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Abstract
Exposure to contaminants via diet, air, drinking water and lifestyle is unavoidable and suspected
to harm human health. Contaminant exposure has been connected to cancer, infertility, metabolic
changes and fetotoxicity after in utero exposure. The placenta was previously thought to protect
the fetus from harmful agents, while more recent studies have shown, that practically all
pharmaceutical drugs and environmental contaminants cross the placenta.
In addition to passive transfer, there are active transport systems for the transport of
physiological and waste products across the cell membranes. Such membrane transporters include
the ATP-binding Cassette (ABC) and the Solute Carrier Transporter (SLC) protein families. They
are expressed in barrier tissues such as kidneys, intestine, blood-brain barrier and placenta. Some
of them are known to transport xenobiotics and in some cases act as a protective mechanism.
In this study, the kinetics of the environmental contaminants perfluoro octane sulfonic acid
(PFOS) and perfluoro octanoic acid (PFOA), and the food-borne carcinogen 2-Amino-1-methyl6-phenylimidazo[4,5-b]pyridine (PhIP) were studied in a human placental ex vivo perfusion
model. The effects of heavy metals MeHgCl, CdCl2 and PbCl2 on transporter protein expression
and their function were also studied. PFOS, PFOA and PhIP passed through the placenta in
placental perfusion, the transfer rate of PhIP being faster than that of PFOS and PFOA. The
concentrations of none of these compounds were equilibrated during the perfusion, and the
transporter proteins ABCG2 and OAT4 were found to decrease the transfer rate in placental
perfusion system. The effect was clearest in the placental kinetics of PhIP. When the activity of
ABCG2 was inhibited, the concentration in the fetal circulation increased to the same level as in
the maternal circulation during the perfusion. In addition, a high concentration of CdCl2 was
confirmed to decrease the function of the ABCG2 transporter in the uptake assay with BeWo
choriocarcinoma cells, similar to the ABCG2 inhibitor Fumitremorgin C, possibly leading to
increased transport of substrates through the placenta.
In conclusion, the placenta can be a target tissue for toxicity and both the expression levels and
function of the transporters may be affected. Toxic agents may interfere with the fetoprotective
function of the placental transporter proteins, leading to altered transport of physiological and
environmental substrates. This may lead to increased exposure to other contaminants.

Keywords: ABC transporters, environmental contaminants, fetal exposure, food
carcinogens, human placenta, organic anion transporters, pregnancy, SLC transporters
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Tiivistelmä
Ihmiset altistuvat väistämättä ympäristön haitallisille aineille ravinnon, hengitysilman ja elintapojen kautta. Ympäristön kemikaalien on huomattu olevan yhteydessä mm. syöpään, hedelmättömyyteen ja metabolisiin muutoksiin, mutta ne voivat aiheuttaa myös sikiön epämuodostumia
raskaudenaikaisen altistumisen seurauksena. Istukan luultiin pitkään suojaavan sikiötä vierasaineilta, mutta nykyisin tiedetään monien lääkkeiden ja vierasaineiden kykenevän kulkeutumaan
sen läpi.
Ihmisen solukalvoilla on kuljetusproteiineja, jotka välittävät niin fysiologisten aineiden, kuin
aineenvaihdunnan tuloksena syntyvien aineiden kuljetusta solukalvojen yli. Tällaisia kalvoproteiineja ovat mm. ATP Binding Cassette (ABC)- ja Solute Carrer Transporter (SLC) proteiiniperheet. Näitä proteiineja ilmentyy ihmisellä niin munuaisissa, suolistossa, aivoissa, kuin istukassakin. Joidenkin näistä proteiineista on osoitettu kuljettavan myös vierasaineita toimien joissakin
tapauksessa toksisilta aineilta suojaavana tekijänä.
Tässä väitöskirjassa tutkittiin ympäristöperäisten aineiden, perfluoro-oktaani sulfonihapon
(PFOS) ja perfluoro-oktaanihapon (PFOA), sekä ruoan karsinogeenin 2-Amino-1-methyyli-6fenylimidatso[4,5-b]pyridiinin (PhIP) kinetiikkaa ihmisen istukassa ex vivo. Soluviljelymalleissa tutkittiin lisäksi MeHgCl, CdCl2 ja PbCl2 vaikutusta kuljetusproteiinien ilmentymiseen sekä
toimintaan. PFOS, PFOA ja PhIP kulkeutuivat istukan läpi, ja näistä PhIP:n istukan läpäisevyys
oli nopeinta. Äidin ja sikiön nestekierroista mitatut pitoisuudet eivät täysin tasoittuneet ja istukan kuljetusproteiineilla todettiinkin olevan sikiön altistumista vähentävä rooli. Selkeimmin
tämä näkyi PhIP:n kinetiikassa. Kun istukkaperfuusiossa käytettiin istukan kuljetusproteiini
ABCG2:n estäjää, PhIP:n pitoisuudet sikiön- ja äidinpuoleisissa nestekierroissa pitoisuudet
tasoittuivat. Lisäksi CdCl2:n todettiin suurena pitoisuutena estävän ABCG2 kuljetusproteiinin
toimintaa BeWo istukkasyöpäsoluissa ja CdCl2 voisi siis tämän työn perusteella lisätä istukan
läpäisevyyttä myös muille toksisille aineille.
Ympäristöperäiset aineet voivat sikiötoksisuuden lisäksi vaikuttaa myös suoraan istukkaan.
Kuljetusproteiinien pitoisuudet voivat joko nousta tai laskea altistuksen seurauksena. Istukan
kuljetusproteiinien sikiötä suojaava vaikutus voi myös häiriintyä altistuttaessa samaan aikaan
useille ympäristön toksisille aineille.

Asiasanat: ABC-kuljetusproteiinit, ihmisen istukka, orgaanisten anionien transportterit,
raskaus, ruoan karsinogeenit, sikiön altistuminen, SLC kuljetusproteiinit,
ympäristökemikaalit

To Juha

8

Acknowledgements
This research was carried out in the University of Oulu, Faculty of Medicine,
Research Unit of Biomedicine, Pharmacology and Toxicology under the
supervision of Docent Päivi Myllynen, Professor Arja Rautio and Professor Kirsi
Vähäkangas. The work was carried out between 2006-2015, and the thesis itself
was on hold for the years of my dentistry studies. Being unable to practice clinical
work during the outbreak of COVID-19 pandemic, I decided to finish what I had
started years ago.
I am grateful for Päivi Myllynen for her inspiring guidance to the world of
research. You always make time for questions and discussion and your patience and
advice have been the power of our research group. I am thankful for your support
throughout the project. I thank Kirsi Vähäkangas for all the lessons in science. You
taught me the valuable skills in scientific writing. I admire your enthusiasm for
science. I thank Arja Rautio for the inspirational discussions and interesting
conference and course trips, especially the trips to Norway and Spain. I wish to
thank for Professor Mikko Niemi and Professor Kai Savolainen for the review of
my thesis and Dr. Deborah Kaska for the language review.
I wish to thank all my co-authors of the original publications and Marja Räinä,
Esa Kerttula, Ritva Tauriainen and Päivi Tyni among all the staff of Farmis for their
technical assistance. Special thanks to Esa for fixing the perfusion equipment after
tens of different cases of malfunction and Marja for daily maintenance of the
laboratory equipment. I am grateful for the nursing personnel of the maternity
wards and delivery rooms for their co-operation. Your help has been indispensable.
I want to thank Professor Hannu Kiviranta and Dr. Jani Koponen for collaboration
and for the analysis of PFAS from perfusion samples.
I wish my gratitude for the present and past heads of the Department of
Pharmacology and Biomedicine Professor Jukka Hakkola, Professor Emeritus
Heikki Ruskoaho and Professor Emeritus Olavi Pelkonen for providing the
environment and equipment for the research and Professor Risto Kerkelä, Professor
Jaana Rysä, Professor Miia Turpeinen and Dr. Pirkko Viitala, for your advice in
teaching and science. I wish my gratitude for Marja Arbelius, Kirsi Salo, Sirpa
Rutanen and Raija Hanni for keeping up the facilities and warm atmosphere at the
Department of Biomedicine.
I am grateful for all the people I got to know during my years at Farmis, special
thanks to Alicia Jurado Acosta, Fatemeh Hassani, Manar Elmadani, Laura Vainio,
Leena Kaikkonen, Annina Kelloniemi, Virpi Lämsä, Hanna Tuhkanen, Katri Wallin,
9

Jenni Peltonen, Alec Kor, Pauli Ohukainen, Teemu Kilpiö, Tarja Alakoski and all
the people I have spent time at work and after. I wish my gratitude for Elina Sieppi
for sharing the office, friendship, days of happiness and sorrow at Farmis and times
after. Mari Aatsinki, Larissa Tursas and Tiina Kantola, you have shared my path at
the university from the beginning and I enjoy the moments we spend together. I am
grateful to all my friends, especially Hanna Ruotsalainen, Anu Ojalehto, Elina
Niskanen, Mari Kumpumäki, Anne Miesperä, Krista and Markku Lehto and Miia
and Iiro Salonen for all your support and simply for being in my life. I wish to thank
all the personnel of my current workplace Mehiläinen Länsi-Pohja, Tornio dental
clinic for the support in the finalizing phase of this project.
I thank my sister Anna and brother Ilkka and their families for being part of my
life. I deeply thank my parents Pirkko and Pauli for your never-ending support for
whatever I decide to do. You have supported me in all the phases of my path of
education. I am grateful for everything. For the last I thank my beloved companion
Juha for your love and patience especially at the last phases of my writing process.
You keep my life balanced between work and freetime. Thank you for being in my
life.
This work has been financially supported by the Graduate school of Toxicology,
University of Oulu graduate school, EU-projects NewGeneris, ReProTect, ArcRisk,
University of Eastern Finland, School of Pharmacy/Toxicology, Orion Farmos
Research foundation, Finnish Pharmacological Society, Finnish Society of
Toxicology.
Oulu June 2021

10

Maria Kummu

Abbreviations
ABC
ABCB1
ABCB4
ABCC1
ABCC2
ABCG2
BBB
BCRP
AhR
ANOVA
CYP
DDT
DES
DON
ED
EDC
FBS
FASD
FOCs
FTC
GLUT1
HCA
hCG
hPL
HPLC
IUGR
LC–ESI-MS
/MS
MDR
MT
MRP1
MSD

Adenosine triphosphate –binding cassette
Adenosine triphosphate –binding cassette transporter B1
Adenosine triphosphate –binding cassette transporter B4
Adenosine triphosphate –binding cassette transporter C1
Adenosine triphosphate –binding cassette transporter C2
Adenosine triphosphate –binding cassette transporter G2
Blood-brain-barrier
Breast cancer resistance protein
Aryl hydrocarbon receptor
Analysis of variance
Cytochrome P450
Dichlorodiphenyltrichloroethane
Diethylstilbestrol
Deoxynivalenol
Endocrine disruption
Endocrine disruptive chemical
Fetal bovine serum
Fetal alcohol spectrum disorder
Fluorinated organic compounds
Fumitremorgin C
Glucose transporter 1
Heterocyclic amine
Human chorionic gonadotropin
Human placental lactogen
High performance liquid chromatography
Intra-uterine growth restriction

Liquid chromatography electrospray tandem mass
spectrometry
Multi-drug resistance
Metallothionein
Multi-drug resistance associated protein 1
Membrane spanning domain
11

MTT
NAT
Na+/K+/
ATPase
NBD
NSAID
OAT
PAGE
PAH
PCB
PFAA
PFAS
PFOS
PFOA
PhIP
ROS
POP
PPAR
PXR
SNP
SNV
SULT
TBS
TI
TMD
Tris
UGT

12

3-(4,5-Dimethyldiazol-2-yl)-2,5-diphenyltetrazolium
bromide
N-acetyltransferase
Sodium-potassium-adenosine diphosphatase
Nucleotide binding domain
Non-steroidal anti-inflammatory drug
Organic anion transporter
Polyacrylamide
Polycyclic aromatic hydrocarbon
Polychlorinated biphenyl
Perfluorinated alkyl acid
Perfluorinated alkyl substance
Perfluorooctane sulfonic acid
Perfluorooctanoic acid
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
Reactive oxygen species
Persistent organic pollutant
Peroxisome proliferator-activated receptor
Pregnane X receptor
Single nucleotide polymorphism
Single nucleotide variant
Sulfotransferase
Tris buffered saline
Transfer index
Transmembrane domain
2-amino-2-hydroxymethyl-propane-1,3-diol
Uridine 5'-diphospho-glucuronosyltransferase

List of original publications
This thesis is based on the following publications, which are referred throughout
the text by their Roman numerals:
I

Myllynen P, Kummu M, Kangas T, Ilves M, Immonen E, Rysä J, Pirilä R, Lastumäki
A & Vähäkangas KH (2008) ABCG2/BCRP decreases the transfer of a food-born
chemical carcinogen, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) in
perfused term human placenta Toxicol Appl Pharmacol 232(2)210-217 doi:
10.1016/j.taap.2008.07.006. Epub 2008 Jul 18.
II Kummu M, Sieppi E, Wallin K, Rautio A, Vähäkangas K & Myllynen P (2012)
Cadmium inhibits ABCG2 transporter function in BeWo choriocarcinoma cells and
MCF-7
cells
overexpressing
ABCG2.
Placenta
33(10)859-865.
doi:
10.1016/j.placenta.2012.07.017
III Kummu M, Sieppi E, Koponen J, Laatio L, Vähäkangas K, Kiviranta H, Rautio A &
Myllynen P (2015) Organic anion transporter 4 (OAT4) modifies placental transfer of
perfluorinated alkyl acids PFOS and PFOA in human placental ex vivo perfusion system.
Placenta. 2015 Oct;36(10):1185-91. doi: 10.1016/j.placenta.2015.07.119

13

14

Table of contents
Abstract
Tiivistelmä
Acknowledgements
9
Abbreviations
11
List of original publications
13
Table of contents
15
1 Introduction
17
2 Review of the literature
19
2.1 Environmental chemicals and human health .......................................... 19
2.1.1 Persistent organic pollutants ........................................................ 19
2.1.2 Toxic metals ................................................................................ 23
2.1.3 Food-borne carcinogens .............................................................. 27
2.2 Adverse effects of environmental contaminants during
pregnancy ............................................................................................... 29
2.2.1 Teratogenesis ................................................................................ 29
2.2.2 Endocrine disruption .................................................................... 31
2.2.3 Transplacental carcinogenesis ..................................................... 32
2.3 Human placenta in fetal exposure .......................................................... 33
2.3.1 Anatomical structure and function .............................................. 33
2.3.2 Xenobiotic metabolism in placenta .............................................. 35
2.3.3 Placental transfer .......................................................................... 36
2.4 Placental transporters relevant in toxicology .......................................... 37
2.4.1 ATP binding cassette (ABC) transporters ..................................... 39
2.4.2 Solute carrier transporter family (SLC) ........................................ 45
2.5 Experimental methods for placental kinetics and toxicity studies .......... 48
2.5.1 General aspects ............................................................................ 48
2.5.2 Ex vivo human placental perfusion ............................................... 49
2.5.3 Other in vitro methods .................................................................. 52
3 Aim of the study
55
4 Materials and methods
57
4.1 The selection of the study compounds (I-III) .......................................... 57
4.2 Ethical aspects (I-III) ............................................................................. 57
4.3 Cell culture (I-III) ................................................................................... 58
4.3.1 Cell lines (I,II) ............................................................................. 58
4.3.2 Inhibition assays (I, II) ................................................................ 59
15

4.4 Ex vivo human placental perfusion (I, III) .............................................. 62
4.4.1 Analysis of study compounds from perfusion samples
(I,III) ............................................................................................ 64
4.4.2 Analysis of antipyrine from perfusion samples (I, III) ................. 64
4.4.3 Placental viability (I, III) ............................................................. 65
4.5 Protein expression in placenta and cell lines (I-III) ................................ 65
4.6 mRNA expression in placenta end cell lines (I-III) ................................ 66
4.7 Calculations and statistical analyses (I-III) ............................................. 68
5 Results
69
5.1 Kinetics of toxic compounds in placental perfusion (I,III) .................... 69
5.2 Effects of chemicals on transporter expression in BeWo cells ............... 73
5.3 Effects of chemicals on ABCG2 transporter protein function in
BeWo and MCF-7 cells (I, II) ................................................................. 76
6 Discussion
79
7 Summary and conclusions
87
References
89
Original publications
123

16

1

Introduction

Humans are exposed to a large number of different chemicals during a lifetime.
While some of these chemicals are naturally present in the environment, people are
also exposed to harmful chemicals from anthropogenic sources in the air, drinking
water and diet. Lifestyle habits such as smoking significantly increase the exposure
to chemicals. Tobacco smoke contains several thousands of chemicals, of which at
least 60 are known to be human carcinogens (Shields, 2000; Talhout et al., 2011).
Humans may also be exposed to the same chemicals through multiple routes. For
instance, toxic metals are present in tobacco smoke, but people are also exposed to
them via their diet. Some harmful compounds tend to bioaccumulate in humans
since they are not easily excreted from the body and are retained in the tissues. The
levels of harmful compounds can be measured from plasma and tissue samples
(García-esquinas et al., 2013; Pérez et al., 2013).
The life of the human fetus is dependent on the functions of placenta, a
developmental organ which takes care of the functions of the lungs, liver and
kidneys for the fetus. Nowadays it is also known that many chemicals readily cross
the placental barrier, which may lead to adverse health effects. In the 1950s and
1960s thalidomide was used by pregnant women to relieve nausea and insomnia.
During that time about 10 000 babies were born with limb malformations caused
by the teratogenicity of thalidomide (Ito & Handa, 2012). Another example of a
harmful mixture for fetal development is tobacco smoke. Smoking during
pregnancy is common, and few a years back about 15% of pregnant mothers in
Finland smoked (Rumrich et al., 2019). Due to strong programs encouraging
pregnant women to quit, this has been reduced during the past years, being currently
around 11% (thl.fi).
The developmental origin of health and disease (DOHaD) is a commonly
agreed concept (Rumrich, Vähäkangas, Viluksela, & Hänninen, 2020). Many
diseases are suspected to have a fetal origin. For instance, cancer is a multi-phase
disease with a long latency, and the initiation may have occurred already during the
fetal period of life. In addition to cancer, there are many metabolic diseases that are
suspected to be related to contaminant exposure during fetal development. Due to
the high rate of cell division and apoptosis, extensive cell migration and deficient
defense mechanisms, the human fetus is at risk for adverse effects. In addition,
genetic susceptibility is dependent on interindividual variation in absorption,
distribution, metabolism and excretion of toxic compounds. This leads to variance
17

in susceptibility to toxic effects of toxic environmental chemicals (Andersen et al.,
2009; Barrett, 2016; Sharma et al., 2012).
Studying the adverse effects of xenobiotics on the human fetus is challenging.
The data have been gathered after accidental exposures or exposure to
pharmaceutical drugs essential for mother’s health (Papadopoulou et al., 2019; Soo,
Wiese, Berry, & Morrison, 2018). Epidemiological data have been gathered to
study the exposure, e.g., for environmental contaminants in the population. The
human placental perfusion method is a unique possibility to use human tissue,
without risk for the mother or fetus. In vitro cell culture and ex vivo placental
perfusion studies give valuable information about the placental kinetics and
mechanisms after the exposure of a mother (Fry, Bangma, Szilagyi, & Rager, 2019;
Myren, Mose, Mathiesen, & Knudsen, 2007). The human placenta is anatomically
unique and animal studies cannot fully replace the human placental perfusion
method (Schmidt, Morales-Prieto, Pastuschek, Fröhlich, & Markert, 2015).
Placental transporter proteins have physiological functions, but they are also
known to transport xenobiotics across placental membranes. Among the membrane
transporters the ATP binding cassette (ABC) and the Solute Carrier Transporter
(SLC) families were investigated in this thesis. These proteins are expressed in the
barrier tissues such as kidneys, intestine, brain and placenta. Some of these
transporter proteins are known to transport xenobiotics and in some cases act as a
protective mechanism. In fact, some placental transporter proteins are confirmed to
play a role in fetal exposure as defense mechanisms (Iqbal, Audette, Petropoulos,
Gibb, & Matthews, 2012).
The scope of this thesis was to study the kinetics of the food carcinogen 2Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) and the common
environmental contaminants perfluoro octane sulfonic acid (PFOS) and perfluoro
octanoic acid (PFOA) in human placental perfusion, and the role of placental
transporters in their kinetics. Placental transporters as the target for adverse effects
were studied in placental and breast carcinoma cell lines.
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2

