
laboratory setting. For example, the spherical particles differ in their uptake and toxicity
from the more environmentally relevant irregular-shaped particles 1°71%, Weathering and
degradation processes increase oxygen-containing functional groups on the particle sur-
face influencing aggregation potential, interaction with cellular membranes, adsorption
of co-contaminants, biological activity and likely consequent toxicity of MNPs 295299,

Environmental MNPs may also act as vectors and transfer bacterial pathogens and
exogenous compounds present inside the particles or on their surface **4. For example,
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arecent study identified more than ten thousand compounds associated with plastic par-
ticles, including monomers, additives and processing aids 2°°. Consequently, in addition
to particle toxicity, MNPs may leach plastic additives, such as bisphenol A and phthalates,
as well as brominated flame retardants, antioxidants, UV stabilizers and synthetic dyes
194.200 Moreover, hazardous environmental compounds e.g., dichlorodiphenyltrichlo-
roethane (DDT) 2%, polychlorinated biphenyls (PCBs) 22, heavy metals 29324 and polycy-
clic aromatic hydrocarbons (PAHSs) 295206 have been shown to adsorb to MNPs and form
an eco-corona surrounding the MNPs 2°7. Many of these compounds are suspected endo-
crine disruptors, carcinogens and developmental toxicants. Animal studies suggest
increased toxicity by combined exposure to plastic particles with contaminating chemi-
cals than particles alone 2%8-219, For example, an increase in the uptake and toxicity of
nickel, lead and cadmium in the presence of MNPs has been reported in experimental
animal models ?'1212, Tn humans, these heavy metals are well-known to cross the pla-
centa, accumulate in fetal tissues and adversely affect placental functions and fetal
development 213, Interestingly, antagonistic interactions between MNPs and co-contam-
inants (e.g., cadmium, nickel, mercury) have also been observed in diverse animal models
1%, Upon uptake in the body, lipids, proteins, carbohydrates and nucleic acids can form
a bio-corona around MNPs that are transported via the maternal blood to the placenta
207 A bio-corona can play an important role in the transport of molecules and particles
across the placental barrier and their toxicity *782%4, The effect of weathering and forma-
tion of bio- and eco-coronas on MNP uptake and placental toxicity should be thoroughly
investigated.

The identification of the drivers of toxicity of environmentally relevant MNPs is
extremely challenging. This is mainly due to the scarcity of well-characterized relevant
reference materials, challenges in isolating and characterizing environmental MNPs in
complex environmental samples, and the lack of analytical methods for the detection
and quantification of nonfluorescent particles (specifically in the nanosized range) in
human samples as well as in laboratory setting. Such tools and relevant reference mate-
rials are urgently needed to study realistic exposure scenarios and to reduce the current
uncertainty in the human risk assessment of MNPs.

This review shows that there are a number of suitable, human-relevant placenta
models to characterize the toxicity of MNPs under experimental conditions that could be
utilized now to address the most pressing knowledge gaps. These studies should: 1)
include fit-for-purpose placental models; 2) focus on the placental transfer and placen-
tal function; 3) investigate environmentally relevant particles, i.e. polymers other than
PS, weathered particles and MNPs with eco- and bio-corona; and 4) use harmonized ref-
erence materials and detection methods. The next step forward to better understand
actual risks in humans would be to perform more comprehensive risk assessment stud-
ies. Here, longitudinal human biomonitoring and epidemiological studies with birth
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cohorts are required in which maternal and fetal exposures and health outcomes should
be further characterized.

Acknowledgements

This research was supported by funding from the European Union’s Horizon 2020
research and innovation program under AURORA grant agreement No 964827; and the
Netherlands Organization for Health Research and Development (ZonMw) Programme
Microplastics and Health and Health-Holland, Top Sector Life Sciences & Health (project
MOMENTUM 458001101).

155



Chapter 4

References

1.

10.

11.

12.

13.

14.

15.

16.

156

Gigault J, Halle A ter, Baudrimont M, et al. Current opinion: What is a nanoplastic?
Environ Pollut. 2018;235:1030-1034. d0i:10.1016/j.envpol.2018.01.024

Rodriguez-Seijo A, Pereira R. Morphological and Physical Characterization of
Microplastics. Compr Anal Chem. 2017;75:49-66. doi:10.1016/bs.coac.2016.10.007

Prata JC, da Costa JP, Lopes I, Duarte AC, Rocha-Santos T. Environmental exposure to
microplastics: An overview on possible human health effects. Sci Total Environ.
2020;702:134455. doi:10.1016/j.scitotenv.2019.134455

Wu P, Huang J, Zheng Y, et al. Environmental occurrences, fate, and impacts of
microplastics. Ecotoxicol Environ Saf. 2019;184. doi:10.1016/j.ecoenv.2019.109612

Barnes DKA, Galgani F, Thompson RC, Barlaz M. Accumulation and fragmentation of
plastic debris in global environments. doi:10.1098/rstbh.2008.0205

Cox KD, Covernton GA, Davies HL, Dower JF, Juanes F, Dudas SE. Human Consumption
of Microplastics. Environ Sci Technol. 2019;53(12):acs.est.9b01517. doi:10.1021/acs.
est.9b01517

Leslie HA, van Velzen MJIM, Brandsma SH, Vethaak AD, Garcia-Vallejo 3J, Lamoree MH.
Discovery and quantification of plastic particle pollution in human blood. Environ Int.
March 2022:107199. doi:10.1016/j.envint.2022.107199

Amato-Lourenco LF, Carvalho-Oliveira R, Junior GR, dos Santos Galvao L, Ando RA,
Mauad T. Presence of airborne microplastics in human lung tissue. J Hazard Mater.
2021;416:126124. doi:10.1016/j.jhazmat.2021.126124

Jenner LC, Rotchell JM, Bennett RT, Cowen M, Tentzeris V, Sadofsky LR. Detection of
microplastics in human lung tissue using LFTIR spectroscopy. Sci Total Environ.
2022;831:154907. doi:10.1016/j.scitotenv.2022.154907

Vethaak AD, Legler J. Microplastics and human health: Knowledge gaps should be
addressed to ascertain the health risks of microplastics. Science (80- ).
2021;371(6530):672-674. doi:10.1126/science.abe5041

Ho S-MM, Cheong A, Adgent MA, et al. Environmental factors, epigenetics, and
developmental origin of reproductive disorders. Reprod Toxicol. 2016;68:85-104.
doi:10.1016/j.reprotox.2016.07.011

Segal TR, Giudice LC. Before the beginning: environmental exposures and reproductive
and obstetrical outcomes. Fertil Steril. 2019;112(4):613-621. doi:10.1016/].
fertnstert.2019.08.001

Dugershaw BB, Aengenheister L, Hansen SSK, Hougaard KS, Buerki-Thurnherr T.
Recent insights on indirect mechanisms in developmental toxicity of nanomaterials.
Part Fibre Toxicol. 2020;17(1):undefined-undefined. do0i:10.1186/s12989-020-
00359-x

Syme MR, Paxton JW, Keelan JA. Drug transfer and metabolism by the human
placenta. Clin Pharmacokinet. 2004;43(8):487-514. doi:10.2165/00003088-
200443080-00001

Myllynen P, Vahakangas K. Placental transfer and metabolism: an overview of the
experimental models utilizing human placental tissue. Toxicol In Vitro.
2013;27(1):507-512. doi:10.1016/].tiv.2012.08.027

Aengenheister L, Favaro RR, Morales-Prieto DM, et al. Research on nanoparticles in
human perfused placenta: State of the art and perspectives. Placenta. 2021;104:199-
207.doi:10.1016/j.placenta.2020.12.014



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Experimental human placental models

Bongaerts E, Nawrot TS, Van Pee T, Ameloot M, Bové H. Translocation of (ultra)fine
particles and nanoparticles across the placenta; a systematic review on the evidence
of in vitro, ex vivo, and in vivo studies. Part Fibre Toxicol. 2020;17(1). doi:10.1186/
s12989-020-00386-8

Bové H, Bongaerts E, Slenders E, et al. Ambient black carbon particles reach the fetal
side of human placenta. Nat Commun. 2019;10(1):1-7. d0i:10.1038/s41467-019-
11654-3

Bongaerts E, Aengenheister L, Dugershaw BB, et al. Label-free detection of uptake,
accumulation, and translocation of diesel exhaust particles in ex vivo perfused human
placenta. J Nanobiotechnology. 2021;19(1):1-13. doi:10.1186/S12951-021-00886-5/
FIGURES/5

Liu NM, Miyashita L, Maher BA, et al. Evidence for the presence of air pollution
nanoparticles in placental tissue cells. Sci Total Environ. 2021;751:142235.
doi:10.1016/j.scitotenv.2020.142235

Su X, ZhaoY, Yang Y, Hua J. Correlation between exposure to fine particulate matter
and hypertensive disorders of pregnancy in Shanghai, China. Environ Heal A Glob
Access Sci Source. 2020;19(1). doi:10.1186/s12940-020-00655-1

Malmaqvist E, Jakobsson K, Tinnerberg H, Rignell-Hydbom A, Rylander L. Gestational
diabetes and preeclampsia in association with air pollution at levels below current air
quality guidelines. Environ Health Perspect. 2013;121(4):488-493. doi:10.1289/
ehp.1205736

Wang YY, Li Q, Guo Y, et al. Association of Long-term Exposure to Airborne Particulate
Matter of 1 um or Less with Preterm Birth in China. JAMA Pediatr.
2018;172(3):e174872-e174872. doi:10.1001/jamapediatrics.2017.4872

Woijtyla C, Zielinska K, Wojtyla-Buciora P, Panek G. Prenatal fine particulate matter
(Pm2.5) exposure and pregnancy outcomes—analysis of term pregnancies in poland.
Int J Environ Res Public Health. 2020;17(16):1-9. d0i:10.3390/ijerph17165820

DeFranco E, Hall E, Hossain M, et al. Air pollution and stillbirth risk: Exposure to
airborne particulate matter during pregnancy is associated with fetal death. PLoS One.
2015;10(3):e0120594. d0i:10.1371/journal.pone.0120594

Lavigne E, Lima I, Hatzopoulou M, et al. Spatial variations in ambient ultrafine particle
concentrations and risk of congenital heart defects. Environ Int. 2019;130:104953.
doi:10.1016/j.envint.2019.104953

Hehua Z, Qing C, Shanyan G, Qijun W, Yuhong Z. The impact of prenatal exposure to air
pollution on childhood wheezing and asthma: A systematic review. Environ Res.
2017;159:519-530. d0i:10.1016/j.envres.2017.08.038

Ragusa A, Svelato A, Santacroce C, et al. Plasticenta: First evidence of microplastics in
human placenta. Environ Int. 2021;146:106274. doi:10.1016/j.envint.2020.106274

Braun T, Ehrlich L, Henrich W, et al. Detection of microplastic in human placenta and
meconium in a clinical setting. Pharmaceutics. 2021;13(7):921. doi:10.3390/
pharmaceutics13070921

Fournier SB, D’Errico JN, Adler DS, et al. Nanopolystyrene translocation and fetal
deposition after acute lung exposure during late-stage pregnancy. Part Fibre Toxicol.
2020;17(1). doi:10.1186/s12989-020-00385-9

Huang JP, Hsieh PCH, Chen CY, et al. Nanoparticles can cross mouse placenta and
induce trophoblast apoptosis. Placenta. 2015;36(12):1433-1441. doi:10.1016/j.
placenta.2015.10.007

157



Chapter 4

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

a7.

48.

158

Ho D, Leong JW, Crew RC, et al. Maternal-placental-fetal biodistribution of multimodal
polymeric nanoparticles in a pregnant rat model in mid and late gestation. Sci Rep.
2017;7(1):1-11. doi:10.1038/s41598-017-03128-7

Gonzalez-Acedo A, Garcia-Recio E, Illescas-Montes R, Ramos-Torrecillas J, Melguizo-
Rodriguez L, Costela-Ruiz V3. Evidence from in vitro and in vivo studies on the potential
health repercussions of micro- and nanoplastics. Chemosphere. 2021;280:130826.
doi:10.1016/j.chemosphere.2021.130826

Soncin F, Natale D, Parast MM. Signaling pathways in mouse and human trophoblast
differentiation: A comparative review. Cell Mol Life Sci. 2015;72(7):1291-1302.
doi:10.1007/s00018-014-1794-x

Furukawa S, Kuroda Y, Sugiyama A. A comparison of the histological structure of the
placenta in experimental animals. J Toxicol Pathol. 2014;27(1):11-18. d0i:10.1293/
tox.2013-0060

Schréder HJ. Comparative aspects of placental exchange functions. Eur J Obstet
Gynecol. 1995;63(1):81-90. d0i:10.1016/0301-2115(95)02206-M

Benirschke K, Burton GJ, Baergen RN. Early Development of the Human Placenta. In:
Pathology of the Human Placenta. Springer Berlin Heidelberg; 2012:41-53.
doi:10.1007/978-3-642-23941-0_5

Carter AM. Unique aspects of human placentation. Int J Mol Sci. 2021;22(15):8099.
doi:10.3390/ijms22158099

Benirschke K, Burton GJ, Baergen RN. Benirschke’s Pathology of the Human Placenta.
Springer International Publishing; 2022. d0i:10.1007/978-3-030-84725-8

Knofler M, Haider S, Saleh L, Pollheimer J, Gamage TKJB, James J. Human placenta
and trophoblast development: key molecular mechanisms and model systems. Cell
Mol Life Sci. 2019;76(18):3479-3496. doi:10.1007/s00018-019-03104-6

Maltepe E, Fisher SJ. Placenta: The Forgotten Organ. Annu Rev Cell Dev Biol.
2015;31:523-552. doi:10.1146/annurev-cellbio-100814-125620

Soares MJ, Varberg KM, Igbal K. Hemochorial placentation: Development, function,
and adaptations. Biol Reprod. 2018;99(1):196-211. doi:10.1093/biolre/ioy049

Turco MY, Moffett A. Development of the human placenta. Dev.
2019;146(22):undefined-undefined. doi:10.1242/dev.163428

Carter AM, Mess AM. Mammalian Placentation: ImpLications for Animal Models. In:
Pathobiology of Human Disease: A Dynamic Encyclopedia of Disease Mechanisms.
Elsevier Inc.; 2014:2423-2442. doi:10.1016/B978-0-12-386456-7.05013-9

Jauniaux E, Hempstock J, Greenwold N, Burton GJ. Trophoblastic oxidative stress in
relation to temporal and regional differences in maternal placental blood flow in
normal and abnormal early pregnancies. Am J Pathol. 2003;162(1):115-125.
d0i:10.1016/S0002-9440(10)63803-5

Burton GJ, Kaufmann P, Huppertz B. Anatomy and genesis of the placenta. In: Knobil
and Neill’s Physiology of Reproduction. Academic Press; 2006:189-243. doi:10.1016/
B978-012515400-0/50010-5

Burton GJ, Fowden AL. The placenta: A multifaceted, transient organ. Philos Trans R
Soc B Biol Sci. 2015;370(1663):20140066. doi:10.1098/rsth.2014.0066

Mayo RP, Abbas Y, Charnock-Jones DS, Burton GJ, Marom G. Three-dimensional
morphological analysis of placental terminal villi. Interface Focus. 2019;9(5).
doi:10.1098/rsfs.2019.0037



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Experimental human placental models

Haeussner E, Buehlmeyer A, Schmitz C, Von Koch FE, Frank HG. Novel 3D Microscopic
Analysis of Human Placental Villous Trees Reveals Unexpected Significance of
Branching Angles. Sci Rep. 2014;4(1):1-8. d0i:10.1038/srep06192

Poston L. The control of blood flow to the placenta. Exp Physiol. 1997;82(2):377-387.
doi:10.1113/EXPPHYSIOL.1997.SP004033

Gude NM, Roberts CT, Kalionis B, King RG. Growth and function of the normal human
placenta. Thromb Res. 2004;114(5-6 SPEC. ISS.):397-407. doi:10.1016/j.
thromres.2004.06.038

Carter AM, Enders AC. Comparative aspects of trophoblast development and
placentation. Reprod Biol Endocrinol. 2004;2(1):1-15. doi:10.1186/1477-7827-2-46

Wick P, Malek A, Manser P, et al. Barrier capacity of human placenta for nanosized
materials. Environ Health Perspect. 2010;118(3):432-436. d0i:10.1289/ehp.0901200

Vahakangas K, Myllynen P. Drug transporters in the human blood-placental barrier. Br
J Pharmacol. 2009;158(3):665-678. d0i:10.1111/j.1476-5381.2009.00336.x

Juch H, Nikitina L, Reimann S, et al. Dendritic polyglycerol nanoparticles show charge
dependent bio-distribution in early human placental explants and reduce hCG
secretion. Nanotoxicology. 2018;12(2):90-103. d0i:10.1080/17435390.2018.14254
96

Aengenheister L, Keevend K, Muoth C, et al. An advanced human in vitro co-culture
model for translocation studies across the placental barrier. Sci Rep. 2018;8(1):5388.
doi:10.1038/s41598-018-23410-6

Feneley MR, Burton GJ. Villous composition and membrane thickness in the human
placenta at term: a stereological study using unbiased estimators and optimal fixation
techniques. Placenta. 1991;12(2):131-142. doi:10.1016/0143-4004(91)90017-A

Enders AC, Blankenship TN. Comparative placental structure. Adv Drug Deliv Rev.
1999;38(1):3-15. d0i:10.1016/S0169-409X(99)00003-4

Palmeira P, Quinello C, Silveira-Lessa AL, Zago CA, Carneiro-Sampaio M. IgG placental
transfer in healthy and pathological pregnancies. Clin Dev Immunol. 2012;2012.
doi:10.1155/2012/985646

Sand KMK, Gruber MM, Sandlie I, Mathiesen L, Andersen JT, Wadsack C. Contribution
of the ex vivo placental perfusion model in understanding transplacental
immunoglobulin G transfer. Placenta. 2022;127:77-87. d0i:10.1016/].
placenta.2022.07.019

Choy MY, Manyonda IT. The phagocytic activity of human first trimester extravillous
trophoblast. Hum Reprod. 1998;13(10):2941-2949. doi:10.1093/humrep/13.10.2941

Bevilacqua E, Hoshida MS, Amarante-Paffaro A, Albieri-Borges A, Gomes SZ.
Trophoblast phagocytic program: Roles in different placental systems. Int J Dev Biol.
2010;54(2-3):495-505. d0i:10.1387/ijdb.082761eb

Amarante-Paffaro A, Queiroz GS, Corréa ST, Spira B, Bevilacqua E. Phagocytosis as a
potential mechanism for microbial defense of mouse placental trophoblast cells.
Reproduction. 2004;128(2):207-218. d0i:10.1530/rep.1.00214

Walker N, Filis P, Soffientini U, Bellingham M, O’Shaughnessy PJ, Fowler PA. Placental
transporter localization and expression in the human: The importance of species, sex,
and gestational age difference. Biol Reprod. 2017;96(4):733-742. doi:10.1093/biolre/
iox012

Prouillac C, Lecoeur S. The role of the placenta in fetal exposure to xenobiotics:
Importance of membrane transporters and human models for transfer studies. Drug
Metab Dispos. 2010;38(10):1623-1635. doi:10.1124/dmd.110.033571

159



Chapter 4

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

717.

78.

79.

80.

81.

160

Gundacker C, Ellinger I. The unique applicability of the human placenta to the Adverse
Outcome Pathway (AOP) concept: the placenta provides fundamental insights into
human organ functions at multiple levels of biological organization. Reprod Toxicol.
2020;96:273-281. doi:10.1016/j.reprotox.2020.07.014

Costa MA. The endocrine function of human placenta: An overview. Reprod Biomed
Online. 2016;32(1):14-43. d0i:10.1016/j.rbmo.2015.10.005

Parrettini S, Caroli A, Torlone E. Nutrition and Metabolic Adaptations in Physiological
and Complicated Pregnancy: Focus on Obesity and Gestational Diabetes. Front
Endocrinol (Lausanne). 2020;11:937. doi:10.3389/fendo.2020.611929

Ander SE, Diamond MS, Coyne CB. Immune responses at the maternal-fetal interface.
SciImmunol. 2019;4(31). doi:10.1126/sciimmunol.aat6114

Goldstein JA, Gallagher K, Beck C, Kumar R, Gernand AD. Maternal-Fetal Inflammation
in the Placenta and the Developmental Origins of Health and Disease. Front Immunol.
2020;11. doi:10.3389/fimmu.2020.531543

Solano ME, Arck PC. Steroids, Pregnancy and Fetal Development. Front Immunol.
2020;10:3017. d0i:10.3389/fimmu.2019.03017

Duttaroy AK, Basak S. Maternal dietary fatty acids and their roles in human placental
development. Prostaglandins Leukot Essent Fatty Acids. 2020;155. doi:10.1016/J.
PLEFA.2020.102080

Bissonnette JM. Membrane vesicles from trophoblast cells as models for placental
exchange studies. Placenta. 1982;3(1):99-105. doi:10.1016/S0143-4004(82)80023-4

Boyd CAR. Placental transport studied by means of isolated plasma membrane
vesicles. Proc Nutr Soc. 1991;50(2):337-343. d0i:10.1079/pns19910043

Ushigome F, Koyabu N, Satoh S, et al. Kinetic analysis of P-glycoprotein-mediated
transport by using normal human placental brush-border membrane vesicles. Pharm
Res.2003;20(1):38-44. d0i:10.1023/A:1022290523347

Zartner L, Garni M, Craciun I, Einfalt T, Palivan CG. How Can Giant Plasma Membrane
Vesicles Serve as a Cellular Model for Controlled Transfer of Nanoparticles?
Biomacromolecules. 2021;22(1):106-115. doi:10.1021/acs.biomac.0c00624

Drwal E, Rak A, Gregoraszczuk E. Co-culture of JEG-3, BeWo and syncBeWo cell lines
with adrenal H295R cell line: an alternative model for examining endocrine and
metabolic properties of the fetoplacental unit. Cytotechnology. 2018;70(1):285-297.
doi:10.1007/s10616-017-0142-z

Bode CJ, Jin H, Rytting E, Silverstein PS, Young AM, Audus KL. In vitro models for
studying trophoblast transcellular transport. Methods Mol Med. 2006;122:225-239.
doi:10.1016/j.biotechadv.2011.08.021.Secreted

Jeschke U, Richter D, Mobius B, Briese V, Mylonas I, Friese K. Stimulation of
Progesterone, Estradiol and Cortisol in Trophoblast Tumor BeWo Cells by Glycodelin A
N-glycans. Anticancer Res. 2007;27:2101-2108.

Poulsen MS, Rytting E, Mose T, Knudsen LE. Modeling placental transport: Correlation
of in vitro BeWo cell permeability and ex vivo human placental perfusion. Toxicol Vitr.
2009;23(7):1380-1386. d0i:10.1016/].tiv.2009.07.028

Correia Carreira S, Cartwright L, Mathiesen L, Knudsen LE, Saunders M. Studying
placental transfer of highly purified non-dioxin-like PCBs in two models of the
placental barrier. Placenta. 2011;32(3):283-291. doi:10.1016/j.placenta.2010.12.024



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Experimental human placental models

Mueller SG, White JR, Schraw WP, Lam V, Richmond A. Ligand-induced desensitization
of the human CXC chemokine receptor-2 is modulated by multiple serine residues in
the carboxyl-terminal domain of the receptor. J Biol Chem. 1997;272(13):8207-8214.
doi:10.1074/jbc.272.13.8207

Speidel JT, Xu M, Abdel-Rahman SZ. Differential effect of ABCB1 haplotypes on
promoter activity. Pharmacogenet Genomics. 2018;28(3):69-77. doi:10.1097/
FPC.0000000000000323

Li L, Schust DJ. Isolation, purification and in vitro differentiation of cytotrophoblast
cells from human term placenta. Reprod Biol Endocrinol. 2015;13(1). d0i:10.1186/
$12958-015-0070-8

Bloxam DL, Bax CMR, Bax BE. Culture of syncytiotrophoblast for the study of human
placental transfer. Part I: Isolation and purification of cytotrophoblast. Placenta.
1997;18(2-3):93-98. d0i:10.1016/S0143-4004(97)90079-5

Huang X, Lithi M, Ontsouka EC, et al. Establishment of a confluent monolayer model
with human primary trophoblast cells: Novel insights into placental glucose transport.
Mol Hum Reprod. 2016;22(6):442-456. doi:10.1093/molehr/gaw018

Hemmings DG, Lowen B, Sherburne R, Sawicki G, Guilbert LJ. Villous trophoblasts
cultured on semi-permeable membranes form an effective barrier to the passage of
high and low molecular weight particles. Placenta. 2001;22(1):70-79. doi:10.1053/
plac.2000.0587

Erlandsson L, Lindgren R, Naav A, et al. Exposure to wood smoke particles leads to
inflammation, disrupted proliferation and damage to cellular structures in a human
first trimester trophoblast cell line. Environ Pollut. 2020;264:114790. doi:10.1016/j.
envpol.2020.114790

Naav A, Erlandsson L, Isaxon C, et al. Urban PM2.5 Induces Cellular Toxicity, Hormone
Dysregulation, Oxidative Damage, Inflammation, and Mitochondrial Interference in the
HRT8 Trophoblast Cell Line. Front Endocrinol (Lausanne). 2020;11:75. doi:10.3389/
fendo.2020.00075

Hiden U, Prutsch N, Gauster M, et al. The first trimester human trophoblast cell line
ACH-3P: A novel tool to study autocrine/paracrine regulatory loops of human
trophoblast subpopulations - TNF-a stimulates MMP15 expression. BMC Dev Biol.
2007;7(1):1-13. doi:10.1186/1471-213X-7-137/TABLES/5

Okae H, Toh H, Sato T, et al. Derivation of Human Trophoblast Stem Cells. Cell Stem
Cell. 2018;22(1):50-63.e6. d0i:10.1016/j.stem.2017.11.004

Oettel A, Lorenz M, Stangl V, Costa SD, Zenclussen AC, Schumacher A. Human
Umbilical Vein Endothelial Cells foster conversion of CD4+CD25-Foxp3- T cells into
CD4+Foxp3+ Regulatory T Cells via Transforming Growth Factor-f. Sci Reports 2016
61.2016;6(1):1-8. doi:10.1038/srep23278

Lang I, Pabst MA, Hiden U, et al. Heterogeneity of microvascular endothelial cells
isolated from human term placenta and macrovascular umbilical vein endothelial
cells. Eur J Cell Biol. 2003;82(4):163-173. d0i:10.1078/0171-9335-00306

Levkovitz R, Zaretsky U, Gordon Z, Jaffa AJ, Elad D. In vitro simulation of placental
transport: Part I. Biological model of the placental barrier. Placenta. 2013;34(8):699-
707. doi:10.1016/j.placenta.2013.03.014

Vis MAM, Ito K, Hofmann S. Impact of Culture Medium on Cellular Interactions in in
vitro Co-culture Systems. Front Bioeng Biotechnol. 2020;8:911. do0i:10.3389/
FBIOE.2020.00911/BIBTEX

161



Chapter 4

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

1009.

