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POPULAR SCIENCE SUMMARY OF THE THESIS 

Seventy years ago, women worldwide had on the average five children. Currently, women have 

less than three children. This drop is partly by choice since some choose to have fewer kids or 

even none at all. However, there are possibly other reasons that are not necessarily by choice. 

There are some people who are struggling to have kids even though they want to have them. 

Infertility, the failure to have children after 12 months of unprotected sex, affects 8-12% of 

couples worldwide. Recently, there is more and more evidence showing that chemicals may 

play a role in the capability of people having children.  

With the advent of industrialization, recent advancements have improved our lives immensely 

but they also come with risks and drawbacks. The use of consumer products such as personal 

care products, toys, furniture, clothes, electronic gadgets, non-stick pans, have been ingrained 

in our daily routines, resulting in constant exposure to various chemicals in our environment. 

Although the use and production of some of these chemicals have been restricted and regulated 

in the past decades, they are still detected in biological samples. These chemicals, called 

endocrine-disrupting chemicals (EDCs), are substances that may have adverse effects through 

an endocrine mode of action. The endocrine system is made up of glands that secrete hormones 

that regulate biological processes such as reproduction. The effects of these EDCs on the 

reproductive system have been extensively studied in men but not as much in women. Hence, 

this thesis aims to understand the link between EDCs and female reproductive health, how the 

EDCs are transferred to the ovaries and fetal tissues, and how they affect the ovaries. 

We studied women in Sweden with different reproductive statuses – women whose pregnancy 

ended with a live baby born, women whose pregnancy ended in stillbirth, and infertile women 

undergoing assisted reproduction technologies such as in vitro fertilization (IVF) treatment. 

We measured 32 chemicals in various biological samples such as blood, ovarian follicular fluid 

(FF) and fetal tissues. Higher exposure to EDCs was associated with fewer number of eggs, 

longer time to get pregnant, higher chances for infertility and lower chances to have a live baby 

born. These EDCs were detected in the ovarian FF, implying direct chemical exposure of the 

eggs. Older women had higher EDC levels in their FF compared to younger women. The EDCs 

were also detected in the fetal tissues, suggesting that they pass through the placenta and deposit 

to the different organs of the fetus. EDC levels were higher in pregnancies with male fetuses 

compared to those of female fetuses, and normal placenta compared to those with placental 

insufficiency. As for the mechanism of the EDCs in the ovaries, they alter gene expression with 

several pathways affected related to fertility. 

Overall, we could link the EDCs to worse measures of female reproductive health. By studying 

this, we are one step closer to better regulations, so that we will all live in a safe environment 

where chemicals will not decide how many kids you have. That decision should only be up to 

you.   



SAMMANFATTNING PÅ SVENSKA 

För sjutti år sen fick kvinnor, globalt sett, i genomsnitt fem barn vardera. Nu har kvinnor mindre 

än tre barn. Den här nedgången är delvis på grund av personliga val, där människor väljer att 

ha färre barn, eller inga alls. Men detta är inte alltid fallet. Andra skulle vilje ha barn men kan 

inte. Infertilitet, när man inte kan bli gravid efter 12 månader av oskyddat sex, påverkar 8-12% 

av alla par i världen. Det finns mer och mer bevis för att kemikalier i vår miljö påverkar 

möjligheten att skaffa barn. 

Industrialiseringen har gjort våra liv bättre, med många teknologiska framsteg, men den har 

också medfört nya risker och nackdelar. Vi använder varje dag produkter, så som 

hygienprodukter, leksaker, kläder, elektronik, telfoner och stekpannor, som gör att vi konstant 

utsätts för kemikalier i vår miljö. Även om vissa kemikalier har varit förbjudena sedan mer än 

trettio år, kan vi fortfarande hitta dem i biologiska prover idag. De här kemikalierna, som ofta 

kallas för hormonstörande ämnen, påverkar olika funktioner i kroppen, såsom förmågan att få 

barn. Det finns många studier om deras effekter på mäns fertilitet, men inte så många på 

kvinnors. Den här studien vill öka förståelsen för sambandet mellan kemikalier och kvinnors 

reproduktiva hälsa. Specifik undersöker den sambandet mellan dem, hur de hamnar i 

äggstockarna och fostervävnaden samt hur de påverkar äggstockarna. 