Review of the literature

2.1

Environmental chemicals and human health

Diet and other life-style related factors have a large impact on our health.
Environmental chemicals, such as toxic metals in the environment can be naturally
present. Another example of naturally occurring groups are mycotoxins from the
mold contaminated food (Wu, Groopman, & Pestka, 2014). In addition to naturally
toxic compounds and contaminants the diet contains toxins formed during cooking
processes. Other lifestyle-related sources of chemical exposure are smoking,
alcohol and illegal drug consumption. For smokers, tobacco smoke containing
thousands of chemicals including carcinogens is one of the most significant sources
of xenobiotics (Briggs, 2003; Chiba & Masironi, 1992; Hecht, 2004).
All in all, people are exposed to a complex cocktail of toxic compounds.
Human and other top predators are in danger of high exposure because of the high
bioaccumulation rate and long lifetime (Butt, Berger, Bossi, & Tomy, 2010; Hansen,
2000; Sonne, 2010). To reveal the effect of a single chemical is challenging or even
impossible to study in epidemiological studies (Abass et al., 2018; Abass, Huusko,
Nieminen, & Myllynen, 2013). Traces of numerous pollutants are found in human
blood, and they are suspected to cause many health effects, if not alone, at least via
additive or synergistic effects after exposure to several compounds simultaneously.
As a result, the health effect of a single compound may be more significant (Meek
et al., 2011).
2.1.1 Persistent organic pollutants
Persistent organic pollutants (POPs) are man-made chemicals that usually contain
a hydrocarbon backbone with different substituents to create a highly persistent
structure. They have been and still are produced for various purposes in consumer
products and industry, where a highly resistant structure is needed. They are widely
used, e.g., as lubricants, hydraulic fluids, oil and stain resistant covers. They are
even used in cookwear in non-stick coverings and the cover of food packages for
fat resistance (El-Shahawi, Hamza, Bashammakh, & Al-Saggaf, 2010).
Unfortunately, POPs are known to be highly toxic, resistant to degradation and
bioaccumulative in the environment. Their breakdown processes are very slow, and
they are not easily biodegraded through chemical, biological or photolytic routes.
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Therefore, their elimination half-life in nature and various organisms is very long.
POPs tend to bioaccumulate in organisms, especially the marine food web and
biomagnification results in high levels in top predator species. POPs tend to be
transported long distances through ocean currents and evaporation. People are
exposed to POPs mostly via diet and drinking water (Hung et al., 2016). Due to
their resistant nature POPs have been found in the environment and human blood
serum decades after the production ended. Also, some new compounds developed
to replace POPs, have turned out to also have harmful properties (El-Shahawi et al.,
2010). DDT and PCBs are classical examples of POPs. In Europe, the use of DDT,
PCBs and several other compounds has been banned by international agreements,
e.g., by the Stockholm convention, and their concentrations in humans and in nature
have been decreasing since (Abass, Emelyanova, & Rautio, 2018; Abass et al.,
2013; Murtomaa-Hautala, Viluksela, Ruokojärvi, & Rautio, 2015).
Perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA)
Fluorinated alkyl compounds (FOCs) and perfluorinated alkyl acids (PFAAs) are a
new group of emerging contaminants found in the environment in the 21st century
(Giesy & Kannan, 2001; Kissa, 2001; Lau et al., 2007; Post, Cohn, & Cooper, 2012;
Winkens, Vestergren, Berger, & Cousins, 2017). The wide use of these compounds
in industry is due to their useful chemical properties. The C-F bond is very resistant
to degradation (Figure 1) (Giesy & Kannan, 2001; Haug et al., 2010; Schulz, Silva,
& Klaper, 2020; Sunderland et al., 2019). Unfortunately, their resistance causes
them to also remain in the environment (Table I). Although, they have been used
for over 50 years, but their bioaccumulative properties were found as late as in the
beginning of 2000s (AMAP, 2015; Buck et al., 2011; Butt, Berger, Bossi, & Tomy,
2010; Giesy & Kannan, 2001). Previously, they have received less attention than
polychlorinated and polybrominated compounds although they are found in
measurable concentrations in fish, birds and marine mammals (Giesy & Kannan,
2001; Haug et al., 2010; Schulz et al., 2020; Sunderland et al., 2019).
PFOS and PFOA are perfluorinated alkyl acids (PFAA) and breakdown
products of longer chain perfluorinated hydrocarbons. They can be released from
perfluorinated alkylated substances (PFAS) by microbial and metabolic
degradation (Post et al., 2012; Schulz et al., 2020; Tsuda, 2016).
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Fig. 1. Structures and chemical characteristics of PFOS (A) and PFOA (B).

The production of PFOS has been banned in the EU in 2006 in the European
parliament (POP-statement N:o 850/2004), but it can be imported to the EU in the
products from other parts of the world. Environmental concentrations are
decreasing due to phasing out of their use by one large producer Minnesota Mining
and Manufacturing Company (3M)(Alexander & Olsen, 2007; EEPA, 2000).
As other POPs, PFAS are found far away from emission sites. The main sources
of PFAS exposure are via polluted drinking water supplies and a marine diet (Olsen,
Butenhoff, & Zobel, 2009; Sunderland et al., 2019). At the risk for high exposure
are chemical plant workers; similarly, people living near chemical plants are at the
risk of increased intake because of the environmental pollution and contamination
of drinking water supplies. Near the PFOS production plants, the serum PFOS
levels are higher than in the population generally. One of such areas is the MidOhio Valley in West Virginia, USA, where the DuPont chemical factory is situated
(Barry, Winquist, & Steenland, 2013). PFASs have been used in the treatment of
furniture and textile to make them fire and stain resistant. Therefore indoor dust
can represent a moderate source for exposure through ingestion and inhalation by
both children and adults (D’Hollander et al., 2010; Kato, Calafat, & Needham, 2009;
Kubwabo, Stewart, Zhu, & Marro, 2005; Shoeib, Harner, Webster, & Le, 2007).
Because of the continuous exposure and accumulative properties, PFAS are
retained in the human body (Jian et al., 2018; Pérez et al., 2013; Post et al., 2012).
PFOA has been classified as possibly carcinogenic to humans (Group 2B) by the
International Agency for Research on Cancer (IARC). No IARC evaluation is
available for PFOS.
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Table 1. Characteristics of PFOS and PFOA.
Characteristics

PFOS

PFOA

Industrial

Stain, oil and water repellent

Fluoropolymers such as

Reference
Post et al., 2012,

applications

coating (Scotchgard)

Teflon® and C8

Jensen & Leffers, 2008

refrigerants, surfactants and

Stain and water

polymers, additives in

repellents (Gore-Tex),

pharmaceuticals, flame

Floor waxes, insulators,

retardants, lubricants, adhesives, fire-fighting foams
cosmetics, paper coatings,
insecticides

Sources of

Production plants, airports,

Production plants,

emission

dumpsites, furniture

Airports

Human exposure Meat, dairy products, marine diet, Meat, dairy products,
indoor dust

Johansson et al., 2008
Viberg & Eriksson, 2011

marine diet, polluted
drinking water
Midasch, et al, 2007

Distribution in

Whole blood, plasma, liver,

Whole blood, plasma,

human

seminal fluid, breast milk,

liver, seminal fluid, breast Jensen et al., 2012

umbilical cord blood, amniotic

milk, umbilical cord

fluid

blood, amniotic fluid

Toxicokinetics in

Protein binding,

Protein binding,

human

Liver and kidney accumulation

Liver and kidney

Adverse effects

Liver damage, Possibly male

Viberg & Eriksson, 2011
Viberg & Eriksson, 2011

accumulation
Possibly carcinogenic

Raymer et al., 2012
Tsuda, 2016

in animal studies: reproductive dysfunction,

Barry et al., 2013

Disruption of intercellular

Hu et al., 2003

communication
Endocrine disruption,

Alexander & Olsen,

in epidemiological testicular cancer,

high exposure: bladder,

2007

studies

endocrine disruption

testicular and kidney

Barry et al., 2013

immunosuppression

cancer, Immunotoxicity

Knutsen et al., 2018

lipid metabolism interference

lipid metabolism

Fenton et al., 2020

Adverse effects

Association with liver and

interference
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2.1.2 Toxic metals
Cadmium
Cadmium is present in soil and it is released both naturally in the weathering of
bedrock and due to mining. It does not occur alone but is found together with zinc
and as a by-product of copper. Cadmium can be present as a contaminant in
fertilizers containing zinc. It is also used in many industrial applications (Table 2),
and poor recycling of cadmium products may lead to environmental emissions
(Haddam et al., 2011). Released cadmium is adsorbed in dust particles and spread
to the environment as dry or wet contamination.
In soil, many vegetables and tobacco plant take up cadmium from soil much
more efficiently than other heavy metals (Thompson & Bannigan, 2008). Cadmium
which is efficiently absorbed from soil by the tobacco plant is then transported to
the organs of smokers via inhalation and absorption in the lungs (Thompson &
Bannigan, 2008). In nonsmokers, the diet is the main source of cadmium exposure,
while in smokers it is tobacco smoke (Abass et al., 2017; Hansen et al., 2017). Also
passive smoking can increase cadmium levels in the body (Järup, 2003; Järup &
Åkesson, 2009; Jung et al., 2015). Rice is a significant source for cadmium intake
at least in developing countries, where water contaminated by cadmium due to, e.g.,
zinc mining activity, has been used in the rice fields. In addition, high occupational
cadmium exposure occurs in the metal refinery industry (Haddam et al., 2011).
In the human body, cadmium is efficiently absorbed from lung alveoli and from
the gastrointestinal tract. Acute toxicity targets kidneys, lungs and bones, as a result
of high exposure in industry or highly polluted areas. The mechanisms of cadmium
toxicity are not well known, but they possibly involve oxidative stress, binding to
thiol groups of proteins and replacement of essential minerals such as calcium and
zinc in biochemical processes. Cadmium is carcinogenic, and in addition to
genotoxicity via reactive oxygen species (ROS) production, it also inhibits
mismatch repair of DNA (Joseph, 2009; Liu, Qu, & Kadiiska, 2009).
Metallothioneins (MTs) are cysteine rich proteins that bind essential trace
metals such as zinc, and their main function is suspected to be the storage of
essential metals in tissues. They can also store cadmium which leads to zinc
depletion and accumulation of cadmium in organs. Metallothioneins (MT) are
involved in zinc supply in muscles, internal organs and placenta. Cadmium can
replace zinc in MT and thus is more efficiently accumulated to tissues with high
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MT expression. On the other hand, MTs may also protect the tissues from cadmium
toxicity (Klaassen, Liu, & Diwan, 2009).
Decreased fertility can occur as a consequence direct toxicity of cadmium to
the reproductive organs. Lead and cadmium are toxic to rat ovaries (Nampoothiri
& Gupta, 2006). In male mice, cadmium reduces testicular functions and sperm
production because of the chemical similarity between zinc and cadmium (Abdella,
Elabed, Bakhiet, Gadir, 2011; Chmielowska-bąk, Izbiańska, & Deckert, 2013).
Zinc is known to be important in sperm production and because of the chemical
similarity, may be replaced by cadmium (Yamaguchi et al., 2009).
During fetal development, cadmium can interfere with implantation,
embryogenesis, placentation, and functions of the placenta during pregnancy (AlSaleh, Shinwari, Mashhour, Mohamed, & Rabah, 2011; Thompson & Bannigan,
2008). The placenta acts as a partial barrier for cadmium transfer and the cord blood
concentration of cadmium is only about 10% of the cadmium concentration in the
maternal circulation (Espart, Artime, Tort-Nasarre, & Yara-Varón, 2018; Iyengar &
Rapp, 2001). Placental toxicity, on the other hand, is suspected to play a major role
in fetal adverse effects in smokers as a result of high cadmium exposure. Placental
micronutrient transport may be interfered with by cadmium (Piasek, Blanus,
Kostial, & Laskey, 2001).
Lead
The main source of environmental lead contamination used to be leaded gasoline,
but after of the use of lead as a gasoline additive was phased out in the 1990s,
environmental and human blood levels of lead have decreased significantly (Levin
et al., 2010). Currently, in the general population in Europe, the main source for
lead intake is diet (EFSA, 2012). In addition, smoking is another significant source
(Richter, Bishop, Wang, & Kaufmann, 2013). In adults, occupational exposure can
constitute a significant source for lead exposure (Wani, Ara, & Usmani, 2015).
(Table 2).
Lead is distributed throughout the body and accumulates in the skeleton
because of the chemical similarities with calcium (Wani et al., 2015). The toxic
effects of lead are due to replacement of calcium by lead in bones and in Ca2+
signalling, and the production of reactive oxygen and nitrogen species. Lead is a
neurotoxic heavy metal, and its adverse effects are the worst during the
developmental period of life. Maternal bone demineralization during pregnancy is
overall low, but mobilization of lead from bone structure may be higher in pregnant
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women (Gulson et al., 1997). During lactation, lead is excreted into breast milk
(Dorea & Donangelo, 2006).
In addition to endogenous release of lead bound to bones, also exogenous
exposure to lead may affect the fetus. Lead crosses the placenta and exposure
during pregnancy can lead to neural anomalies and also cause miscarriages
(Rahman, Kumarathasan, & Gomes, 2016). This is why the exposure levels of
women of childbearing age are of concern (AMAP, 2015).
Mercury and methylmercury
Mercury emissions in the nature occur usually via mining and other industries, but
mercury is also released by volcanic activity and coal burning. In industry, mercury
has had many applications (Table 2) (Abass et al., 2018; Al-saleh et al., 2011;
Bjørklund, Dadar, Mutter, & Aaseth, 2017). Mercury occurs in the nature in three
different forms: metallic, organic and inorganic. The sources for inorganic mercury
are amalgam dental fillings, cigarette smoke and skin lightening creams used in
Arabic countries (Al-Saleh et al., 2011; Syversen & Kaur, 2012). Mercury in all its
forms is neurotoxic, affecting both peripheral and central nervous systems during
development but also postnatally. In adults this metal adversely affects cognitive
and motor functions and it also affects the digestive and immune systems
(Nieminen, Abass, Vähäkangas, & Rautio, 2015). Mercury consumes glutathione
and has a high affinity for sulfhydryl groups in proteins, especially the amino acid
cysteine. The toxic actions of mercury may be due to oxidative stress via production
of ROS. In the human body, mercury is retained in liver, kidneys and to some extent,
the central nervous system (Syversen & Kaur, 2012).
Mercurial contamination of the water can lead to the formation of microbially
methylated or ethylated, extremely toxic compounds in the bottom sludge. A wellknown environmental disaster involving methylmercury was industrial
contamination of the Minamata Bay in Japan between 1933 and the 1960s (Roegge
& Schantz, 2006).
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batteries, insulations, as ingredient in

dental amalgam fillings

Toxicity

Tissue accumulation

Human exposure

Sources of emission

Previously leaded gasoline and paints,

Gold mining,

Industrial applications

metal plating,

Ni-Cd batteries,

Anionic

Cadmium

Neurotoxic (especially developmental),
possibly carcinogenic

Neurotoxic, teratogenic,

bones

peripheral nerves, fetus, blood cells

MeHg possibly carcinogenic in humans

Central nervous system, red blood cells,

Central nervous system, kidneys, liver

carcinogenic, kidneys and liver

Teratogenic, genotoxic and

placenta

Liver and kidney, bones, muscles,

Smoking, rice, internal organs,
occupational exposure

fertilizers, tobacco smoke

Mining, bedrock weathering,

dental fillings, skin lightening creams

renovation, previously leaded gasoline

bedrock weathering, mining

Marine diet, Occupational exposure, Amalgam diet, smoking, occupational exposure

Mining and industry, old paints in house

Volcanic activity, coal burning,

protection in health care

metal alloy, shotgun bullets and irradiation paints

Inorganic anions, organic

Metallic, organic, inorganic

Forms in the environment

Lead

Mercury

Characteristics

2009; Syversen & Kaur, 2012; Bjørklund et al., 2017; Wani et al., 2015)

Table 2. Comparison of the toxicologically most important environmental heavy metals (Al-Saleh et al., 2011; Järup & Åkesson,

The organic group on mercury increases its lipid solubility, leading to easier
absorption and accumulation in the body. Carnivorous fish can contain high levels
of mercury (AMAP, 2015). Fish is the main source for the overall methylmercury
exposure, but increased use of fish in the diet of farm animals has led to alternative
sources of mercury exposure. Thus milk, eggs and meat products can be sources of
mercury exposure (Dorea & Donangelo, 2006). Babies are exposed to mercury via
breast milk. However, it is not reasonable to avoid breastfeeding because of the
contaminants, because milk formulas for babies can also contain contaminants and
mother`s milk is essential as a nutrient with, e.g., antibodies (Dorea & Donangelo,
2006).
Both organic and inorganic forms of mercury readily cross the placenta.
Methylmercury is found in cord blood in higher concentrations than maternal blood,
which indicates active transport of methylmercury through the placenta. On the
contrary, inorganic mercury is mostly accumulated in placental tissue (Gundacker,
Gencik, & Hengstschläger, 2010)
2.1.3 Food-borne carcinogens
In addition to environmental contamination, toxic compounds can appear in the
human diet due to cooking or preservation processes. As a result of poor storage
conditions dietary products can be contaminated with mycotoxins. Aflatoxin
producing mold can contaminate grain and nuts when stored in hot and humid
conditions. Aflatoxins are produced in grain by the mold Aspergillus flavus and
they are among the most carcinogenic compounds known. Aflatoxins are the main
cause of liver cancer in developing countries where storage conditions of food can
be quite poor (Wu et al., 2014). Polycyclic aromatic hydrocarbons (PAH) are found
in smoked and fried food. They are produced by incomplete combustion of organic
compounds in high temperatures and are present in all smoke, including cigarette
smoke. Acrylamide is created from carbohydrates in the frying process in high
temperatures (Pedreschi, 2013).
Heterocyclic amines (HCAs) are produced from creatine, creatinine, amino
acids and sugars during the heating by the Maillard reaction (Sugimura,
Wakabayashi, Nakagama, & Nagao, 2004). Cooking and grilling meat, chicken,
fish and other protein containing food in high temperatures produce HCAs in food.
A western diet, and especially meat consumption is linked with higher cancer
incidence than an oriental diet (Bouvard et al., 2015). Based on epidemiological
and animal studies, at least breast, prostate, colon, and stomach cancers are
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suspected to be related to HCA exposure. In the etiology of human colorectal and
breast cancers, the consumption of fried meat is suspected to play a role (Sugimura
et al., 2004; Wogan, Hecht, Felton, Conney, & Loeb, 2004). This is probably partly
due to the carcinogenic side products of the cooking process (for a review see
Alaejos, González, & Afonso, 2008). In 2015 IARC classified processed meat
products as class 1 human carcinogens (IARC, 2015). The intake of HCAs in meat
products cooked in high temperatures is the most significant source of exposure,
but also tobacco smoke is a significant source for HCAs (Nöthlings et al., 2009).
PhIP
The major HCA in the western diet is PhIP (2-amino-1-methyl-6-phenylimidazo(4,5-β)pyridine, Figure 2). The research has been mainly focused on PhIP
even though there are known to be at least 16 different HCAs in the diet that are
harmful for humans (Sugimura et al., 2004). Also tobacco smoke contains
considerable amounts of PhIP and other HCAs (Fu et al., 2014; Konorev et al.,
2016). PhIP is absorbed from the intestine and metabolized in the liver and other
tissues. It is present in measurable concentrations in human serum (Nöthlings et al.,
2009). Because of the continuous exposure, PhIP is constantly present in the human
body. In the rats, the offspring has developed mammary tumors and premalignant
prostate and colon lesions after transplacental or lactational exposure to PhIP
(Hasegawa et al., 1995; Ikeda et al., 2005).