110.

162

Thibeault AAH, Deroy K, Vaillancourt C, Sanderson JT. A Unique Co-culture Model for
Fundamental and Applied Studies of Human Fetoplacental Steroidogenesis and
Interference by Environmental Chemicals. Environ Health Perspect. 2014;122(4):371.
doi:10.1289/EHP.1307518

Shri M, Agrawal H, Rani P, Singh D, Onteru SK. Hanging drop, a best three-dimensional
(3D) culture method for primary buffalo and sheep hepatocytes. Sci Rep. 2017;7(1):1-
14. doi:10.1038/s41598-017-01355-6

Fennema E, Rivron N, Rouwkema J, van Blitterswijk C, De Boer J. Spheroid culture as a
tool for creating 3D complex tissues. Trends Biotechnol. 2013;31(2):108-115.
doi:10.1016/J.TIBTECH.2012.12.003

Edmondson R, Broglie JJ, Adcock AF, Yang L. Three-dimensional cell culture systems
and their applications in drug discovery and cell-based biosensors. Assay Drug Dev
Technol. 2014;12(4):207-218. d0i:10.1089/adt.2014.573

Baal N, Widmer-Teske R, McKinnon T, Preissner KT, Zygmunt MT. In vitro spheroid
model of placental vasculogenesis: does it work? Lab Investig 2009 892.
2008;89(2):152-163. doi:10.1038/labinvest.2008.126

Lin RZ, Chang HY. Recent advances in three-dimensional multicellular spheroid culture
for biomedical research. Biotechnol J. 2008;3(9-10):1172-1184. doi:10.1002/
biot.200700228

Turco MY, Gardner L, Kay RG, et al. Trophoblast organoids as a model for maternal—
fetal interactions during human placentation. Nature. 2018;564(7735):263-281.
doi:10.1038/s41586-018-0753-3

Huang SW, Tzeng SC, Chen JK, Sun JS, Lin FH. A dynamic hanging-drop system for
mesenchymal stem cell culture. Int J Mol Sci. 2020;21(12):1-22. doi:10.3390/
ijms21124298

Rousset N, Sandoval RL, Modena MM, Hierlemann A, Misun PM. Modeling and
measuring glucose diffusion and consumption by colorectal cancer spheroids in
hanging drops using integrated biosensors. Microsystems Nanoeng. 2022;8(1).
doi:10.1038/s41378-021-00348-w

Richardson L, Kim S, Menon R, Han A. Organ-On-Chip Technology: The Future of
Feto-Maternal Interface Research? Front Physiol. 2020;11:715. doi:10.3389/
FPHYS.2020.00715/BIBTEX

Lee JS, Romero R, Han YM, et al. Placenta-on-A-chip: A novel platform to study the
biology of the human placenta. J Matern Neonatal Med. 2016;29(7):1046-1054. doi:10
.3109/14767058.2015.1038518

Blundell C, Tess ER, Schanzer ASR, et al. A microphysiological model of the human
placental barrier. Lab Chip. 2016;16(16):3065-3073. d0i:10.1039/c61c00259%¢e

Yin F, Zhu'Y, Zhang M, Yu H, Chen W, Qin J. A 3D human placenta-on-a-chip model to
probe nanoparticle exposure at the placental barrier. Toxicol Vitr. 2019;54:105-113.
doi:10.1016/].tiv.2018.08.014

Pemathilaka RL, Caplin JD, Aykar SS, Montazami R, Hashemi NN. Placenta-on-a-Chip:
In Vitro Study of Caffeine Transport across Placental Barrier Using Liquid
Chromatography Mass Spectrometry. Glob Challenges. 2019;3(3):1800112.
doi:10.1002/gch2.201800112

ZhuY, Yin F, Wang H, Wang L, Yuan J, Qin J. Placental Barrier-on-a-Chip: Modeling
Placental Inflammatory Responses to Bacterial Infection. ACS Biomater Sci Eng.
2018;4(9):3356-3363. d0i:10.1021 /acshiomaterials.8b00653



111.

112.

113.

114.

115.

116.

117.

118.

1109.

120.

121.

122.

123.

124.

125.

Experimental human placental models

O’Connor BB, Pope BD, Peters MM, Ris-Stalpers C, Parker KK. The role of extracellular
matrix in normal and pathological pregnancy: Future applications of microphysiological
systems in reproductive medicine. Exp Biol Med. 2020;245(13):1163-1174.
doi:10.1177/1535370220938741

Lobo SE, Leonel LCPC, Miranda CMFC, et al. The placenta as an organ and a source of
stem cells and extracellular matrix: A review. Cells Tissues Organs. 2016;201(4):239-
252.doi:10.1159/000443636

Abbas Y, Oefner CM, Polacheck W3J, et al. A microfluidics assay to study invasion of
human placental trophoblast cells. J R Soc Interface. 2017;14(130). doi:10.1098/
rsif.2017.0131

Shojaei S, Ali MS, Suresh M, et al. Dynamic placenta-on-a-chip model for fetal risk
assessment of nanoparticles intended to treat pregnancy-associated diseases.
Biochim Biophys Acta - Mol Basis Dis. 2021;1867(7):166131. doi:10.1016/].
bbadis.2021.166131

Kreuder AE, Bolafios-Rosales A, Palmer C, et al. Inspired by the human placenta: a
novel 3D bioprinted membrane system to create barrier models. Sci Rep.
2020;10(1):1-14. doi:10.1038/s41598-020-72559-6

Muoth C, Grofdgarten M, Karst U, et al. Impact of particle size and surface modification
on gold nanoparticle penetration into human placental microtissues. Nanomedicine
(Lond). 2017;12(10):1119-1133. doi:10.2217/NNM-2017-0428

Muoth C, Wichser A, Monopoli M, et al. A 3D co-culture microtissue model of the
human placenta for nanotoxicity assessment. Nanoscale. 2016;8(39):17322-17332.
doi:10.1039/C6NR06749B

Young RE, Huh DD. Organ-on-a-chip technology for the study of the female
reproductive system. Adv Drug Deliv Rev. 2021;173:461-478. d0i:10.1016/j.
addr.2021.03.010

Miller RK, Genbacev O, Turner MA, Aplin JD, Caniggia I, Huppertz B. Human placental
explants in culture: Approaches and assessments. Placenta. 2005;26(6):439-448.
doi:10.1016/j.placenta.2004.10.002

Avagliano L, Garo C, Marconi AM. Placental amino acids transport in intrauterine
growth restriction. J Pregnancy. 2012;2012. doi:10.1155/2012/972562

Fuglsang J, Mgller N, Ledet T, Ovesen P. Effects of glucose, glycerol,
3-hydroxybutyrate, insulin, and leptin on placental growth hormone secretion in
placental explants. Horm Metab Res. 2008;40(3):189-193.
doi:10.1055/s-2007-1004575

Visiedo F, Bugatto F, Quintero-Prado R, Cézar-Castellano I, Bartha JL, Perdomo G.
Glucose and Fatty Acid Metabolism in Placental Explants From Pregnancies
Complicated With Gestational Diabetes Mellitus. Reprod Sci. 2015;22(7):798-801.
doi:10.1177/1933719114561558

Genbacev O, Schubach SA, Miller RK. Villous culture of first trimester human placenta-
model to study extravillous trophoblast (EVT) differentiation. Placenta.
1992;13(5):439-461. doi:10.1016/0143-4004(92)90051-T

Vicovac L, Jones CJIP, Aplin JD. Trophoblast differentiation during formation of
anchoring villi in a model of the early human placenta in vitro. Placenta. 1995;16(1):41-
56. doi:10.1016/0143-4004(95)90080-2

Sieppi E, Vahakangas K, Rautio A, Ietta F, Paulesu L, Myllynen P. The xenoestrogens,
bisphenol A and para-nonylphenol, decrease the expression of the ABCG2 transporter
protein in human term placental explant cultures. Mol Cell Endocrinol. 2016;429:41-
49. doi:10.1016/3.MCE.2016.03.034

163



Chapter 4

126. Huovinen M, Ietta F, Repo JK, Paulesu L, Vahakangas KH. The effect of ethanol and
nicotine on ER stress in human placental villous explants. Curr Res Toxicol.
2022;3:100081. doi:10.1016/3.CRT0X.2022.100081

127. Sooranna SR, Oteng-Ntim E, Meah R, Ryder TA, Bajoria R. Characterization of human
placental explants: Morphological, biochemical and physiological studies using first
and third trimester placenta. Hum Reprod. 1999;14(2):536-541. doi:10.1093/
humrep/14.2.536

128. Crocker IP, Tansinda DM, Baker PN. Altered cell kinetics in cultured placental villous
explants in pregnancies complicated by pre-eclampsia and intrauterine growth
restriction. J Pathol. 2004;204(1):11-18. doi:10.1002/PATH.1610

129. Siman CM, Sibley CP, Jones CJP, Turner MA, Greenwood SL. The functional
regeneration of syncytiotrophoblast in cultured explants of term placenta. Am J
Physiol - Regul Integr Comp Physiol. 2001;280(4 49-4). doi:10.1152/
ajpregu.2001.280.4.r1116

130. Brew O, Sullivan MHF. Oxygen and tissue culture affect placental gene expression.
Placenta. 2017;55:13-20. doi:10.1016/J.PLACENTA.2017.04.024

131. Crocker IP, Tansinda DM, Jones CJP, Baker PN. The influence of oxygen and tumor
necrosis factor-a on the cellular kinetics of term placental villous explants in culture. J
Histochem Cytochem. 2004;52(6):749-757. d0i:10.1369/jhc.3A6176.2004

132. Black S, Yu H, Lee J, Sachchithananthan M, Medcalf RL. Physiologic concentrations of
magnesium and placental apoptosis: Prevention by antioxidants. Obstet Gynecol.
2001;98(2):319-324. d0i:10.1016/S0029-7844(01)01418-1

133. Kupper N, Pritz E, Siwetz M, Guettler J, Huppertz B. Placental villous explant culture
2.0: Flow culture allows studies closer to the in vivo situation. Int J Mol Sci.
2021;22(14). doi:10.3390/ijms22147464

134. Miura S, Sato K, Kato-Negishi M, Teshima T, Takeuchi S. Fluid shear triggers microvilli
formation via mechanosensitive activation of TRPV6. Nat Commun. 2015;6.
doi:10.1038/NCOMMS9871

135. Panigel M, Pascaud M, Brun JL. Etude radioangiographique de la circulation dans les
villosités et l'espace intervilleux du cotylédon placentaire humain isolé mantenu en
survie paperfusion. J Physiol (Paris). 1967;59(1 Suppl):277. https://europepmc.org/
article/med/4306486. Accessed March 2, 2022.

136. Omarini D, Pistotti V, Bonati M. Placental perfusion an overview of the literature. J
Pharmacol Toxicol Methods. 1992;28(2):61-66. d0i:10.1016/1056-8719(92)90048-6

137. Sastry BVR. Techniques to study human placental transport. Adv Drug Deliv Rev.
1999;38(1):17-39. d0i:10.1016/S0169-409X(99)00004-6

138. De Sousa Mendes M, Hirt D, Vinot C, et al. Prediction of human fetal pharmacokinetics
using ex vivo human placenta perfusion studies and physiologically based models. BrJ
Clin Pharmacol. 2016;81(4):646-657. d0i:10.1111/bcp.12815

139. Ala-Kokko TI, Myllynen P, Vahakangas K. Ex vivo perfusion of the human placental
cotyledon: Implications for anesthetic pharmacology. Int J Obstet Anesth.
2000;9(1):26-38. doi:10.1054/ijoa.1999.0312

140. Mathiesen L, Buerki-Thurnherr T, Pastuschek J, Aengenheister L, Knudsen LE. Fetal
exposure to environmental chemicals; insights from placental perfusion studies.
Placenta. 2021;106:58-66. doi:10.1016/j.placenta.2021.01.025

141. Hutson JR, Garcia-Bournissen F, Davis A, Koren G. The human placental perfusion
model: A systematic review and development of a model to predict in vivo transfer of
therapeutic drugs. Clin Pharmacol Ther. 2011;90(1):67-76. d0i:10.1038/clpt.2011.66

164



142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Experimental human placental models

Vahakangas K, Myllynen P. Experimental methods to study human transplacental
exposure to genotoxic agents. Mutat Res - Genet Toxicol Environ Mutagen.
2006;608(2):129-135. d0i:10.1016/j.mrgentox.2006.02.014

Pollex EK, Hutson JR. Genetic polymorphisms in placental transporters: implications
for fetal drug exposure to oral antidiabetic agents. Expert Opin Drug Metab Toxicol.
2011;7(3):325-339. d0i:10.1517/17425255.2011.553188

Magnarin M, Rosati A, De Iudicibus S, Bartoli F, Decorti G. Role of ABC transporters in
the BeWo trophoblast cell line. Toxicol Mech Methods. 2008;18(9):763-769.
doi:10.1080/15376510802428591

Koh YQ, Chan HW, Nitert MD, Vaswani K, Mitchell MD, Rice GE. Differential response to
lipopolysaccharide by JEG-3 and BeWo human choriocarcinoma cell lines. Eur J Obstet
Gynecol Reprod Biol. 2014;175(1):129-133. doi:10.1016/j.ejogrb.2013.12.032

Fujisawa K, Nasu K, Arima K, Sugano T, Narahara H, Miyakawa I. Production of
interleukin (IL)-6 and IL-8 by a choriocarcinoma cell line, BeWo. Placenta.
2000;21(4):354-360. doi:10.1053/plac.1999.0494

Gambino YP, Pérez Pérez A, Duefias JL, Calvo JC, Sanchez-Margalet V, Varone CL.
Regulation of leptin expression by 17beta-estradiol in human placental cells involves
membrane associated estrogen receptor alpha. Biochim Biophys Acta - Mol Cell Res.
2012;1823(4):900-910. doi:10.1016/3.BBAMCR.2012.01.015

Hackmon R, Pinnaduwage L, Zhang J, Lye SJ, Geraghty DE, Dunk CE. Definitive class I
human leukocyte antigen expression in gestational placentation: HLA-F, HLA-E, HLA-C,
and HLA-G in extravillous trophoblast invasion on placentation, pregnancy, and
parturition. Am J Reprod Immunol. 2017;77(6):e12643. doi:10.1111/aji.12643

Burt D, Johnston D, de Wit TR, van den Elsen P, Stern PL. Cellular immune recognition
of HLA-G-expressing choriocarcinoma cell line JEG-3. Int J Cancer. 1991;47(6
S):117-122. doi:10.1002/ijc.2910470722

Umemura K, Ishioka SI, Endo T, Ezaka Y, Takahashi M, Saito T. Roles of microRNA-34a
in the pathogenesis of placenta accreta. J Obstet Gynaecol Res. 2013;39(1):67-74.
doi:10.1111/j.1447-0756.2012.01898.x

Abou-Kheir W, Barrak J, Hadadeh O, Daoud G. HTR-8/SVneo cell line contains a mixed
population of cells. Placenta. 2017;50:1-7. doi:10.1016/j.placenta.2016.12.007

Verma S, Pal R, Gupta SK. Decrease in invasion of HTR-8/SVneo trophoblastic cells by
interferon gamma involves cross-communication of STAT1 and BATF2 that regulates
the expression of JUN. Cell Adh Migr. 2018;12(5):432. doi:10.1080/19336918.2018.1
434030

Wong MK, Li EW, Adam M, Selvaganapathy PR, Raha S. Establishment of an in vitro
placental barrier model cultured under physiologically relevant oxygen levels. Mol
Hum Reprod. 2020;26(5):353-365. doi:10.1093/molehr/gaaa018

Toth B, Saadat G, Geller A, et al. Human umbilical vascular endothelial cells express
estrogen receptor beta (ER() and progesterone receptor A (PR-A), but not ERac and
PR-B. Histochem Cell Biol. 2008;130(2):399-405. d0i:10.1007/s00418-008-0426-7

Addis R, Campesi I, Fois M, et al. Human umbilical endothelial cells (HUVECs) have a
sex: characterisation of the phenotype of male and female cells. Biol Sex Differ.
2014;5(1). doi:10.1186/513293-014-0018-2

Knyazev EN, Mal’tseva D V, Zacharyants AA, Zakharova GS, Zhidkova O V, Poloznikov
AA. TNFa-Induced Expression of Transport Protein Genes in HUVEC Cells Is
Associated with Enhanced Expression of Transcription Factor Genes RELB and NFKB2
of the Non-Canonical NF-kB Pathway. Eksp Biol i Meditsiny. 2017;164(12):728-733.
doi:10.1007/s10517-018-4074-1

165



Chapter 4

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

166

Yang ZX, Guo DY, Wei AB, Hu CB, Yan ML, Cai GL. Effect of Human Umbilical Vein
Endothelial Cells on Immune Responses of Lipopolysaccharide-Induced THP1
Macrophages. Chin Med J (Engl). 2018;131(18):2226. doi:10.4103/0366-6999.240795

Scholler M, Wadsack C, Metso J, et al. Phospholipid transfer protein is differentially
expressed in human arterial and venous placental endothelial cells and enhances
cholesterol efflux to fetal HDL. J Clin Endocrinol Metab. 2012;97(7):2466-2474.
doi:10.1210/jc.2011-2969

Yazdani S, Jaldin-Fincati JR, Pereira RVS, Klip A. Endothelial cell barriers: Transport of
molecules between blood and tissues. Traffic. 2019;20(6):390-403. doi:10.1111/
TRA.12645

Abdelkhaliq A, Van Der Zande M, Peters RIB, Bouwmeester H. Combination of the
BeWo b30 placental transport model and the embryonic stem cell test to assess the
potential developmental toxicity of silver nanoparticles. Part Fibre Toxicol. 2020;17(1).
doi:10.1186/s12989-020-00342-6

Hesler M, Aengenheister L, Ellinger B, et al. Multi-endpoint toxicological assessment of
polystyrene nano- and microparticles in different biological models in vitro. Toxicol
Vitr. 2019;61:104610. doi:10.1016/].tiv.2019.104610

Kloet SK, Walczak AP, Louisse J, et al. Translocation of positively and negatively
charged polystyrene nanoparticles in an in vitro placental model. Toxicol Vitr.
2015;29(7):1701-1710. doi:10.1016/j.tiv.2015.07.003

Rothbauer M, Patel N, Gondola H, Siwetz M, Huppertz B, Ertl P. A comparative study of
five physiological key parameters between four different human trophoblast-derived
celllines. Sci Rep. 2017;7(1):5892. doi:10.1038/541598-017-06364-z

Cartwright L, Poulsen MS, Nielsen HM, et al. In vitro placental model optimization for
nanoparticle transport studies. Int I Nanomedicine. 2012;7:497-510. doi:10.2147/
IIN.S26601

Lee HS, Amarakoon D, Wei C i., Choi KY, Smolensky D, Lee SH. Adverse effect of
polystyrene microplastics (PS-MPs) on tube formation and viability of human umbilical
vein endothelial cells. Food Chem Toxicol. 2021;154:112356. doi:10.1016/j.
fct.2021.112356

LuYY, LiH, Ren H, et al. Size-dependent effects of polystyrene nanoplastics on
autophagy response in human umbilical vein endothelial cells. J Hazard Mater.
2022;421:126770. doi:10.1016/j.jhazmat.2021.126770

Zhang M, Shi J, Huang Q, et al. Multi-omics analysis reveals size-dependent toxicity
and vascular endothelial cell injury induced by microplastic exposure: In vivo and in
vitro. Environ Sci Nano. 2022;9(2):663-683. d0i:10.1039/d1en01067k

Lee S-H, Lee H-S, Amarakoon D, Smolensky D. Effect of Polystyrene Microplastics on
Tube Formation and Viability of Endothelial Cells. Curr Dev Nutr.
2021;5(Supplement_2):86-86. d0i:10.1093/cdn/nzab060_004

Grafmiiller S, Manser P, Diener L, et al. Bidirectional transfer study of polystyrene
nanoparticles across the placenta barrier in an ex vivo human placental perfusion
model. Environ Health Perspect. 2015;123(12):1280-1286. d0i:10.1289/ehp.1409271

Grafmiiller S, Manser P, Diener L, et al. Transfer studies of polystyrene nanoparticles in
the ex vivo human placenta perfusion model: Key sources of artifacts. Sci Technol Adv
Mater. 2015;16(4):044602. doi:10.1088/1468-6996/16/4/044602

Grafmiiller S, Manser P, Krug HF, Wick P, von Mandach U. Determination of the
Transport Rate of Xenobiotics and Nanomaterials Across the Placenta using the
<em>ex vivo</em> Human Placental Perfusion Model. J Vis Exp. 2013;(76).
doi:10.3791/50401



172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Experimental human placental models

Aengenheister L, Dietrich D, Sadeghpour A, et al. Gold nanoparticle distribution in
advanced in vitro and ex vivo human placental barrier models. J Nanobiotechnology.
2018;16(1):79. doi:10.1186/s12951-018-0406-6

Poulsen MS, Mose T, Maroun LL, Mathiesen L, Knudsen LE, Rytting E. Kinetics of silica
nanoparticles in the human placenta. Nanotoxicology. 2015;9(S1):79-86. doi:10.3109/
17435390.2013.812259

Foroozandeh P, Aziz AA. Insight into Cellular Uptake and Intracellular Trafficking of
Nanoparticles. Nanoscale Res Lett 2018 131.2018;13(1):1-12. doi:10.1186/S11671-
018-2728-6

Wang Z, Tiruppathi C, Minshall RD, Malik AB. Size and dynamics of caveolae studied
using nanoparticles in living endothelial cells. ACS Nano. 2009;3(12):4110-4116.
doi:10.1021/nn9012274

Tang H, Jiang Z, He H, et al. Uptake and transport of pullulan acetate nanoparticles in
the BeWo b30 placental barrier cell model. Int I Nanomedicine. 2018;13:4073-4082.
doi:10.2147/1IN.S161319

Aengenheister L, Dugershaw BB, Manser P, et al. Investigating the accumulation and
translocation of titanium dioxide nanoparticles with different surface modifications in
static and dynamic human placental transfer models. Eur J Pharm Biopharm.
2019;142:488-497. doi:10.1016/3.EJPB.2019.07.018

Gruber MM, Hirschmugl B, Berger N, et al. Plasma proteins facilitates placental
transfer of polystyrene particles. J Nanobiotechnology. 2020;18(1). d0i:10.1186/
$12951-020-00676-5

Mathiesen L, Rytting E, Mose T, Knudsen LE. Transport of benzo[a]pyrene in the dually
perfused human placenta perfusion model: Effect of albumin in the perfusion medium.
Basic Clin Pharmacol Toxicol. 2009;105(3):181-187.
doi:10.1111/j.1742-7843.2009.00431.x

Wang F, Salvati A, Boya P. Lysosome-dependent cell death and deregulated autophagy
induced by amine-modified polystyrene nanoparticles. Open Biol. 2018;8(8).
doi:10.1098/rsob.170271

Manshian BB, Pokhrel S, Madler L, Soenen SJ. The impact of nanoparticle-driven
lysosomal alkalinization on cellular functionality. J Nanobiotechnology. 2018;16(1):1-
13.d0i:10.1186/s12951-018-0413-7

Ke PC, Lin S, Parak W3, Davis TP, Caruso F. A Decade of the Protein Corona. ACS Nano.
2017;11(12):11773-11776. doi:10.1021/ACSNANO.7B08008

Docter D, Westmeier D, Markiewicz M, Stolte S, Knauer SK, Stauber RH. The
nanoparticle biomolecule corona: lessons learned - challenge accepted? Chem Soc
Rev. 2015;44(17):6094-6121. doi:10.1039/c5¢cs00217f

Rolfo A, Giuffrida D, Nuzzo AM, et al. Pro-Inflammatory Profile of Preeclamptic
Placental Mesenchymal Stromal Cells: New Insights into the Etiopathogenesis of
Preeclampsia. PLoS One. 2013;8(3). doi:10.1371/journal.pone.0059403

Orendi K, Kivity V, Sammar M, et al. Placental and trophoblastic in vitro models to
study preventive and therapeutic agents for preeclampsia. Placenta. 2011;32(SUPPL.
1):549-554. doi:10.1016/j.placenta.2010.11.023

Costa IN, Ribeiro M, Silva Franco P, et al. Biogenic Silver Nanoparticles Can Control
Toxoplasma gondii Infection in Both Human Trophoblast Cells and Villous Explants.
Front Microbiol. 2021;11. doi:10.3389/fmicbh.2020.623947

167



Chapter 4

187.