Vi studerade kvinnor i Sverige med olika reproduktiv status – kvinnor vars graviditet ledde till 

att ett levande barn föddes, kvinnor vars graviditet ledde till dödfödda barn, och infertila 

kninnor som genomgått provrörsbefruktning (IVF). Vi mätte nivån av 32 kemikalier i olika 

prover – blod, follikulärvätska, och fostervävnad. Vi såg att kvinnor med högre nivåer av 

kemikalier hade färre ägg, krävde längre tid för att bli gravida, hade högre risk för infertilitet 

och lägre chanser att föda levande barn. Kemikalierna återfanns i follikulärvätskan, vilket tyder 

på att äggen utsätts för dem direkt. Äldre kvinnor hade högre konsentration av kemilier i 

follikulärvätskan. De återfinns även i fostervävnad, vilket visar på att de går igenom placentan 

till de olika organen i fostret. Högre koncentrationer av kemikalier hittades i graviditeter med 

pojkfoster än i de med flickfoster, samt i de graviditeter med normal placenta jämfört med de 

med underutvecklad eller skadad placenta, så kallad placentalinsufficienci. I våra studier fann 

vi även att dessa kemikalier påverkade genregleringen i äggstockarna på flertalet olika sätt, ett 

antal av vilka är kopplade till fertilitet.  

Sammanfattningsvis såg vi ett flertal kopplingar mellan kemikalier och kvinnor reproduktiva 

hälsa. Genom dessa studier kommer vi ett steg närmare bättre kemikaliereglering, så att vi ska 

leva i en säker miljö, där kemikalier inte påverkar hur många barn du får. Det beslutet ska bara 

var upp till dig.  

  

 

  



 

 

BUOD NG TESIS 

Noong dekada ’50, karamihan babae sa buong mundo ay karaniwang mayroong higit kumulang 

na limang anak. Sa kasalukuyan, sila ay karaniwang mayroon na lamang tatlong anak. Ito ay 

maaaring dahil sa kagustuhan nilang magkaroon ng mas kaunting anak. Ngunit, maaaring may 

iba pang rason na hindi dahil ginusto nila ito. May iba na kahit gustong magkaanak ay 

nahihirapang magkaanak. Ang hindi pagkakaroon ng anak pagkalipas ng isang taong 

pakikipagtalik na hindi protektado, o di kaya’y tinatawag na pagkabaog, ay matatagpuan sa 8-

12% tao sa buong mundo. Kamakailan, parami nang parami ang ebidensiya na nagpapakita na 

ang mga kemikal ay maaaring may kaugnayan sa kakayahan ng mga taong magkaroon ng anak.  

Ang industriyalisasyon ay lubos na nagpabuti sa ating buhay, ngunit ito ay mayroong mga 

kaakibat na panganib at kakulangan din. Ang paggamit ng mga produktong tulad ng mga make-

up, laruan, damit, telepono, at non-stick na kawali ay nakaugat na sa ating pang-araw-araw na 

gawain, kung kaya’t tayo ay palaging nae-expose sa iba’t ibang kemikal sa ating kapaligiran. 

Kahit na ang paggamit at paggawa ng ilan sa mga kemikal na ito ay kinokontrol, ito ay 

natatagpuan pa rin sa iba’t ibang parte ng ating katawan. Ang mga kemikal na ito na tinatawag 

na endocrine-disrupting chemicals (EDCs) ay maaaring magkaroon ng masamang epekto sa 

pamamagitan ng paggambala sa sistemang endokrin. Ang sistemang endokrin ay binubuo ng 

mga hormone na siyang nangangasiwa sa mga proseso sa katawan tulad ng pagkakaroon ng 

anak. Maraming pag-aaral tungkol sa epekto ng mga EDC ay sa kalalakihan, ngunit kaunti 

lamang ang sa kababaihan. Kung kaya, ang tesis na ito ay naglalayong unawain ang koneksyon 

sa pagitan ng EDC at kalusugang reproduktibo ng mga kababaihan partikular sa ugnayan sa 

pagitan nila, paano ito napupunta sa obaryo at mga tisyu ng sanggol sa loob ng sinapupunan 

(fetus), at kung paano ito nakakaapekto sa obaryo. 