Fig. 2. Chemical properties of PhIP.

In humans, PhIP is carcinogenic only after metabolic activation to N-OH-PhIP.
Thus, it is a procarcinogen. Cytochrome P450 metabolic enzymes in liver, placenta
and other tissues can activate PhIP to its carcinogenic form. At least CYP1A2
produces N-OH-PhIP that can form DNA adducts and interfere with DNA
replication and repair. N-acetyl transferases (NAT) can transform hydroxylated
PhIP metabolites to an even more active form (Stillwell, Sinha, & Tannenbaum,
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2002). The final detoxication leads to N2-glucuronide and sulfamate derivatives
(Stillwell et al., 2002). Glucuronidation occurs by UDG-glucuronosyltransferases
(UGT) and it is the main detoxifying Phase II enzyme in PhIP metabolism. PhIP
metabolites are excreted through the kidneys to the urine and partly also to feces
in bile acids (Herwaarden et al., 2003; Stillwell, Kidd, Wishnok, Tannenbaum, &
Sinha, 1997).
2.2

Adverse effects of environmental contaminants during
pregnancy

2.2.1 Teratogenesis
Congenital malformations can be either spontaneous, genetic or due to in utero
exposure to teratogens. Some infections, such as rubella and Zika viruses during
pregnancy can cause malformations (Lopez et al., 2016; Vouga & Baud, 2016). The
human fetus is more vulnerable to toxicity because of the high rate of cell division,
apoptosis and DNA replication, and immature defense mechanisms. The risk for
teratogenesis depends on the toxicity and dose of the chemical as well as the stage
of organogenesis at the time of exposure. The 1st trimester presents the most
vulnerable phase in the development (Brent, 2001; WHO, 2012).
In addition to environmental pollution, medication and life-style related
exposures may be an issue from the developmental point of view. A well-known
tragic example of a drug-inducing congenital malformations is thalidomide (Ito &
Handa, 2012; Vargesson, 2015). Maternal alcohol consumption during pregnancy
may lead to fetal alcohol spectrum disorders (FASD) (Chastain & Sarkar, 2017).
Prenatal exposure to tobacco smoke has also been connected with congenital
malformations (Martelli et al., 2015; Nicoletti et al., 2014).
Many environmental chemicals have teratogenic properties. The heavy metals
lead, cadmium and methylmercury are known developmental toxicants in humans
and laboratory animals (Espart et al., 2018; Fox, Grandjean, de Groot, & Paule,
2012; Roy, Dewolf, & Carneiro, 2015; Yassa, 2014; Young & Cai, 2020). In utero
exposure to lead and cadmium can lead to insufficient central and peripheral
nervous system development (Huel, Tubert, Frery, Moreau, & Dreyfus, 1992). In
laboratory animals, cadmium may affect limb development (Alexander, Clark, &
Tuan, 2016). Neural tube defects are associated with the exposure to mercury
(Brender et al., 2006). In addition, it has been reported that prenatal exposure to
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lead and cadmium is associated with reduced births weight, birth length and head
circumference (Gundacker & Hengstschläger, 2012). PFOS may adversely affect
neurobehavioral functions in mice (Lau, 2004). PFOS has also been reported to
interfere with cardiogenesis in vitro in mouse embryonic stem cells (Cheng, Yu,
Feng, & Wang, 2013).

Fig. 3. Mechanisms for developmental origin of disease (Based on Padmanabhan et al.,
2016).
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2.2.2 Endocrine disruption
Endocrine-disrupting chemicals (EDCs) are exogenous substances that can
interfere with hormonal functions of the hypothalamic-pituitary-endocrine organ –
loop resulting in disturbances in metabolic and reproductive functions (For a
review see e.g. Lauretta, Sansone, Sansone, Romanelli, & Appetecchia, 2019).
They may interfere with hormone biosynthesis, release, metabolism, action or
elimination and consequently cause disturbances in the endocrine system. They can
mimic the actions of nuclear receptor ligands, e.g. estrogens leading to interference
in signaling (Grimaldi et al., 2015). Endocrine disruption through steroid receptor
antagonism or agonism may influence development to promote adult-onset disease
(Anna, Milewicz, & Gregoraszczuk, 2007). Poor nutrition and exposure to EDCs
can cause permanent harm for the fetus for a lifetime via epigenetic changes in the
gene expression called fetal programming (McLachlan, 2016). It suggests
adaptation of fetal endocrine systems to, e.g., the nutritional environment (Figure
3). Chemicals with estrogen-mimicking properties are called xenoestrogens, which
can alter the hormonal homeostasis of the reproductive systems in both sexes
(Dankers et al., 2013; WHO, 2012).
Cadmium, lead and mercury are classified as teratogens and reproductive
toxicants and endocrine disruptors (AMAP, 2015). In epidemiological studies,
PFOS and PFOA are also suspected to have adverse effects on reproductive health
(Fernandez et al., 2007; Jensen & Leffers, 2008; Joensen et al., 2013; Raymer et
al., 2012; White, Fenton, & Hines, 2011). In cohort studies, there has been a
negative correlation between exposure of a male fetus to PFOS and reproductive
hormone levels, disrupting the male reproductive system. In the study by Vagi and
coworkers (2014), exposure to PFOS and PFOA was higher among women with
polycystic ovary syndrome than among other women being one cause for decreased
fertility. Cadmium has endocrine disruptive effects and it is a metallohormone
which is acting through direct estrogen receptor activation (Ali, Penttinendamdimopoulou, Mäkelä, Berglund, & Stenius, 2010).
PFOS and PFOA concentrations in human serum samples have been
negatively associated with thyroid hormone levels in several birth cohort studies
(Ballesteros et al., 2017; Bloom et al., 2010; Melzer, Rice, Depledge, Henley, &
Galloway, 2010). In cohort studies, both PFOS and PFOA have changed thyroid
stimulating hormone and thyroid hormone levels after prenatal exposure (Blake &
Fenton, 2020; Melzer et al., 2010). EDCs can affect the thyroid hormone driven
systems in the human body and interfere with sugar and lipid metabolism (Janesick
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& Blumberg, 2016). Also in utero exposure to PFAS is connected to low birth
weight (for review see e.g. Negri et al., 2017),
2.2.3 Transplacental carcinogenesis
It has now been known for some time that cancer can have its origin already in the
fetal period of life (Eriksson, 2016; Fucic, Guszak, & Mantovani, 2017; HilakiviClarke & de Assis, 2006). There is a peak in cancer incidence during the first five
years of life. It indicates fetal exposure and inherited susceptibility to cancer as
causes (Autrup, 1993; Fucic et al., 2017; Semi, Matsuda, Ohnishi, & Yamada,
2013).
Carcinogenesis is a multi-stage process with a long latency. Cancer develops
slowly for years or decades and involves the accumulation of genetic alterations of
tumor suppressor or proto-oncogenes. As a process, carcinogenesis can be divided
into three stages: initiation, promotion and progression. Direct changes of genetic
material (genotoxic mechanism) and alterations in the balance of gene expression
(non-genotoxic mechanism) are involved. Epigenetic mechanisms lead to
alterations in gene expression levels, including histone acetylation and GC-islet
methylations of DNA. Inheritable epigenetic changes can lead to acquired
characteristics in the next generations (Semi et al., 2013).
There is evidence from animal, human and in vitro studies, that carcinogens
can pass through the placenta (Miller, 2004). Exposure of the mother to carcinogens,
may thus lead also to fetal exposure and it may lead to cancer initiation in utero or
increased susceptibility to cancer. In rats, the heterocyclic amine PhIP can induce
mammary carcinoma after transplacental exposure (Hasegawa et al., 1995; Jonker
et al., 2005). PFOS and PFOA exposure was a risk factor for breast cancer in
humans in an epidemiological study by Bonefeld-Jorgensen and coworkers (2011).
In humans, carcinogens that are known to cause cancer in offspring after in
utero exposure are ionizing irradiation, diethylstilbestrol (DES) and arsenic. DES
is a synthetic estrogen which was used to prevent miscarriage. The first case reports
and later epidemiological studies confirmed it to cause gynecological cancers in
offspring many generations forward. Teratogenesis and carcinogenesis also
affected males: DES has been connected to testicular germ cell tumors,
cryptorchidism and hypospadias (Fucic et al., 2017; Hilakivi-Clarke & de Assis,
2006; Hom et al., 2019). In addition, transplacental exposure to DES increases the
risk for breast cancer (Hilakivi-Clarke & de Assis, 2006; Soto, Vandenberg, Maffini,
& Sonnenschein, 2010). Arsenic passes the placenta, and can be also accumulated
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in the placental tissue, but arsenic is also a known transplacental carcinogen in
humans (Bailey & Fry, 2014; Vahter, 2009).
2.3

Human placenta in fetal exposure

2.3.1 Anatomical structure and function
The placenta is a reproductive organ that connects the mother and the developing
fetus in mammals. The human hemochorial placenta is formed mainly from tissue
of fetal origin in the convergence of the embryo and uterine wall. The development
of the placenta begins when the blastocyst is embedded to uterine endometrium
within a week post-conception (Chaddha, Viero, Huppertz, & Kingdom, 2004;
Huppertz, 2008). The fetal side of the placenta is formed from extra embryonal
cells of the blastocyst. Fetal-placental circulation can be observed at the 5th week
after conception, but the placental development continues until the 3rd trimester of
pregnancy (Benirschke, Graham, & Rebecca, 2006; Ronco, Arguello, Suazo, &
Llanos, 2005; Syme, Paxton, & Keelan, 2004). The feto-placental-maternal
circulation is fully established around 10 to 12 weeks of pregnancy (Gude, Roberts,
Kalionis, & King, 2004).
The placenta (Figure 4a), and umbilical cord connect the fetus to the mother.
At term a human placenta is discoidal in shape, usually around 500-600 g in weight
and about 25 cm in diameter. The umbilical cord is placed in an eccentric position
on the chorionic plate. In the maternal side of the term placenta, around 10-40
cotyledons, areas separated by placental septa, can be seen. The umbilical vein and
two arteries branch off to the chorionic vessels on top of the chorionic plate.
Eventually they form the capillaries in the villous trees of the fetal side circulation
of the human placenta between the fetal chorionic plate and the maternal basal plate
(Figure 4). Some anchoring villi are attached to the maternal side of the placenta,
basal plate. Cotyledons are defined as vascular units of the placenta. Umbilical
arteries transfer blood low in oxygen and high in waste products towards the
placenta and the vein transports the oxygen and nutrients to the fetus (Gude et al.,
2004; Huppertz, 2008; Syme et al., 2004).
Maternal blood enters the placenta through the uterine wall and basal plate
through decidual spiral arteries that flush the villi in each cotyledon. Thus, fetal and
maternal blood are not mixed in the placenta, but the exchange of compounds
occurs through a placental barrier. Cytotrophoblasts form a continuous layer under
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the syncytial layer in the early phases of pregnancy, but by the 3rd trimester there
are only isolated cytotrophoblasts left. Cytotrophoblasts proliferate, differentiate
and fuse to form the syncytiotrophoblast. At the latest stage of pregnancy, maternal
and fetal circulations are only separated by two cell layers in the terminal villi; fetal
capillary endothelium and multinucleated syncytiotrophoblast monolayer (Figure
4) (Gude et al., 2004; Huppertz, 2008; Syme et al., 2004). Substances between the
maternal and fetal circulation are transferred through these two cell layers (Myren,
Mose, Mathiesen, & Knudsen, 2007; Syme et al., 2004).

Fig. 4. Schematic presentation of anatomical structures of human placenta (A) and
cross-sectional figure of the villous structure (B). The cell layers between maternal and
fetal circulation at its thinnest at 3rd trimester (C). Based on (Gude et al., 2004; Huppertz,
2008; Syme et al., 2004).

The anatomical structures of the placenta vary greatly between species, and primate
placentas are anatomically closest to humans (Benirschke et al., 2006). The human
placenta is monohaemochorial, where maternal blood is separated from fetal blood
by two cell layers. Human and other primate placentas consist of villous structures
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bathing in maternal blood. Other types of placentas include the rodent labyrinthlike placenta with countercurrent flow and the sheep placenta consisting of several
miniplacentas. Sheep placental structure is epitheliochorial, with four cell layers
between the maternal and fetal blood (Leiser & Kaufmann, 1994).
The human placenta acts also as an endocrine organ (Evain-Brion & Malassine,
2003). As the pregnancy proceeds, the developing placenta is responsible for hCG
and progesterone production to maintain the endometrium and pregnancy, improve
maternal appetite, decrease the production of prostaglandins and suppress cell
mediated immunity of the mother. In addition to hCG, placental trophoblasts also
produce human placental lactogen (hPL) and the estrogens estradiol and estriol.
Progesterone and hPL affect the mammary gland to prepare it for lactation. Also,
hPL is mainly responsible for changes in glucose and lipid metabolism (Gude et al.,
2004; Syme et al., 2004). The steroid hormones progesterone and estrogens are
produced by aromatase conversion from androgens produced by both mother and
fetus (Donnelly, 2010). To maintain pregnancy, the placenta produces inhibins for
the inhibition of follicle stimulating hormone (FSH) (Laven & Fauser, 2004;
Robertson, 2012).
2.3.2 Xenobiotic metabolism in placenta
The purpose of xenobiotic metabolism is to transform compounds into more easily
excreted forms. This happens mainly through xenobiotic metabolism to more
water-soluble metabolites excreted through the kidneys. Xenobiotic metabolism
may sometimes also lead to the production of compounds that are more reactive
and toxic than the parent compounds. In humans, the main metabolizing tissue is
liver, but lower metabolic activities can also be detected in intestine, lungs and
other barriers tissues, such as placenta. In fetal liver, the enzyme activities are lower
than in maternal liver and the number of expressed metabolic enzymes is restricted
compared to the adult (Hakkola et al., 1996; Myllynen, Immonen, Kummu, &
Vähäkangas, 2009; Syme et al., 2004).
The levels of metabolic enzymes expressed in the placenta vary within the
progression of pregnancy and can be induced by the exposure to certain xenobiotics
(Hakkola et al., 1996). Both phase I functionalization and phase II conjugation
reactions can be found in human placenta. Human placental enzyme systems can
oxidize, reduce, hydrolyze and conjugate physiological compounds,
pharmaceuticals and other xenobiotics. Cytochrome p450 (CYP) enzymes are the
main family responsible for phase I reactions of which CYP19A1 (aromatase) is
35

highly expressed in human placenta (Mohammed et al., 2020; Myllynen et al., 2009;
Syme et al., 2004). The most important phase II enzyme activities found in
placental tissues are glutathione-S-transferase (GST), N-acetyltransferase (NAT),
sulfotransferases (SULT) and UDP-glucuronyl transferases (UGT) (Hakkola,
Raunio, et al., 1996; Loikkanen et al., 2014; Myllynen et al., 2009). Placental
metabolism is mostly steroid metabolism. CYP19A1 converts androgens to
estrogens and plays a role in maintenance of pregnancy and fetal sexual
differentiation (Pasanen, 1999).
CYP1A1 is usually found at low or nonexistent levels in the placenta, but its
protein expression and activity are inducible by maternal exposure to cigarette
smoke or PCBs (Stejskalova & Pavek, 2011). Thus, it can be considered as a
biomarker for placental toxicity (Loikkanen et al., 2014). There are contradictory
data about the induction of CYP2E1 in the placenta by maternal ethanol
consumption (Hakkola, Pasanen, et al., 1996; Rasheed, Hines, & McCarver-May,
1996). CYP1A1 as well as UGTs can bioactivate PhIP possibly leading to the
formation of DNA-adducts also in the placenta (Kim et al., 2013).
2.3.3 Placental transfer
Compounds can be transferred through the placental cell layers via passive
diffusion, facilitated diffusion through ion channels, active transport, phagocytosis,
pinocytosis, receptor-mediated phagocytosis and filtration (Gude et al., 2004; Syme
et al., 2004). Characteristics of the compounds which affect transfer through
placental cell layers are size, binding to serum proteins, pKa, and lipid solubility.
Moreover, other factors such as the binding of cadmium to erythrocytes, may affect
the transfer through the placenta. In addition to transfer, the placenta can also store
for highly lipophilic compounds (Nanovskaya, Deshmukh, Brooks, & Ahmed,
2002).
Passive diffusion in the direction of a concentration gradient is the major
mechanism in transplacental transfer for exogenous compounds. Generally, small
molecules under the molecular weight of 600 g/mol can pass the placenta by simple
passive diffusion through lipid bilayers. Passive diffusion kinetics is not saturable,
but the net flux is dependent on the circulation flow rate, membrane surface area
and tissue structure. The small size and high lipophilicity ease the passage through
cell walls, but such compounds can also accumulate in placental tissue (Ala-Kokko,
Alahuhta, Arvela, & Vähäkangas, 1998; Syme et al., 2004).
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Because the pH of the fetal blood is more acidic than the maternal blood, and
compounds with a pKa close to physiological pH can be trapped in the fetal
circulation. (Gude et al., 2004; Myllynen, Pasanen, & Pelkonen, 2005; Myllynen
& Vähäkangas, 2013). For instance, lidocaine accumulation in the fetal circulation
may be significantly increased in fetal acidosis. The physiologically lower fetal pH
may also affect accumulation in placental tissue (Biehl, Shnider, Levinson, &
Callender, 1978).
A polarized transporter system in the human placenta is needed for nutrient
transfer to the fetus and excretion of waste products. Glucose is the main energy
supply for the fetus. Facilitated diffusion with carrier proteins, mainly glucose
transporter-1 (GLUT1), is not dependent on chemical energy and can only facilitate
the transport of glucose in the direction of lower concentration. Therefore, in
contrast to active transport, glucose cannot be transported against a concentration
gradient (Larqué, Ruiz-Palacios, & Koletzko, 2013).
Amino acids are needed for fetal growth and anabolic reactions, but unlike
glucose, the transplacental transfer of amino acids require an active transport
system. Fetal growth requires high amounts of lipids and amino acids, and passive
diffusion is not sufficient to meet the fetal needs. Carrier-mediated active transport
is the mechanism for transporting the substances against a concentration gradient
and more effectively compared to passive diffusion. Usually this kind of transfer
requires energy and it is produced by ATP hydrolysis or stored in the
transmembrane electrochemical gradient. One significant group of active
transporters in human placenta is the ATP-binding cassette (ABC) transporter
superfamily. Organic anion transporters (OATs) are expressed in the human
placenta and they function through cationic exchange energy (Myllynen et al.,
2009).
Some larger molecules are transferred inside the placental cells via receptormediated uptake. One example of receptor-mediated endocytosis is the transport of
iron. Immunoglobulin G is an important part of fetal and neonatal humoral
immunity, and it is transported through the placenta by pinocytosis (Gude et al.,
2004; Kane & Acquah, 2009).
2.4