188.

1809.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

168

Valero L, Alhareth K, Gil S, et al. Assessment of dually labelled PEGylated liposomes
transplacental passage and placental penetration using a combination of two ex-vivo
human models: the dually perfused placenta and the suspended villous explants. Int J
Pharm. 2017;532(2):729-737. doi:10.1016/].ijpharm.2017.07.076

Vahakangas K, Loikkanen J, Sahlman H, et al. Biomarkers of Toxicity in Human
Placenta. Biomarkers Toxicol. 2019:303-339. doi:10.1016/B978-0-12-814655-
2.00018-9

Mathiesen L, Mose T, Mgrck T3, et al. Quality assessment of a placental perfusion
protocol. Reprod Toxicol. 2010;30(1):138-146. d0i:10.1016/j.reprotox.2010.01.006

Redman CWG, Tannetta DS, Dragovic RA, et al. Review: Does size matter? Placental
debris and the pathophysiology of pre-eclampsia. In: Placenta. Vol 33. Placenta; 2012.
doi:10.1016/j.placenta.2011.12.006

Johnson NM, Hoffmann AR, Behlen JC, et al. Air pollution and children’s health—a
review of adverse effects associated with prenatal exposure from fine to ultrafine
particulate matter. Environ Health Prev Med. 2021;26(1). d0i:10.1186/s12199-021-
00995-5

Munyaneza J, Jia Q, Qaraah FA, et al. A review of atmospheric microplastics pollution:
In-depth sighting of sources, analytical methods, physiognomies, transport and risks.
Sci Total Environ. 2022;822:153339. doi:10.1016/j.scitotenv.2022.153339

Hougaard KS, Campagnolo L, Chavatte-Palmer P, et al. A perspective on the
developmental toxicity of inhaled nanoparticles. 2015;56:118-140. https://pubmed.
nchi.nlm.nih.gov/26050605/. Accessed March 2, 2022.

Jiang B, Kauffman AE, Li L, et al. Health impacts of environmental contamination of
micro- And nanoplastics: A review. Environ Health Prev Med. 2020;25(1):1-15.
doi:10.1186/s12199-020-00870-9

Abdelkhaliq A, Van Der Zande M, Punt A, et al. Impact of nanoparticle surface
functionalization on the protein corona and cellular adhesion, uptake and transport 03
Chemical Sciences 0306 Physical Chemistry (incl. Structural). J Nanobiotechnology.
2018;16(1):1-13. d0i:10.1186/s12951-018-0394-6

Bhagat J, Nishimura N, Shimada Y. Toxicological interactions of microplastics/
nanoplastics and environmental contaminants: Current knowledge and future
perspectives. J Hazard Mater. 2021;405:123913. doi:10.1016/j.jhazmat.2020.123913

Choi JS, Jung YJ, Hong NH, Hong SH, Park JW. Toxicological effects of irregularly
shaped and spherical microplastics in a marine teleost, the sheepshead minnow
(Cyprinodon variegatus). Mar Pollut Bull. 2018;129(1):231-240. doi:10.1016/].
marpolbul.2018.02.039

Gray AD, Weinstein JE. Size- and shape-dependent effects of microplastic particles on
adult daggerblade grass shrimp (Palaemonetes pugio). Environ Toxicol Chem.
2017;36(11):3074-3080. doi:10.1002/etc.3881

Stock V, Bohmert L, Coban G, et al. Microplastics and nanoplastics: Size, surface and
dispersant — What causes the effect? Toxicol Vitr. 2022;80:105314. doi:10.1016/j.
tiv.2022.105314

Wiesinger H, Wang Z, Hellweg S. Deep Dive into Plastic Monomers, Additives, and
Processing Aids. Environ Sci Technol. 2021;55:9351. d0i:10.1021/ACS.EST.1C00976

Bakir A, Rowland SJ, Thompson RC. Transport of persistent organic pollutants by
microplastics in estuarine conditions. Estuar Coast Shelf Sci. 2014;140:14-21.
doi:10.1016/j.ecss.2014.01.004



202.

203.

204.

205.

206.

207.

208.

200.

210.

211.

212.

213.

214.

Experimental human placental models

Velzeboer I, Kwadijk CJAF, Koelmans AA. Strong sorption of PCBs to nanoplastics,
microplastics, carbon nanotubes, and fullerenes. Environ Sci Technol.
2014;48(9):4869-4876. d0i:10.1021/es405721v

Lee WS, Cho HJ, Kim E, et al. Bioaccumulation of polystyrene nanoplastics and their
effect on the toxicity of Au ions in zebrafish embryos. Nanoscale. 2019;11(7):3200-
3207. d0i:10.1039/c8nr09321k

Guo X, Hu G, Fan X, Jia H. Sorption properties of cadmium on microplastics: The
common practice experiment and A two-dimensional correlation spectroscopic study.
Ecotoxicol Environ Saf. 2020;190:110118. d0i:10.1016/j.ecoenv.2019.110118

Guo Y, Ma W, LiJ, et al. Effects of microplastics on growth, phenanthrene stress, and
lipid accumulation in a diatom, Phaeodactylum tricornutum. Environ Pollut.
2020;257:113628. doi:10.1016/j.envpol.2019.113628

Conesa JA. Adsorption of PAHs and PCDD/Fs in Microplastics: A Review. Microplastics.
2022;1(3):346-358. doi:10.3390/microplastics1030026

Cao J, Yang Q, Jiang J, et al. Coronas of micro/nano plastics: a key determinant in their
risk assessments. Part Fibre Toxicol 2022 191.2022;19(1):1-25. doi:10.1186/
S$12989-022-00492-9

Rainieri S, Conlledo N, Larsen BK, Granby K, Barranco A. Combined effects of
microplastics and chemical contaminants on the organ toxicity of zebrafish (Danio
rerio). Environ Res. 2018;162:135-143. d0i:10.1016/j.envres.2017.12.019

MaY, Huang A, Cao S, et al. Effects of nanoplastics and microplastics on toxicity,
bioaccumulation, and environmental fate of phenanthrene in fresh water. Environ
Pollut. 2016;219:166-173. doi:10.1016/j.envpol.2016.10.061

Pacheco A, Martins A, Guilhermino L. Toxicological interactions induced by chronic
exposure to gold nanoparticles and microplastics mixtures in Daphnia magna. Sci Total
Environ. 2018;628-629:474-483. d0i:10.1016/j.scitotenv.2018.02.081

Kim D, Chae Y, An YJ. Mixture Toxicity of Nickel and Microplastics with Different
Functional Groups on Daphnia magna. Environ Sci Technol. 2017;51(21):12852-
12858. doi:10.1021/acs.est.7b03732

Zhou Y, Liu X, Wang J. Ecotoxicological effects of microplastics and cadmium on the
earthworm Eisenia foetida. J Hazard Mater. 2020;392:122273. doi:10.1016/].
jhazmat.2020.122273

Gundacker C, Hengstschlager M. The role of the placenta in fetal exposure to heavy
metals. Wiener Medizinische Wochenschrift. 2012;162(9-10):201-206. doi:10.1007/
s10354-012-0074-3

Monopoli MP, Walczyk D, Campbell A, et al. Physical-Chemical aspects of protein
corona: Relevance to in vitro and in vivo biological impacts of nanoparticles. J Am
Chem Soc. 2011;133(8):2525-2534. d0i:10.1021/ja107583h

169






Uptake, transport

and toxicity of pristine
and weathered micro-
and nanoplastics in
human placenta cells

Hanna M Dusza®", Eugene A Katrukha?,
Sandra M Nijmeijer?, Anna Akhmanova?,
A Dick Vethaak?*, Douglas I Walker?,
Juliette Legler?

1 Division of Toxicology, Institute for Risk Assessment Sciences,
Department of Population Health Sciences, Faculty of Veterinary
Medicine, Utrecht University, Utrecht, the Netherlands

2 Cell Biology, Department of Biology, Faculty of Sciences, Utrecht
University, Utrecht, the Netherlands

3 Deltares, Delft, the Netherlands

4 Dept. of Environment and Health, Faculty of Science, Vrije
Universiteit Amsterdam, the Netherlands

> Department of Environmental Medicine and Public Health, Icahn
School of Medicine at Mount Sinai, New York, NY, USA

Environmental Health Perspectives 2022, volume 130



Chapter 5

Abstract

BACKGROUND: The first evidence of micro- and nanoplastic (MNP) exposure in the
human placentais emerging. However, the toxicokinetics and toxicity of MNPs in the pla-
centa, specifically environmentally relevant particles, remain unclear.

OBJECTIVES: We examined the transport, uptake and toxicity of pristine and exper-
imentally weathered MNPs in nonsyncytialized and syncytialized BeWo b30 choriocarci-
noma cells.

METHODS: We performed untargeted chemical characterization of pristine and
weathered MNPs using liquid chromatography high-resolution mass spectrometry to eval-
uate compositional differences following particle weathering. We investigated cellular
internalization of pristine and weathered polystyrene (PS, 0.05-10 pm) and high-density
polyethylene (HDPE, 0-80 pum) particles using high-resolution confocal imaging and
three-dimensional rendering. We investigated the influence of particle coating with human
plasma on the cellular transport of PS particles using a transwell set-up and examined
the influence of acute MNP exposure on cell viability, damage to the plasma membrane
and expression of genes involved in steroidogenesis.

RESULTS: Chemical characterization of MNPs showed a significantly higher number
of unique features in pristine particles compared to weathered particles. Size-depend-
ent placental uptake of pristine and weathered MNPs was observed in both placental cell
types after 24 h exposure. Cellular transport was limited and size-dependent and was
not influenced by particle coating with human plasma. None of the MNPs affected cell
viability. Damage to the plasma membrane was observed only for 0.05 um PS particles
in the nonsyncytialized cells at the highest concentration tested (100 pug/ml). Modest
downregulation of hsd17b1 was observed in syncytialized cells exposed to pristine MNPs.

DISCUSSION: Our results suggest that pristine and weathered MNPs are internalized
and translocated in placental cells in vitro. Effects on gene expression observed upon
pristine PS and HDPE particle exposure warrant further examination. More in-depth inves-
tigations are needed to better understand the potential health risks of MNP and chemi-
cals associated with them under environmentally relevant exposure scenarios.
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Introduction

Micro- and nanoplastics (MNPs) are global environmental pollutants with widespread
exposure in the human environment e.g., food*?, water?, air*® and dust.¢. Nevertheless,
MNP toxicokinetics and toxicity in humans are still largely unexplored.” Recent animal
studies have shown that ingested or inhaled MNPs can translocate across pulmonary and
intestinal cell barriers to secondary organs, including placental and fetal tissues.®-*! More-
over, epidemiological research indicates that fine particles (< 2.5 ym) from air pollution
can reach the placenta in situ and increase the risk of pregnancy complications such as
gestational diabetes and pre-eclampsia?*3, pre-term birth or low birth weight.** These
findings have raised concerns for potential adverse health effects of placental MNP expo-
sure during pregnancy, a period of heightened vulnerability when even subtle environ-
mental insults can have long-lasting effects on fetal development and health later in
life.15:26

To date, a limited number of human in vitro placenta cell models?”"*° and ex vivo pla-
centa perfusion studies?°?2 have demonstrated the transplacental transport of polysty-
rene MNPs. Recently, a study by Ragusa et al. (2021)%® was the first to detect MNPs in
human placenta samples. Although this research provides the first indication of placen-
tal exposure, understanding of placental toxicokinetics and toxicity of MNPs is limited.
Gaining insight into these mechanisms is indispensable for a better understanding of pos-
sible adverse effects on placenta development and functioning and how these relate to
fetal health.

The placenta is a unique and complex temporary organ that nourishes and protects
the fetus. It is a multi-layered membranous structure that forms at the interface of mater-
nal and fetal circulation and facilitates the exchange of gases, nutrients, metabolites and
waste products.?* Chorionic villi covered by villous trophoblasts (Figure 1A) are the main
placental structures involved in the fetomaternal exchanges.?® The inner layer of the vil-
lous trophoblasts is formed by stem-like cells called cytotrophoblasts.?® These cells pro-
liferate and differentiate by fusion to syncytiotrophoblasts, large multinucleated cells
that form the top layer of the villous tree.?® Syncytiotrophoblasts are in direct contact
with maternal blood and thus are the main cells to facilitate the fetomaternal exchange.?”
Syncytiotrophoblasts also function as important endocrine cells involved in the biosyn-
thesis and metabolism of a variety of hormones (e.g., leptin, human chorionic gonadotro-
pin, progesterone, estrogens) crucial for the regulation of maternal and fetal physiol-
ogy.2"28 Growing evidence shows that disrupted functioning of the villous trophoblasts
can lead to impaired endocrine, metabolic and transport functions of the placenta, result-
ing in a variety of pregnancy complications.?-3 Although syncytiotrophoblasts are the
first placental cells in contact with maternal blood and are crucial for fetomaternal
exchange and placental functioning, to date, no data exist on the uptake or toxicity of
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MNPs in syncytiotrophoblasts in vitro. The BeWo cell line derived from a human immor-
talized trophoblast, morphologically and functionally resembles villous cytotrophoblasts
and is one of the most widely used placental cell models.3? The BeWo b30 variant forms
a confluent and polarized monolayer and has been successfully used in a variety of trans-
port studies including transport of e.g., gold®3, silver34, silica®, iron 3¢ or polystyrene nan-
oparticles.”. The intercellular fusion and differentiation (syncytialization) of BeWo b30
can be successfully triggered by forskolin, resulting in the formation of endocrine active
cells that resemble in situ human syncytiotrophoblasts.37-4°

Particle size, morphology, surface charge and protein corona are factors that can influ-
ence the translocation of MNP over different cellular barriers.*>*? Nevertheless, their role
in transplacental MNP transport is still not well understood. Moreover, the key charac-
teristics potentially driving toxicity, such as the presence of inherent or adsorbed con-
taminants, are largely understudied. Due to the challenges in capturing and isolating envi-
ronmentally weathered MNPs, the majority of toxicity studies have used pristine, manu-
factured particles that may not be representative of real environmental exposures. The
goal of this study was to examine both pristine and experimentally weathered MNPs, at
different sizes, to investigate the influence of polymer type, size and weathering on the
transport, uptake and toxicity in both, nonsyncytialized (undifferentiated) and syncytial-
ized (differentiated) BeWo b30 cells. The model MNPs selected for this study were pol-
ystyrene (PS) and high-density polyethylene (HDPE) particles, two commonly used pol-
ymers present in a wide variety of consumer products. We investigated the cellular inter-
nalization of MNPs using high-resolution confocal imaging and three-dimensional ren-
dering and developed a method for quantitative analysis of cellular uptake in both cell
phenotypes. Moreover, we investigated the influence of human plasma protein corona
on the cellular transport of MNPs in a transwell set-up. Furthermore, we investigated the
influence of MNP exposure on several toxicity endpoints including cell viability, damage
to the plasma membrane and expression of genes important in the placental biosynthe-
sis of steroid hormones. Lastly, to gain the first insight into particle vs chemical toxicity,
we performed an untargeted, small molecule characterization of pristine and weathered
MNPs using liquid chromatography high-resolution mass spectrometry (LC-HRMS). This
approach allowed us to test for the presence of co-transported pollutants and to evalu-
ate compositional differences following particle weathering.
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Figure 1. (A) Cross-section of early gestation human placenta showing chorionic villi covered by syncyt-
iotrophoblasts and cytotrophoblasts. (B) Experimental design for analysis of translocation, uptake and
toxicity of pristine and weathered micro- and nanoplastics (MNPs) in nonsyncytialized and syncytialized
BeWo b30 cells. Note: HDPE, high-density polyethylene; HRMS, high-resolution mass spectrometry; PS,
polystyrene.

Material and methods

An overview of the experimental design is presented in Figure 1B. A full list of rea-
gents can be found in Supplemental Material, “Reagents”.

Pristine and weathered micro- and nanoplastics (MNPs)

Fluorescent and non-fluorescent MNPs of different sizes were used in this study. Flu-
oresbrite® YG polystyrene 0.05 pm (cat. nr. 17149), 0.2 um (17151), 1.0 um (17154) and
10.0 um (18140-2) particles (Fluo-PS) were purchased from Polysciences Europe GmbH
(Germany), delivered as 2.5% aqueous suspension. Non-fluorescent MNPs i.e. a high-den-
sity polyethylene (HDPE Abifor, Zirich, Switzerland) powder with nonuniformly shaped
particles ranging 0-80 um in size (Gaussian grain size distribution n: < 50 pm =35-45%,
<63 um =60-80%, < 80 um =98-100%, Von Moos et al. 2012), and polystyrene micro-
spheres at 0.05 um (cat. nr. 08691), 0.2 um (07304), 1.0 um (07310) and 10.0 um (17136,
Polysciences Europe GmbH, Germany) were kindly provided by Deltares, the Nether-
lands. Stocks of pristine HDPE and PS particles were prepared by washing the particles
in hexane and PBS, respectively, then the particles were centrifuged for 10 minutes at
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4000 rpm and room temp. and resuspended in PBS (1% solids w/v). For weathering exper-
iment the washed HDPE and PS were resuspended in environmental water (sampled
alongside a 1-2 meter wide ditch at Tolakkerlaan, approximate coordinates 52°04’58.4”N
5°11’'37.1”E, Utrecht, NL). The water was sampled in pre-sterilized 1L glass bottles, which
were filled by opening the bottle 1-20 cm below the water surface, and then filtered
through a standard paper filter to remove the bigger particles. The weathering was per-
formed in a duplicate set-up, in glass bottles for 4 weeks at room temp. with exposure to
sunlight and constant shaking (100 rpm), and particle concentration of 0.1% (w/v). After
weathering, the particles were washed with PBS, separated from the liquid by decant-
ing, pooled and resuspended in PBS (1% solids w/v). Because of the hydrophobic nature
of HDPE, stocks in PBS were additionally supplemented with bovine serum albumin (BSA)
to bring the particles into a homogenous suspension. BSA was dissolved in PBS, filtered
through a 0.2 pm sterile Corning® syringe filter (431219, Sigma Aldrich) and added to a
final concentration of 0.5% w/v (1:1 w/w BSA to HDPE). For all exposure studies, if not
specified otherwise, serial dilutions of the highest MNP stocks (0.1, 1, 10, 100 ug/mL)
were prepared in the exposure medium (culture medium without phenol red) and added
to the cells so that the concentration of PBS did not exceed 1%.

Chemical characterization of pristine and weathered MNPs

A non-targeted, small molecule characterization was performed on MNP stock sus-
pensions to evaluate chemical differences between pristine and weathered MNPs and to
test for the presence of co-transported pollutants following weathering using previously
described methods.** Briefly, MNP suspensions (pristine and weathered PS with 0.05
pm, 0.2 um, 1pum and 10um diameters) were prepared for analysis by diluting 50 uL of
10 mg/mL aliquots with 100 pL acetonitrile and centrifuging for 10 min at 16,100 x g. The
supernatants were analysed (in triplicate) using dual-column (HILIC: Waters XBridge BEH
Amide XP HILIC, 2.2mm x 50mm x 2.5um; and C,: Higgins Targa C18, 2.1mm x 50mm
x 3um) liquid chromatography paired with positive or negative mode electrospray ioni-
zation interfaced to a Thermo Scientific Q-Exactive HFX Orbitrap high-resolution mass
spectrometer. Analyte separation for HILIC was accomplished using acetonitrile and
formic acid; separation for C,; used an acetonitrile and ammonium acetate gradient. The
mass spectrometer was operated at a resolution of 120,000 and a mass-to-charge ratio
(m/z) range of 85-1275. Uniquely detected ions consisted of m/z, retention time, and ion
abundance referred to as m/z features (all descriptors used in the analysis are explained
further in Excel Table S1). High-resolution detection of m/z features was accomplished
by a maximum injection time of 100 milliseconds and an Automatic Gain Control target
of 1 x 10°. Raw data files were extracted and aligned using apLCMS#® with modifications
by xMSanalyzer.*¢ Detected signals with a fold-change of 5 or higher relative to the PBS
buffer solution were annotated using xMSannotator by matching accurate mass m/z to
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the plastics and plastic-related chemicals from PLASTICSINORMAN: Database of Chem-
icals likely (List A, 906 chemicals) and possibly (List B, 3377 chemicals) associated with
Plastic Packaging (CPPdb).*” Compound annotation confidence was determined based
on Schymanski et al. (2014) by matching accurate mass, isotope and adduct patterns to
the combined plastic database; potential compound structures were ranked based on
PubMed reference counts.*®#° Initial differences between pristine and weathered MNPs
were characterized using partial least squares discriminant analysis (PLS-DA). Next, a
variable importance projection (VIP) score greater than 1.5 was used to identify signals
that differed due to MNP weathering. To characterize the potential origin of plastic chem-
icals with VIP > 1.5, annotated compounds were assigned a primary use category based
on a database of over 10,000 plastic-related chemicals (PlasticMap) recently complied
by Wiesinger et al. (2021) from industrial, scientific, and regulatory data sources.*°
InChiKeys were used to avoid misclassifications due to differences in chemical names.

BeWo b30 culture and syncytialization

The BeWo b30 choriocarcinoma cell line (AddexBio, Cat. # C0030002, San Diego,
USA) was kindly provided by Prof. Aldert Piersma and Conny van Oostrom (RIVM, the
Netherlands). The cells were maintained in DMEM/F12 supplemented with 1% (v/v) P/S
and 10% (v/v) fetal bovine serum (FBS), and incubated at 37 °C with 5% CO, and 95%
relative humidity. Every 3 days, when reaching 70-90% confluency, cells were washed
with PBS and subcultured using 0.05% trypsin-EDTA solution. Differentiation and intra-
cellular fusion (syncytialization) were induced by treatment with forskolin 48h post-seed-
ing when cells reached approximately 50% confluency. A stock solution of forskolin (10
mM) was prepared in DMSO and added to the cells in a culture medium to the final con-
centration of 10 uM at 0.1% DMSO. Medium with forskolin was refreshed daily for three
consecutive days. An equal volume of DMSO was added as a vehicle control to the non-
syncytialized BeWo cells. Two different cell culture media, MEM and DMEM/F12 were
tested to ensure optimal conditions for BeWo b30 cell culture and syncytialization. The
cells were seeded in a transparent 12-well plate, cultured, and differentiated in each test
media; the cells were then stained and imaged as described below (n=2, with two tech-
nical replicates per plate). In general, undifferentiated cells showed a more consistent
morphology when cultured with a medium containing high glucose DMEM/F12; i.e., cells
formed a tighter confluent monolayer and showed clearer cellular boundaries, as indi-
cated with B-actin (Sir-actin) and tight-junctions (Z0O-1) staining (Figure S1). Therefore,
DMEM/F12 was used in experiments throughout this study.