Ang mga kababaihan sa Sweden na bahagi ng pag-aaral na ito ay may iba’t ibang kalagayang 

reproduktibo – mga nanganak na kababaihan kung saan ang sanggol ay buhay, mga kababaihan 

kung saan ang sanggol ay pumanaw sa loob ng sinapupunan, at mga baog na kababaihan na 

sumasailalim sa in vitro fertilization (IVF).  Sinukat namin ang 32 na kemikal sa iba’t ibang 

bahagi ng katawan tulad ng dugo, likido ng obaryo, at mga organ ng sanggol. Aming 

napagalaman na ang mga kababaihan na may mataas ang lebel ng EDC ay may kaugnayan sa 

kaunting bilang ng itlog, sa mas mahabang panahon upang mabuntis, sa mas mataas na 

pagkakataong maging baog, at sa mas mababang pagkakataong magkaroon ng buhay na 

sanggol. Ang mga EDC na ito ay natagpuan sa likido ng obaryo, kung kaya’t ang mga itlog ay 

direktang naka-expose sa mga EDC. Napag-alaman rin namin na ang mga matatandang babae 

ay mayroong mas mataas na lebel ng EDC kaysa sa mas nakababata. Ang mga EDC ay 

natagpuan rin sa mga organ ng fetus na nagpapahiwatig na ito ay dumaan sa inunan at 

nadeposito sa fetus. Mas mataas ang lebel ng EDC sa mga pagbubuntis na may lalaking fetus 

kaysa sa mga pagbubuntis na may babaeng fetus, ganoon din sa normal na inunan kaysa 

inunang may problema. Tungkol sa paraan kung paano ito nakakaapekto sa obaryo, binabago 

nila ang ilang mga gene expression na siyang kaugnay sa pagkakaroon ng anak.  



Sa pangkalahatan, aming naiugnay ang EDC sa hindi mabuting kalusugang reproduktibo ng 

kababaihan. Sa pamamagitan ng pag-aaral na ito, tayo ay isang hakbang na mas malapit sa mas 

mahusay na regulasyon upang tayong lahat ay mamumuhay sa ligtas na kapaligiran kung saan 

ang mga kemikal ay hindi magpapasya kung ilang anak ang mayroon ka. Ang desisyon na iyon 

ay dapat nasa iyo lamang.  

  



 

 

ABSTRACT 

Fertility rates are declining from five children per woman in the 1950s to less than three 

children per woman in 2019. While this is partly due to women choosing to have fewer kids, 

there are growing evidence that endocrine-disrupting chemicals (EDCs) in the environment 

may play a role in this phenomenon. EDCs disrupt the endocrine system, which may affect 

reproductive health. The aim of this thesis is to study the link between EDCs and female 

reproductive health by combining epidemiological and experimental studies. The types of 

EDCs studied were organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), 

polybrominated diphenyl ethers (PBDEs) and perfluoroalkyl substances (PFASs).  

Papers I-III investigated the associations of EDCs, both individually and as a mixture, with 

measures of reproductive health in women with different reproductive statuses (i.e. cesarean 

section patients (CS), pregnant women (SELMA) and infertile women undergoing assisted 

reproductive technologies (ART)). In the CS cohort, women with higher levels of OCPs and 

PCBs were associated with lower primordial, unilaminar, and healthy follicle densities, as well 

as higher odds for infertility. In the SELMA cohort, women with higher levels of PCBs were 

associated with longer time-to-pregnancy and higher odds for infertility, especially in women 

≥ 29 years old who did not use combined oral contraceptives as their most recent pre-pregnancy 

contraceptive. In the ART cohort, women with higher levels of hexachlorobenzene, an OCP, 

was associated with lower ovarian reserve, and lower odds for clinical pregnancy and  live 

birth. Women with higher levels of PCBs and PFASs were associated with higher ovarian 

reserve and ovarian response to gonadotropins but lower embryo quality. In summary, EDCs 

were associated with worse measures of female reproductive health. 

Papers III-V elucidated the transfer of chemicals from blood to target organs such as the 

follicular fluid (FF) in ovaries in the ART cohort as well as fetal tissues in women whose 

pregnancy was terminated or ended in stillbirth. EDCs passed the blood-follicle barrier, directly 

exposing the oocytes. They also crossed the placenta, depositing into the different fetal tissues 

such as adipose, liver, lung, heart and central nervous system (CNS composed of brain and 

spinal cord). The concentrations of EDCs were the highest in adipose and liver while the lowest 

in the CNS. Transfer efficiencies among groups of EDCs followed a trend: OCPs > PCBs > 

PFASs. Several biological factors such as woman’s age, gestational age, placental function and 

fetal sex affected the chemical transfer. In summary, blood may be used as proxy sample to 

estimate levels of EDCs in FF but may give a misleading picture for fetal tissues. 