Placental transporters relevant in toxicology

Passive diffusion as a transfer mechanism is very slow and occurs only in the
direction of a concentration gradient. The flow rate is then dependent on
temperature, concentration, size and lipophilicity of the compound. Physiological
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compounds waste products and xenobiotics must be quickly transported over the
cell membranes. ABC transporters and SLCs are two major groups of transporters
transporting xenobiotics that are expressed in human placenta.
Table 3. Localization and substrates of placental transporters of interest. (Dallmann et
al., 2019; Vähäkangas & Myllynen, 2009).
Transporter

Localization in placenta

Function

SCL22A11/OAT4

ST, basolateral, CT,

influx (exchanger) DHEAS,

basolateral
ABCB1/

ST, apical

Substrates
oestrone sulphate

efflux

MDR1/P-glycoprotein

anticancer drugs,
steroids,
drugs of abuse

ABCC1/

ST, basolateral, (apical)

MRP1

ET

efflux

Heavy metal complexes,
organic anions,
glutathione, glucuronide,
and sulfate conjugates

ABCC2/

ST, apical

efflux

MRP2

Heavy metal complexes,
glutathione and
glucuronide conjugates

ABCC3/

ST, basal, apical, ET

efflux

MRP3

Anticancer drugs,
methotrexate and folate
analogs, glutathione,
glucuronide and sulfate
conjugates

ABCC5/

CT

unknown

MRP 5
ABCG2/

cAMP, cGMP, reduced
glutathione

ST, apical

efflux

BCRP

uric acid, mitoxantrone,
glyburide,
estrone sulfates,
PhIP,
Aflatoxin B1

ST=syncytiotrophoblast, CT=cytotrophoblast, ET=fetal capillary endothelium
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2.4.1 ATP binding cassette (ABC) transporters
ATP binding cassette (ABC) transporters are a superfamily of active cell membrane
transporters (for a review see (Walker et al., 2017). There are currently known to
be around 50 different ABC transporters divided in seven subfamilies. In human,
they are all active cell membrane efflux and pump proteins with the energy
provided from ATP hydrolysis. ABC transporter expression is common in several
barrier tissues in humans (Schinkel & Jonker, 2003).
A typical ABC transporter consists of two transmembrane domains (TMD) and
two nucleotide binding domains (NBD) for ATP-binding. Their endogenous
substrates are phospholipids, peptides, steroids, polysaccharides, amino acids,
nucleotides and metal ions. Their substrates also contain diverse xenobiotics and
environmental toxins, playing a critical role in regulating drug disposition,
immunological responses and lipid trafficking, as well as preventing fetal
accumulation of drugs and environmental toxins. ABC transporters have an
important role in kinetics of substances in barrier, excretory, and absorptive tissues
of the human body. Depending on their localization in tissues they either prevent
or increase accumulation of their substrates in organs and tissues. In cancer cells
some ABC transporters are responsible for multi-drug resistance (MDR) in cancer,
because their expression in the cell membrane can be induced by anti-cancer
medications which are among their substrates. ABC transporters were originally
found from cancer cells resistant to anticancer drugs (Huang et al., 2009). These
days, the role of ABC transporters in drug kinetics is evaluated routinely as part of
the drug-development (Liang, Li, & Chen, 2015). Some ABC transporters are also
expressed in the membranes of intracellular organs; mitochondria, peroxisomes
and endoplasmic reticulum (ER) (Aye, Paxton, Evseenko, & Keelan, 2007;
Cascorbi, 2006).
In some tissues, such as kidney, intestine, lungs and placenta, ABC transporters
can act as a defense mechanism against xenobiotics. They have a wide but
overlapping substrate specificity and they form an efficient transport system for
xenobiotics and waste products. Depending on their location in the placental
membrane, they can have fetoprotective functions, but they can also contribute to
fetal accumulation of xenobiotics. In placenta, at least ABCB1, ABCC1-3, ABCC5
and ABCG2 are known to be functional, but their expression levels vary with the
gestational phase. Based on animal studies, Abcb1, Abcc2 and Abcg2 have been
suggested to protect the fetus from xenobiotics (Joshi et al., 2016; Myllynen et al.,
2009; Unadkat, Dahlin, & Vijay, 2004). Transporter expression, similarly to
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metabolic enzyme expression, can vary depending on hormonal status and
induction or downregulation by xenobiotics. In clinical drug use, ABC transporters
affect the kinetics of several drugs. Especially ABCB1 is clinically significant in
the interactions in absorption, distribution and elimination of drugs (Montanari &
Ecker, 2015). The use of several drugs excreted through the same transporter may
lead to increased accumulation of some of those in the body due to competition in
the excretion mechanism. Drug transport can be inhibited by non-substrate drugs
or xenobiotics and lead to increased exposure and adverse effects (Breedveld,
Beijnen, & Schellens, 2006; Leslie, Deeley, & Cole, 2005).
Transporters associated with xenobiotic transport are also highly polymorphic.
Single nucleotide polymorphisms (SNPs) create interindividual variation in the
transport efficiency, expression levels and substrate specificity. This has been
proven in epidemiological and functional studies. An example of such variation is
shown in birth cohorts of the Mediterranean area where higher accumulation of
methyl mercury in the cord blood of newborns is associated with certain variants
of ABCB1, ABCC1 and ABCC2 (Bliek, van Schaik, et al., 2009; Engström et al.,
2016; Kolbinger, Engström, Berger, & Bose-O’Reilly, 2019; Llop et al., 2014;
Rawles, Acuna, & Erickson, 2007). ABC transporters may affect the kinetics of
heavy metals because they are mostly excreted as glutathione conjugates, which
are exported by ABC transporters (Gundacker & Hengstschläger, 2012; Llop et al.,
2014; Thevenod, 2010; Tommasini et al., 1996). Other factors causing variation in
individual susceptibility for toxicity are endogenous factors such as hormonal
regulation of transporter expression, and expressional induction or inhibition of
transport activity by xenobiotics (Vähäkangas et al., 2011).
ABCG2
The ABCG2 transporter, also known as the breast cancer resistance protein (BCRP)
is 72 kDa in size. It is a half transporter with only one NBD and TMD. The
functional transporter is a dimer. Human ABCG2 was first found from human
breast adenocarcinoma cells MCF-7 resistant to Adriamycin. Thus, it also
participates in multi-drug resistance in cancer (Allikmets, Schriml, Hutchinson,
Romano-Spica, & Dean, 1998; Doyle et al., 1998).
The ABCG2 transporter is expressed at least in mammary gland, BBB, liver
canaliculi, kidney and intestine (Huls et al., 2008). It is highly expressed in
placental syncytiotrophoblast. Because of the high expression in the apical
membrane of the syncytiotrophoblast of the placenta, ABCG2 function is strongly
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suspected to protect the fetus during pregnancy. ABCG2 is also expressed in apical
membranes of other epithelial cells and this suggests a protective function in other
sensitive tissues as well (Ceckova et al., 2006).
The identified substrates of ABCG2 are uric acid, many anticancer drugs, and
heterocyclic amines. Abcg2 restricts systemic exposure to Aflatoxin B1 and HCAs
absorption from intestine in mice (van Herwaarden et al., 2003; Vlaming et al.,
2014). ABCG2 can also transport a wide variety of organic anions, including
estrone-3-sulfate, 17β-estradiol 17-(β-D-glucuronide), dehydroepiandrosterone,
and methotrexate. While ABCG2 can transport both sulfate and glucuronide
conjugates, sulfate conjugates seem to be the preferred substrates (Chen et al., 2003;
Austin Doyle & Ross, 2003; Imai et al., 2003; Mao & Unadkat, 2005). On the other
hand, ABCG2 has so far not been shown to transport glutathione conjugates which
MRP2 seems to be preferentially transporting (Mao, 2008). Both human placental
perfusion studies and in vivo mouse studies have shown the limiting effect of the
placental ABCG2 transporter on the distribution of the antidiabetic drug glyburide
to the fetal circulation (Kraemer, Klein, Lubetsky, & Koren, 2006; Zhou et al.,
2008).
Because ABCG2 transports compounds from the inside to the outside of cells,
ABCG2 in breast epithelium mediates transfer of its substrates into breast milk. In
mouse, Abcg2 mediates the transfer of HCA, aflatoxin B1 and the anticancer drug
topotecan to breast milk (Jonker et al., 2005; van Herwaarden et al., 2006). Many
pharmaceuticals are substrates to ABCG2. Pharmaceuticals have been developed
to inhibit the function of ABCG2 in order to overcome multidrug resistance in
cancer cells (Breedveld et al., 2006).
More than 38 single nucleotide variants (SNVs) have been identified in the
ABCG2 gene. So far, the c.421C>A, p.Gln141Lys, (rs2231142) variant is the most
studied and the significance in reduced in vivo transport has been characterized
(Heyes, Kapoor, & Kerr, 2018). SNVs in the ABCG2 gene may lead to decreased
excretion of its substrates, and in the case of uric acid excretion, to gout (Sarankó
et al., 2013; Woodward et al., 2009). At least the c.421C>A, p.Gln141Lys,
(rs2231142) variant has been shown to affect the transporter function in human
embryonic kidney (HEK)-293 cells (Pollex, Anger, Hutson, Koren, & Piquettemiller, 2010). The c.376C>T p.Gln126Ter (rs72552713) and c.421C>A,
p.Gln141Lys (rs2231142) SNVs in ABCG2 alter the expression of the transporter
protein in the placenta (Bircsak et al., 2018; Hutson, Koren, & Matthews, 2010).
ABCG2 regulation is complex. Expression in the placenta is possibly tightly
controlled during pregnancy by pregnancy-related steroid hormones, growth
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factors, and cytokines (Mao, 2008). Its promoter region has estrogen and hypoxia
responsive elements, but it is also shown to be induced via the aryl hydrocarbon
receptor (AhR), peroxisome proliferation activated receptors (PPARs) and the
pregnane X-receptor (PXR) leading to possible responses to xenobiotics (Davies
et al., 2014; Ebert, Seidel, & Lampen, 2005; Lemmen, Tozakidis, & Galla, 2013;
Robey et al., 2011; Vore & Leggas, 2008). Inflammation decreases the expression
of ABCG2 by many proinflammatory cytokines (Englund et al., 2007). In BeWo
cells, progesterone upregulates, but 17β-estradiol downregulates ABCG2
expression (Wang et al., 2006). PFOA decreased human ABCG2 ATPase activity
and inhibited ABCG2-mediated transport in inverted membrane vesicles (Eldasher
et al., 2013). Also, PFOA induced mouse hepatic Abcg2 expression in
concentrations higher than the levels observed in human. This is suspected to be
through the induction of PPARα in liver (Eldasher et al., 2013). Cadmium exposure
downregulates Abcg2 in rat placentas (Liu et al., 2014).
ABCB1 and 4
The human ABCB1 transporter, alias P-glycoprotein, is probably the most studied
of the ABC transporters. It was first detected in the cell membranes of Chinese
hamster ovary cells selected for resistance to colchicine (Juliano & Ling, 1976).
ABCB1 is a 170 kDa protein, with a typical structure of an ABC transporter
containing two membrane spanning domains (MSDs) and nucleotide-binding
domains (NBDs). It is expressed in BBB, liver, kidney excretory and intestine
absorptive epithelia, mammary gland and placenta. It has been proven to be
clinically significant in absorption, distribution and excretion phases of many
clinically used drugs, and other xenobiotic compounds. It has turned out to be
significant in clinical pharmacology because of its numerous interactions with
clinical drugs (Lund, Petersen, & Dalhoff, 2017; Wada, 2006).
The human P-glycoprotein is divided to two subclasses; Class I is ABCB1 and
Class II ABCB4. ABCB1 seems to be more concentrated in the transport of drugs
and other xenobiotics while ABCB4 transports also endogenous compounds such
as phosphatidylcholine. ABCB1 was the first transporter found to be associated
with MDR. Many cancers naturally express the ABCB1 transporter, and in some
the expression can be induced after tumor relapse leading to poor response to anticancer medication (Kim, Osaki, Tanabe, Kojima, & Toge, 2001). On the other hand,
many tumors express altered methylation of the ABCB1 gene promoter area (Tahara
et al., 2009). SNPs and changes in epigenetic modifications can lead to
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interindividual variation in ABCB1 expression and function. These variations may
affect individual susceptibility to xenobiotics, but also play a role in adverse effects
and altered kinetics of drugs (Bliek, van Schaik, et al., 2009).
In the BBB, ABCB1 among other transporters, are part of the barrier against
drugs, inhibiting their entry into the brain, and preventing the absorption of their
substrates from the intestinal lumen. In kidney and mammary gland, the substrates
are excreted from the body. Similar to ABCG2, ABCB1 is highly expressed in the
apical membrane of placental syncytiotrophoblast. It has been proven to act
similarly to ABCG2 decreasing fetal accumulation of its substrates. The expression
of ABCB1 decreases within advancing gestation, suggesting the most active
protective role is during the highest susceptibility of fetal development, the first
trimester of pregnancy (Hutson et al., 2010).
Many studies in mice show the significance of Abcb1 in fetal protection.
Lankas and coworkers (1998) showed the significance of Abcb1 during mouse
pregnancy. In their study, 100% of the mouse pups were born with cleft palate if
they were lacking functional Abcb1 protein. In the study by Smit and coworkers
(1999) the intravenous administration of the Abcb1 substrates digoxin, saquinavir,
or paclitaxel to pregnant dams resulted in significantly higher concentrations of
drugs in Abcb1 knockout mouse fetuses when compared to wildtype (Smit et al.,
1999).
ABCB1 has also been shown to limit the transplacental transfer of many
clinically used drugs in ex vivo human placental perfusion studies. In placental
perfusion, ABCB1 limits the transfer of HIV protease inhibitors to the fetus
(Sudhakaran et al., 2007). The transfer of saquinavir in human placental perfusion
was shown to increase significantly after pharmacological inhibition of ABCB1
(Mölsä et al., 2005).
Polymorphisms in ABCB1 are common and they have been observed to affect
the plasma levels of anti-cancer drugs, e.g. irinotecan in cancer patients (Hemauer
et al., 2010). To date, there is evidence that the c.129T>C (rs3213619) non-coding
variant, c.1236C>T (rs1128503) synonymous variant, c.2677G>T/A p.Ser963Ala,
(rs2032582) and c.3435C>T p.Ile1145Met (rs1045642) variants in ABCB1 alter
the expression of the ABCB1 protein in human placenta, but so far there is no
evidence for functional changes (Hutson et al., 2010; Speidel, Xu, & AbdelRahman, 2018). The expression of the ABCB1 c. 3435C>T p.Ile1145Met
(rs1045642) allele was expressed higher in the placentas compared to wildtype and
other genotypes, but there was no significant difference in the feto-maternal
transfer of the antiviral saquinavir in human placental perfusion (Rahi et al., 2008).
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In the birth cohort of a Mediterranean area, correlations of the accumulation of
methylmercury in fetuses and genetic variants of ABCB1 were seen (Llop et al.,
2014). In a clinical study, maternal medication together with a maternal c.3435T>T
p.Ile1145Met (rs1045642) genotype of ABCB1 was found to increase the risk of
cleft lip and cleft palate in children, especially without folate substitution (Bliek,
Van Schaik, et al., 2009).
ABCC transporters
The ABC transporter family C, alias MRP transporters, contain 13 different
proteins, of which at least ABCC1, ABCC2, ABCC3 and ABCC5 are expressed in
human placenta (Vähäkangas & Myllynen, 2009). Expression has been confirmed
in both apical and basal membranes of the syncytiotrophoblast, but ABCC5 is
mostly expressed in the placental cytotrophoblasts although the function is
unknown.
ABCC1 was first detected in a small cell lung carcinoma cell line. It is
expressed in lungs, brain, testis, kidney, colon and peripheral blood mononuclear
cells. In placenta, it has been detected in basal and apical membranes of the
syncytiotrophoblast and fetal capillary endothelium. St Pierre and coworkers
(2000), have found ABCC1 mostly in fetal endothelial cells but also in apical
membranes of the syncytiotrophoblast. Other studies show the ABCC1 expression
mostly in basal membranes of the syncytiotrophoblast in addition to fetal capillary
endothelium (Nagashige et al., 2003). In placenta, ABCC1 has been suggested to
take part in folate transport during pregnancy (Hooijberg et al., 2003). ABCC1 is
relevant in drug resistance and the transfer of glucuronide, glutathione and sulfate
conjugates (Cole, 2014).
ABCC2 is expressed in the apical microvillous membrane of human placental
syncytiotrophoblast (St-Pierre et al., 2000). ABCC2 has a broad substrate
specificity covering anticancer drugs, organic anions and endogenous compounds
such as leukotrienes, bilirubin-glucuronides, glutathione conjugates and estradiolglucuronide (Wada, 2006). Of the environmental compounds, PhIP has been shown
to be a substrate for Abcc2 in rats and transfected MDCK II cells (Dietrich, de
Waart, Ottenhoff, Schoots, & Elferink, 2001). Ochratoxin A transfer was modified
in CaCo-2 colon carcinoma cells in the presence of the ABCC1 inhibitor (Berger et
al., 2003; Dietrich, De Waart, et al., 2001; Dietrich, de Waart, et al., 2001). Variants
of the transporter are responsible for the deficient excretion of bilirubin conjugates
from liver typical of Dubin-Johnson syndrome (Wada, 2006).
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ABCC1 and ABCC2 both contribute to resistance to anti-cancer drugs, but
their substrate specificity is more restricted compared to ABCB1. Both ABCC1 and
ABCC2 are suspected to be involved in the transport of heavy metal complexes
such as glucuronide and glutathione conjugates through the placenta. Their variants
are associated with altered fetal accumulation of methyl mercury (Gundacker et al.,
2010; Gundacker & Hengstschläger, 2012). Because of the apical location of the
ABCC2 transporter, it may have a fetoprotective function. In contrast, the basal
localization of ABCC1, leads to accumulation of at least MeHg complexes in the
fetal circulation (Straka et al., 2016) which has been evident in epidemiological
studies (Stern & Smith, 2003). In an epidemiological study on a Mediterranean area
birth cohort there were correlations between methylmercury concentrations in cord
blood and different genetic variants of ABCC1 and ABCC2 transporter proteins,
but also ABCB1 (Llop et al., 2014). In rat placentas, MeHg is exported by the
Abcc1 transporter (Bridges, Lucy Joshee, 2012). The myco-estrogen zearalenone
(ZEA) is a worldwide cereal contaminant, implicated in reproductive disorders in
animals and humans (De Ruyck, De Boevre, Huybrechts, & De Saeger, 2015). All
the ABCC transporters 1-3 are associated with the transfer of ZEA (Videmann,
Mazallon, Prouillac, Delaforge, & Lecoeur, 2009).
ABCC5 is mostly located in the basal membrane of syncytiotrophoblast and
fetal capillary endothelium. Its substrates include cGMP and cAMP, but it has also
been described to transport folate (Meyer Zu Schwabedissen et al., 2005; Wielinga
et al., 2005).
2.4.2 Solute carrier transporter family (SLC)
The solute carrier (SLC) group of membrane transport proteins includes over 300
members organized into 52 families. SLCs mostly carry their substrates into the
cells being influx-transporters (Roth, Obaidat, & Hagenbuch, 2012). In contrast to
ABC transporters, they are not ATP-powered, even though some of them carry their
substrates against a concentration gradient.
The SLC group includes examples of transport proteins that act as ion channels
in facilitated diffusion, in the transfer of chemicals in the direction of a gradient.
They can also act as secondary active transporters, when transport against the
gradient is coupled to the transport of a second solute flowing in the direction of
the gradient (Höglund, Nordström, Schiöth, & Fredriksson, 2011). In addition to a
wide variety of endogenous substrates from essential metals to glucose and also
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hormones, SLCs are suspected to have a role in the transfer of xenobiotics across
cell membranes (He, Vasiliou, & Nebert, 2009; Roth et al., 2012).
The SLC22 family contains 13 functionally characterized human plasma
membrane proteins each with 12 α-helices (MSDs) and one large extracellular loop
between the MSDs 1 and 2. The SLC22 family contains organic anion transporters
(OATs), organic cation transporters (OCTs) and zwitterion/cation transporters
(OCTNs). They participate in the absorption and/or excretion of drugs, xenobiotics,
and endogenous compounds in intestine, liver and/or kidney and placenta, and
perform homeostatic functions in brain and heart (Wang & Sweet, 2012).
Endogenous substrates of the SLC22 family transporters include monoamine
neurotransmitters, choline, l-carnitine, alpha-ketoglutarate, cAMP, cGMP,
prostaglandins and urate. Mutations of the SLC22 genes causing defects in the
transporter proteins may cause specific diseases such as primary systemic carnitine
deficiency or idiopathic renal hypouricemia or changes in the kinetics of clinically
used drugs (Koepsell, 2013).
Several members of the SLC22 family transporters are expressed in human
placenta. In addition, OAT 4 is included in the Organic anion transporters (OATs)
expressed in human placenta. In the scope of this thesis, the transporters related to
xenobiotic transport are of interest. OATs have overlapping substrate specificity,
and xenobiotic substrates for one OAT can also be substrates for other OATs. For
instance, PFASs are transported by several OATs in HEK293 cells transfected with
a human OAT1, OAT3 or OAT4 gene (Nakagawa et al., 2009).
Organic anion transporter 4 (OAT4/ SLC22A11)
The organic anion transporter 4 is the product of the SLC22A11 gene. The
SLC22A11 alias OAT4 protein consists of 550 amino acids and shows all the
structural properties typical of OATs containing 12 TMDs with loop structure both
in intra- and extracellular ends. OAT4, like other OATs is an ion exchanger, and its
action is powered by organic anion and carboxylic acid exchange. In the kidney,
OAT4 is expressed in apical membranes of the renal proximal tubule (Cha et al.,
2000). In human, it mediates reabsorption of its substrates from the renal tubule. It
is thought to mediate the reabsorption of prostaglandins and transport of uric acid
(Koepsell & Endou, 2004). In addition to endogenous substrates, OAT4 transports
anionic drugs and xenobiotics in renal proximal tubules. Since human OAT4
(OAT4) transports in both directions it may also be involved in anion secretion
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(Koepsell, 2013). Glutamate cycling is one possible mechanism of action for OAT4
(Ekaratanawong, Anzai, Jutabha, Miyazaki, & Noshiro, 2004).
In placenta, OAT4 is located in the basal membrane of the syncytiotrophoblast
and as influx-transporter it transports its substrates from the fetal into the maternal
direction (Ugele, St-Pierre, Pihusch, Bahn, & Hantschmann, 2003). Main
physiological function is the uptake of steroid sulfates of fetal origin (Hagos, Stein,
Ugele, Burckhardt, & Bahn, 2007; Tomi et al., 2015; Ugele, Bahn, & Rex-Haffner,
2008).
In addition to physiological functions, OAT4 has been found to transport
clinically used drugs including antibiotics, antivirals, diuretics, non-steroidal antiinflammatory drugs (NSAIDS) and cytostatics (Koepsell, 2013). This creates an
opportunity for drug-drug interactions. Similarly to other transporters, OAT4 is
polymorphic, and at least one of them is related to gout (Flynn et al., 2013). Some
polymorphic forms also lead to altered excretion of and responses to drugs (Zhou,
Illsley, & You, 2006).
In the placenta, OAT4 is thought to be important for the transport of toxic
anionic substances from the fetal into the maternal circulation (Koepsell & Endou,
2004). At least Aflatoxin B and Ochratoxin A are known substrates for OAT4 (Babu,
Takeda, Narikawa, & Kobayashi, 2002; Jung, Takeda, Kyung, & Tojo, 2001). In
addition, PFOA is a known substrate for OAT as it is for other OATs. In human
placenta, OAT4 is the only OAT expressed. In the study with HEK293 cells, rat
OAT transporters are responsible for PFOA accumulation into cells (Nakagawa et
al., 2009; Weaver, Ehresman, Butenhoff, & Hagenbuch, 2010; Yang, Glover, & Han,
2010). In human kidney, OAT4 is located in the luminal membrane of the renal
proximal tubule where it paradoxically reabsorbs PFOA and leads to very slow
excretion of PFAS compared to rapid excretion from rat kidney (Wang & Sweet,
2013). Thus, only a small amount of PFAS is detected in human urine (Harada et
al., 2005).
OAT4 expression in the cell membranes can be regulated post-transcriptionally
without a decrease in the whole cell expression of the protein or decrease in mRNA
expression. In BeWo cells, the expression of the OAT4 transporter in cell
membranes decreased after progesterone exposure. The activation of protein kinase
C had a similar effect (Zhou, Hong, & You, 2007). In the kinetics of PFAS there
are gender-specific differences in the excretion of PFAS; males present a higher
serum concentrations of PFAS than females (Harada et al., 2005). Likewise, postmenopausal women have higher serum concentrations of PFAS than
premenopausal women. This is supposedly related to hormonal down-regulation of
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OAT expression and thus decreased reabsorption in pre-menopausal females
(Harada et al., 2005).