Cellular imaging and quantification of MNP uptake
For the visualization of the cells and quantification of the cellular uptake of MNPs,
cells were seeded at a density of 2 x 10°cells/mL in a transparent 12 well-plate contain-
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ing 18 mm glass covers pre-coated (for 2h at 37°C) with collagen (type IV) from human
placenta (50 pg/mL in 0.25% acetic acid), cultured and differentiated as above. On day
6 post-seeding, the nonsyncytialized and syncytialized cells were exposed for 24 h to flu-
orescent and non-fluorescent PS at 0.05, 0.2, 1 and 10 pm size at different concentra-
tions in 1 mL of exposure media. To ensure an optimal non-toxic particle density during
imaging, the concentrations used were chosen for each condition separately and kept
within the non-toxic concentration range as indicated by cytotoxicity assays in this study.
Exposed and not exposed cells (control) were fixed in 4% formaldehyde (10 min), washed
with PBS and treated (for 1h at room temp.) with blocking buffer (3% BSA in PBS) con-
taining DAPI (1 uM), SiR-actin labelling probe (1 yM) and Z0O-1 antibody (1 uM) or Vybrant
labelling dye (5 pM), to stain nucleus, 3-actin and tight junction or plasma membrane,
respectively. In the case of Z0O-1, cells were subjected to the second round of staining
with the secondary antibody (Alexa594, 10 pg/mL) for 1h at room temperature. After
staining, the cells were washed with PBS and rinsed in MilliQ and the glass covers were
mounted on a slide for imaging. Cells were imaged using Leica TCS SP8 STED 3X micro-
scope with a pulsed (80 MHz) white-light laser (WLL), 405 nm DPSS laser, HyD/PMT
detectors and spectroscopic detection. Forimaging of 10 um beads, we used HC PL APO
20x/075 IMM CORR CS2 (Leica 15506343) dry objective and all other conditions were
imaged using HC PL APO 93 x/1.30 GLYC motCORR STED (Leica 15506417) glycerol-im-
mersion objective with corrective collar. Due to the absence of spectral crosstalk, all flu-
orescent channels were imaged simultaneously. For DAPI imaging we used 405 nm DPSS
laser as the excitation source and detected emission in the 420-460 nm spectral range,
for fluorescent beads we used 488 nm excitation (WLL) and 500-550 nm emission range,
for Vybrant dye we used 561 nm excitation (WLL) and 570-620 nm emission, for ZO-1 we
used 580 nm excitation (WLL) and 590-620 nm emission and for SiR-actin we used 633
nm excitation (WLL) and 640-750 nm emission. Non-fluorescent beads were imaged
using transmitted light PMT with a 488 nm laser as a source. For 10 pm beads, the size
of field-of-view (FOV) was about 415 um and for all other conditions, it was in the range
between 100-160 um. The height of z-stacks was in the range of 10-30 pm, chosen per
each sample individually to include the whole thickness of the cell layer and to ensure
that the detected MNPs were within the cells and not only present on top of the cell
boundary. The number of cells and particles per field of view was counted manually using
the Cell Counter plugin for ImageJ [https://imagej.nih.gov/ij/plugins/cell-counter.html].
To accurately quantify and compare the particle uptake between the two cell types, the
number of particles taken up was calculated per area (mm?) occupied by the cells rather
than per cell. Mean values of the particle uptake were calculated based on > 3 FOV per
sample from at least 2 independent experiments (n=2). To calculate an area occupied by
the cells (adjusted cell density) in a FOV, we merged maximum intensity projections of
the membrane (Vybrant dye) and actin (SiR-actin) channels, convolved it with a Gauss-
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ian filter of 2 pixels (to remove noise), applied threshold manually and calculated back-
ground area using “Analyse Particles” function of ImageJ. Cell occupied area was calcu-
lated as the total area of FOV minus background area. Additionally, to image changes in
cell morphology during syncytialization, the nonsyncytialized and syncytialized cells were
stained with May—Griinwald—-Giemsa following a standard protocol®* and imaged with
bright field microscopy.

Transwell experiments

Nonsyncytialized BeWo b30 cells were seeded at a density of 2 x 10° cells/mL, on
12-well polycarbonate Transwell® inserts with 12 mm diameter and 3 pm pore size (Corn-
ing®, Sigma Aldrich, Dorset, UK), containing 1.5 mL of culture medium on the basolateral
and 0.5 mL on the apical side. The medium was replaced every second day. The forma-
tion of the monolayer and the monolayer integrity was monitored using transepithelial
electrical resistance (TEER) measurements and sodium-fluorescein (Na-Flu) leakage
assay.

TEER measurements

Monolayer formation was monitored with a Millicell-ERS (Electrical Resistance
System), a volt-ohm-meter that measures membrane potential and resistance of cell
monolayers in culture. TEER values were measured for 12 consecutive days in a tran-
swell-plate equilibrated to room temperature and in the presence and absence of cells.
The final TEER values were determined by subtracting the intrinsic resistance (insert
membrane without cells) from the total resistance (insert membrane with cells) and were
corrected for the surface area (Q cm?).

Na-Flu leakage assay

The barrier integrity was further evaluated with a fluorescein sodium salt (Na-Flu)
leakage assay. A stock solution of Na-Flu (0.5 mM) was prepared in DMSO. At 4-, 6-, 8-
and 11-days post-seeding 0.5 mL of 5 uM Na-Flu (0.1% DMSO0) was added to the apical
side, and 1.5 mL of medium only was added to the basolateral side. To avoid interference
with fluorescence measurements, exposure medium (culture medium without phenol
red) was used. After 3 h incubation, 100 pl of the sample was removed in triplicate from
the basolateral side, transferred into a black 96-well plate and analysed using a fluores-
cent plate reader (POLARstar Galaxy, BMG Labtech GmbH) and 485 nm excitation and
520 nm emission wavelength, respectively. The final concentration of Na-Flu in the baso-
lateral side was calculated using Na-Flu dilution series (0.1 nM - 10 uM), corrected for
background fluorescence and volume and expressed as the average basolateral amount
of the initial Na-Flu concentration in a percentage, based on three independent experi-
ments (n=3).

179



Chapter 5

Translocation study

The transport of Fluo-PS over the monolayer was measured by exposing cells on day
11 post-seeding. Fluo-PS at 0.05, 0.2 and 1 pm were added (50 pg) in exposure medium
(0.5 mL) to the apical side of the transwell, and their transport to the basolateral side was
monitored at different time points: 1, 2, 5, 24 and 48h, in three independent experiments
(n=3). At each time point, 50 L of medium from the basolateral side was transferred into
a black 96-well plate and the fluorescence intensity was measured with a plate reader
(Tecan Infinite M200, Tecan Trading AG), with excitation and emission wavelength set at
441 and 486 nm, respectively. Fluo-PS in three different conditions were used for the
translocation studies: non-coated particles (NC), particles pre-coated with human plasma
(P), and particles pre-coated with heat-deactivated human plasma (HDP). We chose
plasma, not serum, as it contains clotting factors and thus resembles more closely mater-
nal blood. A whole blood sample was obtained from a healthy donor with informed con-
sent (University Medical Center Utrecht, NL). The plasma was isolated by centrifuging the
whole blood (EDTA-treated) for 25 min at 500 x g, at room temperature. The collected
plasmawas stored at -20 °C. Heat-deactivated plasma was prepared by heating in a water
bath at 56°C for 1h. The coating was done by incubating the particles (5 pL of each high-
est stock) with plasma (1:4 particles to plasma ration, v/v), for 2h at 37°C and constant
shaking (at 100 rpm). The particles in the plasma (20 pL) were resuspended in the expo-
sure medium before cell exposure to a final volume of 1 mL and particle concentration of
100 pg/mL, and final plasma concentration of 1.6%. The mass transported (AQn) into
the basolateral side at each time point (t, ) was calculated with a calibration curve (0.01,
0.1,1,10, 100 pg/mL) prepared for each of the conditions, and corrected for blank sample
(fluorescent intensity of non-exposed cells) and volume loss during sampling, using the
following equation:

AQn

Il
Sﬁ
€<
+
:Q
N

where C_is the concentration of the sample measured at time t , V_is the volume of
the well sampled, V_is the sampling volume (50 uL), and the term 27;11 C,, "V repre-
sents the cumulative mass removed by sampling during all the previous sampling peri-
0ds.52 The final amount transported was reported as a number of particles transported
and as a percentage of the initial mass added to the apical well (50 pg). The method’s
limits of detection were calculated for each time point separately as 3 x standard devia-
tion of the signal measured in the exposure medium only (n=3).
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Cell viability

The viability of the cells was determined using CellTiter-Glo® luminescent assay,
which measures adenosinetriphosphate (ATP) as an indicator of metabolically active
cells. The amount of ATP present is directly proportional to the number of viable cells.
Shortly, BeWo b30 cells were seeded at a density of 2 x 10° cells/mL (100 pl per well) in
a black 96-well plate. Cells were differentiated and exposed to MNPs at 0.1, 1, 10 and
100 pg/mL on day 6 post-seeding as described above. The concentration range was
chosen to encompass a wide range of concentrations used in previous studies'”*’, and
falls within the quantifiable concentration of plastic particles found recently in human
blood (1.6 ug/ml).53 After 24h exposure, the plate was equilibrated to room temperature
for approximately 30 minutes. After, 50 pL of medium from each well was transferred to
anew 96-well plate and an equal volume of assay reagent was added. ATP disodium salt
was used to generate a calibration curve. A stock solution of ATP (10 mM) was prepared
in the exposure medium and the calibration curve was prepared by serial tenfold dilu-
tions of the stock (5 nM - 5 uM) and added in parallel to each plate. Contents were mixed
for 2 min on an orbital shaker to induce cell lysis and then allowed to incubate at room
temperature for 10 minutes to stabilize the luminescent signal. Luminescence was meas-
ured using a plate reader (Tecan Infinite M200). Data was corrected for the background
luminescence measured in the wells containing medium only and expressed as the mean
percentage of the control (cells with no exposure), based on three independent experi-
ments (n=3).

Lactate Dehydrogenase Activity Assay

Lactate dehydrogenase (LDH) activity assay was used to evaluate the damage to the
plasma membrane. In short, 100 pL of BeWo b30 cell suspension (2 x 10° cells/mL) was
added to each well of a transparent 96 well-plate. Cells were grown and differentiated
as described above. At day 6 post-seeding, syncytialized and nonsyncytialized cells were
exposed to MNPs at 0.1, 1, 10 and 100 ug/mL or a positive control Triton-X 100 (0.1%,
v/v) in 100 pL of exposure medium. After 24 h exposure, 10 L of medium from each well
was sampled into another 96 well-plate containing 40 pL of LDH assay buffer. Also, a
NADH standard curve (2.5 - 12.5 nmol/well) was added in parallel to each plate. Next,
50 uL of the Master Reaction Mix was added to each well, mixed for 2 min using a hori-
zontal shaker and measured (t, .. ) at 490 nmin a plate reader (Tecan Infinite M200). After
the initial measurement, the plate was incubated at 37°C. Subsequent measurements
were taken every 5 min until the value of the most active sample was greater than the
value of the highest standard. Data was corrected for the background absorbance meas-
ured in LDH assay buffer only and the LDH activity was calculated using the following for-
mula:
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o B x sample dilution factor
LDH activity =

(reaction time)x V

andt. ,thereac-

(minutes), and V is the sample volume (mL). Mean LDH activity is

where B is the amount of NADH (nmole) generated betweent, . fnal?

tiontimeist, -t .
reported as nanomoles/minute/milliliter (milliunit/milliliter), based on three independ-

ent experiments (n=3).

Gene expression analysis

The effects of MNPs on placental hormone synthesis were investigated with real-time
quantitative PCR (RT-qPCR) using syncytialized BeWo b30 cells and a set of genes directly
involved in the placental steroidogenesis (cypl9, cypllal, hsd3bl, hsd17b1l, sts, see
Table S1 for a detailed primer list). BeWo b30 cells were seeded in 24 well-plate (2 x 10°
cells/mL), cultured, differentiated and exposed to MNPs at 0.1, 1, 10 and 100 pg/mL for
24 h, in three independent experiments (n=3), with three technical replicates per sample,
per plate. After 24 h, the cells were washed with PBS and the RNA was extracted using
Tri-reagent following the manufacturer’s protocol. The quality and concentration of the
extracted RNA were determined with Nanodrop 2000® (Thermo Scientific, NC, USA). RNA
(0.6 pg) was reverse transcribed using an iScript cDNA synthesis kit and the cDNA was
stored at -20°C until further use. RT-qPCR was performed with a CFX96 real-time PCR
Detection System (BioRad) using SYBR Green universal supermix, 10 times diluted cDNA
and 400 nM of each primer in a final reaction volume of 15 pL. qPCR reaction conditions
were as follows: 3 min 95°C followed by 40 cycles of 15 s 95°C and 45 s at 60°C. A melt-
ing curve was included in each run to check for primer dimer formation and/or formation
of secondary products. The Cq (determined by regression) was normalized to two refer-
ence genes B-actin and YWHAZ using the BioRad CFX analysis software, and the log2
fold change in expression (AACq) was calculated relative to the control group (non-ex-
posed cells).

Statistical analysis

Differences in the rate of transport between NC, P and DP Fluo-PS particles over the
nonsyncytialized BeWo b30 monolayer were investigated using the mixed-effects model
and Tukey’s multiple comparisons test. For any other statistical analysis, the one-way
analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test was used.
All statistical analyses were performed using GraphPad 8.3 (GraphPad Software Inc.)
with p < 0.05 considered statistically significant.
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Results

MNP chemical profiling

To mimic environmental weathering processes and to generate representative MNPs
for the toxicological studies, PS and HDPE particles were weathered using the procedures
described in the Method section. This process was hypothesized to alter the surface
chemistry of the MNPs, and potentially increase the adsorption of organic compounds
present in surface water. To gain insight into possible chemical changes occurring to the
MNPs from the weathering processes, pristine and weathered PS were characterized for
small molecule profiles using non-targeted HRMS. Initial analysis of nontargeted results
showed 4,141 and 2,150 chemical signals, with peak intensities 5-fold or higher relative
to the PBS buffer, detected for pristine PS and weathered PS, respectively (Figure 2A).

A Pristine PS Weathered PS C Plastic Map categories of annotated
n=4,141 n=2,150 compounds with VIP > 1.5
Plastic Map Primary Use Number of Annotated
Category Chemicals (%)

1,849 301 Not present in Plastic Map* 13 (22.4%)

Catalyst 8 (13.8%)

Colorant 7 (12.1%)
Biocide 5(8.6%)
Antioxidant 5 (8.6%)
B Plasticizer 4 (6.9%)
Monomer 4 (6.9%)
159 Odor Agent 2(3.4%)

% Crosslinking Agent 2 (3.4%)

— L Sample Type Intermediates 2 (3.4%)
::; é Pristine PS A Pristine PS Other Processing Aids 2 (3.4%)
g 5 il O Weathered PS Filler 1(1.7%)
g2 o @ | Pparticle ize (um) Antistatic Agent 1(1.7%)
§g | £ ﬂg ot Lubricant 1(1.7%)
2 E -51 J o1 Heat Stabilizer 1(1.7%)

10l Weathered PS 9o *Annotated compounds not listed in Wiesinger et al. (2021)
£
-0 5 0 5 10
PLS Component 1
(26.8% variation)

Figure 2. Differences in chemical profiles between pristine and weathered polystyrene (PS) particles. (A)
Comparison of chemical signals detect in the pristine and weathered PS particles using liquid chroma-
tography high-resolution mass spectrometry. (B) Partial least squares discriminant analysis (PLS-DA) of
differentially expressed chemical signals between pristine and weathered PS particles. (C) Primary use
categories assigned to the annotated compounds using PlasticMap database. Only compounds with high
confidence annotations and variable importance projection (VIP) score > 1.5 were considered (Excel Table
S1,S2 and S3).

A comparison of the two different PS formulations showed that pristine PS had the
largest number of unique compounds, 301 were unique to the weathered PS particles
and 1,849 chemical signals were overlapping between the two formulations (Figure 2A).
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Potential identities of chemicals detected in the pristine and weathered particles were
evaluated by annotating mass spectral signals using chemical databases that included
plastic-related compounds, followed by PLS-DA to identify which annotated chemicals
showed the greatest difference between pristine and weathered PS. Accurate mass anno-
tation included matching based upon co-eluting adducts and isotopes to reduce false
positives and identified 1062 plastic-related chemicals from which 182 were high con-
fidence (level 3) annotations and 880 low confidence (level 4) annotations (Excel Table
S2). The 182 plastic-related chemicals detected in pristine and weathered PS corre-
sponded to 282 unique compounds (Excel Table S2). The number of compounds was
higher than the number of detected signals because isomers could not be differentiated
using this HRMS approach. Annotated compounds included multiple plastic additives,
intermediates in polymer synthesis, hydrolysis products, and environmental chemicals
(Excel Table S2). PLS-DA analysis showed significant differences in compound levels
associated with pristine and weathered PS and suggested that for pristine PS particles,
the differences could be mediated by particle surface area (Figure 2B). Primary use cat-
egories of compounds annotated with high confidence (level 3) were determined by com-
parison to a database of over 10,000 plastic-related chemicals (PlasticMap).%° The pri-
mary use categories that differed between pristine and weathered particles (with VIP >
1.5) are listed in Figure 2C and included e.g. catalysts, colourants, biocides, antioxidants,
plasticizers and monomers. Use categories for all annotated compounds are provided in
Excel Table S3. Compounds present in the PLASTICSINORMAN and Plastics Packaging
Database that were not included in PlasticMap may represent plastic transformation
products or environmental chemicals not directly linked to plastic manufacturing.

BeWo b30 syncytialization

Forskolin treatment resulted in a differentiated morphological phenotype evident after
72 hours, i.e., progressive nuclear aggregation followed by intercellular fusion (resulting
in large multinucleated cells), loss of epithelial cell-cell junctions and thus loss of barrier
integrity of the confluent monolayer (Figure 3 and S1). The tight junction protein Z0O-1, a
clear cell boundary marker in the nonsyncytialized cells, was notably less pronounced in
the syncytialized cells (Figure S1). Therefore, for further imaging, a plasma membrane
marker (Vybrant) was used instead. The syncytialized cells were distinct from the non-
syncytialized cells in morphology and size, i.e., consisted of large often multinucleated
cells without clear cell boundaries (Figure 3). The adjusted cell density, calculated as the
total area of FOV minus background area (Figure 4, Excel Table S4), showed that the syn-
cytialized cells were on average approximately 3 times less dense than the nonsyncyt-
ialized cells, with a mean adjusted cell density of 1964 and 5559 per mm?, respectively.
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Figure 3. Morphology of the nonsyncytialized (A) and syncytialized (B) BeWo b30 cells at 10 x (1) and 20
x (2) magnification. Syncytialization was induced with 72 h treatment with forskolin (10 pM) as described
in the “Materials and Methods” section. White arrows indicate multinucleated cells formed after syncyt-
ialization. Images were taken with bright field microscopy after May—Griinwald—-Giemsa staining.

Uptake of MNPs

Representative images (still frames) of the internalization of Fluo-PS in the nonsyn-
cytialized BeWo b30 cells are presented in Figure 5 (also see Supplemental Video files
for the representative 3D videos). Only Fluo-PS particles at 0.2, 1, and 10 um were inves-
tigated, as it was impossible to quantify individual 0.05 um particles due to their low flu-
orescent signal. Non-fluorescent MNPs were also investigated, using transmitted light
PMT. Here, only 1 ym and 10 pm pristine and weathered PS particles were quantifiable
i.e., clearly visible and distinguishable from other cellular compartments (Figure 6). More-
over, for the non-fluorescent HDPE and PS particles, we observed weak auto-fluorescent
in the red part of the spectrum (approximate excitation/emission wavelength of 590/650
nm, Figure S2). However, the auto-fluorescence intensity was too low in comparison with
the background cellular auto-fluorescence in the same spectral range, to be able to use
it for quantification of cellular uptake. Additional imaging using polarized light micros-
copy (PLM) indicated that HDPE particles were also in contact with the placenta cells and
possibly internalized (Figure S3); however, cellular uptake was not quantifiable using this
method.
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Figure 4. Adjusted cell density per area (mm?) of the nonsyncytialized and syncytialized cells calculated
as the total area of field of view (FOV) minus background area, based on DAPI (nucleus, yellow) and SiR-ac-
tin (B-actin, magenta) staining as described in the “Material and Methods” section. Each dot represents
cell density calculated from one FOV. Bands represent the 95% confidence intervals of the respective
mean (n=8, Excel Table S4).
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Fluo-PS 0.2 um

Fluo-PS 1 pm

Fluo-PS 10 um

Figure 5. Representative images of the internalization of fluorescent polystyrene particles (Fluo-PS) in
nonsyncytialized BeWo b30 cells. Cells were exposed for 24 h to 0.2, 1 and 10 pm Fluo-PS (fluo-green)
at 25,50 and 100 pg/mL respectively, stained for nucleus (DAPI, yellow) and B-actin (SiR-actin, magenta)
and imaged with z-stacks using a Leica TCS SP8 STED 3X microscope and 20 x magnification. Images rep-
resent still frame (A) from 3D videos (available in the Supplemental Video files) complied from the z-stacks,
and maximum projection image (B) of the respective sample.

187



Chapter 5

Control

Figure 6. Nonfluorescent pristine polystyrene (PS) particles at 0.2, 1 and 10 ym imaged in transmitted
light PMT with a 488-nm laser as a source, using a Leica TCS SP8 STED 3X microscope, in nonsyncytial-
ized BeWo b30 cells. The control sample represents non-exposed cells.

The cellular uptake of 1 um and 10 um PS, calculated as a number of particles per
area occupied by cells (mm?), was concentration-dependent and in general lower in syn-
cytialized than in nonsyncytialized cells regardless of the concentration, type (pristine/
weathered) or size of PS (Table 1, Excel Table S4). In general, higher uptake was observed
at lower exposure concentrations (e.g., for 10 um PS, 0.83% and 0.46% of the initial mass
were taken up at 0.5 and 5 ug/mL, respectively), indicating that the cell capacity for par-
ticle uptake was limited, and, might have reached saturation levels at the higher concen-
trations tested. Particle weathering seemed to affect the uptake of PS, resulting in a higher
uptake of 1 ym but lower uptake of 10 pm, in both nonsyncytialized and syncytialized
cells (Table 1, Excel Table S4).
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Table 1. Comparison of the cellular uptake of pristine and weathered polystyrene (PS) particles between
the nonsyncytialized and syncytialized BeWo b30 cells.

Nonsyncytialized Syncytialized
Size Condition ug/mL Mean (SD) # of FOV Mean (SD) # of FOV
1um Pristine 0.1 234 (138) 8 50 (38) 8
1um Pristine 1 950 (381) 7 337 (246) 3
1um Weathered 1 3143 (1917) 15 519 (253) 15
10 ym Pristine 0.5 8(4) 10 4 (5) 10
10 ym Pristine 5 41 (25) 15 26 (14) 10
10 ym Weathered 5 30 (16) 15 4 (4) 15

Note: Cellular uptake was quantified based on high-content imaging as described in the Method section.
Cells were exposed to pristine (including fluorescent) and experimentally weathered PS particles at 1 um
and 10 pm in size and varying concentrations (ug/mL). The mean number of particles taken up was cal-
culated per area occupied by the cells (mm?), based on > 3 fields of view (FOV) per sample from at least
2 independent experiments, + SD (Excel Table S4).

Translocation of MNPs

The development and integrity of the nonsyncytialized BeWo b30 monolayer formed
in transwell inserts were monitored with TEER and Na-Flu leakage assay for 12 consec-
utive days (Figure 7). TEER values showed a steady increase over 9 days, stabilizing at
120 Q-cm? on day 10 post-seeding (Figure 7A). Simultaneously, the leakage of Na-Flu
decreased over time, with 1.6% (0.08 uM) of the initial concentration added to the apical
well measured in the basolateral compartment at day 11 post-seeding (Figure 7B). TEER
values and the retardation of Na-Flu transport confirmed the completion of the monolayer
formation by day 10 post-seeding.

As the transwell experiments depend on the measurement of fluorescence, the trans-
port of MNPs was investigated only with the Fluo-PS particles. Fluo-PS particles at 0.05
pm, 0.2 pm and 1 ym were added (50 pg) to the apical well at day 11 post-seeding. Addi-
tionally, NC, P and DP Fluo-PS particles were used to investigate if the pre-coating with
human plasma would influence the transport kinetics. The biggest size particles (10 ym)
were excluded from the transport study due to the use of a transwell with a 3 pm pore
size i.e., the biggest pore size that allowed for uniform cell growth without cell migration
to the basolateral side. The transport of the particles was monitored over 48h at 6 dif-
ferent time points (1, 2, 3, 5, 24 and 48h). All three sizes of Fluo-PS were transported
through the nonsyncytialized cell monolayer (Figure 7C-F, Table S2). The quickest trans-
port over the monolayer was observed for 0.05 pm Fluo-PS with the fluorescent signal
(> LOD, Table S2A) measured in the basolateral compartment already 1h after exposure,
followed by 0.2 ym (5h) and 1um particles (24h) (Figure 7C-F, Table S2B). After 48h of
exposure, the average number of NC particles transported through the monolayer was
6.0x10%(4.13 pg), 4.6 x 107 (0.2 pg) and 1.4 x 10° (0.08 pg) for 0.05 pm, 0.2 um and 1
pm Fluo-PS, which represented 8%, 0.4% and 0.16 % of the initial mass (50 pg) added
to the apical chamber, respectively (Figure 7C-F, Table S2C). For 0.05 pm and 0.2 pm par-
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ticles, even after 48h exposure, no flattening off of the number of particles transported

was observed, which suggests that longer incubation times would result in higher trans-

location. No significant differences in the rate of transport were observed between NC,

P and HDP particles, at any of the time points measured (p>0.05).
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Figure 7. Translocation of fluorescent polystyrene (PS) particles through nonsyncytialized BeWo b30 cells.
(A) The formation of the monolayer was measured with TEER. (B) Barrier integrity was monitored with
retardation of NA-Flu leakage (from apical to basolateral chamber), reported in uM (or percentage of ini-
tial concentration) measured in the basolateral chamber. Time-dependent apical to basolateral transport
of (C) 0.05 um, (D) 0.2 ym and (E) 1 um, of NC, P and DP Fluo-PS particles, expressed as a number of par-
ticles (or percentage of the initial mass (50 pg) transported) measured in the basolateral chamber. (F)
Comparison of the time-dependent apical to basolateral translocation (in micrograms of initial mass (50
ug) transported) between different sizes of NC Fluo-PS across BeWo b30 monolayer. Translocation exper-
iments were performed on day 11 post-seeding. Data points represent mean values + SD (n=3, Table S2).
No significant differences in the rate of transport were observed between NC, P and DP particles, at any
time point measured (mixed-effects model, p>0.05). Note: DP, pre-coated with heat-deactivated human
plasma; NC, noncoated; P, pre-coated human plasma; PS, polystyrene; SD, standard deviation.
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Cytotoxicity, LDH activity and effects on steroidogenesis

The cytotoxicity of MNPs was investigated using CellTiter-Glo luminescent assay, which
measures the amount of ATP present in culture as an indicator of metabolically active cells.
None of the pristine or weathered PS (0.05, 0.2, 1, 10 um) and HDPE particles showed cyto-
toxic effects in the nonsyncytialized or syncytialized cells, after 24 h exposure to 0.1, 1, 10
and 100 pg/mL concentration (Figure 8A, Excel Table S5). Plasma membrane integrity,
quantified by measuring the release of the intracellular LDH into the cell culture medium
upon damage to the plasma membrane, was also not affected by any of the conditions
tested, except for 0.05 um PS particles at the highest concentration (100 pg/ml), in the non-
syncytialized cells only (Figure 8B, Excel Table S5). In general, the LDH concentration meas-
ured in the cell culture medium was two times higher in the syncytialized cells (@pprox. 200
mU/mL) as compared to the nonsyncytialized cells (approx. 100 mU/mL, Excel Table S5).