Based on associations found and their tranfer to target organs in Papers I-V, five chemicals 

(HCB, p,p’-DDE, PCBs 156 and 180, and PFOS) were selected for 24-hour exposure studies 

in four ovarian cell cultures (COV434, KGN, PA1, primary ovarian cells). Using 

transcriptomics, seventeen genes were found to be common in all cell cultures exposed to these 

chemicals. Several of the mechanisms found were already recognized to be important for 

ovarian function such as mTOR, TGF-β, and IFN-α and IFN-γ signalling. This exhibited the 

potential of ovarian cell culture as a tool to screen and identify EDCs with reproductive effects.  



Overall, there was a link between EDCs and female reproductive health. By studying this, we 

unraveled mechanisms with clinically-relevant endpoints, which may be developed and 

tailored into assays that can be used to screen the thousands of chemicals in the market that 

have not been tested yet as well as new chemicals before they enter the market. This thesis 

advocates the need for better regulation of EDCs in order to achieve a chemically-safe 

environment where chemicals will not decide how many children you will have. That choice 

should only be made by you.   
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T1 First trimester 

T2 Second trimester 

T3 Third trimester 

TC Total cholesterol 

TG Test guidelines 
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TGF-β Transcription Growth Factor beta 
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TSCA Toxic Substances Control Act 

TTP Time-to-pregnancy 

US United States 
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1 INTRODUCTION 

The average number of children that a woman has in her lifetime, called fertility rate, has 

dropped worldwide from five children per woman in the 1950s to less than three children per 

woman in 2019 (United Nations, Department of Economic and Social Affairs, 2019). This 

decreasing trend is partly driven by choice where women choose to have fewer children due to 

increased educational attainment and work, and greater access to contraceptives (Vollset et al., 

2020). However, there are emerging evidence where environmental chemicals may disrupt the 

endocrine system of humans and wildlife animals, thereby affecting their reproductive 

capabilities (Bergman et al., 2013; Gore et al., 2015). The effects of chemicals on reproduction 

have been extensively studied in males but not as much in females (Bergman et al., 2013).Being 

exposed to man-made chemicals is inevitable nowadays as we encounter these in our everyday 

lives such as personal care products, toys, furniture, clothes, and gadgets. We are also exposed 

to these chemicals through the food we eat, the air we breathe and the substances we absorb 

through our skin.  

In 1991, Theo Colborn together with a group of experts in the fields of reproduction, 

toxicology, anthropology, ecology, medicine, law, comparative endocrinology, psychiatry, 

zoology, tumor biology, and wildlife management coined the terms endocrine disruption and 

endocrine-disrupting chemicals (EDCs) during the Wingspread meeting, highlighting the 

detrimental effects of chemicals on the ecosystem and animals (Flaws, 2016). Since then, the 

field of EDCs has been growing, attracting attention from policy makers, researchers, 

environmental advocates, and the general public. It remains to be a highly relevant field where 

additional research is still needed to address on-going debates such as identifying and 

regulating EDCs, among others (Vandenberg and Turgeon, 2021).  

In this thesis, I wish to study the link between EDCs and female reproductive health. I first 

introduce the basic concepts and features of EDCs and female reproductive health, followed 

by the aims of this thesis. I then provide the materials and methods, and main findings of the 

epidemiological and experimental studies. The main findings are discussed, together with 

methodological considerations and ethical reflection. Finally, I provide the conclusions of this 

thesis and close with future perspectives and clinical implications. 
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2 BACKGROUND 

2.1 Endocrine-disrupting chemicals 

2.1.1 Definitions, types and sources  

There is no universal definition of endocrine-disrupting chemicals (EDCs), making it 

challenging to identify them. In this thesis, I will use the definition according to the 

International Programme on Chemical Safety of the World Health Organization. EDCs are 