Fig. 5. Transporter localizations in placental membranes at 3dr trimester (Walker et al.,
2017).

2.5

Experimental methods for placental kinetics and toxicity
studies

2.5.1 General aspects
For ethical and technical reasons, research on xenobiotic and drug kinetics in
human placenta is challenging. However, for toxicity risk assessment it would be
beneficial to know the extent of placental passage of chemicals. On the other hand,
placenta as the target for toxicity is an important perspective because of the
important role in fetal nutrition and welfare. Not all exposure is avoidable, but at
least building guidelines for occupational exposure, dietary limitations for pregnant
women or women of reproductive age as well as encouraging women of
reproductive age to refrain from smoking are important aims. The European Union
regulations for manufactured chemicals regulates toxicity testing.
Variations of placental anatomy and physiology between species is significant.
Due to these differences only a limited amount of information can be obtained from
animal experimentation. For example, rodent placentas are easily obtained and can
be perfused, but structural differences. Also, the localization and the structure of
the transporter proteins may differ from human. restrict extrapolation to human
placenta. Nevertheless, animal models are valuable in risk assessment. Some
carcinogenic or fetotoxic compounds have first been identified in animals. Toxicity
testing in animal models is carried out both in safety studies of medicines in and in
industrial chemicals. Also, animals are useful for in vivo studies on the effects of
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contaminants or transplacental kinetics and developmental toxicity. The transfer in
placenta at all stages of pregnancy can be studied, e.g., in chronically cannulated
animals or in in situ perfusions (Barry & Anthony, 2008).
Mice are the most commonly used laboratory animals in toxicological studies.
They are small and easily maintained, they reproduce frequently and the time for
one generation is short. This is an advantage for toxicity studies extending over
generations. A disadvantage is different placental structure containing three cell
layers instead of two in humans (Syme et al., 2004).
Fetal exposure to environmental contaminants can be studied after the delivery
comparing maternal and cord blood samples (Ala-Kokko et al., 1998; Hutson,
Garcia-Bournissen, Davis, & Koren, 2011). Concentrations of chemicals in
maternal and fetal blood can give valuable information of exposure levels (Jensen
et al., 2012; Stein, Wolff, Calafat, Kato, & Engel, 2012). Furthermore, it has been
suggested, that placental tissue could be used in biomonitoring after exposure to
environmental compounds and to detect their accumulation. However, the
concentration at the time of delivery does not give information about the total
distribution or kinetics and placental factors affecting it. The time to reach
equilibrium in the feto-maternal system cannot be studied using in vivo samples.
2.5.2 Ex vivo human placental perfusion
Artificial perfusion of term/near term placenta after delivery is used in the kinetic
studies of endogenous compounds and xenobiotics (for a reviews see Giaginis,
Theocharis, & Tsantili-Kakoulidou, 2012; Myllynen & Vähäkangas, 2013).
Usually it is used for pharmaco/toxicokinetic studies, but also pharmaco- and
toxicodynamic related endpoints can be studied in placental perfusion (Karttunen
et al., 2015). In Western countries, there are usually no major ethical problems in
the use of placenta after maternal consent, because placentas are normally disposed
of after delivery (Halkoaho et al., 2010; Halkoaho, Pietilä, & Vähäkangas, 2011;
Halkoaho, Vähäkangas, Häggman-Laitila, & Pietilä, 2012). At delivery, the
placenta has fulfilled its task as a developmental organ after birth, but it can be kept
viable for several hours after delivery (Polliotti et al., 1996). The maximum time a
human placenta has been kept viable is 48 hours after the delivery in the ex vivo
placental perfusion system (Polliotti et al., 1996). The placenta has been confirmed
to recover from the trauma and anoxia of the delivery and ischemia during the
preperfusion with oxidized salt solution before the establishment of an artificial
circulation (Polliotti et al., 1996; Schneider, 2009).
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In 1960s Panigel and coworkers (1967) established a single cotyledon placental
perfusion model, where the circulation is established in one peripheral cotyledon
of the placenta, through a chorionic artery and vein. In this method, circulation of
the maternal side can be established with a blunt-ended cannullae pushed through
the basal plate (Panigel et al., 1967; Schneider, Panigel, & Dancis, 1972). In dual
recirculating placental perfusion, both maternal and fetal circulations are closed.
Open circulation methods with a single pass of perfusion media through the
placenta have also been used (Pollex, Feig, Lubetsky, Yip, & Koren, 2010).
In some laboratories Krebs-Ringer phosphate-bicarbonate buffer is used in
placental perfusion. Alternatively, cell culture media have been used especially in
longer perfusions. Components in the perfusion media play a role in the transfer of
compounds; many substances are bound to plasma proteins, being thus unavailable
for transport. Human serum albumin, α1-acid glycoprotein lipoproteins and
immunoglobulins can bind chemicals and drugs in human serum and perfusions
systems. The protein most commonly used in perfusion media is human serum
albumin either at the physiological levels of albumin during pregnancy or at a lower
concentration. The maternal albumin concentration at late pregnancy is around 1533 g/L, fetal value being around 40 g/L, i.e., about 20% higher than the maternal
concentration in the late gestation (Krauer, Dayer, & Anner, 1984; Larsson, Palm,
Hansson, Basu, & Axelsson, 2008).
Circulation in the placenta can be established as open or closed in different
models and laboratories. The perfusion fluid flow rate impacts the transfer rate
through the placenta; the higher the rate, the faster is the transfer of compounds
through the placenta. The perfusion time naturally affects the total transfer and
equilibrium of the study compounds between fetal and maternal circulations
(Mathiesen et al., 2010).
To monitor the overlap of the maternal and fetal circulations, a reference
compound is usually added to the maternal or fetal reservoirs simultaneously with
the study compounds. Both inulin and antipyrine have been used for this purpose,
but antipyrine is the most common. Advantages of the use of antipyrine are low
molecular weight, lack of metabolism in the placenta and low protein binding.
Antipyrine is transferred through the placenta via passive diffusion, in a flowdependent manner, and it does not accumulate in placental tissue (Karttunen et al.,
2015). Fluorescein isothiocyanate (FITC)-dextran added only in the fetal
circulation has been used to control whether the feto-maternal barrier is intact. The
appearance of FITC-dextran in the maternal circulation indicates leakage from the
fetal to the maternal circulation (Myren et al., 2007a).
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So far, exact criteria for perfusion of human placental single cotyledons have
not been universally agreed upon. However, in pre-validation studies, many criteria
have been studied for monitoring the viability of placenta and setting standards for
a successful experiment. Fetal volume loss is the most important marker for
placental viability. It represents damage of fetal villous structure allowing leakage
of fetal perfusion media to maternal circulation. A viable placenta should also
secrete human chorionic gonadotrophin (hCG) and human placental lactogen (hPL)
hormones and lactate. When viable, a placenta should consume glucose and oxygen
(Karttunen et al., 2015; Mathiesen et al., 2014; Mose et al., 2012). Perfused
placental tissue expresses restricted levels of functional metabolic enzymes.
Enzyme expression can show marked variation between individuals and thus does
not serve as a good marker of viability (see e.g. Immonen et al., 2010).
Placental tissue histology should show no major structural damage after a
successful perfusion (Pienimäki et al., 1995). The delivery, short ischemia, and
pressure from reperfusion as well as oxidative stress can occur between the delivery
and the establishment of the artificial circulation. However, placenta has a great
ability to recover from all this stress (Schneider, 2009). Well perfused tissue has
open blood vessels and there are no erythrocytes left in the perfused areas. Transtrophoblastic channels should not be dilated in the perfused tissue (Kertschanska,
Kosanke, & Kaufmann, 1997) and no or only minor tissue edema should be
observed (Pienimäki et al., 1995).
Compared to other human tissues, a big advantage of the placenta is in the
availability of human tissue. In an ex vivo perfusion system, the method itself can
be modified according to the study question, which is impossible in in vivo
sampling. Modifications include the use of specific inhibitors, e.g., for transporter
proteins, variable concentrations of study compounds, as well as the possibility to
study both directions of the transfer, from maternal-to-fetal or fetal-to-maternal.
The use of a piece of a whole organ is advantageous in studies because of the whole
tissue organization, homeostasis, cell-cell communication and secretory functions
are retained (Göhner et al., 2014). Limitations for placental perfusion are the
availability of only 3rd trimester placentas. Other limitations of isolated organ
perfusion studies are that it is separated from the hormonal regulatory systems of
the body and can only be used for a limited time. For ex vivo-in vivo extrapolation,
the in vivo effects need to be taken into account, e.g., liver metabolites can be
produced and reach the placental circulation in vivo. Such effects have to be studied
separately.
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2.5.3 Other in vitro methods
Tissue and explant cultures
Term placenta can be used for tissue explants, but also tissue from elective
abortions is available in some countries (Bechi et al., 2006; Ferro et al., 2008).
Since first trimester placentas do not have a fully developed circulation system, the
perfusion of 1st trimester placentas in not possible. However, using tissue explants,
other functions or effects on placental tissue can be studied. Tissue explants from
placental macroscopic structures such as villi, blood vessels, membranes or decidua
can be separated from placental tissue. In toxicological studies, they can be exposed
to chemicals in vitro and their responses to the chemicals can be examined. For
instance, changes in the placental metabolic enzyme, transporter protein expression
and function or expression of stress-related proteins can be studied (Miller et al.,
2005).
To use villous explants, villi from placentas from all phases of the pregnancy
can be separated from other placental structures under the microscope and cultured
in specific conditions for several days. Explants are used for toxicity studies
including studies on protein expression and regulation. Explants can be exposed to
chemicals and tissue responses to the chemicals can be examined. For instance
changes in the expression and function of placental metabolic enzymes, transporter
proteins or expression and function or expression of stress-related proteins have
been studied (Göhner et al., 2014; Miller et al., 2005).
An advantage of tissue fractions compared to cell studies are inclusion of
whole tissue organization, homeostasis, cell-cell communication and secretory
functions. The disadvantage in using tissue cultures are limited availability of fresh
tissue, and inter- and intraplacental differences in placental physiology and
anatomy. Previous studies using placental explants have covered placental
differentiation, and other physiological functions in both healthy and complicated
pregnancies (Miller et al., 2005; Vähäkangas & Myllynen, 2006).
Placental cell culture models
Cells of the placental origin have been used for cellular studies, for example, studies
on protein expression, toxicity, kinetics and metabolism at the cellular level.
Several primary cell types have been isolated from placentas at different gestational
phases. The cell types isolated have usually been cytotrophoblasts, endothelial cells
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and immune cells (Kämmerer, von Wolff, & Markert, 2004; Male, Gardner, &
Moffett, 2012; Sölder et al., 2012).
Primary cells of placental origin are isolated from fresh tissue, but they have a
limited capability for cell division and growth in cell culture conditions.
Importantly, interindividual variation creates some variability in the experiments.
On the other hand, it is possible to keep isolated cells frozen for later studies and
different experiments can be performed with cells from the same placenta. The
advantage of primary cells is that their characteristics are closer to cells in vivo,
compared to transformed cells or cells from cancer tissue.
Continuous cell lines are more commonly used than primary cells for cellular
in vitro studies. Several cell lines of placental origin are available for in vitro studies
of placental functions. The most commonly used cancer cells in placental studies
are the BeWo, JEG-3 and Jar cell lines. BeWo cells, a clone from a human
choriocarcinoma, were originally isolated a cerebellar metastasis of a human
choriocarcinoma and cultured further in hamster, in the cheek epithelia. JEG-3 and
Jar cells originate from the same initial culture (Pattillo et al., 1979; Pattillo & Gey,
1968). The advantage for using continuous carcinoma cells is the similar origin of
the cells and repeatability of the experiment without interindividual variation as
when using primary cells. Still, there is a risk for genetic transformation of the cell
line. In comparison to primary cells, cells from continuous cell lines are easier to
culture, and they have the ability for continuous cell division. Continuous
trophoblastic cell lines have been studied as monolayer cultures in Transwell®system, cultured on collagen coated filters. This model has been used for transfer
studies in order to identify the transporters involved in the transfer of compounds
through placental syncytiotrophoblast. The cell line BeWo B-30 has been shown to
form a polarized placental cell monolayer (Correia Carreira, Cartwright, Mathiesen,
Knudsen, & Saunders, 2011; Woo, Partanen, Myllynen, Vähäkangas, & El-Nezami,
2012).
For studies on function, regulation, substrates and protein expression of the
transporters, cell lines from tissues other than placenta are also available, for
instance, the MCF-7 human breast adenocarcinoma cell line. In MCF-7 cells
cultured with mitoxantrone (MTX), ABC transporter expression is induced, and the
transporter overexpressed. Transporter overexpression can also be achieved by
cloning the transporter to other cells such as Madin-Darby Canine Kidney cells
(MDCK) or human embryonic kidney cells (HEK273) (van Herwaarden et al.,
2006; Vormfelde et al., 2006).
53

Subcellular fractions
Different cell fractions can be used for more specific studies on placental functions.
Placental microsomes, for instance, contain metabolic enzymes, and tissue
metabolic activities have been studied (Hakkola, Raunio, et al., 1996). Placental
membrane vesicles can be isolated from basal or microvillous membranes of
placental syncytiotrophoblast. Placental villous vesicles can be used for kinetic and
functional studies of transporters. Variation in transport efficiency between
individuals has to be taken into account, but the transport efficiency of different
polymorphic forms of transporters can be studied (Hemauer et al., 2010).
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3

Aim of the study

The aim of this study was to evaluate the transfer kinetics of several harmful
chemicals through human placenta in the ex vivo human placental perfusion model.
Also, the effects of environmental contaminants on the expression and function of
placental transporter proteins were studied in placental perfusion and BeWo and
MCF-7 cell lines. More specifically, the objectives were
1.
2.