We also examined the expression of five genes involved in the placental biosynthesis
of steroid hormones in syncytialized BeWo b30 cells to investigate the effects of pristine
and weathered MNP and associated chemicals on placental steroidogenesis. Of the five
investigated genes, only hsd17b1 was downregulated in cells exposed to pristine MNPs
and to a lesser degree weathered MNPs, whereas hsd3b1 was marginally downregulated
only after exposure to pristine particles (Figure 9, Figure S4, Excel Table S6). This trend
was observed regardless of the type of size of MNP tested, nevertheless, it was not sta-
tistically significant (p < 0.05).
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Figure 9. Heat map representing the log2 fold change values in the expression of genes involved in steroi-
dogenesis measured in the syncytialized BeWo b30 cells after 24h exposure to 10 pg/mL of pristine and
weathered HDPE and PS particles (0.05, 0.2, 1 and 10 pm). Values were normalized against the endoge-
nous reference genes 3-actin and YWHAZ. Red implies higher expression, white no difference, and blue
lower expression relative to the non-exposed cells (n=3, Excel Table S6). Note: HDPE, high-density poly-
ethylene; PS, polystyrene.
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Discussion

Human in vitro cell models of the placenta barrier are indispensable for understand-
ing the placental uptake of MNPs and their possible adverse effects on placental func-
tioning and consequently fetal and maternal health. Villous cytotrophoblasts and syncy-
tiotrophoblasts are important cells of placenta villi, with the latter being the main cells
responsible for maternal/fetal exchange and other specialized placental functions, such
as hormone synthesis and metabolism.?®5* Nevertheless, to our knowledge, the toxicoki-
netics and toxicity of MNPs in syncytiotrophoblasts in vitro have not been reported. This
study set out to investigate the uptake, transport and toxicity of MNPs in both nonsyncy-
tialized and syncytialized BeWo b30 cells i.e., well-established in vitro placenta cell
models representative of villous cytotrophoblasts and syncytiotrophoblasts, respectively.

In this study, all PS particles tested, including the large 10 um particles, were taken
up by both nonsyncytialized and syncytialized cells. To our knowledge, only one other
study by Cartwright et al. (2012) investigated PS uptake in nonsyncytialized BeWo cells
whereas uptake in syncytialized cells has never been investigated. Overall, the nonsyn-
cytialized cells showed higher uptake than the syncytialized cells. The smaller particles
(0.05 um) were taken up more efficiently than the larger particles, confirming observa-
tion by Cartwright et al. (2012) 52, and the total uptake was higher at lower exposure con-
centrations, indicating that the cell capacity for particle uptake was limited, and might
have reached saturation levels at the higher concentrations and/or larger sizes. This data
is supported by ex vivo placental perfusion studies where a size-dependent mater-
nal-to-fetal translocation of PS particles (up to 0.5 um in size) was observed, with a lower
transfer rate corresponding to a higher accumulation of larger PS particles in the placen-
tal tissue, specifically in the syncytiotrophoblast layer.2%55 While the staining of cellular
compartments together with z-stack confocal imaging and spectroscopic detection
allowed for confirmation of cellular internalization of PS particles, the irregularly shaped,
non-fluorescent HDPE were not distinguishable from other cellular compartments and
their internalization could not be confirmed with this method. Imaging using polarized
light microscopy (PLM) indicated that HDPE particles were indeed in contact with the pla-
centa cells and possibly internalized (Figure S3). Further studies are needed to confirm
HDPE uptake using other methods or labelled particles.

Transcellular transport of Flu-PS across the nonsyncytialized BeWo b30 monolayer
was limited (<10%) and size-dependent, with higher transport rates observed for parti-
cles with a smaller diameter. Transcellular transport studies could only be performed
with nonsyncytialized BeWo b30 cells that formed a tight, polarized monolayer on the
transwell insert. Syncytialization resulted in cell fusion and loss of barrier integrity, there-
fore MNP translocation using syncytialized BeWo cells could not be investigated. To our
knowledge, in vitro transplacental transport of MNPs in nonsyncytialized BeWo b30 mon-
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olayers has been previously investigated in four studies, all of which used Fluo-PS parti-
cles as model MNPs. These studies reported size-dependent and limited transport within
24h of exposure.'®19525 Tt should be noted that there are discrepancies in the scientific
literature regarding the timing of BeWo monolayer formation in the transwell set-up (rang-
ing from 4 to 10 days post-seeding). 157> These differences might stem from different
insert types, pore size, pore density, passage number, seeding density, medium type and
volume used, among others.52¢0 It is, therefore, crucial to monitor the monolayer forma-
tion on a day-to-day basis, using more than one indicator, such as a combination of TEER,
retardation of Na-Flu transport or/and confocal imaging.>® Moreover, it is important to
note that the transwell inserts can, to various degrees, retain particles on the apical side,
which might be dependent on the pore sizes and insert type. For example, polyesterinsert
membranes have been shown to retain particles with higher efficiency than e.g., polycar-
bonate inserts.52 In this study, the translocation of MNPs through the polycarbonate insert
membrane only was significantly higher than when measured with the presence of non-
syncytialized BeWo cells (Table S2), which further confirmed the limited cellular trans-
port of MNPs. In our study, the 3 um pore size was the largest pore size that allowed BeWo
b30 monolayer formation without cellular migration to the basolateral side; neverthe-
less, it still limits the MNP size range that can be investigated in the transwell set-up to <
3 pm. However, using imaging we showed that MNPs up to 10 um in diameter were inter-
nalized by the nonsyncytialized and syncytialized BeWo cells.

In our study, the transport of 0.05 pm and 0.2 pm particles did not reach a plateau at
48 hours (Figure 7C and D), suggesting that longer incubation periods may result in higher
transport. Different size-dependent transport mechanisms have been proposed for MNPs
including passive diffusion, facilitated diffusion and energy-dependent transport such as
endocytosis.?20 Interestingly, trophoblastic cells also have the capacity for phagocyto-
sis. 416162 Nevertheless, the extent to which these mechanisms influence MNP transpla-
cental kinetics is still unknown. The size-dependent, limited transport of Fluo-PS
observed in vitro is generally in agreement with ex vivo placenta perfusion studies.??:%°
However, in placenta perfusions, PS particles accumulated mainly in the syncytiotroph-
oblasts layer, suggesting that syncytiotrophoblasts and not the cytotrophoblasts play a
major role in regulating transplacental particle transport.?3® The use of syncytialized
BeWo cells may therefore provide more accurate estimations of the uptake or/and trans-
placental transport of MNPs. It should be noted, however, that the expression profiles of
e.g., transporter proteins, such as ATP-binding cassette (ABC) transporters and solute
carriers (SLC), are not fully comparable between syncytialized BeWo cells and primary
human trophoblast cells, likely in part due to the different developmental stages they
represent.*® Overall, carefully validated experimental models are needed to study differ-
ent aspects of trophoblast function. Furthermore, the use of placental co-cultures,
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although technically challenging, may more accurately reflect complex cell-to-cellinter-
actions and provide a better understanding of the placental toxicokinetics of MNPs.

The protein corona has been shown to play an important role in the transport of metal-
lic nanoparticles, in in vivo cellular models and ex vivo placenta perfusion models
(reviewed by Bongaerts et al. 2020)%3, however, the influence of the protein corona on
transplacental transport of MNPs is still not well understood. In our study, prior incuba-
tion of Fluo-PS with human plasma or heat-deactivated human plasma did not enhance
particle transport across BeWo b30 barrier. In contrast, Gruber et al. (2020)?* found that
the protein corona formed during incubation of PS with human plasma enhanced placen-
tal transfer in a human ex vivo placenta perfusion study. In particular, the protein corona
formed by human albumin was found to significantly induce the transplacental transfer
of drugs as well as PS particles.?>¢* Moreover, serum heat-deactivation has been shown
to affect PS protein corona composition, resulting in enhanced nanoparticle uptake in
e.g., the human lung barrier model.® In our study, the presence of FBS in the exposure
medium might explain why we did not observe enhanced transport. It has been previ-
ously suggested that the complex interaction between particles and protein-rich media,
may lead to progressive displacement of proteins with lower affinity in favour of those
with higher.%® This could change corona composition and dominate the overall properties
of the particles®®>¢7, possibly neglecting the influence of prior plasma coating on cellu-
lar transport. Further studies are needed to corroborate this hypothesis.

The MNPs tested in this study showed no acute cytotoxicity. No effects on cellular
ATP production were observed, whereas plasma membrane integrity was disrupted only
after exposure to 50 nm PS particles at 100 pg/mL and only in the nonsyncytialized cells.
At this concentration, both weathered and non-weathered particles disrupted the integ-
rity of the plasma membrane; however, such a high concentration might not be relevant
considering environmental exposures. Although, human exposure levels are still not well
characterized, recently plastic particles were found in human blood at a mean concen-
tration of 1.6 pg/ml®3, suggesting that the lower concentration range tested in this study
(0.2 - 10 ug/mL) might be relevant with regard to environmental exposures. In the in vitro
placenta cell models published to date, PS particles generally do not show cytotoxic-
ity.171852 However, a study by Kloet et al. (2015)*° showed that positively charged 0.05
pm PS particles induced significant cytotoxicity at concentrations = 20 ug/mL, whereas
negatively charged particles did not. The authors argue that the electrostatic attraction
between the positively charged particle and the negatively charged cell membrane could
explain the cytotoxicity observed. The protein corona formed on the surface of the par-
ticle incubated with FBS could dominate the charge of that particle making it slightly neg-
ative, which could explain why in most in vitro studies that used media supplemented
with FBS, no cytotoxicity is generally observed. Studies with various other human cell
models link MNP exposure with apoptosis, necrosis, genotoxicity and proinflammatory
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responses (recently reviewed by Gonzalez-Acedo et al. 2021).** Toxicity endpoints, other
than cell viability, should therefore be considered, as well as longer exposure periods
that would be more reflective of the possible long-term accumulation of MNPs in syncy-
tiotrophoblasts in situ.

Animportant function of the placental syncytiotrophoblasts is the production/metab-
olism of hormones crucial for the maintenance of pregnancy and fetal development.28:¢
Accordingly, dysregulation of syncytiotrophoblasts has been shown to impact placenta
functioning and fetal health.5#¢8 In this study, the effects of MNPs on the expression of
genes essential in steroid hormone biosynthesis were tested using syncytialized BeWo
b30 cells. From the five genes tested, hsd17b1 was modestly down-regulated in cells
exposed to pristine MNPs and to a lesser degree weathered MNPs, whereas hsd3b1 was
marginally down-regulated only after exposure to pristine particles. The enzyme hsd17b1
catalyses the final step in estrogen biosynthesis by reducing the weak estrogen estrone
to yield the potent estrogen 173-estradiol®’, whereas hsd3b1 catalyses the conversion
of pregnenolone to progesterone, amongst others.” Though not significantly different
relative to controls, the downregulation of these genes by MNPs was observed in both
PS and HPDE at all sizes tested. This finding warrants further investigation using longer
exposure periods, as inhibition of hsd17b1 and hsd3b1 has been associated with a reduc-
tion of bioavailable levels of these hormones which may lead to various adverse preg-
nancy outcomes.”*74

Chemical profiling of PS particles revealed compositional differences between pris-
tine and weathered particles, with the former showing a higher number of unique fea-
tures. A recent review, based on industrial, scientific, and regulatory data sources,
revealed more than 10 000 plastic monomers, additives, and processing aids associated
with plastics.>° From the plastic-related substances of potential concern (i.e., substances
that met one or more of the persistence, bioaccumulation, and toxicity criteria), 58 of the
substances were annotated using features detected in the pristine or weathered PS in
this study (Figure 2C, Excel Table S3). The primary categories of the plastic-related com-
pounds differing between pristine and weathered particles included 14 use categories
(Figure 2C). The presence of these compounds is surprising since the PS particles were
single polymer particles and a large number of impurities was not expected. In-depth
chemical characterization of pristine and environmental weather plastics is warranted,
which may provide insight into potential sources of impurities present in otherwise pris-
tine particles. Nevertheless, the impurities detected in the pristine particles could be due
to the leaching of residual monomers/oligomers (e.g., styrene monomers (for PS), ali-
phatic hydrocarbons (for HDPE), additives (plasticizers, colourants) and processing aids
(lubricants, catalyst)), which could contribute to the chemical toxicity of the particles.>°757¢
For example, certain plastic additives such as bisphenols and phthalates are known endo-
crine-disrupting compounds capable of inhibiting human placental hsd3b1.77778 In this
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study, several plasticizers and styrene-related compounds have been tentatively identi-
fied in the pristine PS particles (Excel Table S3), however, their contribution to the
observed subtle effects on gene expression is unknown. The differences in the chemical
composition of pristine and weathered PS could come from leaching, hydrolysis and/or
photochemical reactions that occurred during weathering, possibly explaining why weath-
ered particles were less potent. Taken together, these results suggest weathering changes
the chemical composition of MNPs, including the potential to alter the baseline compo-
sition of particles. PLS-DA analysis revealed differences in chemical characteristics
between the different sizes and conditions (pristine vs weathered PS), suggesting that
the surface area of pristine PS additionally influences the chemical composition. These
results support the importance of considering environmental weathering processes when
performing toxicological studies with MNPs.

Recent evidence demonstrates the presence of MNPs in the human placenta and
meconium, which suggests that maternal exposure to MNPs may result in placental
uptake, transplacental transport and fetal exposure.?®”° However, the underlying toxi-
cokinetics and toxicity are still not fully understood. In this study, cells central to the
maternal-fetal interface showed limited uptake of pristine and weathered MNPs in vitro,
which was associated with a lack of acute toxicity and subtle effects on placental gene
expression. Although plastic-associated compounds or co-contaminants might be rele-
vant for the effects observed in this study, more in-depth investigations are needed to
better understand the potential health risks of MNPs and chemicals associated with them
under real-life conditions and environmentally relevant exposure scenarios. In vitro pla-
centa cell models together with the development of analytical tools and workflows for
the detection and characterisation of MNPs in maternal samples and explorative cohort
studies are indispensable to understanding the potential risk associated with MNPs to
maternal and fetal health.
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Supplemental Material

S1. Reagents

Minimum Essential Medium (MEM, 11095-080), Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 medium (DMEM/F12) with GlutaMax (31331-028), DMEM/F12,
HEPES, without phenol red (11039-021), penicillin/streptomycin (P/S, 15140-122),
trypsin (25300-054) and foetal calf serum (FCS) were purchased from Gibco (Eggenstein,
Germany); Dulbecco’s phosphate buffered saline (PBS, D8537), dimethyl sulfoxide
(DMSO0, 99.9+%, D8418), collagen (type IV) from human placenta (C5533), forskolin
(F3917), fluorescein sodium salt (Na-Flu, 46960), 4,6-diamidino-2-phenylindole (DAPI,
10236276001), Triton™ X-100 solution (93443), bovine serum albumin fraction V (BSA,
10735086001), Tri-reagent (T9424) and lactate dehydrogenase activity assay kit
(MAKO066) were purchased from Sigma Aldrich (Poole, Dorset, UK); Paraformaldehyde
(PFA, 157-8) was obtained from Electron Microscopy Science (PA, USA). CellTiter-Glo®
luminescent cell viability assay (G7570) was purchased from Promega (Leiden, the Neth-
erlands). Vybrant™ CM-Dil cell-labelling solution (V22888), ZO-1 monoclonal primary
antibody (Z01-1A12, 33-9100) and goat anti-mouse secondary Alexa594 (A-11032)
labelled antibodies were purchased from Invitrogen (Breda, the Netherlands) and SiR-ac-
tin Kit (SC001) from SpiroChrome AG (Stein am Rhein, Switzerland). iScript cDNA synthe-
sis kit (170-8891) and SYBR Green universal supermix (172-5121) were purchased from
BioRad (Veenendaal, the Netherlands).
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Forskolin

DMEM/F-12

Overlay

Figure S1. Nonsyncytialized BeWo b30 cells cultured with DMEM/F12 and MEM culture media, and syn-
cytialized BeWo b30 cells (forskolin) cultured in DMEM/F12. The cellular components i.e., nucleus, 3-ac-
tin and tight-junctions, were stained with DAPI, SiR-actin and ZO-1 and are presented in the overlay image
as yellow, pink and blue, respectively. Images were taken with laser-scanning confocal Leica TCS SP8
STED 3X microscope using 20 x maghnification (size of the field of view equal to ~ 400 x 400 um).
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Figure S2. Pristine high-density polyethylene (HDPE) and 10 pm polystyrene (PS) particles imaged in A)
phase contrast (10 ms exposure time) and B) red fluorescence (590 nm excitation/650 nm emission, 1000
ms exposure time) with Nikon Ti inverted microscope using Photometrics CoolSNAP HQ2 CCD camera.

Bright field Polarized light Overlay

Figure S3. Pristine high-density polyethylene (HDPE) particles (A1-2) and syncytialized placenta cells
after 24h exposure to HDPE particles imaged in bright field (B1), polarized light (B2), and bright field over-
lay with polarized light (B3), using polarized light microscopy (PLM). HDPE particles (arrows show repre-
sentative particles) appear to glow blue in polarized light.
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A

Figure S4. Expression of genes involved in steroidogenesis measured in the syncytialized BeWo b30 cells
exposed to 10 pg/mL of pristine (A) and weathered (B) high-density polyethylene (HDPE) and polystyrene
(PS) particles at 0.05, 0.2, 1 and 10 um in size. Data bars represent mean fold change + SEM, normalized
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against the endogenous reference genes B-actin and YWHAZ (n=3).

210



Uptake, transport and toxicity of MNPs in human placenta cells

References

1.

Heneweer M, Van Den Berg M, Sanderson JT. A comparison of human H295R and rat
R2C cell lines as in vitro screening tools for effects on aromatase. Toxicol Lett.
2004;146(2):183-194. doi:10.1016/j.toxlet.2003.10.002

Lim AL Chan LYY, Lai KN, et al. Distinct role of matrix metalloproteinase-3 in kidney
injury molecule-1 shedding by kidney proximal tubular epithelial cells. Int J Biochem
Cell Biol. 2012;44(6):1040-1050. doi:10.1016/].hiocel.2012.03.015

Ceelen L, De Spiegelaere W, David M, et al. Critical selection of reliable reference
genes for gene expression study in the HepaRG cell line. Biochem Pharmacol.
2011;81(10):1255-1261. d0i:10.1016/j.bcp.2011.03.004

Konosu-Fukaya S, Nakamura Y, Satoh F, et al. 3B-hydroxysteroid dehydrogenase
isoforms in human aldosterone-producing adenoma. Mol Cell Endocrinol.
2015;408:205-212. doi:10.1016/j.mce.2014.10.008

211






PART

GENERAL DISCUSSION
AND CONCLUSIONS









Chapter 6

There are hundreds if not thousands of environmental contaminants to which the gen-
eral population, including pregnant women, are widely and unceasingly exposed. Many
have already been shown to reach the in utero environment, where they expose the devel-
oping fetus during its most vulnerable stages of life. Prenatal exposure to environmental
contaminants may have profound effects on the way the body programmes itself for later
life, influencing developmental processes and contributing to adult-onset diseases. Spe-
cifically, EDCs are increasingly recognized as important risk factors for the fetal program-
ming of adult disease as the developing fetus is highly sensitive to hormonal perturba-
tions. To date, only a small fraction of the hundreds of thousands of synthetic chemicals
in existence have been assessed for endocrine disrupting activity. Most probably our cur-
rent understanding of human exposure, especially in utero exposure, to these compounds
is only “the tip of the iceberg”. The obvious ethical limitations of studying the in utero
environment compel researchers to use maternal matrices as surrogates of fetal expo-
sures. Unfortunately, our limited understanding of the intricate placental and in utero tox-
icokinetics largely hinders maternal-fetal extrapolation and risk assessment efforts. Fur-
thermore, the cumulative effect of co-occurring chemicals is of great concern, neverthe-
less, still rarely addressed in the studies on early life exposures as only a limited number
of well-known EDCs are usually investigated. As follows, characterization of the entire
spectrum of EDCs and their metabolites present in utero is still a major challenge and the
disease risk due to in utero exposure to mixtures of EDCs may be significantly underes-
timated. Considering the growing body of evidence, from epidemiological and experimen-
tal animal studies, that associates prenatal exposures to a small number of known EDCs
with a multitude of pregnancy complications, developmental dysfunctions and health
issues that can manifest themselves later in life, prenatal exposure to complex mixtures
and possibly novel EDCs is worrisome, to say the least.

Moreover, there are new contaminants of emerging concern such as MNPs for which
human health hazards, specifically their effects on pregnancy, are virtually unknown.
MNPs are ubiquitous in the environment and have recently been found in human lungs
and blood demonstrating internal human exposure. MNPs that infiltrate the bloodstream
may reach the placenta and expose the fetus during its most vulnerable stages of life.
The placental transport and toxicity of MNPs are exceptionally understudied, but specif-
ically important to investigate since the placenta is an intermediate between the mater-
nal and fetal compartments which, through diverse and complex mechanisms, strictly
regulates developmental processes and maternal physiology during pregnancy. Accord-
ingly, the disruption of placental development or functioning will adversely affect fetal
and maternal health. Alarmingly, the first reports on the presence of MNPs in the human
placenta are emerging, but little is known about their toxicokinetics and toxicity in this
crucial temporary organ. To move this field forward and provide data needed to assess
the risks of MNP exposure during pregnancy, we first need to understand the challenges
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and most pressing knowledge gaps and examine available methods that can be used to
gather robust data.

The comprehensive assessment of in utero exposure to these contaminants of emerg-
ing concern is critical to our understanding of the relationship between prenatal expo-
sure, maternal and fetal health and postnatal disease and however challenging, in the
light of recent evidence, it should be prioritized in order to protect the most vulnerable.
Consequently, this thesis set out to address the imminent knowledge gaps concerning
the in utero EDC and MNP exposure discussed above. To this end the main objective of
this thesis was to 1) develop a method for analysis of a wide range of EDCs including novel
compounds using amniotic fluid as a direct matrix of fetal exposure; 2) identify known
and novel, previously unidentified EDCs in utero; 3) determine appropriate methods and
models to study placental MNPs and to fill the pressing knowledge gaps; 4) investigate
the uptake, transport and toxicity of MNPs and associated compounds in human-rele-
vant placental cell models.

Characterization of EDCs in utero

The first objective of this thesis was to develop a novel method to characterize a broad
spectrum of EDCs present in utero. In order to address this objective, our approach
required 1) an alternative matrix to maternal matrices, unique to the in utero environment
and representative of the direct fetal exposure; 2) a new method capable of measuring
the chemical “exposome” in utero, focusing on a wide range of known and potential novel
EDCs.

Amniotic fluid as a matrix of direct fetal exposure

Inthis thesis, AF was used as a matrix of choice for studying the direct chemical envi-
ronment of the fetus (Chapters 2 & 3). AF is a unique biological medium and in utero
repository of environmental chemicals and their metabolites that the mother was exposed
to during pregnancy. As compounds in AF continuously circulate through the fetal mem-
brane, AF reflects not only maternal/placental but also fetal toxicokinetics, and overall
is a better approximation of fetal body burden to environmental pollutants than mater-
nal matrices. Van de Beek et al. (2004) showed that there is a low correlation of endog-
enous hormones between maternal serum and AF. Moreover, sex differences in testos-
terone and androstenedione were found in AF but not in maternal serum *. The authors
argued that from all available sources (maternal serum, umbilical cord blood and AF),
amniotic fluid was most suitable to investigate the effects of early fetal androgen expo-
sure. An overall low correlation of organophosphorus flame retardants (OPs), polyfluo-
roalkyl compounds (PFCs), benzophenones, parabens and bisphenols have been found
between paired maternal samples (serum, blood, urine) and AF 2-¢. For a lot of com-
pounds, including endogenous molecules, maternal-placental-fetal kinetics (possible
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transplacental transport mechanisms including protein binding, passive diffusion and
active transport) are still not well understood, making extrapolation from maternal matri-
ces to in utero environment challenging.