“exogenous substances or mixtures that alter functions of the endocrine system and 

consequently causes adverse health effects in an intact organism, or its progeny, or 

subpopulations” (Kortenkamp et al., 2011). This definition requires an adverse effect with an 

endocrine mode of action, implying proof of causality. Adversity in the context of endocrine 

disruption is defined as “a change in morphology, physiology, growth, reproduction, 

development or lifespan of an organism which results in impairment of functional capacity or 

impairment of capacity to compensate for additional stress or increased susceptibility to the 

harmful effects of other environmental influences” (Kortenkamp et al., 2011). However, the 

endocrine system was not clearly defined, leading to different interpretations - from mimicking 

the action of sex hormones estrogens and androgens to encompassing any type of receptor-

mediated signalling (Kortenkamp et al., 2011). In toxicology, it is also important to note the 

definitions of risk (“probability that an agent will cause a disease or an adverse effect at a 

given level of exposure”) and hazards (“agent that can cause disease or adverse effect”) (La 

Merrill et al., 2020).  

Living in an industrialized world, EDCs are part of our everyday lives. They are typically man-

made industrial chemicals that are used in a lot of products used everyday such as plastic 

bottles, cosmetics, toys, clothes, flame retardants, and pesticides. They also include 

pharmaceuticals such as contraceptives, diethylstilbesterol originally prescribed in the 1970s 

to prevent miscarriage, and cancer treatments such as tamoxifen (Vandenberg and Turgeon, 

2021). As they are found all around us, we are exposed to complex mixtures of chemicals 

instead of only one. The common routes of exposure are oral, respiratory and dermal. Other 

ways that these chemicals can enter the body is through intravenous, intramuscular, or 

subcutaneous routes. Mothers can expose their developing fetus through placental tranfer, and 

neonates through breastmilk (Bergman et al., 2013). 

There are different types of EDCs. In this thesis, I will focus on persistent organic pollutants 

(POPs), specifically organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), 

polybrominated diphenyl ethers (PBDEs), and perfluoroalkyl substances (PFASs).  POPs are 

halogenated organic chemicals, which means they are carbon-based with either chlorine, 

fluorine or bromine attached to the carbon. Due to their structure and high stability, they are 

highly resistant to degradation. Their half-lives range from one to thirty years in humans (Bu 

et al., 2015; Li et al., 2018; Trudel et al., 2011). They are persistent and toxic. They 

bioaccumulate in living organisms such as humans, fishes, birds, and mammals. Some are 

volatile at certain temperatures, widely distribute throughout the environment, and can be found 

even in areas thousands of kilometers away from their sources (Stockholm Convention, 2008a). 

OCPs, PCBs, and PBDEs are lipophilic and deposit to adipose tissue (Mustieles and Arrebola, 

2020) while PFASs are amphiphilic and predominantly bind to proteins (Forsthuber et al., 
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2020). Table 1 shows the structure, uses and sources of these four types of EDCs. For the 

Swedish population, an important source of exposure to POPs, especially PCBs, is 

consumption of fatty fish from the Baltic Sea (Axmon et al., 2000).  

Table 1. Structure and uses/sources of selected EDCs 

Type 
Structure of Parent 

Compound 
Use/sources 

OCPs 

Pentachlorobenzene (PeCB) 

 
 

Fungicide; flame 

retardant; chemical 

intermediate; 

unintentionally 

produced during 

combustion, thermal 

and industrial processes 

Hexachlorobenzene (HCB) 

 

Fungicide; used to 

control wheat bunt; 

byproduct of the 

manufacture of 

industrial chemicals 

Hexacyclochlorohexane (HCH) 

(has 8 isomers, namely α-, β-, γ-, 

δ-, ε-, ζ-, η-, θ-HCH) 

 

Insecticide for seed and 

soil treatment; treatment 

for scabies and lice 

Chlordane and its metabolites 

oxychlordane and transnonachlor 

 
 

 

Termite treatment in 

food crops like corn and 

citrus 

 

 

Dichlorodiphenyltrichloroethane 

(DDT) and its metabolite 

Dichlorodiphenyldichloroethylene 

(DDE) 
 

Insecticide against 

malaria-carrying 

mosquitos 

PCBs (209 congeners i.e. unique chemicals 

based on number (m,n) and position of 

chlorine) 
 

Electrical insulation, 

heat transfers, hydraulic 

systems, capacitors, 

paints, plasticizers, dyes 

for carbonless 

duplicating paper 

PBDEs (209 congeners i.e. unique 

chemicals based on number (m,n) and 

position of bromine) 

 

Flame retardants added 

to fabrics, textiles, 

plastics, carpets, 

electrical appliances, 

pipes 

PFASs (around 4700 unique chemicals 

based on number of carbon atoms (n), 

branching, and functional group (X)) 
 

Consumer products that 

are water-, oil-, and 

stain-resistant (e.g. 