3.
4.

To characterize transplacental kinetics of the food-borne carcinogen PhIP and
the environmental contaminants PFOS and PFOA.
To determine the significance of the ABC and OAT4 transporter in the kinetics
of the food-borne carcinogen PhIP and the environmental contaminants PFOS
and PFOA.
To study the effect of contaminant exposure on the expression of the ABC and
OAT4 transporters.
To study the effect of CdCl2 and PbCl2 on the function of the ABCG2
transporter protein.
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4

Materials and methods

4.1

The selection of the study compounds (I-III)

The environmental compounds selected for this study are all well-known
contaminants and people are inevitably exposed to them in their daily lives. PhIP
is a common mutagen in fried food, and diet is the main source of PhIP for a
pregnant woman (Bouvard et al., 2015; Wogan et al., 2004). Previously no human
data on the transplacental transfer of PhIP were available. PFAS compounds were
relatively recently found ubiquitously in the environment, and since then their
bioaccumulative property has been a concern since. There is also evidence of
reproductive effects, such as fetal growth restriction and reduction of male semen
quality (Winkens et al., 2017). The heavy metals methylmercury, cadmium and lead
are well known developmental toxicants and the exposure to them while
unavoidable, should be minimized. The metals are neurotoxicants and theír effects
on the developing brain are irreversible. Cadmium is suspected to have direct toxic
effects on the placenta, and as a result placental function as a lifeline for the fetus
may be endangered (Fox et al., 2012; Roy et al., 2015; Young & Cai, 2020). All of
the study compounds are suspected to interact with transporter proteins, and
therefore also their interactions with placental transporter proteins are also a focus
of this study.
4.2

Ethical aspects (I-III)

All the mothers asked to donate their placenta for this study, were asked to give a
written informed consent for their participation. The attendance was voluntary, did
not affect the delivery in any way and could be cancelled in any phase of the study.
Also, all the study protocols were accepted by the Ethical Committee of the
Northern Ostrobothnia hospital district. The Declaration of Helsinki (World
Medical Association, 2013) was fulfilled. All the studies were performed by the
European union legislation of the human rights and biomedical research.
The pregnant mothers were generally compliant in donating the placentas for
scientific purposes. This has also been found by Halkoaho and coworkers (2010).
The placentas were examined by midwives and placentas with anomalies were not
taken for perfusion studies. All the needed clinical samples were taken from cord
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blood before the taking placenta for perfusion studies. The cell lines used in the
studies were all from commercial sources.
4.3

Cell culture (I-III)

The cells were cultured in RPMI 1640 or DMEM cell culture medium (Gibco,
Paisley, Scotland) without phenol red supplemented with 10% fetal bovine serum
in a humidified atmosphere in 5% CO2 and 37°C (Table 4). Cell cycles were
synchronized by removal of FBS for 24 h before the experiment. The treatment
with contaminants was done at an exponential phase of growth.
To determine the toxic concentrations of contaminants, cell toxicity was tested
with the MTT-test where the formation of formazan crystals by mitochondrial
enzymes is measured (Stockert, Blázquez-castro, Ca, & Horobin, 2012). Cells were
confirmed to be mycoplasma free with a MycoAlert® mycoplasma detection kit
(Lonza).
Table 4. Cell lines of human origin used in the studies and transporter protein
expression (Evseenko, Paxton, & Keelan, 2006; Orendi et al., 2011; Serrano et al., 2007).
Cell line Origin/
treatment
BeWo

Choriocarcinoma

The use of

Transporter protein expression

Publi-

cell line
Substrate

cation
ABCB1

ABCC1

ABCC2

ABCG2

OAT4

Low

+

-

+++

+

I,II,III

+

+

-

++

-

I,III

studies,
Inhibitor
studies
Contaminant
exposure
studies
MCF-

Mitoxantrone

Substrate and

7/MTX

treated/

inhibitor

resistant breast

studies

adenocarcinoma

4.3.1 Cell lines (I,II)
BeWo human choriocarcinoma cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA), MCF-7 human breast
adenocarcinoma cells were a kind gift from Professor Taina Turpeenniemi-Hujanen
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at the Department of Oncology and Radiology, Oulu University Hospital, Finland.
The mitoxatrone (MTX) resistant clone of MCF-7 cells (MCF-7/MTX) was created
in our own laboratory by continuous treatment with 10 nM mitoxantrone (MTX)
which is known to induce protein expression of the ABCG2 transporter.
Adriamycin treated (ADR) resistant human ovarian carcinoma cells (A2780/ADR
cell line) were obtained from Prof. Jukka Hakkola (University of Oulu, Oulu,
Finland). The CaCo-2 human colon carcinoma cell line from Prof. Hanna Tähti
(FICAM, University of Tampere, Finland) was used as a positive control in
immunoblotting for the ABC transporter proteins
4.3.2 Inhibition assays (I, II)
The inhibition assay was modified from Bode et al. (2006). The assay procedure is
described in detail in the publications I and II.
The effects of CdCl2, PbCl2 and antipyrine on the function of ABCG2 were
studied using BeWo and MCF-7/MTX cells (II). The inhibition assay was
performed as described in publications I and II. Cells were maintained in RPMI
1640 medium with (BeWo) or without (MCF-7/MTX) phenol red and
supplemented with 2 mM glutamine (Gibco, Paisley, Scotland, UK), 10% heat
inactivated fetal bovine serum (BeWo). In addition, the medium for MCF-7/MTX
cells contained 10 nM mitoxantrone (MTX) and 10% charcoal stripped FBS. The
cells were suspended at a concentration of 106 cells/mL in RPMI 1640 medium
without phenol red, supplemented as described above, but without MTX. In the
accumulation phase, the cells were incubated for 30 min at 37°C with 2 mM MTX
and with or without CdCl2 or PbCl2 (0.0001-100 mM). Fumitremorgin C (FTC, 10
mM) was used as a positive control for ABCG2 inhibition. The uptake was stopped
by pelleting the cells at 4°C. Also, the potential inhibition of ABCG2 by antipyrine
was tested as described (I). The analysis of MTX accumulation was performed with
a Becton Dickinson FACScalibur (San Jose, CA) equipped with a 635-nm red diode
laser and a 670 nm band pass filter.
For the carcinogen uptake experiments, MCF-7 10 nm MTX cells were first
incubated for 30 min in Hank’s balanced salt solution (Sigma) containing 2.5 mM
L-glucose (Sigma) with CdCl2 (0.01-100 mM) or 10 mM FTC. The carcinogen
uptake incubation was carried out with 20 mM 14C-PhIP in DMSO (specific activity
50 mCi/mmol) in combination with CdCl2 (0.01-100 mM) or FTC in HBSSglucose. The cells were lysed with 500 µL of 2% Triton X-100 with the Complete®
protease inhibitor cocktail (Roche, Mannheim, Germany). The radioactivity of cell
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lysates was measured using a LKB Wallace Rackbeta II liquid scintillation counter
using Optiphase Hi-Safe 2 (Perkin Elmer) as the scintillation solution.
Inhibition of the transporter function of the ABCG2 protein was studied further
in BeWo cells. The cells were cultured at a density of 1×105 cells/mL on 12-well
plates and the uptake of the carcinogen 14C-PhIP was studied in HBSS-glucose. The
cells were treated with 1, 10 or 50 mM PhIP alone or in combination with 0, 1, 10
or 100 mM CdCl2. The radioactivity of the cells was measured as previously
described in the treatment of MCF-7 cells.
Substrates and inhibitors used in the transporter studies are selective, but not
entirely specific for certain transporters. The inhibitor Ko143, for example,
inhibitions seems to have overlapping effects on the transport activity of ABCB1,
ABCC2 and ABCG2 (Matsson, Pedersen, Norinder, Bergström, & Artursson,
2009)(Table 5). However, BeWo and MCF-7/MTX cells highly overexpress
ABCG2, and the expression of ABCC2 and ABCB1 are very low (Table 5)
(Evseenko et al., 2006; Orendi et al., 2011). MTX as the substrate of transporter
proteins, seems to be transported by ABCC2, ABCB1 and ABCG2 (Table 5) (Imai
et al., 2003; Lin, Skolnik, Chen, & Wang, 2011; Poirier et al., 2014; Xiao et al.,
2005), but transporters other that ABCG2 are only expressed in low amounts in
BeWo and MCF-7/MTX cells (Evseenko et al., 2006; Serrano et al., 2007)(Table
4). PhIP used in the placental perfusion seems to be transported only via the
ABCG2 transporter (Table 5) (Cerveny, Pavek, Malakova, Staud, & Fendrich, 2006;
Pavek et al., 2005).
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N/A
Low
N/A

Antipyrine

KO143

Fumitremorgin C

N/A
N/A

PhIP

MTX

Transport of substrates

+

ABCC1

Probenecid

Transporter inhibition

transport of substrates

Inhibition/

+

N/A

N/A

Low

N/A

+

ABCC2

++

-

+/-

+

N/A

+

ABCB1

++

++

++

++

N/A

+/-

ABCG2

The Drug Interaction Database (DIDB), University of Washington.

N/A

N/A

N/A

N/A

N/A

+

OAT4
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Table 5. The specificity of inhibitors and substrates used in the transporter assays. Representative table based on the search of

4.4

Ex vivo human placental perfusion (I, III)

The single cotyledon recirculating placental perfusion procedure used in the
laboratory is based on the method of Schneider and co-workers (1972) and it has a
long history in our research (Ala-Kokko et al., 1998; Myllynen, Pienimäki, &
Vähäkangas, 2005; Pienimäki et al., 1995).
All the mothers participating the study reported themselves to be nonsmokers
and used no prescription medication, smokers and mothers with medication were
excluded from the study. Placentas were obtained from non-complicated term
pregnancies (36-42 weeks) either from vaginal deliveries or elective cesarean
sections. Placentas were obtained right after either vaginal deliveries or elective
caesarean sections. After the delivery the cord arteries and vein were injected with
pre-gassed, heparinized Krebs-Ringer Phosphate-Bicarbonate buffer (publications
I and III) to prevent coagulation. The placenta was placed in physiological 0.9%
NaCl and carried to the laboratory.
In the preliminary phase of placental perfusion, the fetal circulation was
established in one of the placental peripheral cotyledons first with heparinized
Krebs-Ringer Buffer. The fetal peripheral artery and vein were cannulated using
neonatal feeding tubes and outflow was confirmed to be similar to inflow.
The placental cotyledon was cut out from the rest of the placenta with a suitable
marginal, placed in the perfusion chamber and finally to the perfusion system with
a 37°C water bath (Figure 6). The maternal circulation was established with two
blunt cannullae pushed through the basal plate. Placenta was perfused with RPMI1640 cell culture medium with (publication I) or without (publication III) phenol
red supplemented with L-glutamine (Gibco, Paisley, Scotland) and non-essential
amino acids (Gibco). Human serum albumin (2% SPR Finland/Sanquin,
Netherlands) and Dextran T-40 (1g/L, Sigma Aldrich, Germany) were also added
to the perfusion media for sufficient colloid osmotic pressure. In the publication III
the physiological albumin concentrations (30 g/L in the maternal circulation and 40
g/L in the fetal circulation) were used in perfusions without placenta and control
perfusions without study compounds which were done to study the binding of the
study compounds in perfusion equipment and release of PFAS from albumin. In the
perfusion system, the fetal circulation was gassed with 95% N2/5% O2 and maternal
with technical air (III) or medical carbogen (I) 95% O2/5% CO2.
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Fig. 6. Dual recirculating placental perfusion system.

The placenta was preperfused for at least 30 minutes to allow the tissue to recover
from hypoxia and the baseline sample was taken before the addition of study
compounds (Table 5). The first 50 ml from the perfusion media in the maternal
circulation was taken out as open flow to flush the excess erythrocytes. The
possible ABC transporter inhibitors KO143 (2 µM, (Allen et al., 2002) or
probenecid (0.5 mM, Sigma, St Louis, Mo, USA) were added to the perfusion
already 30 minutes before the addition of the study compound (publication I). The
study compounds were added to the maternal reservoir simultaneously with the
reference compound antipyrine (100 µg/ml, Aldrich Chemie, St Louis, Mo, USA).
The experiment was carried out either for 6 hours (I) or for 4 hours (III).
During the perfusion, the pH was adjusted to the physiological level using
either 1 M NaOH or 0.5 M HCl. The pH levels and oxygen content in the perfusion
media were monitored using a stat profile pHox Basic blood gas analyzer (Nova
Biomedical, Waltham, MA, USA).
The empty perfusions without placenta were done, to determine the extent of
binding of the study compounds to the perfusion equipment and tubing. In the
publication III, two perfusions were also done with antipyrine only without the
addition of the study compounds PFOS and PFOA, to exclude the release of these
compounds from placental tissue.
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4.4.1 Analysis of study compounds from perfusion samples (I,III)
PhIP(I)
In the Publication I, 14C-PhIP (specific activity 368.9 MBq/mmol) was analyzed
from perfusion samples by liquid scintillation counting. For each measurement, 400
µl of perfusion medium was added into 10 mL of scintillation liquid (optiphase Hisafe 2, Perkin Elmer, NY, USA). For every measurement, a standard curve was
made for the 14C radiolabeled PhIP.
PFOS and PFOA (III)
In the Publication III, PFOS and PFOA were analyzed by liquid chromatography
negative ion electrospray tandem mass spectrometry (LC–ESI-MS/MS). Prior to
an extraction procedure the isotope labelled internal standards for quantitation of
PFOS and PFOA were added into the placental tissue and the perfusion samples.
The analytes were extracted from the placental tissue with 2x3 mL methanol, and
from perfusion samples with 0.5 ml of 20 mM ammonium acetate in methanol.
Details of the analysis have been presented earlier (Koponen, Rantakokko,
Airaksinen, & Kiviranta, 2013).
Table 6. Compounds used in the perfusion studies.
Compound

Concentration

Quantitation method

Antipyrine

100 µg/ml

HPLC with UV detection

14

4 µM

Scintillation counting

PFOS

500 ng/ml

LC–ESI-MS/MS

PFOA

500 ng/ml

LC–ESI-MS/MS

C-PhIP

4.4.2 Analysis of antipyrine from perfusion samples (I, III)
Antipyrine was analyzed from the perfusion samples by high performance liquid
chromatography (HPLC). Albumin and dextran were precipitated from the samples
with methanol, and in the PFOS and PFOS perfusions phenacetin was used as an
internal standard in the samples (Immonen et al., 2010).
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A Shimadzu, SLC-10Avp was used for the analysis. As the mobile phase, 20
mM KH2PO4 (80%), acetonitrile (20%) and triethylamine (0.05%) were used and
the column used in the differentiation was LiChrospher RP-18 and precolumn
LiChrosper 100 RP-18 (4x4mm, ID 5 µM). All the samples were analyzed as
duplicates.
4.4.3 Placental viability (I, III)
The criteria for a successful perfusion were pH at physiological levels, O2 transfer
(III) and leak under 4 mL/h from fetal to maternal circulation. Placental tissue
morphology after perfusion was checked in paraffin embedded tissue sections
stained with hematoxylin and eosin. Placental oxygen consumption and pH levels
were monitored using a Stat Profile pHox Basic blood gas analyzer (Nova
Biomedical, NY, USA). There were no antibiotics added in the perfusion media,
and visible contamination in the perfusion solution was an excluding criterion for
perfusion. Also, antipyrine transfer was monitored, and a proper overlapping of the
circulation in the same cotyledon was confirmed by the equilibrated concentration
of antipyrine. Placental hCG production was monitored during the perfusion. The
hCG production (amount/h/g) was analyzed at the beginning and in the recovery
period.
4.5

Protein expression in placenta and cell lines (I-III)

Protein expression in the placentas and cell lines were analyzed by immunoblotting.
The microvillous membrane and basal membrane of the human syncytiotrophoblast
or the total proteins of the placenta were isolated by magnesium precipitation and
differential centrifugations (Immonen et al., 2010; Myllynen et al., 2008). (I,II)
The total proteins were isolated by homogenizing the placental tissue in RIPA
buffer (50 mM Tris-HCl; 150 mM NaCl; 1% Triton x-100; 1% Na-Deoxycholate;
0.1% SDS, pH 7.5) supplemented with a cocktail of protease inhibitors (Complete
EDTA-free from Roche Diagnostics GmbH, Mannheim, Germany) and 0.1 mM
Na-orthovanadate (Sigma) as described in publication III. Protein expression was
analyzed by immunoblotting as described in publications I,II and III. The
antibodies used in the experiments are listed in Table 6. The proteins were detected
using chemiluminescence detection kits ECL+ (GE Healthcare, Buckinghamshire,
UK) and immunosignals were detected using a LAS-3000 Luminescent image
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analyzer (Fujifilm). The intensities of bands were quantitated with Quantity One –
software (Biorad).
Table 7. Antibodies used in the immunoblotting.
Protein

Primary antibody

ABCB1/4

C219 MAb

Secondary antibody

Manufacturer

anti-Mouse IgG HRP-linked

Millipore

antibody

(antibody for both
haplotypes of the
transporter)
ABCC1

MAb to MRP1

Millipore

[QCRL1]
ABCC2

Clone M2 I-4,

Millipore

MAB4148
ABCG2

ABCG2/BCRP,

Chemicon

Clone BXP-21,

International

MAB4146
hOAT4

SLC22a11 antibody

Na+/K+/ATPase

4.6

+

+

Na /K /ATPase

Abcam
Abcam

mRNA expression in placenta end cell lines (I-III)

Gene expression was analyzed using Taqman chemistry as described in the
publications I-III. Total RNA from placental tissues or cultured cells was isolated
using Tri-Reagent (Thermo Fisher Scientific, Waltham, MA, USA), according to
the instructions. Synthesis of cDNA was performed using p(dN)6 random primers
(Roche) and M-MLV reverse transcriptase (Promega) (II, III). The mRNA
expressions of transporters and the housekeeping gene 18S (Table 8) were analyzed
with real-time quantitative PCR using the ABI 7300 Real-Time PCR system (Table
8. Applied Biosystems).
Expressions of the transporters were normalized with 18S expression of the
same sample and the expression differences calculated with the -2[d][d]CT –method
(Yuan, Reed, Chen, & Stewart, 2006).
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´FAM-CCTGGTGGTGCCCTTCCGTCA-TAMRA3
5´FAM-TCCAAGGAGCGCGAGGTCGG-TAMRA3´
5´FAM-TGGGAAAGCTGGCGAGATCCTCAC-

18S

ABCB1

ABCB4

5´FAM-TGACACAACACC CACAGGCC-TAMRA3´
5´FAM-TCAACGCCATCCTG GGACCCA-TAMRA3´
5´FAM-CCTGGTGGTGCCCTTCCGTC-TAMRA3´

ABCC2

ABCG2

SLC22A11/

OAT4

5´FAM-TGGGCATCACCA CGCTGCTTG-TAMRA3´

ABCC1

TAMRA3´

Probe sequence

Gene

5´CAGGACCTGGAGAGCCAGAA3´

5´CAATGGGATCA TGAAACCTG3´

5´TCCTTCGAGCA CCTATGAGATT3´

5´GTTTCTGGTC AGCCCAACTCTC3´

5´TTCTTCCTTCAGGGTTTCACGT3´

5´TCACGTCTTGGTGGCCG3´

5´TGGTTGCAAAGCTGAAACTTAAAG3´

Forward primer sequence

Table 8. Taqman primers and probes for RT-PCR (Thermo Scientific).