AF can be collected in the second or third trimesters, during amniocentesis or nonin-
vasively during delivery. Considering that placental/fetal toxicokinetics as well as the
volume of AF changes during pregnancy, the composition of full-term AF may significantly
differ from second-trimester AF and can provide exposure information during specific
windows of susceptibility. However, the use of AF for the characterization of fetal expo-
sure to EDCs has so far been limited. AF is considered an aqueous matrix which is less
complex in its composition than other matrices such as maternal blood, umbilical cord
blood or meconium, and the reported concentrations of EDCs are generally an order of
magnitude higher in these matrices than in AF. Nevertheless, with the development of
sensitive analytical tools, most notably mass spectrometry, a range of inorganic and
organic environmental contaminants have been measured in AF and our study further
confirms the successful detection of a wide range of compounds with differing polarity
in this matrix. It is important to note, that this is the first study to characterize fetal expo-
sure to EDCs in AF by EDA analysis. A limited number of AF samples was used initially to
demonstrate the feasibility of this matrix for analysis of substances that may be a health
risk to the developing fetus. Further work using a larger cohort would be required to iden-
tify exposure and risks on a population level. Overall, there is a largely unexplored poten-
tial to use AF to investigate the direct chemical environment of the fetus, and more stud-
ies with this unique fetal matrix are recommended.

Sample preparation for EDA analysis

Due to the low concentrations of exogenous compounds in AF, sample preconcentra-
tion is required to increase the detection rate. However, AF contains a mixture of biolog-
ical components and developmental products, such as endogenous hormones, cells,
nutrients, growth factors, lipids and proteins, and thus significant preconcentration may
cause the accumulation of organic constituents that may interfere with consecutive bio-
logical and/or chemical analysis. Considering that EDCs are extremely heterogeneous
and include chemically and structurally diverse compounds, a nondiscriminating method
for extraction of a wide range of lipophilic and hydrophilic EDCs from AF with low inter-
ference from the matrix is needed. The development and validation of an effective extrac-
tion method is a crucial part of the EDA workflow.

AF was spiked with a mixture of 18 reference EDCs, representing diverse chemical
groups and polarities, and extracted using a combination of different SPE sorbents and
DLLE solvents (Chapter 2). The mixture of DCM/acetone (extraction solvent/dispersive
solvent) as a stronger nonpolar mixture performed better in extracting more hydropho-
bic compounds than the mixture of chloroform/acetone. However, in both cases, recov-
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eries below 40% were found for some weak acids with a high number of hydroxyl groups,
such as genistein and E4, that have a low affinity to partition to nonpolar organic solvents.
To aid the recovery of compounds with higher polarity, two different SPE columns, MCX
and HLB, have been additionally tested with HLB showing overall higher recoveries (68%)
for the reference compounds than MCX (47%). The two methods were combined to max-
imize the extraction efficiency i.e., the nonpolar compounds that did not adsorb to HLB-
SPE during loading were recovered with DLLE (DCM/acetone). Additionally, acidification
of the sample increased the extraction efficiency of the weak acids, resulting in a suc-
cessful and highly efficient extraction method for a largely diverse group of compounds
(87 + 12%) (Chapter 2).

Despite the satisfactory recovery of diverse EDCs, some considerations should be
noted with our approach. Protein binding may cause low recoveries of compounds which
have a high affinity to bind to proteins. Since albumin is alkaline and represents the major
protein found in AF, we cannot exclude that some acidic and neutral compounds would
bind to albumin during the extraction procedure and would precipitate with proteins
during AF sample preconcentration 7¢. However, the amount of total protein in AF is low
(~0.4%) and significantly lower than in maternal blood (~7%) or umbilical cord blood
(~5%), therefore disruption of protein binding was omitted in the pre-treatment stage.
Moreover, hydrolysis of phase II conjugates is often performed before sample extraction
to increase concentrations of parent compounds and their metabolites in the final extract.
However, in this study deconjugation step was omitted for three important reasons: 1)
deconjugation is not always complete and has to be optimized as it depends on the ana-
lyte, enzyme type, reaction time and temperature °; 2) use of deconjugation enzymes
may lead to the formation of additional metabolites; 3) excluding the deconjugation step
allows for analysis of free, unconjugated and biologically active compounds which are
more physiologically relevant than their conjugated counterparts. Moreover, two refer-
ence compounds, namely FICZ and MNP, showed low recoveries at different stages of
the sample preparation procedure, possibly due to their decomposition under UV light in
aqueous solutions 1%, Decomposition during sample processing might, at least partially,
contribute to the absence of other photosensitive compounds in the final extract/frac-
tions and thus sample preparation under low UV exposure and storage in opaque vials
should be considered.

To isolate xenobiotics from natural hormones and identify known and unknown EDCs,
the separation of compounds into fractions and consequent reduction of the chemical
complexity of the extract is needed before bioassay analysis. For this purpose, fraction-
ation of the AF extract was performed on the RP-HPLC column. An RP-HPLC column was
chosenas itis highly stable and can be applied for the separation of a broad range of com-
pounds with differing polarities. However, lipids, specifically phospholipids, can interfere
with RP chromatographic methods, as they are strongly retained on hydrophobic columns
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and can cause significant ionization suppression during mass spectrometric detection 2.
Although the extraction method developed here showed that the combination of SPE and
DLLE can be used to extract a broad spectrum of EDCs from AF with low interference
from the matrix (Chapter 2), matrix effects cannot be fully excluded.

It should be noted that while higher resolution fractionation results in a reduction of
the chemical complexity of the fractions, it may also result in loss of sensitivity during
bioassay analysis as eluting compounds become divided over an increasing number of
fractions. Considering the overall low concentrations of EDCs in AF reported in the liter-
ature, lower resolution fractionation (25 fractions) was applied to avoid loss in sensitiv-
ity. In general, good separation of all reference compounds was achieved and a signifi-
cant correlation was observed between RT and compounds’ log P, which aid the identi-
fication of unknowns by narrowing down candidate compounds that eluted in the biolog-
ically active fractions. Considering the high activity observed in the diluted fractions,
higher resolution fractionation might be possible, and together with the use of
high-throughput bioassays (e.g., 96 well-plate format), might further accelerate com-
pound identification 23, Overall, our study showed that a broad spectrum of EDCs of
non-persistent and persistent nature, with a range of polarities including highly nonpo-
lar compounds such as dioxins, furans, PBDEs and PCBs can be successfully extracted,
fractionated and detected in full-term AF with low interference from the matrix (Chap-
ters 2 & 3).

Endocrine activity in amniotic fluid

In this study, a battery of cell-based in vitro reporter gene bioassays that measure
reporter gene expression under the control of important steroid hormone receptors and
transcription factors were used to determine the endocrine disrupting activity profile in
the AF extract and fractions (Chapters 2 & 3). These bioassays are cost-effective, fast,
animal-free, quantitative, robust and highly sensitive and therefore invaluable in the EDA
approach for trace-level detection of compounds with a diverse endocrine disrupting
mode of action. We tested serial dilutions of the AF extract and the 25 fractions on six
different endpoints from three different reporter gene assays, that is, the AR-Luc, ER-Luc,
and DR-GFP in agonistic and antagonistic modes. The diluted AF extract showed agonis-
tic (but not antagonistic) receptor activity in all three bioassays. Estrogenic activity was
specifically high, even in the extract diluted 500 times, corresponding to 1.4 nmol (374.5
ng) EEQ/L. This is not surprising as AF contains multiple steroid hormones, including mul-
tiple estrogens that could contribute to the activity observed. The levels of natural estro-
gens such as 17f3-estradiol (E2), estrone (E1) and estetrol (E4) (hormone produced exclu-
sively by the fetal liver) increase throughout pregnancy and peak at parturition, and con-
centrations found in full-term AF are usually considerably higher thanin e.g., mid-gesta-
tion 415 However, only 48% of the activity observed in the ER-Luc bioassay could be
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explained by these potent hormones. After fractionation, elevated activity was observed
mainly in the early polar (F2, F5, F10) and mid-polar (F11, F14, F15) fractions. Activity in
the mid-polar fractions corresponded well with the retention times of reference estro-
genic compounds, that is, natural hormones (E2 and E1, F14-15) and phytoestrogens
(enterolactone, F11). However, activity in the polar fractions could not be explained by
any of the compounds measured in this study. Interestingly, the highest estrogenic activ-
ity was observed in F10 but none of the measured potent natural estrogens eluted in this
fraction. Other estrogens with higher polarity such as E3, and hydroxylated estrogen
metabolites together with other weaker ER ligands (xenobiotics (e.g., perfluorinated com-
pounds) or phytoestrogens) previously measured in AF are most likely contributors to the
remaining activity 1¢-%°. There are also sulphated steroid hormones present in AF (usually
at much higher concentrations than the unconjugated steroids) however these are known
to be biologically inactive 2°.

The AR and DR activity of the AF extract was significantly lower than ER activity, cor-
responding to 76.6 pmol (22.2 ng) DHT-EQ/L and 10.1 pmol (3.3 ng) TEQ/L, respectively.
In this study, three mid-polar and two nonpolar fractions showed elevated androgenic
activity. It is possible that the activity in the mid-polar fractions, at least to some extent,
is caused by endogenous AR ligands, such as testosterone (log P 3.32) and weaker
androsterone (log P 3.7) commonly detected in AF 241521 The relatively high androgenic
activity found in F20 and F21 was noteworthy and could be of xenobiotic origin, as natu-
ral androgens are not expected to elute in these highly nonpolar fractions. The antian-
drogenic activity was observed for multiple fractions without observed effects on cell
viability (Chapter 2). Interestingly, antiandrogenic activity was not observed in the unfrac-
tionated extract. Indeveri et al. (2014) noted a similar effect with lower total antiandro-
genic activity in placental extracts than in the sum activities in the fractions. The andro-
genic compounds in the unfractionated extract may mask the antiandrogenic effects,
highlighting the importance of fractionation in the EDA approach and the subsequent
reduction of chemical complexity. The dioxin-like activity was prominent, specifically in
the nonpolar fraction (F19 to F23). This is not surprising as AhR ligands typically consist
of highly lipophilic environmental contaminants, including polychlorinated dibenzo-p-di-
oxins, polychlorinated/polybrominated biphenyls, polychlorinated dibenzofurans, and
polycyclic aromatic hydrocarbons 2. Curiously, weaker dioxin-like activity was also found
in earlier fractions (F13-F17), possibly indicating the presence of dioxin-like compounds
with intermediate polarity or the presence of hydroxylated metabolites 2%. The dioxin-like
compounds are commonly measured in maternal matrices and significant dioxin-like
activity was previously measured in maternal plasma, cord plasma ?* maternal serum 2°
and placenta ?°. Nevertheless, data on direct in utero exposure to these compounds is
still surprisingly scarce.
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To our knowledge, one other study looked at estrogenic, androgenic, and dioxin-like
activity in samples of AF, focusing mainly on endogenous hormones, PFAS and metals 2.
The values for ER and AR activity obtained in this study fall within the range reported by
Long et al. (2019). However, the dioxin-like activity was approximately one and a half
times higher than the highest value reported by Long et al. (2019). It is important to note
that Long et al. (2019) used samples of second-trimester AF whereas our study used full-
term AF. The more lipophilic dioxin-like compounds may gradually accumulate in AF
throughout pregnancy, resulting in the higher activity observed in full-term AF compared
to samples from mid-gestation. Overall, due to changes in both hormone levels and the
volume of AF during pregnancy, chemical composition and concentration may differ sig-
nificantly between second and third-trimester AF, thus direct comparison between these
samples is not warranted.

Also, two studies applied the EDA approach for profiling a mixture of EDCs during
pregnancy, using placenta rather than AF samples. Lopez-Espinosa et al. (2009) used
EDA to assess the “total effective xenoestrogen burden” (TEXB). Two fractions contain-
ing lipophilic xenoestrogens (alpha) and endogenous hormones (beta) were assessed for
their estrogenicity in MCF-7 breast cancer cell-based E-Screen and Yeast Oestrogen
Screen (YES) bioassays. In both assays, alpha and beta fractions showed significant est-
rogenic activity 2. Whereas, Indiveri et al. (2014) used EDA and extracts of placental sam-
ples to profile chemicals with receptor-mediated (anti)androgenic activities using an in
vitro yeast-based human androgen receptor transcription screen. The study identified
several anti-androgenic compounds, including antimicrobials, insecticides and compo-
nents of plastic, surfactants and cosmetics as well as new EDCs 2. These are examples
of the broad potential of the EDA approach for the prenatal screening of EDCs. However,
the placenta is a mixed-origin sample complex in its morphology. The two sides of the
placental membrane i.e., the maternal-facing plasma membrane and the basal mem-
brane facing foetal circulation, are structurally distinct. It has been shown that some com-
pounds (e.g. metals) are not uniformly distributed within the placenta, which may be
attributed to the heterogeneity of the matrix 2°. Moreover, it has been shown that the pla-
centa may or may not act as a barrier and accumulate certain pollutants 2. Considering
the above, analysis of placental tissue alone may not be fully representative of the fetal
chemical burden.

Identification of known and novel EDCs in AF

The second objective of this thesis was to identify known and novel, previously uni-
dentified EDCs responsible for the observed endocrine activity in AF. Although endocrine
activity in AF was observed across fractions of differing polarity, we prioritized analysis
of the nonpolar fractions (Chapter 3), for four main reasons: 1) many known EDCs are
nonpolar and lipophilic; 2) nonpolar EDCs have long elimination half-lives, tend to accu-
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mulate over time in the maternal body lipids and can be mobilized during gestation and
reach the fetus via placental transport; 3) EDCs with higher lipophilicity are thought to
more readily cross the placenta than the more hydrophilic compounds; 4) the high activ-
ity in the nonpolar AF fractions is noteworthy and is most likely of xenobiotic origin, as
natural hormones are not expected to elute in the highly nonpolar fractions.

A high-resolution GC-MS was used for the targeted and non-targeted analysis of
chemicals present in the DR, (anti-)AR, and (anti-)ER active nonpolar AF fractions. GC
separation coupled with high-resolution MS (HRMS) and EI ionization provides an excel-
lent tool for the analysis of volatile nonpolar compounds, which usually remain unde-
tected with softer ionization methods like ESI 3°. In this study, GC-HRMS was operated
at a high mass spectral resolution (60,000) and provided a trace level (pg/mL) detection
of nonpolar compounds with high mass accuracy (<1 ppm).

Targeted analysis of the active nonpolar AF fractions

Atotal of 48 compounds including well-known EDCs were measured in the active non-
polar AF fractions with targeted GC-HRMS analysis (Chapter 3). Furthermore, fractions
were screened for the presence of additional environmental contaminants by comparing
features present in the fractions to a single calibration point of a mixture of 350 environ-
mental pollutants. Such an approach provided fast, accurate and broader chemical pro-
filing of the active fractions and identification of additional (known) contaminants that
could be further screened for their potential endocrine disrupting activity using curated
online databases e.g., ToxCast/Tox21. From the 350 compounds, 73 were detected in
the nonpolar AF fractions, 62 were present in the ToxCast/Tox21 database, but only 14
showed endocrine activity and thus were further quantified using a full calibration curve.
Although the remaining 48 environmental contaminants were not relevant for the endo-
crine endpoints, they might be important for other endpoints relevant to developmental
toxicity not investigated in this study (e.g., neurotoxicity, genotoxicity, mutagenicity).

In total, 67 environmental contaminants were quantified during the targeted analy-
sis in the nonpolar AF fractions from which 42 were detected above LODs, at the pg-ng/L
AF concentration range. These compounds included a wide range of EDCs from multiple
chemical classes (4 dioxins and furans, 10 PBDEs, 12 pesticides, fungicides and herbi-
cides, 6 PCBs, and 10 other compounds, such as plasticizers and PAHs) many of which
had never before been measured in AF samples. The lipophilic compounds are usually
detected at higher concentrations in more lipid-rich matrices such as fat tissue, breast
milk or blood serum (approx. 95%, 4% and 0.5% lipid content, respectively) 263133, How-
ever, they can be eliminated from the maternal compartment via the bloodstream through
the placenta and into the fetal blood supply. At the same time, they are released from the
maternal lipophilic storage back into the blood to remain the equilibrium 3. Hence, the
circulating low-level of lipophilic contaminants in the maternal blood may result in chronic
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exposure to the foetus. It is however difficult to evaluate the distribution of lipophilic com-
pounds between maternal and fetal compartments, specifically AF. The lipid-adjusted
concentrations normally used for such comparison, may not yield meaningful results
since the AF lipid profile differs significantly from the lipid profile of maternal blood or
plasma 34,

It has been suggested that the relative bromination (for BDEs), the extent of chlorin-
ation (for PCBs) and the length of a chain and active group (for PFCs) may affect the degree
of placental transfer and in utero accumulation, perhaps as a result in the difference in
molecular weight 53¢, Consequently, compounds with higher molecular weight are
thought to retain in the maternal compartment i.e., can be found in a higher concentra-
tion in maternal blood rather than e.g., cord blood. In this study, the higher brominated
BDEs (e.g., BDE 209) were detected in AF at a higher concentration than some of the more
common lower brominated BDEs (e.g., BDE 47). The higher concentration of BDE 209
detected in AF indicates effective passage through the placenta barrier, lower placental
and fetal clearance and/or in utero accumulation. One other study measured BDEs in AF
and also there the dominant congeners were the high-brominated compounds e.g., BDE-
208, 209, 203, 206 *7. However, this hypothesis is still largely unexplored since data on
in utero BDE exposure is lacking. Although only 5 out of the 14 PCB congeners analysed
were detected above LODs similarly, the presence of the higher chlorinated PCBs in our
samples (e.g., PCB 206, 138) confirmed their transplacental transport and in utero expo-
sure. These PCBs were previously measured in AF samples *%3°. The most abundant com-
pounds detected in AF were organochlorine pesticides (OCPs) namely, o,p’-DDD, p,p’-
DDD and 6-HCH. Usually, DDE is the most abundant metabolite of DDT measured in
maternal samples as well as placenta and cord blood, and thus the higher concentrations
of DDD metabolites in AF could point out to specific fetal metabolism and/or toxicokinet-
ics 4041, However, this is largely unexplored since data on OCPs in AF is also limited. Mul-
tiple PAHs such as IPyr, B[a]P and B[b]F were detected in AF and their for transplacental
transport has been previously demonstrated 4243, Overall, the partitions of nonpolar com-
pounds between maternal and fetal samples are not uniform and our data suggest that
the underlying in utero metabolism and toxicokinetics are still not fully understood.

To our knowledge, we are the first to report the most potent, highly toxic dioxins i.e.,
2,3,7,8-TCDD, 1,2,3,7,8- PCDD and 1,2,3,4,7,8-HCDF in human AF samples. These, as
well as many other compounds detected in AF, are classified as POPs and are recognised
for their slow degradation, bioaccumulation, long biological half-lives and high toxicity.
Although their production and use have been banned or severely restricted (under The
Stockholm Convention on Persistent Organic Pollutants, 2001), their legacy continues
and their presence in AF is worrisome. Low-level exposure to these compounds during
critical windows of development has been associated with hormone-sensitive cancers,
metabolic disorders, neurobehavioral disorders and cardiovascular diseases manifest-
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ing themselves later in life 4447, The presence of these compounds in AF indisputably
demonstrates placental transfer and fetal exposure and further validates the use of AF
for the in utero analysis of nonpolar compounds.

REP values and contribution of Identified Knowns to AF activity

The contribution of detected known EDCs to the observed activity in the nonpolar AF
fractions was determined based on their relative potencies (REP) values. Analytical EQs
are calculated using REP values, and, for the same chemical and the same endpoint, a
high variation in REP values can be found when different species or cell bioassays are
used, which can lead to inaccurate estimation of compound contribution to the observed
activity. Here, REP values were derived from reporter gene bioassays identical or similar
to the bioassays used in this study and with comparable responses to the reference com-
pounds, which ensures a reliable estimation of the respective analytical EQs (Chapter 3).
Approximately 30% of the dioxin-like activity and only a small fraction of the estrogenic
and (anti-)androgenic activity observed in the nonpolar fractions was explained by the
42 quantified compounds, which indicated the presence of potential novel, potent EDCs
in the AF.

Non-targeted analysis of the active nonpolar AF fractions

To investigate the remaining unexplained activity further, we developed an innova-
tive, weight-of-evidence approach to prioritize novel EDCs from the multitude of m/z fea-
tures identified through the non-targeted screening. While targeted methods rely on the
availability of reference standards for compound identification, non-targeted screening
relies on chromatographic data, high-resolution mass data, curated online resources and
prediction tools to narrow down the list of candidate compounds from the thousands of
features usually identified in human matrices. From the 14,110 features detected in the
active nonpolar AF fractions, compounds were tentatively identified through RI and spec-
tra matching to the NIST and in-house spectral library (with over 250,000 compounds)
resulting in 3,243 match-identified compounds from which 904 were Identified Unknowns
and the rest fell into the ambient background noise (Chapter 3). It is important to note
that the chemical profiling of the AF fractions was therefore based on a suspect screen-
ing approach for the “known unknowns” present in the spectral libraries, rather than a
classical non-targeted screening. Consequently, the tentatively Identified Unknowns pre-
sented here do not include the true unknowns i.e., unregistered compounds, by-prod-
ucts or specific in utero metabolites not present in these databases. These true unknowns
might be responsible for some activity observed in the fractions but are not easily iden-
tifiable by the currently available methods “8. Moreover, such screening techniques pro-
vide a qualitative list of possible biomarkers, not quantitative results, and thus further
targeted analyses are required for the quantification of candidate compounds. However,
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the levels of compounds measured in AF represent their residual concentrations and until
we gain a comprehensive understanding of the in utero toxicokinetics (e.g., degree of
accumulation in fetal tissue, excretion in AF and placental clearance) they cannot be used
as a proxy for the changing exposure levels experienced by the fetus throughout preg-
nancy. The goal of our approach was thus to characterise (detect and identify) EDCs pres-
ent in utero, rather than to provide a quantitative measure of fetal exposure.

Matching spectral information with the compound’s RT provides much improved ten-
tative identifications during GC-HRMS analysis. In this study, also the correlation between
the compound’s logP value and elution profile during RP-LC fractionation greatly facili-
tated compound identification. It is important to note that this approach relies heavily on
logP prediction tools which are not always accurate. To ensure that no compound was
eliminated from further analysis based on inaccurate logP values, two different logP pre-
diction tools were used (Kowwin and OPERA) and any inconsistencies in the predictions
were checked against online data sources (e.g., PubChem) (Chapter 3). Also, heatmaps
can be used to visualize compounds’ peak intensities across the different fractions,
inspect the chemical complexity of each fraction and further corroborate the correlation
between compound elution and bioassay activity. Furthermore, adding multiple proce-
dural blanks (solvent and extraction blanks) is extremely helpful in the additional reduc-
tion of potential suspects, specifically when sample processing is long and includes mul-
tiple steps, as in the case of the EDA approach. The filtering and prioritization strategy
further narrowed down the list of suspects from 904 to 121 Identified Unknowns. The
remaining compounds were evaluated for their potential (anti-)ER, (anti-)AR and DR activ-
ity using a weight-of-evidence approach that relied on a battery of publicly available
experimental data and in silico prediction and profiling tools.

The use of the appropriate chemical identifier/descriptor during data mining and in
silico predictions is extremely important. Although CAS numbers are most commonly
used as a compound’s identifier, they are proprietary, do not include structural informa-
tion and are not unique per compound. There are many other common formats used in
cheminformatics for storing and representing chemical structures (e.g., SMILES, InChl,
MOL, SDF, CML). It is therefore often needed to interconvert formats used for different
applications so that they are compatible with the software used without losing important
structural information. This is specifically important for in silico prediction and profiling
tools (e.g., QSARs) that heavily rely on molecular descriptors. InChI identifiers are relia-
ble descriptors that are unique for each compound, include structural information that
helps identify isomers, are open-source and freely available and therefore avoid the inter-
operability issue that other chemical identifiers may have. In our study, the use of InChI
returned more hits during data mining than e.g., proprietary CAS numbers. InChI is the
only descriptor suitable for the development of a standard canonical SMILES string that
can easily be supported by many different software libraries 4°. As follows, InChI strings
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converted to canonical SMILES (using Open Babel software) were the best suitable for-
mats for logP and QSAR predictions, as they express more information than the simpler
SMILES notation and take stereochemistry into account 4%%°, Considerations of molecu-
lar descriptors are extremely important in the EDA approach for accurate predictions of
physicochemical properties as well as biological activity of compounds, and consequently
identification of possible suspects.