5´TTCCACAGTGACGGCCTCTT3´

5´AACGAAGATTTGCCTCCACCT 3´

5´CCGGCAAACCT GTTCACAA3´

5´CCTCTCCAGCTG AATTAAAAAG3´

5´GCCATTGACCGCAGTCTTCT3´

5´CGGTCCCCTTCAAGATCCAT3´

5´AGTCAAATTAAGCCGCAGGC3´

Reverse primer sequence

4.7

Calculations and statistical analyses (I-III)
The fetal (F) to maternal (M) concentration ratio was calculated as follows:
FM ratio = Fetal sample concentration/Maternal sample concentration
Transfer Index (%):
TI (%)120 min = (F120/M0) test compound /(F120=M0)antipyrine
TI (%)240min=(F240/M0) test compound/(F240/M0)antipyrine

In the formulas, F120 is fetal concentration at 120 min, F240 is fetal concentration
at 240 min and M0 is maternal concentration at the beginning. The statistics were
calculated using IBM statistics version 21. Repeated measures analysis of variances
(ANOVA) was used to compare the means between maternal and fetal
concentrations. A p-value less than 0.05 was considered as statistically significant.
Tukey's test was used as a post-hoc test when analyzing the variances of PFOS,
PFOA, PhIP and antipyrine FM-ratios. To calculate logistic regression between the
transfer index % (TI%) at 120 min and 240 min of perfusion, and transporter protein
expression, GraphPad Prism version 6 was used. To study the effect of Probenecid
and KO143 on placental transfer of PhIP, repeated measurements using ANOVA
with Huynh–Feldt were used.
In cell culture studies with CdCl2, MeHgCl and PbCl2, SPSS statistics (version
18.0) was used for statistical analyses. Comparisons were done using one-way
ANOVA with Dunnett’s post hoc test. A p-value smaller than 0.05 was considered
as statistically significant.
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5

Results

5.1

Kinetics of toxic compounds in placental perfusion (I,III)

The ex vivo human placental perfusion method was used to study the kinetics of
PhIP (I), PFOS (III) and PFOA (III) compared to the reference compound
antipyrine (Publications I and III) (Figure 7). Altogether 24 successful perfusions
were included in the study (I, III). Antipyrine, which crosses the placenta by passive
diffusion and was used as the reference for successful cannulation with sufficient
overlap between the maternal and fetal circulations. The FM-ratio of antipyrine in
all the perfusions was 0.98±0.21 (mean±sd) after 4 hours of perfusion suggesting
that there was a sufficient overlap between the maternal and fetal circulations.
Other criteria for a successful perfusion included leak from fetal to maternal
circulation under 3 mL/h, oxygen and glucose consumption, hCG production and
pH at the physiological levels.
In Publication I, 6 placentas were perfused with PhIP (2 µM) only. PhIP crossed
the placenta rapidly and was detected in the fetal perfusate in the first samples taken
at 30 minutes in all of the perfusions (fetal to maternal concentration ratio
0.14±0.05). Nevertheless, the concentrations between maternal and fetal
circulations did not equilibrate during the 6-hour perfusions. The difference
between maternal and fetal circulations remained statistically significant at all time
points of the perfusions. At the end of the perfusion the mean fetal to maternal
concentration ratio was 0.72±0.09. PhIP showed no marked binding to placental
tissue or to perfusion equipment.
In Publication III, placentas were perfused with the combination of PFOS (500
mg/L) and PFOA (500 mg/L) (n=4). The transfer rate of PFOS and PFOA was slow
and the concentrations at the end of the perfusions in maternal and fetal circulations
were far from equal at the end of the 4-hour perfusion. In the fetal circulation,
concentrations higher than background were detected at 30 min after addition of
the study compound(s). The mean PFOS concentration at the end of the perfusions
was 43.5 ± 16.4 ng/ml in the fetal and 164.5 ± 7.0 ng/ml in the maternal circulation.
The PFOA concentration in the fetal circulation was 44.5 ±9.5 ng/ml and 223.8
±18.3 ng/ml in the maternal circulation, both at the end of the perfusions. The FMratio of PFOS was 0.26 ± 0.09 at the end of the perfusions and 0.20 ±0.04 for PFOA.
The placental transfer of PhIP was clearly faster than the transfer of PFOS and
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PFOA. Transplacental transfer of PFAS was slower than transfer of PhIP and
antipyrine.
The total amount of PFOS and PFOA in placental perfusion media at the end
of the perfusion was calculated based on the concentrations in the perfusion media
samples and total volume of perfusion media. The recovery of PFOS in the
perfusion medium was 35.5 ± 0.006% and of PFOA 45.9 ± 0.02% which indicates
that both compounds were highly accumulated in the placental tissue during
perfusions. The binding to perfusion equipment was previously confirmed to be
insignificant, and tissue concentrations after perfusions were not analyzed.

Fig. 7. Comparison of the transplacental transfer indicated by the feto-maternal ratios
(FM-ratio) of compounds antipyrine, PhIP, PFOS and PFOA in human placental
perfusion.

Effects of ABCG2 and OAT4 on transplacental transfer
The effect of the ABCG2 transporter protein on transplacental transfer of PhIP was
studied ex vivo in human placental perfusion. PhIP is a known substrate for certain
membrane transporters also present in human placenta. The kinetics of PhIP
through the human placenta in perfusion was studied by adding inhibitors of
ABCG2 and ABCC1/ABCC2 to the perfusion medium 30 min before the
administration of 14C-PhIP. Ten perfusion experiments were conducted with
placental ABC transporters inhibited using either KO143 (ABCG2 inhibitor; n=5)
or probenecid (ABCC1/ABCC2 inhibitor; n=5). The FM ratio was 0.75±0.10 at the
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end of the perfusions when PhIP was perfused with the ABCC2 inhibitor
probenecid demonstrating that probenecid had no effect on placental transfer of
PhIP (repeated measures ANOVA with Huynh-Feldt, p=0.908). When the ABCG2
inhibitor KO143 was used in combination with PhIP, the FM-ratio was 0.90±0.08
at the end of perfusions (PhIP only vs PhIP + KO143 repeated measure ANOVA
with Huynh-Feldt p<0.01). For the comparison, the FM-ratio of PhIP without
inhibitors was 0.72±0.09. Thus, unlike with probenecid, placental transfer of PhIP
increased, when the ABCG2 inhibitor KO143 was used. The FM ratios of PhIP +
KO143 (n=6) also differed statistically significantly from perfusions in which PhIP
was perfused in combination with probenecid (n=5). FM-ratios at the end of
perfusion were 25% higher in PhIP + KO143 perfusions in PhIP only perfusions.
(Fig 8).
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Fig. 8. Transfer of PhIP with ABCG2 inhibition (open squares) and without (solid
squares) ABCG2 inhibition *= p<0.05 ** =p<0.01.
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Correlation between transporter protein expression and placental transfer
The expression of transporter proteins is known to vary between individuals, e.g.,
because of SNVs. This is the case also in the placenta. There was some variation in
the FM-ratios at the end of the perfusions. Therefore, the expression levels of the
ABCC2 and ABCG2 transporters were compared with the FM-ratios at the end of
the perfusions to further test whether the expression of transporter proteins was
correlated with the transfer in the perfusion studies with PhIP.
The expressions of ABCC2, ABCG2 and hOAT4 in the perfused placentas
were studied by immunoblotting from the microvillous membrane protein fraction.
All the studied placentas expressed these transporter proteins both before and after
perfusion. The transporter protein expression relative to the loading control were
compared with the FM-ratios of the study compounds at the end of the perfusions.
The linear regression showed a statistically significant negative correlation
between the ABCG2 protein expression and the FM-ratio of 14C-PhIP at the end of
the perfusion (R2=0.65, p=0.008) (Figure 8A) further confirming that the ABCG2
transported protein modifies the transplacental transfer of PhIP. On the contrary,
there was no correlation between the ABCC2 protein expression and PhIP transfer
(R2:0.11, p=0.76) suggesting that the level of the ABCC2 transporter does not
significantly modify the transplacental transfer of PhIP.
PFOA transfer correlated negatively with the protein expression of OAT4 in
placentas statistically significantly (R2:0,92, p=0.02) (Figure 8C). The FM-ratio of
PFOS at the end of perfusions associated negatively with the OAT4 protein
expression. However, the correlation was not statistically significant (R2=0.70,
p=0.16) (Figure 8B). In addition to the FM-ratios the transfer index % (TI%) was
calculated for PFOA and PFOS at 120 minutes. There was a statistically significant
negative correlation between the TI%(120 min) and the OAT4 protein expression
with both PFOS (R2=0.99, p=0.007) and PFOA R2=0.92, p=0.043). This suggests
that the OAT4 transporter protein modifies the transfer rate of both PFAS
compounds. No such correlation between the FM-ratios of PFOS or PFOA and the
ABCG2 protein expression was found in the perfused placentas (R2:0.27 p=0.48,
R2:0.31 p=0.44, respectively).
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R2=0.70
p=0.16

R2 =0.96
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A

Fig. 9. Examples of the correlation between the placental transfer of PhIP, PFOS and
PFOA, with the expression of transporter proteins in human placental perfusion. The
linear regression between feto-maternal ratios of PhIP, PFOS and PFOA at the end of
the perfusions with the ABCG2 (A) or OAT4 (B, C) expressions.

5.2

Effects of chemicals on transporter expression in BeWo cells

PhIP (I)
In addition to genetic factors, xenobiotics may affect the transporter protein
expression. In publication I the effect of PhIP on ABC transporter expression in
BeWo cells after 48-hour treatment was studied by RT-PCR and immunoblotting.
PhIP induced ABCC1, ABCC2 and ABCG2 mRNA expression at the
concentrations of 1 and 10 µmol/l after 48 hours of treatment (Data not shown).
No effects were seen in the protein expression of ABCC1 or ABCC2. ABCG2
protein expression was downregulated after 48 h of treatment with 10 µM PhIP,
the difference being statistically significant when compared to the vehicle treated
control (p<0.001).
PFOS and PFOA (unpublished data)
The effects of PFOS and PFOA on the expression of the ABC transporters were
tested using an approach similar to that used with PhIP. BeWo cells were treated
with to 1 nM-1 µM concentrations of PFOS or PFOA for 48 hours. PFOS decreased
the mRNA expression of ABCG2 statistically significantly at the concentrations of
10 nM - 10 µM (Fig 10B). PFOS also statistically significantly decreased ABCC1
mRNA expression at the concentrations of 10 nM, 100 nM and 100 µM (Fig
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10D). However, the protein expression of ABCC1 or ABCG2 did not change (Fig
10G).
Heavy metals CdCl2, PbCl2 and MeHgCl (II)
Environmental metals may contribute to fetal toxicity via toxic effects on placenta,
as well as via direct effects on the fetus. First, to study the interactions between the
transporter proteins and heavy metals, the effect of heavy metals on the expression
of ABCC1, ABCC2 and ABCG2 mRNA and protein was studied. The MTT-assay
was conducted to select non-toxic concentrations for the 48-hour exposure studies
in BeWo cells.
BeWo cells were treated with various concentrations of CdCl2, PbCl2 and
MeHgCl for 24, 48 or 72 h and the viability of cells was determined with the MTTtest as the formation of formazan crystals in viable cells. As expected, MeHgCl was
the most cytotoxic followed by CdCl2 and PbCl2. For further experiments, the
selected concentrations were 0.1 and 0.01 µM for MeHgCl, and 0.1 and 1 µM for
both CdCl2 and PbCl2.
The mRNA expression of ABCC1, ABCC2 and ABCG2 were quantitated by
RT-PCR. BeWo cells expressed mRNA of the ABCG2, ABCC1 and ABCC2
transporters. The expression of ABCG2 mRNA was highest followed by ABCC1
and ABCC2 (Data not shown). None of the studied heavy metals affected the levels
of the expression of the ABC transporter mRNA in BeWo cells (Data shown in fig
4 of publication II). Protein expression of the ABCG2 transporter was studied using
immunoblotting. There were no statistically significant alterations of protein levels
after a 48 h treatment with to CdCl2, PbCl2 or MeHgCl compared to the vehicle
treated controls of BeWo cells (Data shown in Fig 5, of Publication II).
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Fig. 10. The effects of PFOS and PFOA on ABC transporter mRNA and protein
expression in the human choriocarcinoma BeWo cells (unpublished data). ***= p<0.001
**=p<0.01 *=p<0.05.
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5.3

Effects of chemicals on ABCG2 transporter protein function in
BeWo and MCF-7 cells (I, II)

In publications I and II the effects of PhIP and heavy metals on ABCG2 transporter
function were studied. Human choriocarcinoma BeWo and human breast
adenocarcinoma MCF-7 cells cultured with 10 nM mitoxantrone (MTX) to
upregulate the ABCG2 transporter were used in studies of the ABCG2 transporter
protein function. Both BeWo and MTX-treated MCF-7 cells were confirmed to
express the ABCG2 protein in high amounts, the expression in BeWo being higher
compared to MCF-7 cells. At the time of the studies, there were no commercial
transfected or other ABCG2 overexpressing cell lines commercially available. The
use of cell lines with high ABCG2 expression, either induced or natural, was
therefore acceptable. Both cell lines expressed ABCC1, while the expression of
ABCB1 and ABCC2 proteins was either very low, or undetectable (data not shown).
The effect of PbCl2, CdCl2 and antipyrine on the ABCG2-mediated efflux of
MTX was examined in cell culture studies. Antipyrine transfer is generally assumed
to occur via passive diffusion without any effect by placental transporters. The
effect of antipyrine on ABCG2 was studied to ensure its suitability as a reference
chemical in placental perfusion studies focusing on the role of the ABCG2
transporter in the transplacental transfer of PhIP.
The effect of antipyrine (0.001 – 1 mg/mL) on the ABCG2 mediated efflux of
MTX was studied. Antipyrine had no inhibitory effect on the transporter protein
ABCG2 (data not shown). PbCl2 had no effect on the ABCG2 mediated transfer of
MTX, in other words it did not increase the accumulation of MTX in cells. This
was confirmed in both BeWo and MCF-7/MTX cells. Cadmium chloride (1-100
µM) decreased the efflux of the ABCG2 substrate MTX dose-dependently in both
cell lines. Both 10 and 100 µM concentrations were comparable to the positive
control, an ABCG2 inhibitor Fumitremorgin C (FTC, 10 µM) (Fig. 11). The
decrease by cadmium of the ABCG2 mediated transfer was seen already at the
lower concentrations in one experiment with BeWo and in another with MCF-7
cells, but this finding was not consistent through all the experiments.
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Fig. 11. The effect of CdCl2 on the function of the ABCG2 transporter protein A)
Inhibition of ABCG2-mediated efflux of mitoxantrone (MTX) in BeWo cells with
Fumitremorgin C (FTC) B) Inhibition of the ABCG2-mediated efflux of MTX in BeWo cells
treated with 10 µM CdCl2 C) Inhibition of the ABCG2-mediated efflux MTX in BeWo cells
treated with 100 µM CdCl2. D) Inhibition of the ABCG2-mediated efflux of

14

C-PhIP in

MCF-7/MTX cells. **=p<0.05 ***=p<0.001.

To further study the effect of cadmium chloride on the ABCG2 mediated transport,
another ABCG2 substrate, 14C-PhIP was used. 1 µM CdCl2 increased 14C-PhIP
accumulation in BeWo cells by 234 ± 37% and 10 µM CdCl2 by 224 ± 35% (Figure
10A). This supports our results described previously, that CdCl2 inhibits the
function of ABCG2. The effect of PbCl2 on cellular accumulation of 14C-PhIP was
studied in a setting similar to that used to study the effect of CdCl2. In contrast to
CdCl2, PbCl2 had no effect on 14C-PhIP accumulation.
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6

Discussion

There are major restrictions in studying fetal exposure to xenobiotics. Pregnant
mothers cannot be intentionally exposed to chemicals other than necessary drugs,
because of the possibly harmful and permanent effects on the developing fetus.
Human fetuses are exposed through the circulation to the same environmental
chemicals as the mother. Also, medication essential to the mother’s well-being have
to be used during pregnancy despite of the possible adverse effects on the health of
the fetus. The human placenta is the organ responsible for substance exchange
between the mother and fetus. However, the placenta can be used after the delivery
without harmful effects for the mother or fetus. Human placenta is a disposable
material after the delivery and thus in principle good research material.
Ex vivo placental perfusion is a valuable and reliable method to examine the
kinetics of environmental compounds and pharmaceuticals through the placenta
without any risk to the mother or the fetus (Mose et al., 2012; Myllynen &
Vähäkangas, 2000). However, placental perfusion as a method is time consuming
and demanding. One bottleneck for the placental perfusion studies is the
availability of placentas. At the time of these studies, the number of deliveries in
Oulu University Hospital was around 3000 deliveries per year. During recent years
the number of deliveries has been decreasing. The state of delivered placentas
varies and, e.g., any major ruptures in the delivered placenta are a problem for
placental perfusion because the maternal-to-fetal interface is no longer intact. Also,
only placentas from healthy non-smoking mothers were accepted for these
placental perfusion studies. Thus, placentas were not available for perfusion studies
every day. The success rate for placental perfusion varies. Mathiesen and coworkers
(2010) have reported that in their studies altogether 4-15% of all the placentas
collected, were successfully perfused. Furthermore, the toxicity of study
compounds may also decrease the success rate of placental perfusion. Sometimes,
e.g. in the study of Partanen and coworkers (2010) using Aflatoxin B1, the toxicity
of the study compound may be so high that it is necessary to accept a higher leak
from fetal to maternal circulation than usual (<3 ml/h) (Karttunen et al., 2015;
Pienimäki et al., 1995).
In this study, all the studied compounds crossed the placenta as expected.
However, there were differences in the transfer rate between individuals as well as
between different compounds. Most compounds go through the placenta by passive
diffusion and their transplacental transfer is dependent on the physicochemical
properties of the compound and circulation rate. In human placental perfusion,
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some compounds are bound to albumin in the serum, which itself does not cross
the placental barrier (Mose et al., 2012). Therefore, only the free fraction of the
studied compound is available for the placental transfer and changes in albumin
concentration may affect the equilibration of albumin-bound compounds. In the
case of PFOS and PFOA, the compounds are suspected to be bound to plasma
albumin and also placental tissue as they tend to be bound to proteins (Kudo et al.,
2007; Maestri et al., 2006).
In the placental perfusions, an albumin concentration below the physiological
level was used in order to study the transplacental kinetics of the free fraction of
the compound. Although the albumin concentration was low also in the perfusions
without placenta a minor background concentration for PFOS and PFOA detected
in Publication III most likely originated from albumin prepared from human blood
(Beesoon & Martin, 2015). Also, minor amounts of PFOS and PFOA were found
in the perfusates containing albumin as background contamination in agreement
with the known widespread contamination of perfluorinated alkyl substances
(PFASs) in the environment (Kantiani, Llorca, Sanchís, Farré, & Barceló, 2010).
In this study, the PFOS and PFOA concentrations were higher than the background
concentrations to make sure the kinetics could be reliably assessed.
The transplacental transfer of several environmental and food borne
compounds including PhIP were compared in human placental perfusion in the
study by Mose and coworkers (2012). Based on the transfer, they divided the
compounds into three categories according to the placental transfer rate: Some
compounds represent a high rate of transplacental transfer similar to antipyrine
suggesting passive diffusion. Compounds such as AFB1 and PCB180 have a
medium transfer rate and PhIP was placed into this category. Interestingly, both
AFB1 and PhIP are known substrates for ABC transporters (van Herwaarden et al.,
2003; Jonker et al., 2005; van Herwaarden et al., 2006). Slow rate compounds
included some more fat-soluble compounds such as TCDD (Pedersen et al., 2010),
deoxynivalenol (DON, (Nielsen, Vikström, Turner, & Knudsen, 2011) and
benzo(a)pyrene (Karttunen et al., 2010). Based on the transfer rate, PFOS and
PFOA belong to the group of slowly transferred chemicals. PFOS and PFOA also
tend to bind to tissue but preferably to proteins and not to lipids as the other classical
POPs. Their fat-solubility is not the characteristic responsible for their
bioaccumulative property, unlike other POPs (Kudo et al., 2007; Maestri et al.,
2006; Roberts, Grice, Hungerford, Liang, & Liu, 2016). It is possible that in human
placental perfusion, PFOS and PFOA accumulation in tissue via protein binding
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may be one of the factors contributing to a transplacental transfer profile similar to
that of highly fat-soluble compounds.
Placental transporters are known to modify the transfer of pharmaceuticals
(Pollex, Anger, et al., 2010), and some compounds may be metabolized by placental
enzymes, even though placental metabolic enzyme activities are limited
(Mohammed et al., 2020). Membrane transporter proteins are expressed in barrier
tissue membranes, such as in intestine, kidney, placenta and blood-brain barrier
(Hediger, Clémencon, Burrier, & Bruford, 2013). Originally the importance of the
placental transporter proteins in the fetoprotection was demonstrated already 20
years ago in animal experimentation (Lankas, Wise, Cartwright, Pippert, &
Umbenhauer, 1998). Based on previous research, the association between
pharmacological inhibition of ABCB1 and ABCG2 with increased fetal exposure
to drugs is well established (For a review see e.g. (Jonker et al., 2005; Lankas et al.,
1998; Smit et al., 1999) and new studies further confirming this have been
published during recent years. New studies show protective effects of ABCB1 and
ABCG2 towards fetal exposure to the antipsychotic drug sulpiride (Bai et al., 2017).
Also, ABCG2 and ABCB1 decrease the transplacental transfer of the of HIV
antiviral drug Zidovudine in vitro in canine MDCKII cells in monolayer culture
and in in situ dually perfused rat placenta (Neumanova, Cerveny, Martina Ceckova,
& Staud, 2016).
Although there is evidence of fetoprotective effects of placental transporter
proteins against pharmaceutical agents, the study (I) is the first to confirm the
impact of transporters on the kinetics of food-borne carcinogens in human placenta.
It is shown in publication I, for the first time a negative correlation between the
ABCG2 transporter protein expression and environmental contaminants in human
placental perfusion. Furthermore, the pharmacological inhibition of the ABCG2
transporter protein with KO143 significantly increased the placental transfer of
PhIP. After the perfusion studies the protective status of ABC transporters against
environmental compounds has been further confirmed in different in vitro and ex
vivo models. In toxicity testing, rabbit placentas are often used. Halwachs and
coworkers (2016) have shown the similarity in substrate specificity between the
human and rabbit ABCG2 transporter protein. Rabbit ABCG2 was confirmed to
modify the transfer of the mycotoxin Zearalenone in vitro in monolayer model with
BeWo choriocarcinoma cells and in ABCG2 transfected MDCK-cells (Szilagyi et
al., 2019). Although an association between ABCG2 and PhIP, and PFOS and
PFOA and OAT4 were seen in the placental perfusion in the publications I and III,
surprisingly this association was not seen with the heterocyclic amine IQ (Immonen
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et al., 2010), previously confirmed to be a ABCG2 substrate (van Herwaarden et
al., 2006). Ko143 was later confirmed not to be specific for ABCG2, but to inhibit
also ABCB1 and ABCC1 at 1 µM concentration (Weidner et al., 2015). However,
PhIP is a confirmed to be transported by ABCG2 (Pavek et al., 2005), but there are
no data about transport via ABCC1 or ABCB1. In these studies, BeWo and MCF7 MTX cells, the expression of the ABCG2 transporter protein was confirmed to
be very high compared to the expression of the ABCC1 and ABCB1 transporter
proteins.
Much less is known about the OAT4 transporter than the ABC transporters.
PFAS are known to be substrates for OAT transporters. There is also evidence for
the transport of PFOS and PFOA through several transporter systems, such as
organic anion transporters (OATs), organic anion transporting polypeptides
(OATPs) and multi-drug resistance associated proteins (MRPs or ABCC protein
family) (Dankers et al., 2013; Harada et al., 2007; Kudo et al., 2001; Wang & Sweet,
2012). In publication III, correlation between the OAT4 transporter protein
expression and PFASs transfer could be demonstrated. At the time of the PFASs
perfusion studies there was no specific inhibitor available for the OAT4 transporter
protein. Therefore, a study similar to that as with PhIP could not be done with
PFASs. However, the results suggest that also OAT4 has fetoprotective functions
against environmental contaminants.
Interestingly, several in vitro and epidemiological studies correlating fetal
exposure with transporter polymorphisms affecting transporter protein levels have
been published. Pollex and coworkers (2010) studied the effect of the polymorphic
variant c.421C>A, p.Gln141Lys; rs2231142 of ABCG2 on the diabetic drug
glyburide in HEK-293 cells expressing the variant. They showed significantly (p <
0.05) higher accumulation of glyburide in variant cells than in the cells expressing
the wild-type ABCG2. The results of Pollex and coworkers indicate that the
c.421C>A, p.Gln141Lys; rs2231142 variant of ABCG2 may have the potential to
alter the placental pharmacokinetics of glyburide used during pregnancy (Pollex,
Anger, et al., 2010). In birth cohorts of the Mediterranean area, a higher
accumulation of methyl mercury after fish consumption in the cord blood of
newborns was associated with the variants c.2677C>T/A, p.Ser893Ala (rs2032582)
of ABCB1, 1662400C>T (rs11075290) intron variant of ABCC1, and c.1249G>A,
p.Val417Ile (rs2273697) of ABCC2 (Llop et al., 2014). Also, other studies suggest
that transporter variants may affect methylmercury kinetics. Certain variants of
ABCB1, ABCC1 and ABCC2 transporter proteins are associated with higher
concentrations of mercury in the hair of mothers. Three non-coding variants of
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ABCC1 (4521C>T, rs11075290; c.321A>G (rs212093) and c.26968A>G/T
(rs215088), one non-coding variant of ABCC2 (c. 5116C>T, rs717620) and three
variants of ABCB1 (c. 85829A>G, (rs10276499); c. 151715A>T/G, rs1202169 and
c.2677C>T/A, p.Ser893Ala (rs2032582) were associated with hair Hg
concentrations (Engström et al., 2016; Llop et al., 2014). One non-coding variant
of ABCC2 (c. 3591A>G, rs1885301) has been associated with the poor
performance in certain neurological tests and higher concentrations of mercury in
the urine (Kolbinger et al., 2019). In the study it was not possible to pursue the
effect of polymorphisms on the transplacental transfer of PhIP or PFAS because of
the low number of perfused placentas. However, in placental perfusion, Rahi and
coworkers (2007) have shown that the c.3435C>T p.Ile1145Met (rs1045642) allele
in exon 26 of ABCB1 associated with a significantly higher placental transfer of
quetiapine. Several studies show a correlation between the transporter protein
polymorphism and malformations in laboratory animals. Susceptibility to
congenital malformations is dependent on the phenotypes of transporter proteins of
both mother dam and fetus. CF-1 strain mouse fetuses without a functional Abcb1
protein presented a higher susceptibility than wildtype to cleft palate after exposure
to the insecticide avermectin (Lankas et al., 1998). In this case, 100% of the fetuses
homozygous for this mutation developed cleft palate after avermectin exposure
(Lankas et al., 1998). In another study (Rawles et al., 2007) Mbcb1 knockdown
mouse fetuses developed orofacial clefts induced by phenytoin. This effect was
seen in both Abcb1(-/-) and Abcb1 (+/-) mouse fetuses but not in Abcb1 (+/+). Later
in humans, a maternal variant c.3435C>T p.Ile1145Met (rs1045642) of the ABCB1
transporter protein was shown to increase the risks for orofacial clefts in infants
after periconceptional exposure to medication (Bliek, van Schaik, et al., 2009).
There was a 6.2-fold increase (95% CI¼ 1.6–24.2) when compared to mothers with
the same variant and not using any medication (Bliek, van Schaik, et al., 2009).
The expression of transporter proteins and metabolic enzymes are influenced
by several factors. In addition to genetic variation in expression levels, their
expression can be affected through the influence by xenobiotics. Pharmaceutical
drugs may affect the function of ABCG2 as indicated by the HIV medication
Etravirine in MDCK II monolayer and in perfused rat placenta (Reznicek, Ceckova,
Tupova, & Staud, 2016). In addition to pharmaceutical drugs, pregnant mothers are
not only exposed to one, but a cocktail of chemicals. Also, other foreign compounds
other than pharmaceutical drugs can induce or downregulate the expression levels
of transporter proteins. For instance, Huuskonen and coworkers (2013) showed that
Aflatoxin B1 treatment increased OAT4 protein expression, but decreased ABCG2
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protein expression in JEG-3 cells. In rats, the expressions of the ABCB1 and
ABCG2 transporter proteins in the placenta decreased after Cd treatment (Liu et al.,
2014). Also, nutritional factors may affect transporter protein expression. In cell
models, folate deprivation modulates ABCG2 expression (Lemos et al., 2008,
2009). In Cd induced mouse fetal growth restriction, the expression of the fatty acid
transporter was downregulated (Xu et al., 2019). In addition, Cd down-regulated
glucose transporter 3 (GLUT3) glucose transporters in the placentas of growth
restricted mouse fetuses via DNA methylation (Xu, Wu, Xi, & Wang, 2016). In the
publication I, some alterations in mRNA levels of ABCG2 were seen in BeWo cells
after exposure to 1 µM and 10 µM PhIP. Nevertheless, the same effect on the
protein expression could not be seen, so that protein expression was downregulated
even if upregulation was seen in the mRNA levels. This indicates ABCG2
downregulation occurs by a post transcriptional mechanism.
Xenobiotics may also directly affect the function of transporter proteins. For
example, Cd is not transferred through the placenta to a very high extent but based
on this study it can modify the function of transporter proteins. In the publication
(II), CdCl2 inhibited the function of the ABCG2 transporter protein. In addition to
high placental toxicity, this could lead to a higher exposure to other chemicals and
pharmaceuticals that are substrates for ABCG2. Tang and coworkers (2019) found
that simultaneous inhibition of ABCB1 and exposure to Di-(2-ethylhexyl)phthalate (DEHP) enhanced the susceptibility for fetal cardiac anomalies in mice
(Tang et al., 2019), which suggest that transporter mediated interactions may
increase the fetotoxicity of some environmental compounds.
The placenta itself can be a target tissue for heavy metal toxicity. In BeWo cells,
the direct toxicity of cadmium and lead was confirmed (Publication II). Cadmium
is accumulated in placenta and, unlike lead and methylmercury, does not readily
pass through the placenta (Kabamba & Tuakuila, 2020). Methylmercury is
accumulated in fetal tissues due to possible active transport mechanisms and a high
affinity to fetal hemoglobin (Kabamba & Tuakuila, 2020). The toxicity of cadmium
in human placental perfusion has previously been noticed in the study of Wier and
coworkers
(1990).
In
placental
perfusion
cadmium
caused
subsyncytiotrophoblastic vesiculations, stromal edema and vacuoles in Hoffbauer
cells. Cadmium inhibits placental trophoblast migration, and thus may be
responsible for pre-eclampsia (Brooks & Fry, 2017). By inhibition of placental
progesterone synthesis, placental toxicity of cadmium may result in fetal growth
restriction (Xiong et al., 2020).
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In conclusion, in the fetal exposure to environmental contaminants placental
transporters modulate the transfer of contaminants through the placenta. Although
there have been multiple studies suggesting interactions between environmental
compounds and transporter proteins, these studies are among the first to pursue
interactions between food borne carcinogens and environmental contaminants and
the placental ABCG2 and OAT4 transporters. In addition to the direct toxic effects
on the fetus, the contaminants may affect transporter systems leading to altered
expression or function of transporters which may cause other xenobiotics to enter
the fetal compartment to a higher extent. Downregulation or functional inhibition
of transporters may thus lead to increased fetal exposure. Furthermore, based on
the literature, also modifications of transfer of the endogenous compounds through
the placenta may occur as a result of altered transporter function. Overall, the
results further support the hypothesis of fetoprotective effects of both the ABCG2
and OAT4 transporter proteins.
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Summary and conclusions

Fetal exposure to harmful compounds may have a significant impact on health later
in life. Information on harmful exposure has been gathered through accidental
exposure, and it is known that lifestyle habits, medication and environmental
exposure are a risk for the fetus. Many agents are known to pass the placenta and
have direct toxic effects. The interindividual differences in placental transfer could
be explained with biological differences in the placenta, including variation in the
expression of placental transporter proteins.
The data in this thesis reinforced the idea of placental transporters playing a
role in fetal protection. Based on this study, fetal toxicity may putatively occur via
an indirect mechanism targeting the placental transporter proteins in which
inhibition of the transporter protein in question leads to accumulation of
xenobiotics and physiological waste products in the fetus. This study has provided
new information about the mechanisms behind placental toxicokinetics.
The human placenta is anatomically unique, and placental perfusion as a
method yields valuable information of human exposure. Human placentas are a
supply of human tissue without major ethical issues. However, placental perfusion
as a method is demanding. In vitro methods give additional information on the
mechanisms behind placental transfer. Cell models are useful in studying the effects
of contaminants on transporter protein expression and function.
In this study, the placental kinetics of the food carcinogen PhIP and
environmental contaminants PFOS and PFOA were studied in a human ex vivo
placental perfusion model as well as the effects of PFASs (PFOS and PFOA) on
transporter protein expression were also investigated.
1.

2.

All the studied compounds passed through the placenta to the fetal circulation.
However, there were differences in the transfer rate. PhIP kinetics was the
fastest followed by a lower transfer rate of PFOS and PFOA. Due to continuous
environmental exposure, fetuses are exposed to these compounds. None of the
compounds reached an equilibrium between maternal and fetal circulations
during the perfusions, although PhIP reached the highest FM-ratio. The PFASs
have high affinity for proteins and binding to placental tissue may partly
explain the low transfer rate.
The significance of the ABCC2 and ABCG2 transporters on PhIP transfer was
studied with specific inhibitors added to the perfusion medium. The inhibition
of ABCC2 did not affect the placental transfer. Interestingly, inhibition of
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3.

4.

ABCG2 lead to statistically significantly higher concentrations of PhIP in the
fetal circulation. There was no specific inhibitor available for the OAT4
transporter protein at the time of the studies, and therefore a similar inhibitor
study setting could not be performed. However, OAT4 transporter protein
expression negatively correlated with the placental transfer of PFOS and PFOA
suggesting a protective action in the placenta.
The effect of environmental contaminants PFASs, CdCl2, PbCl2 and MeHgCl
and the food carcinogen PhIP on ABC and the OAT4 transporter, protein and
mRNA expression were studied in BeWo and MCF-7 cell lines. There were
some effects on transporter expression at the mRNA level, but the effect was
not seen on the protein level.
The effect of CdCl2 and PbCl2 on the function of the ABCG2 transporter
protein was studied in BeWo human choriocarcinoma and MCF-7 human
breast adenocarcinoma cells. The function of ABCG2 was clearly inhibited
with a high concentration of CdCl2, but the effect was seen also at lower
concentrations.

These studies suggest the significance of placental transporters in fetal protection
against toxic compounds. Interestingly, the inhibitory effect of CdCl2 on the
ABCG2 transporter suggests that indirect toxicity via inhibition of the placental
efflux transporter may also occur in addition to the direct fetal toxicity.
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