A battery of publicly available experimental data and in silico prediction tools used
for (anti-)ER, (anti-)AR and DR activity-profiling of the 121 Identified Unknowns included
experimental data obtained from multiple high-throughput bioassays (ToxCast and Tox21
databases), predictive QSARs (OPERA and Danish (Q)SAR Database) endpoint specific
profiling models (OECD QSAR Toolbox) and online databases (CompTox Chemicals Dash-
board). These sources, especially in combination, provide a wealth of information that
can significantly improve the prioritization of suspected EDCs from the list of thousands
of tentatively identified compounds “®51. The increase in the availability and use of
high-throughput data continuously improves modelling algorithms and predictive perfor-
mances of QSARs ensuring higher sensitivity, specificity and accuracy in profiling of novel
EDCs. The experimental, profiling and QSAR data and the correlation between the elu-
tion profile and the activity observed in the fractions proved to be a powerful driver for
the selection and prioritization of possible novel EDCs for further testing.

Only 8 out of the 121 Identified Unknowns were previously experimentally tested for
their endocrine activity and only 2 compounds (squalene and heptadecane) were iden-
tified as endogenous metabolites. The lack of endogenous metabolites in nonpolar AF
fractions is not surprising as the majority of endogenous compounds in the human body
(e.g., hormones, fatty acids, amino acids, carbohydrates, cyclic amines) are polar or
semi-polar. Further evaluation using in silico prediction and profiling tools resulted in a
total of 69 additional suspected EDCs. To our knowledge, none of these compounds has
been previously measured in AF samples, and for only a few of them, limited information
on production and use was found. For example, diphenyl isophthalate has been discov-
ered in AF as a novel potent ER ligand. It is used as a plasticizer and a flame retardant
but its presence in human samples has never been reported before. Similarly, for other
identified industrial chemicals e.g., p,p’-ditolylamine or benzoin isobutyl, no information
on production/use or human exposure could be found. The identities of many of the 350
000 chemicals registered globally for production and use remain publicly unknown
because they are often claimed as confidential or are ambiguously described®2. Further-
more, the 69 compounds identified include only the nonpolar compounds, it is unknown
how many more (polar and mid-polar) EDCs are present in utero. A good indication is a
recent study by Wang et al. (2021) where non-targeted screening of paired maternal and
cord serum samples identified 55 polar environmental chemicals, likewise, with little to
no information on their production and use. Further analysis of the polar fractions is thus
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recommended. Overall, the results presented here are alarming and show that so far pre-
natal exposure to EDCs has not been adequately characterized. There is a vast knowl-
edge gap regarding in utero exposure to EDCs and the compounds identified here have
not been assessed by scientific or regulatory bodies. This calls for an urgent investiga-
tion into their origins and possible health effects.

MNPs and human placenta

Recent evidence demonstrated the internalization of MNPs in the human body, with
the possibility of translocation to the placenta and in utero exposure 5354, The placenta
is especially important to investigate as it serves as a gatekeeper for the transport of
exogenous agents at the feto-maternal interface. Nevertheless, so far it has been largely
overlooked in the MNP research. The third objective of this thesis was to determine the
knowledge gaps and appropriate methods and models for studying MNPs in the fetal envi-
ronment, focusing specifically on the human placenta. In order to do so, we provided a
critical review of the available human-relevant in vitro and ex vivo placental models, the
current state of the science on placental MNP research, and, highlighted the most impor-
tant areas that require urgent scrutiny (Chapter 4).

Importance of human placental models for MNP research

The placentais a crucial temporary organ that functions as a lung, kidney, endocrine
and immune organ during pregnancy enabling fetal existence and supporting its devel-
opment throughout gestation. Ironically, it is also one of the most underappreciated and
understudied human organs. Nevertheless, its importance for maternal and fetal health
is well established with placental dysfunction thought to underlie numerous pregnancy
disorders. All exogenous agents present in the maternal blood have to come in contact
with the placenta first before reaching the fetus. It is astonishing that at full-term as much
as 30% of maternal blood flows through the placenta at any given time, bathing chorionic
villi with a total surface area of 12-14 m?2. This extensive surface area is an important
aspect of the placenta as it provides ample space for the exchange of nutrients, gases
and waste products between maternal and fetal blood, but also for the interaction of any
exogenous compounds (including particles) present in maternal blood with the placen-
tal trophoblastic “barrier”. The direct developmental toxicity of MNPs may arise from the
transplacental transfer of particles to the in utero environment, where they can damage
the fetal tissues. However, developmental toxicity may also arise from the MNPs being
retained by the placenta itself, which may damage the tissue and indirectly affect not only
fetal but also maternal health during pregnancy.

The increasing concern regarding hazards associated with MNP exposure stems
mainly from experimental animal studies that indicate uptake and transport of MNPs
across cellular barriers (including placental), systemic exposure, accumulation in inter-
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nal organs and the brain; and associated particle toxicity mainly oxidative stress, local or
systemic immune responses and neurotoxicity 55-8, Although animal models have pro-
vided an invaluable contribution to science in general, they are often criticized as models
for pregnancy. The placenta is the most species-specific organ with outstanding evolu-
tionary diversity and marked morphological differences between species, including the
number and type of cell layers that separate the bloodstreams of the mother and fetus
and determine the placental permeability to nutrients, chemicals and particles. Conse-
quently, extrapolation from animal models to humans is extremely challenging %%, The
difficulty with data extrapolation is not restricted to evolutionary distant species like
rodents, but profound differences in placenta biology exist even between humans and
nonhuman primates 62, Although the practical and ethical considerations limit research
options in humans, there are diverse in vitro and ex vivo human placental models that can
be used to advance this research area.

The in vitro and ex vivo models of the human placenta have been successfully used
to explore diverse aspects of placental biology, such as metabolism, endocrine and
immune functions as well as, the transfer of drugs, and endo-/exogenous compounds
and nanoparticles. These models reflect different levels of placental organisation and
complexity, from isolated plasma membrane vesicles to simple mono-cultures and
co-culture models and the more complex 3D models, placenta-on-a-chip, explant cul-
tures and ex vivo human placental perfusion models (Chapter 4). All these models have
their advantages and disadvantages. For example, on one hand, simple trophoblastic
monocultures such as BeWo cells are easy to culture, provide robust data and are
extremely useful for low-cost and high-throughput investigation of different aspects of
placental physiology under controlled and simplified conditions. Nevertheless, they lack
the physiological complexity of the multi-layered cell structures of placenta villi and do
not account for the complex placental cell-cell interactions. On the other hand, placen-
tal perfusion is considered the gold standard for the evaluation of placental clearance
and transport of various agents including MNPs, as it represents the functional unit of the
placenta and thus takes advantage of the full complexity of the intact tissue 3. However,
usually, only the term placentas can be used, placental viability must be closely moni-
tored, perfusion conditions may significantly affect the transport function and there are
marked interindividual variations in transplacental kinetics making placental perfusion
more laborious and less robust than the simpler placental mono or co-cultures. Nowa-
days, novel, 3D placental spheroid and organoid models are being developed providing
attractive alternatives and a missing link between the “robust and simple” and the “more
complex”, physiologically relevant models 4. Placental organoids are promising models
for microphysiological recapitulation of the human placenta as they show spontaneous
differentiation, maintain the expression of important cell-surface molecules and retain
other specific in vivo characteristics °°. Although organoids are being labelled as the most
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suitable models to study trophoblast development, function and pathology, we need to
be careful with such statements. Specifically, necrotic damage and the size and exact
composition of the cellular components of spheroids are difficult to control, and there-
fore robustness and replicability of these models must be carefully evaluated. Overall,
we argue that there is no one gold standard and the choice of the model needs to be care-
fully considered depending on the aims and questions asked, and only after throughout
evaluations of all the advantages and disadvantages. Nevertheless, considering the pleth-
ora of available human-relevant models, and the advancements in the 3D techniques and
microfluidics resulting in increased physiological relevance, these human models can be
used to pursue diverse aspects of placental functioning and facilitate MNP testing across
the maternal-fetal interface while, at the same time, realising the 3R principles to replace,
reduce and refine the use of animal models.

Human placental MNP research: what do we know so far?

So far, very little attention has been paid to placental MNP exposure and transplacen-
tal MNP transport. Only recently MNPs have been detected, for the first time, in human
placental tissue 5*¢¢, To date, only ten in vitro and five ex vivo human placental models
have investigated transplacental MNP uptake and transport and to lesser extent toxicity.
This data is based solely on one polymer type and shape (commercially available and flu-
orescently labelled spherical polystyrene particles, PS), tested under acute exposures
(up to 24h) and with a limited number of conditions (size range from 0.02 to 10 pm; con-
centration range from 0.1 to 1000 ug/mL). Nevertheless, the results from both in vitro
and ex vivo studies indicate that (Chapter 4):

« PS particles are taken up by placental epithelial and endothelial cells in vitro in a
size-dependent manner

« PSparticles are transported through the placental in vitro and ex vivo barrier in a size-
and dose-dependent manner

« Thelower transfer rate ex vivo corresponded to a higher accumulation of PS particles
in the placental tissue

« Thesyncytiotrophoblast layer seems to be a major barrier for the transplacental par-
ticle transport

« Nextto particle size, surface charge, surface functionalization and protein corona pos-
sibly influence placental transport

= PSparticles generally do not show acute cytotoxicity (the effects on cell viability and
barrier integrity observed mainly at “unrealistically” high concentrations)

Although placental MNP research is still in its infancy, the grounds for concern are
present. The particle toxicity to the placenta and consequent adverse pregnancy out-
comes have already been demonstrated in the fields of particulate air pollution and nano-
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toxicology, which should serve as cautionary examples. For example, (ultra)fine particles
(e.g., black carbon particles) have been shown to translocate from the respiratory tract
to the placenta, and have been associated with various pregnancy complications (e.g.,
pre-eclampsia, pre-term birth, low birth weight), fetal malformations (e.g., congenital
heart defects) and diseases later in life ©-72, MNPs, including fibres and traffic-generated
particles, are increasingly found in ambient air pollution further adding to the atmospheric
particle burden. Yet, the extent of placental exposure to MNPs after inhalation or inges-
tion is still unknown, and, if these MNPs (next to the (ultra)fine particles) pose accumu-
lative or novel risks for the developing child and maternal health during pregnancy.
Although the evidence so far is scarce, the initial results with PS particles call for a com-
prehensive investigation of placental toxicokinetics and toxicity of other environmentally
relevant MNPs, and the consequent effects of such exposure on fetal and maternal health
during pregnancy.

Knowledge gaps

It is necessary to provide empirical data to better understand the risks associated
with placental MNPs exposure to inform risk-based policies to protect fetal and mater-
nal health. Unfortunately, there are still many important knowledge gaps that hinder
human health risk assessment 73. MNP toxicity is complex. There are many possible drives
of toxicity and toxicokinetics such as polymer type, particle size and shape, surface
charge, presence of eco- or bio-corona, as well as various bacterial pathogens and chem-
icals that MNPs may carry 7. The ability of microplastics to be vectors for chemicals or
bacterial pathogens needs to be carefully considered as part of the overall assessment
of microplastic safety. Given the huge diversity of plastic formulations in use, we need to
move from using one polymer type and shape to screening a multitude of relevant parti-
cles, including environmentally weathered/degraded MNPs. Identification of the most
toxic components of environmentally relevant MNPs although challenging will be critical
to our understanding of the drivers of (placental) toxicity. The syncytiotrophoblast (ST)
layer seems to be the main barrier to transplacental PS transport (as demonstrated by a
limited amount of ex vivo studies) 7>7¢. Considering that STs are involved in important
transport, exchange, immune and endocrine functions of the placenta, the possible accu-
mulation of MNPs in STs presents a possible hazard. However, so far STs received scant
attention and no in vitro studies examined MNP uptake and toxicity in this cell type. More-
over, the exact mechanisms involved in MNP uptake and transport are yet to be eluci-
dated. Furthermore, to date, mostly generic acute endpoints such as cell viability, cyto-
toxicity and barrier integrity have been investigated whereas the physiological and patho-
logical placental perturbations, including more subtle but equally important endocrine
orimmune-related effects of particle and chemical toxicity of MNPs, have received scant
attention. Specifically, oxidative stress and acute and chronic inflammation, as a result
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of the persistent nature of MNPs, seem to be a universal mechanism of MNP toxicity 5577,
This is especially important since placental inflammation is linked to placental damage
with loss of function, induction of premature labour, and the release of inflammatory
mediators leading to fetal organ damage and transplacental infection of the fetus, con-
sequently leading to fetal morbidity and mortality 78. It is not the acute but chronic expo-
sure to MNPs, with the possibility of accumulation in placental tissue, and build-up of the
subtle effects over time that should be investigated to reflect more closely on environ-
mental exposure throughout gestation. Lastly, it is important to remember that there is
intra- and inter-individual variability in the expression and function of placental drug
transporters, which may affect the internalization of MNPs rendering some populations
or individuals more sensitive.

Addressing the knowledge gaps

To address some of the defined research gaps the fourth and last objective of this
thesis was to investigate the uptake, transport and toxicity of MNPs in human-relevant
placenta cell models, including in vitro model representative of placental syncytiotroph-
oblasts. To mimic the natural environmental weathering processes, MNPs were experi-
mentally weathered and the compositional differences between pristine and weathered
particles were investigated. Also, the toxicity of the pristine and weathered MNPs on sev-
eral endpoints, including the more subtle effects on important placental functions such
as steroidogenesis, was investigated (Chapter 5).

Pristine vs weathered MNPs

Weathering processes including photo- and thermal oxidation, hydrolytic, mechanis-
ticand biodegradation can lead to changes in polymer’s surface charge potential, mass/
surface ratio, chemical leaching or adsorption, free radical formation, hetero-aggrega-
tion and biofilm formation, which in turn may affect both toxicity and toxicokinetics of the
aged MNPs 798° Despite the importance of the weathering processes research to date,
using pristine particles only did not address this important aspect. In our study to stim-
ulate the ageing processes, MNPs of different sizes (PS (0.1-10 pm) and HDPE (0-80 um))
were exposed for 4 weeks to surface water, sunlight and constant shaking to imitate the
hydrolytic/bio-/photo- and mechanistic degradation, respectively. A non-targeted, small
molecule characterization of the pristine and weathered MNPs using LC-HRMS allowed
us to test for the presence of inherent or co-transported contaminants and to evaluate
compositional differences following particle weathering. The results showed that weath-
ering changed the chemical composition of MNPs with weathered particles showing a
significantly lower number of unique features. This indicates that leaching, hydrolysis
and/or photochemical reactions may deplete chemicals present in the polymer during
weathering. Interestingly, 58 diverse substances were annotated in the pristine PS for-
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mulation, including residual monomers, additives (plasticizers, colourants) and process-
ing aids (lubricants, catalyst), showing impurities in otherwise pristine particles that could
contribute to the chemical toxicity of these particles. Considering that there are more
than 10 000 plastic monomers, additives, and processing aids associated with plastics
products 8, including known toxicants such as phthalates and bisphenols, the possibil-
ity of compounds leaching during weathering might affect significantly the chemical vs
particle toxicity of pristine vs aged MNPs 82. However, due to the lipophilic nature of MNPs,
literature to date focused largely on the adsorption of environmental contaminants on
the MNP surface &. The complex dynamics between the leaching of plastic-associated
compounds and the adsorption of co-occurring contaminants in the MNPs under envi-
ronmental conditions need to be further examined. Although the weathering rate of MNPs
is speculated to be lower in water than on land &, the degree to which chemical leaching
occurs ina non-agueous environment or the human body (gastric fluids, lung lining fluids,
blood, or in extra- or intracellular environment) has so far not been investigated.

MNP uptake, transport and toxicity in placental trophoblasts in vitro

Although syncytiotrophoblasts are the first placental cells in contact with maternal
blood and are crucial for fetomaternal exchange and specialized placental endocrine and
immune functions, we found no published in vitro data on the uptake or toxicity of MNPs
in this important cell type. In our study, we used the well-established BeWo b30 chorio-
carcinoma cell line that morphologically and functionally resembles in situ cytotropho-
blasts, which serves as an excellent model to study differentiation into syncytiotropho-
blast 85, Stimulation of differentiation results in the formation of large multinucleated
and endocrine-active syncytiotrophoblasts, as reflected by elevated HCG synthesis and
secretion 888, Furthermore, BeWo b30 forms a confluent, polarized monolayer that pro-
vides a good in vitro model system to study transplacental MNP transport, in a simplified
but robust manner. We investigated the uptake, transport and toxicity of MNPs in both
nonsyncytialized and syncytialized BeWo b30 cells i.e., representative of cytotropho-
blasts and syncytiotrophoblasts, respectively (Chapter 5).

Our data showed that pristine and weathered MNPs were taken up by both cell types
in a size-dependent manner, and that particle weathering seemed to increase the uptake
of PS, but only for the smaller particle size (Chapter 5). The mechanisms behind the
increased cellular uptake of weathered MNPs are currently unknown. The use of fluores-
cent cellular dyes and confocal 3D imaging of cellular uptake confirmed that MNPs are
not only present on top of the cell boundary but are truly internalized by the cells, and
such 3D rendering techniques are recommended for future studies. Human exposure
through ingestion and inhalation is inevitable and MNPs have already been found in lung
tissue, human faeces and blood %389-92, Still, the size cut-off for MNPs entering human cir-
culation through the gut or lungs has not been established. Recently, polypropylene par-
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ticles between 5 and 10 pm have been imaged and identified (by Raman microspectros-
copy) in human placental tissue >. Moreover, our study is the first to show that even large
10 pm particles were taken up by both placental cell types in vitro. This finding indicates
that if particles up to 10 pm in size cross the gastrointestinal epithelium and end up in
systemic circulation, they can be taken up by the placental cells. However, further qual-
itative and quantitative detection and analysis of MNPs in human blood and placenta sam-
ples should be performed to confirm these results.

The transcellular transport of MNPs in the nonsyncytialized BeWo b30 monolayer was
size and time-dependent. Although transport even for the smaller 50 nm particles was
limited (<10% of initial dose transported after 48h) it did not reach a plateau, suggesting
that longer incubation periods may result in higher transport. The size-dependent, lim-
ited transport of PS particles observed here is generally in agreement with other in vitro
and ex vivo studies and demonstrates that MNPs cross the placenta barrier and reach the
fetus. Although, in placenta perfusions, PS particles accumulated mainly in the syncyti-
otrophoblasts layer, suggesting that syncytiotrophoblasts and not the cytotrophoblasts
play a major role in regulating transplacental MNP transport. It is important to note that
placental perfusion studies are short (6h) and performed only in term placentas. How-
ever, the toxicokinetics of MNPs can vary between different stages of gestation consid-
ering that placental physiology and morphology, including the thickness of the different
cell layers, change drastically throughout pregnancy °2. These complex time-dependent
toxicokinetics remain difficult to investigate. Furthermore, so far, adding differentiated
syncytiotrophoblasts to in vitro co-cultures (with cytotrophoblasts, venous endothelial
cells or/and villous mesenchymal cells) is technically challenging as syncytialization
results in loss of barrier integrity. Nevertheless, such a co-culture model could provide
more accurate data on placental MNP toxicokinetics as it would more closely resemble
the multilayered structures of chorionic villi. Although MNPs have not yet been analysed
in human foetuses, a limited number of studies using a rodent model of pregnancy
demonstrated that MNPs can pass the placenta after intravenous administration and end
up in various organs of the fetus 565793, Considering the complexity and high species diver-
gence of the placenta, quantitative results of transport have to be interpreted with care.
Nevertheless, taken together, this data indicates that MNPs are likely translocated over
the human placental barrier and expose the fetus during sensitive windows of develop-
ment. The effects of prenatal MNP exposure are currently unknown, but lessons learned
from the field of nanomaterials and nanotechnology suggest inflammation, fetal malfor-
mations, retarded neonatal growth and neurotoxicity as potential endpoints 4.

The pristine or weathered MNPs tested in this study generally showed no acute cyto-
toxicity i.e., no effects on cellular ATP production or plasma membrane integrity, which
corroborates the results of other studies with in vitro placental models (Chapters 4 & 5).
The concentration used in our study (0.1-100 pg/mL) seems to fall within the environ-
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mentally relevant concentration range i.e., the sum quantifiable concentration of plastic
particles recently reported in human blood was 1.6 pg/ml53. An important function of the
placentais the production/metabolism of hormones crucial for pregnancy establishment
and maintenance (e.g., placental development, angiogenesis, embryo implantation,
immunotolerance and fetal development) °°. Placental hormones are primarily secreted
by the syncytiotrophoblast in a tightly regulated way. In this study, we demonstrated that
24 hr exposure to pristine and to a lesser degree weathered MNPs modestly downregu-
lated genes responsible for the final step in estrogen biosynthesis (hsd17b1) and conver-
sion of pregnenolone to progesterone (hsd3bl) (Chapter 5). So far, no other study exists
that looked at the effect of MNPs on placental steroidogenesis. This finding, although not
statistically significant, warrants further investigation, as inhibition of hsd17b1 and
hsd3bl has been associated with a reduction of bioavailable levels of these hormones
which may lead to various adverse pregnancy outcomes, such as preeclampsia, miscar-
riages and fetal growth restriction °¢=°8, In this study, several plasticizers and styrene-re-
lated compounds (known endocrine disruptors), have been tentatively identified in the
pristine PS particles, however, their contribution to the observed subtle effects on gene
expression is unknown. As noted above, we showed that even pristine MNPs are chemi-
cally complex and may leach chemicals of toxicological relevance, consequently we
emphasize the importance of considering environmental weathering processes and
chemical leaching when performing toxicological studies with MNPs.

Concluding remarks and future directions

This thesis aimed at addressing some of the most pressing knowledge gaps regard-
ing in utero exposures to environmental contaminants of emerging concern. EDCs are of
particular concern due to their ubiquitous presence, hormone-like mechanism of action
and low-dose activity. Despite the growing concern, the characterization of fetal expo-
sure to a full spectrum of EDCs with diverse physicochemical properties has been chal-
lenging and considerably hampered by our lack of understanding of the complex mater-
nal-fetal toxicokinetics. To address this, in this study, effect-directed analysis of AF has
been used for the first time to identify a wide range of known and novel EDCs present in
the direct in utero environment (Chapters 2 & 3). The combination of off-line SPE and
DLLE extraction, sample preconcentration, HPLC fractionation and the use of sensitive
cell-based reporter gene assays, provided a robust method for successful extraction and
detection of a range of endocrine disrupting (ER, AR and dioxin-like) activities in AF
extract, and, set the foundation for further qualitative and quantitative identification of
known and novel EDCs responsible for the observed activity. The agonistic and antago-
nistic activity spanned polar and highly nonpolar fractions revealing, for the first time, a
great diversity of potent endogenous and exogenous compounds present in AF (Chapter
2). State-of-the-art targeted LC-HRMS and GC-HRMS approaches and relative potency
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(REP) values were used to estimate the contribution of the known EDCs detected in AF
to the activity observed in the nonpolar fraction. Many detected EDCs were never before
analysed in AF, demonstrating their transplacental transport and direct fetal exposure.
This analysis further revealed numerous fractions for which activity could not be explained
by the detected known EDCs or endogenous hormones, and for which alternative sus-
pect screening approaches needed to be applied. The innovative, weight-of-evidence
approach developed in this study took advantage of curated and freely available data and
in silico tools to prioritize possible novel endocrine disruptors from the multitude of fea-
tures identified through the non-targeted screening (Chapter 3). Here, the application of
a battery of in vitro experimental data (ToxCast and Tox21 databases), in silico predic-
tion tools (OPERA, Danish QSARs) and endpoint-specific profiling models (OECD QSAR
Toolbox) provided a powerful platform that allowed us to further identify known and novel
EDCs in AF. Only a small subset (14 from 69) of the identified suspect EDCs could be com-
mercially purchased and tested. Of the 14 prioritized suspects, 12 were chemically and
biologically confirmed, validating the applicability of the weight-of-evidence approach
used in this study for profiling novel EDCs. To our knowledge, none of the identified sus-
pect EDCs, including the confirmed ones, were previously measured in AF samples, and
for only a few of them, limited information on their production and use was found. This is
alarming and shows that the fetus is exposed to many more EDCs than previously thought,
including a large number of known and novel EDCs that have not yet been assessed by
regulatory bodies. Further cause for concern is there, considering the low dose effects,
non-monotonic dose responses and mixture effects of co-existing EDCs. Moreover, we
need to keep in mind that the ongoing cycle of fetal ingestion and excretion of AF could
result ina continuous, prolonged re-exposure of the fetus to the circulating levels of these
compounds, possibly increasing the associated health risks. Overall, the results of this
study revealed a vast knowledge gap, showing that the risks of EDC exposure in utero
have so far not been adequately characterized, and are most probably underestimated.

The data presented in this thesis underscores our need to better understand the
source and extent of exposure to these compounds and their possible effects on fetal
development and long-term health. To do so, we need to move away from the chemi-
cal-by-chemical approach to risk assessment and direct our efforts on evaluating the com-
plex mixtures. One way of moving forward is to consider the regulation of different classes
of EDCs, grouped by common mechanisms and/or effects °°. Here, well-defined grouping
criteria for regulatory purposes will need to be established. Which compounds to con-
sider, from the hundreds of thousands of chemicals out there with limited to no data on
endocrine disruption, is the big challenge. The lack of comprehensive in utero exposure
assessment represents, possibly, the most serious knowledge gap which hinders the
assessment of health risks. The combination of EDA and AF provides a unique opportu-
nity to address this knowledge gap. It can be used for effect-based determination of the
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total EDC exposure experienced directly by the fetus during pregnancy. The most potent
or relevant constituents of such a mixture can be identified and targeted first for preven-
tion strategies. Here, the source and the extent of maternal exposure would need to be
identified. Integration of in vitro, in vivo, and in silico data together with the development
of AOPs and QIVIVE, and read-across approaches can further support risk assessment
efforts. Moreover, surplus samples from amniocentesis present an additional opportu-
nity to investigate chemical burden during earlier stages of development 18100101 Since
EDCs can permanently reprogramme physiological processes during the critical periods
of development and are likely risk factors for developing diseases and disorders later in
life, there is a largely unexplored potential to use this approach, and a combination of diag-
nostic and prognostic biomarkers, to better understand the exposure and impact of EDCs
on developmental aetiology of disease 21102103 | astly, this approach, with the use of a
wide array of sensitive cell-based bioassays, could be extended to other environmental
contaminants and functional endpoints (e.g., neuro-, immune- or genotoxicity).

In addition to EDCs, this thesis studied MNPs as a new class of contaminants of
emerging concern (Chapter 4). Recent evidence shows that MNPs are internalized in the
human body and reach the placenta, suggesting that they contribute to in utero exposure.
Given the current and projected growth in MNP pollution and the central role of the pla-
centa in fetal and maternal wellbeing during pregnancy, these recent discoveries are
alarming. Despite the growing public health concern, data on the placental toxicokinet-
ics and toxicity of MNPs is still surprisingly limited, which significantly hampers risk
assessment. Considering obvious ethical limitations, and high placental divergence
between species, there is a great need for use of human placental models to advance our
understanding of the potential hazards of MNPs to the placenta and consequently mater-
nal and fetal health. However, no one gold standard exists and the choice of the model
needs to be carefully considered depending on the aims and questions asked, keeping
in mind that increasing model complexity usually results in increased variability and
reduced reproducibility. Nonetheless, new advancements in 3D techniques and micro-
fluidics continue to increase the physiological relevance of human models with increased
reproducibility and now, together with simple mono- and co-cultures models, placental
explants and placental perfusion models, they can be used to pursue diverse aspects of
placental functioning at different levels of the placental organisation, facilitating MNP
testing across the complex maternal-fetal interface (Chapter 4).

The research on placental MNP exposure and toxicity is in its infancy and many press-
ing knowledge gaps remain that significantly hamper human health risk assessment
(Chapter 4). Data on transplacental transfer and toxicity of MNPs to date is scarce and
rely solely on reference polystyrene particles. The few experimental in vivo, ex vivo and
in vitro studies in existence, including our study (Chapter 5), suggest no acute effects on
placental cell viability, and limited transplacental uptake and transport. Limited uptake
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and transport are not necessarily insignificant considering the long 9-month gestation
period and the possibility of accumulation in the placental tissue. So far, mainly general
toxicity endpoints after acute exposure have been investigated. However, the effects of
chronic exposure and accumulation of MNPs over time should be investigated to reflect
more closely the exposure scenarios during pregnancy. Specifically, syncytiotropho-
blasts, cells central to the maternal-fetal interface with crucial endocrine and immune
functions, should be examined as they appear to be the main barrier to transplacental PS
transport. So far, STs received scant attention and our study was the first to investigate
MNP uptake and toxicity in this cell type. The subtle effects of MNPs on steroidogenesis
in STs in vitro, possibly mitigated by plastic-associated compounds, observed in our study
warrant further examination (Chapter 5). Furthermore, important aspects of placental
development and functioning such as placentation, angiogenesis, and immune and endo-
crine functions, should be examined. Particularly, placental inflammation, one of the most
common perturbations linked to a wide variety of adverse pregnancy outcomes should
be prioritized, considering that oxidative stress and chronic inflammation are the univer-
sal mechanisms of MNP toxicity.

MNPs represent a highly diverse class of contaminants with many possible drivers of
toxicity (polymer type, particle size and shape, chemical composition, surface charge,
presence of eco- or bio-corona). They are chemically very complex, possibly containing
hundreds of plastic-associated compounds or co-contaminants which might be of impor-
tance when investigating chemical vs particle toxicity (Wiesinger et al. 2021). These char-
acteristics, including their ability to act as bacterial or chemical vectors, need to be care-
fully considered as part of the overall assessment of microplastic safety. Logically, there
is a pressing need to move from using one polymer type and shape to screening a multi-
tude of environmental relevant particles, including weathered MNPs. Environmental
weathering may cause increased chemical leaching, significantly altering the chemical
composition of MNPs with a possible influence on their toxicity (Chapter 5). However, the
potential health risks of MNPs and the chemicals associated with them under real-life
conditions and environmentally relevant exposure scenarios are not yet established.

We need to better understand maternal and fetal health risks of MNP exposure. To do
so, we need to be able to translate the experimental toxicological data to real-life expo-
sure scenarios, by detecting and measuring trace amounts of plastic particles, including
in the nanoscale, in environmental and human samples. For now, measurements are
biased towards larger particles, most probably underestimating human exposure. Sen-
sitive, high-resolution analytical methods for MNP detection, standardized protocols,
quality control measures and certified reference materials for toxicity studies are cur-
rently lacking but urgently needed. The evaluation of the ability of microplastics to cross
the lung, gastrointestinal, and skin barriers, as well as, information on absorption, distri-
bution, metabolism and excretion (ADME), is needed to translate external exposure to
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systemic exposure and facilitate risk assessment and exposure mitigation procedures 73.
Specifically, more studies on inhalation exposure including toxicokinetics and toxicity of
fibres should be undertaken since it is believed that this is one of the primary routes of
environmental exposure to MNPs. Furthermore, longitudinal human biomonitoring and
epidemiological studies with birth cohorts are required in which maternal and fetal expo-
sure and health outcomes are characterized. The fastest way to assess the possible risks
of MNPs in the fetal environment is therefore to direct our efforts towards the develop-
ment of sensitive analytical tools and experimental and epidemiological research to
address the knowledge gaps regarding placental and fetal exposure, mechanisms of tox-
icity and biological effects. Furthermore, so far, it is unknown if MNPs exacerbate the
effects of EDCs or the other way around. The combined effects of multiple stressors on
placental functioning and fetal health need to be considered and investigated.

The research described in this thesis contributes toward a comprehensive character-
ization of the extent of in utero exposure to contaminants of emerging concern, which is
crucial to our understanding of theirimpact on pregnancy, fetal development and long-
term health. Such knowledge is essential to guide future exposure prevention strategies
and safeguard the health of future generations.
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Appendix

English summary

During pregnancy, the human fetus is exposed to a broad range of environmental con-
taminants which reach the in utero environment with maternal blood. Prenatal environ-
mental exposures may contribute to a broad spectrum of postnatal diseases or/and dys-
functions later in life. The fetus is specifically susceptible to exposure to endocrine dis-
rupting compounds (EDCs), a diverse group of exogenous chemicals that can interfere
with hormonally driven developmental processes and contribute to metabolic, reproduc-
tive, and neurobehavioral disorders. Due to the great diversity of environmental contam-
inants with potential endocrine activity and their complex maternal/fetal toxicokinetics,
the characterization of the whole spectrum of EDCs and their metabolites present in utero
remains exceptionally challenging. Moreover, there are other contaminants of emerging
concern, such as micro- and nanoplastics (MNPs) and chemicals associated with them,
that could reach the placenta and contribute to fetal exposure. The placenta is a key organ
that ensures fetal and maternal well-being during pregnancy. Although plastic pollution
has received worldwide attention, the effects of MNPs on placenta functioning and fetal
development are still largely unexplored.

Considering the paucity of data on in utero exposure to these contaminants of emerg-
ing concern, the aim of our research was two-fold: to develop a method for analysis of EDCs
including novel compounds in human amniotic fluid (AF), as a matrix of direct fetal expo-
sure; and to investigate possible uptake, transport and toxicity of MNPs and associated
compounds in human placenta cells in vitro. Chapter 1 of this thesis introduced the state
of the science in this field, including background information on EDCs, MNPs, AF, the pla-
centa, and the concept of fetal windows of vulnerability; and discussed the current chal-
lenges in characterizing in utero exposures. Part I (Chapters 2 & 3) of this thesis focused
on the characterization of in utero exposure to EDC. Here, a novel method for effect-di-
rected analysis (EDA) of a wide range of compounds with endocrine disrupting activities
was developed and applied to identify known and novel EDCs present in full-term human
AF. Part II (Chapters 4 & 5) focused on MNPs and the human placenta. Here, the current
state of the science on placental MNP research was reviewed, placental in vitro and ex vivo
models were recapitulated and knowledge gaps were identified. The defined research
gaps were then addressed by investigating the uptake, transport and toxicity of pristine
and environmentally weathered MNPs in human placental trophoblasts cells in vitro.

Chapter 2 focused on the development and validation of the EDA approach for the
comprehensive characterization of EDCs in human AF. Emphasis was put on the devel-
opment of a robust and nondiscriminating extraction and fractionation method needed
for the extraction of a broad spectrum of polar and nonpolar EDCs from AF and the reduc-
tion of the complexity of the sample for consequent bioassay analysis. The combination
of solid phase extraction and dispersive liquid/liquid extraction allowed for maximal
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recoveries of reference compounds with minimal interference from the matrix. Fraction-
ation of a complex mixture of chemicals extracted from AF was performed with reversed-
phase high-performance liquid chromatography (RP-HPLC) and consequent bioassay
analysis using cell-based reporter gene assays revealed significant estrogenic (ER),
androgenic (AR), and dioxin-like (DR) activity in AF fractions of differing polarity, provid-
ing the first indication of the diversity of endogenous and exogenous EDCs present in AF.
Targeted liquid chromatography/mass spectrometry (LC/MS) analysis revealed 13 xeno-
biotics, phytoestrogens, and endogenous hormones in the AF extract that only partly con-
tributed to the biological activity observed, indicating for the first time the presence of
other diverse (unidentified) EDCs in human AF.

In Chapter 3, further qualitative and quantitative analyses of known and unknown
EDCs present in the nonpolar AF fractions were performed using targeted and non-tar-
geted gas chromatography high-resolution mass spectrometry (GC-HRMS). The targeted
analysis revealed 42 known nonpolar EDCs in AF including dioxins and furans, polybro-
minated diphenyl ethers, pesticides, polychlorinated biphenyls, and polycyclic aromatic
hydrocarbons. Only a small fraction of DR, (anti-)AR and (anti-)ER activity observed was
explained by the detected compounds, as determined by their relative potency values
(REP). Further non-targeted analysis revealed a multitude of chemical features in the non-
polar fractions, from which more than three thousand were tentatively identified through
spectra matching, and further investigated using a battery of curated and freely availa-
ble sources to predict their endocrine activity. In total 69 novel suspected EDCs were
tentatively identified, 14 were purchased for confirmation, of which 12 were biologically
active and 9 were chemically confirmed, including novel EDCs such as plasticizer diphe-
nylisophthalate and industrial chemical p,p’-ditolylamine. This study revealed for the first
time a large number of known and novel EDCs in full-term human AF.

In Chapter 4, MNPs were studied as a new class of contaminants of emerging con-
cern for fetal and maternal health. Here, the current state of the science on placental MNP
research was reviewed, the most important areas that require further scrutiny were high-
lighted and the available human-relevant in vitro and ex vivo placental models were reca-
pitulated. Although the limited number of in vitro studies published up to now strongly sug-
gests that specific MNPs are taken up and transported through the placenta barrier, and
could affect placental function, the transplacental transport and toxicity of the wide range
of MNPs that humans are exposed to are still largely understudied. Further toxicity stud-
ies with MNPs in human-relevant placental models are urgently needed. In Chapter 4,
suitable models are described (e.g., plasma membrane vesicles, mono-culture and co-cul-
ture of placental cells, placenta-on-a-chip, villous tissue explants, and placental perfu-
sion) that could be utilized now to address the most pressing knowledge gaps such as
physiological and pathological placental perturbations, including endocrine orimmune-re-
lated effects of particle and chemical toxicity of environmentally relevant MNPs.
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In Chapter 5, the research gaps defined in the previous chapter were addressed by
investigating the uptake, transport and toxicity of pristine and experimentally weathered
polystyrene (PS) and high-density polyethylene (HDPE) MNPs in human nonsyncytialized
and syncytialized BeWo b30 choriocarcinoma cells representative of placental cytotroph-
oblasts and syncytiotrophoblasts, respectively. Our results showed a limited, size-de-
pendent internalization and translocation of pristine and weathered MNPs in placental
cells. Although acute exposure did not affect cell viability or cause damage to the plasma
membrane, subtle effects on the expression of genes involved in steroidogenesis were
observed, but only for the pristine particles. A non-targeted chemical characterization of
pristine and weathered MNPs using LC-MS analysis evaluated the compositional differ-
ences following particle weathering and showed a significantly higher number of unique
features in pristine particles compared to weathered particles. These results support the
importance of considering environmental weathering processes when performing toxi-
cological studies with MNPs. More in-depth investigations are needed to better under-
stand the potential health risks of MNPs and the chemicals associated with them under
environmentally relevant exposure scenarios.

Finally, in Chapter 6 the main findings of this thesis, the overall conclusions and the
perspective for future research are discussed. Briefly, risk assessment of EDCs and MNPs
is currently hampered by the lack of data on direct in utero exposure. In addition, the
effects of these contaminants of emerging concern on placental functioning and fetal
health are rarely considered. The characterization of such exposures is challenging but
crucialin our understanding of the relationship between prenatal exposure and long-term
health. The research described in this thesis contributes toward a comprehensive char-
acterization of the extent of in utero exposure to these contaminants of emerging con-
cern, as well as their potential hazards. Further assessment of the effects of these novel
contaminants on pregnancy and fetal development under environmentally relevant expo-
sure scenarios is urgently needed to support health policies and mitigation strategies,
and protect the health of future generations.
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Tijdens de zwangerschap wordt de menselijke foetus blootgesteld aan een breed
scala van milieuverontreinigende stoffen die via het bloed van de moeder in de baar-
moeder terecht kunnen komen. Prenatale milieublootstelling kan bijdragen aan een breed
spectrum van postnatale ziekten en/of stoornissen op latere leeftijd. De foetus is in het
bijzonder gevoelig voor blootstelling aan hormoonverstorende stoffen (EDCs), een diverse
groep exogene chemische stoffen die hormonaal gestuurde ontwikkelingsprocessen
kunnen verstoren en daardoor kunnen bijdragen tot stofwisselings-, voortplantings- en
neurogedragsstoornissen later in het leven. Door de grote diversiteit aan milieuveron-
treinigende stoffen met potentiéle endocriene activiteit en hun complexe maternale/foe-
tale toxicokinetiek blijft de karakterisering van het hele spectrum van EDCs en hun metab-
olieten, die in utero aanwezig zijn, een buitengewone uitdaging. Bovendien zijn er ook
andere opkomende stoffen, zoals micro- en nanoplastics (MNPs) en daarmee geasso-
cieerde chemicalién, die de placenta kunnen bereiken en kunnen bijdragen aan foetale
blootstelling. De placenta is een belangrijk orgaan dat zorgt voor het welzijn van de foetus
en de moeder tijdens de zwangerschap. Hoewel plasticvervuiling wereldwijd aandacht
krijgt, zijn de effecten van MNPs op de werking van de placenta en de ontwikkeling van
de foetus nog grotendeels onbekend.

Gezien de schaarste aan gegevens over blootstelling in utero aan deze opkomende
stoffen was het doel van ons onderzoek tweeledig: het ontwikkelen van een methode
voor de analyse van EDCs inclusief nieuwe stoffen in menselijk vruchtwater (AF), welke
als een matrix dient voor directe foetale blootstelling; en het onderzoeken van mogelijke
opname, transport en toxiciteit van MNPs en geassocieerde stoffen in menselijke pla-
centacellen in vitro. In Hoofdstuk 1 van dit proefschrift wordt de stand van de weten-
schap op dit gebied, inclusief achtergrondinformatie over EDCs, MNPs, AF, de placenta,
en het concept van foetale vensters van kwetsbaarheid geintroduceerd. Tevens worden
de huidige uitdagingen bij het karakteriseren van blootstelling in utero beschreven. Deel
I (hoofdstuk 2 & 3) van dit proefschrift richtte zich op de karakterisering van blootstel-
ling aan EDCs in utero. Hiervoor werd een nieuwe methode voor effectgerichte analyse
(EDA) van een breed scala van chemische stoffen met hormoonverstorende werking
ontwikkeld en toegepast om bekende en nieuwe EDCs te identificeren, die aanwezig zijn
in volgroeid menselijk AF. Deel II (hoofdstuk 4 & 5) richtte zich op MNPs en de menseli-
jke placenta. Hierin werd de huidige stand van de wetenschap inzake MNP-onderzoek in
de placenta bekeken en werden ook de huidige in vitro en ex vivo placentamodellen bes-
chreven en hiaten in de kennis vastgesteld. Het gebrek aan kennis op bepaalde onder-
zoeksvragen in voorgaand onderzoek werd vervolgens aangepakt door in vitro de opname,
het transport en de toxiciteit van ongerepte en door het milieu verweerde MNPs in
menselijke placenta trofoblastencellen te onderzoeken.
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Hoofdstuk 2 richtte zich op de ontwikkeling en validatie van de EDA-methode voor
de uitgebreide karakterisering van EDCs in menselijk AF. De nadruk werd gelegd op de
ontwikkeling van een robuuste en niet-discriminerende extractie- en fractioneringsmeth-
ode die nodig is voor de extractie van een breed spectrum van polaire en niet-polaire
EDCs uit AF. Daarnaast moest de complexiteit van monsters voor de daaropvolgende bio-
assay-analyse worden verminderd. De combinatie van vaste-fase-extractie en disper-
sieve vloeistof/vloeistofextractie maakte maximale terugvinding van referentieverbindin-
gen mogelijk met minimale interferentie van de matrix. Fractionering van een complex
mengsel van uit AF geéxtraheerde chemicalién werd uitgevoerd met reversed-phase
hogedrukvloeistofchromatografie (RP-HPLC). De daaropvolgende bioassay-analyse met
behulp van reportergen-testen op celniveau bracht significante oestrogene (ER), andro-
gene (AR) en dioxineachtige (DR) activiteit aan het licht in bepaalde AF-fracties met ver-
schillende polariteit, waarmee de eerste indicatie werd gegeven van de diversiteit van
endogene en exogene EDCs in AF. Gerichte vloeistofchromatografie/massaspectrometrie
(LC/MS) analyse onthulde 13 xenobiotica, fyto-oestrogenen, en endogene hormonen in
het AF extract die slechts gedeeltelijk bijdroegen aan de waargenomen biologische activ-
iteit, wat voor het eerst wijst op de aanwezigheid van andere diverse en niet eerder
geidentificeerde EDCs in menselijk AF.

In hoofdstuk 3 werden verdere kwalitatieve en kwantitatieve analyses van bekende
enonbekende EDC’s in de niet-polaire AF fracties uitgevoerd met behulp van gerichte en
niet-gerichte gaschromatografie hoge-resolutie massaspectrometrie (GC-HRMS). De ger-
ichte analyse bracht 42 bekende niet-polaire EDC’s in AF aan het licht, waaronder diox-
inen en furanen, polybroomdifenylethers, pesticiden, polychloorbifenylen en polycyclis-
che aromatische koolwaterstoffen. Slechts een klein deel van de waargenomen DR-,
(anti-)AR- en (anti-)ER-activiteit werd verklaard door de gedetecteerde verbindingen,
zoals bepaald door hun relatieve potentiewaarden (REP). Verdere niet-gerichte analyse
bracht een veelheid van chemische kenmerken in de niet-polaire fracties aan het licht,
waarvan er meer dan drieduizend chemische stoffen voorlopig werden geidentificeerd
door middel van overeenkomende spectra, en verder werden onderzocht met behulp van
een batterij aan gecureerde en vrij beschikbare bronnen om hun endocriene activiteit te
voorspellen. In totaal werden 69 vermoedelijke nieuwe EDCs voorlopig geidentificeerd,
14 werden aangekocht ter bevestiging, waarvan er 12 biologisch actief waren en 9
chemisch werden bevestigd, waaronder nieuwe EDCs zoals de weekmaker difenylisofta-
laat en de industriéle chemische stof p,p’-ditolylamine. In deze studie konden we voor
het eerst een groot aantal bekende maar ook nieuwe EDCs in menselijk AF aantonen.

In hoofdstuk 4 werden MNPs bestudeerd als een nieuwe klasse van verontreinigende
stoffen die een nieuw probleem vormen voor de gezondheid van foetussen en moeders.
Hier werd de huidige stand van de wetenschap inzake MNP-onderzoek in de placenta
geévalueerd, werden de belangrijkste gebieden die nader onderzoek behoeven belicht
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en werden de beschikbare voor de mens relevante in vitro en ex vivo placentamodellen
gerecapituleerd. Hoewel het beperkte aantal tot dusver gepubliceerde in vitro studies
sterk doet vermoeden dat specifieke MNPs worden opgenomen en door de placentabar-
riere worden getransporteerd, en daardoor ook de placentafunctie kunnen beinvloeden,
zijn het transplacentale transport en de toxiciteit van het brede scala van MNPs waaraan
de mens wordt blootgesteld nog grotendeels onderbelicht. Verder onderzoek naar de
toxiciteit van MNPs in voor de mens relevante placentamodellen is dringend noodzake-
lijk. In hoofdstuk 4 worden geschikte modellen beschreven (bv. plasmamembraanblaas-
jes, mono- en co-cultuur van placentacellen, placenta-op-een-chip, darmweefselex-
planten en placentaperfusie) die nu kunnen worden gebruikt om de meest dringende
leemten in de kennis op te vullen, zoals fysiologische en pathologische verstoringen van
de placenta, met inbegrip van endocriene of immuungerelateerde effecten van deeltjes-
en chemische toxiciteit van milieurelevante MNPs.

In hoofdstuk 5 werden de in het vorige hoofdstuk gedefinieerde onderzoekshiaten
aangepakt door de opname, het transport en de toxiciteit van ongerepte en experimen-
teel verweerde polystyreen (PS) en hogedichtheidspolyethyleen (HDPE) MNPs te onder-
zoeken in menselijke niet-gesyncytialiseerde en gesyncytialiseerde BeWo b30 chorio-
carcinomacellen die representatief zijn voor respectievelijk placentale cytotrofoblasten
en syncytiotrofoblasten. Onze resultaten toonden een beperkte, grootte-afthankelijke
internalisatie en translocatie van ongerepte en verweerde MNPs in placentacellen aan.
Hoewel acute blootstelling de levensvatbaarheid van de cellen niet aantastte en geen
schade aan het plasmamembraan veroorzaakte, werden subtiele effecten op de expres-
sie van genen waargenomen die betrokken zijn bij steroidogenesemaar dit vonden we
alleen na blootstelling aan de ongerepte deeltjes. Een niet-gerichte chemische karakter-
isering van ongerepte en verweerde MNPs met behulp van LC-MS analyse liet composi-
tieverschillen zien na verwering van de deeltjes en toonde een significant hoger aantal
unieke kenmerken in ongerepte deeltjes in vergelijking met verweerde deeltjes. Deze
resultaten ondersteunen het belang om bij toxicologisch onderzoek met MNPs rekening
te houden met verweringsprocessen in het milieu. Diepgaander onderzoek is nodig om
de potentiéle gezondheidsrisico’s van MNPs en de daarmee geassocieerde chemische
stoffen in ecologisch relevante blootstellingsscenario’s beter te begrijpen.

Ten slotte worden in hoofdstuk 6 de belangrijkste bevindingen van dit proefschrift,
de algemene conclusies en het perspectief voor toekomstig onderzoek besproken. Kort
gezegd wordt de risicobeoordeling van EDCs en MNPs momenteel belemmerd door het
gebrek aan gegevens over directe blootstelling in utero. Bovendien worden de effecten
van deze opkomende stoffen op het functioneren van de placenta en de gezondheid van
de foetus zelden in acht genomen. De karakterisering van dergelijke blootstellingen is
een uitdaging, maar cruciaal voor ons begrip van het verband tussen prenatale blootstel-
ling en gezondheid op lange termijn. Het in dit proefschrift beschreven onderzoek draagt
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bij tot een uitgebreide karakterisering, en de omvang van de blootstelling in utero aan
deze opkomende stoffen zorgt voor toenemende bezorgheid over hun potentiéle gevaren.
Verdere beoordeling van de effecten van deze nieuwe verontreinigingen op zwanger-
schap en foetale ontwikkeling bij milieurelevante blootstellingsscenario’s is dringend
nodig om gezondheidsbeleid en mitigatiestrategieén te ondersteunen en de gezondheid
van toekomstige generaties te beschermen.
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