Teflon, Scotchguard) 
Sources: Adapted from Björvang and Damdimopoulou, Upsala Journal of Medical Sciences, 2020 and Stockholm 

Convention, 2008b 
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2.1.2 Key characteristics and features 

To identify the hazards of EDCs, ten key characteristics were developed based on hormone 

actions and EDC effects (La Merrill et al., 2020). EDCs can activate as well as antagonize 

hormone receptors. They can also alter hormone receptor expression as well as alter signal 

transduction pathways. They can alter hormone synthesis, transport, and distribution. They can 

also induce epigenetic modifications as well as alter the fate of hormone-responsive or 

hormone-producing cells. (La Merrill et al., 2020) However, it is important to note that it is not 

necessary to be positive for all characteristics to conclude that a chemical is an EDC. Even a 

single key characteristic with strong evidence could be sufficient to identify an EDC 

(Vandenberg and Turgeon, 2021). 

EDCs challenge the traditional toxicological dogmas, thereby expanding the field of 

toxicology. Traditionally, substances cause toxicity in a monotonic dose-response where 

effects are seen at high doses (Björvang and Damdimopoulou, 2020). On the other hand, EDCs 

can produce non-monotonic dose response curves similar to endogenous hormones. The 

slope of the curve may have a U- or inverted U-shape. Receptor selectivity, receptor 

competition, feedback loops and receptor number are some of the mechanisms behind this 

response (Vandenberg et al., 2012). To elucidate this dose response in experiments, at least 6 

doses should be tested compared to the conventional 3 doses (Barouki, 2017; Vandenberg, 

2014). 

EDCs also have effects that do not necessarily increase with dose but can be seen even at low 

doses. This means observing biological effects at exposure levels that are occurring in the range 

of typical human exposure. Similar to the endocrine system which responds to low 

concentrations of endogenous hormones due to the high affinity of hormones to their receptors, 

EDCs can also trigger a response at low levels (Vandenberg et al., 2012). 

It has also been shown that long term effects can be due to a limited exposure and does not 

necessarily need to be continuous. There can be a long lag time until the effect is observed. 

For example, early-life exposure to EDCs during organ development in the fetus are associated 

with increased risk of development of diseases in adulthood (Birnbaum and Miller, 2015). 

Moreover, exposure during sensitive windows of susceptibility such as in utero or neonatal 

period may cause more harm because EDCs disrupt development at an essential period 

(Barouki, 2017; Schug et al., 2011).   

2.1.3 Regulations and testing 

An international environmental treaty called Stockholm Convention on Persistent Organic 

Pollutants was signed in 2001 and ratified in 2004. The main aim of this treaty is to protect 

human health from POPs by eliminating or restricting their production and use as well as reduce 

unintentional releases. While it was originally implemented by only 128 parties, there are now 

184 parties that entered into force (Secretariat of the Stockholm Convention, 2008). There were 

initially twelve chemicals, called dirty dozen, that was listed in three categories regarding their 

production and use: elimination (Annex A), restriction (Annex B) or unintentional production 

(Annex C). Currently, there are 30 chemicals listed in the Stockholm Convention (Stockholm 

Convention, 2008b). Table 2 shows the regulation of selected POPs and the year they were 

banned/restricted in the European Union (EU) and United States (US).  
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Table 2. Regulation of selected POPs 

* Regulation under Stockholm Convention, # based on European Commission, ^ based on EPA/FDA 

 

Test guidelines (TG) are used by regulatory agencies as basis for the studies conducted to 

determine if a chemical is hazardous. The Organization for Economic Co-operation and 

Development (OECD) is an intergovernmental economic organization with 38 member 

countries founded in 1961. They developed standardized tools that can be used to evaluate 

chemicals. The first edition of the EDC guidelines, called OECD Guidance Document 150, 

was published in 2012 and now updated in 2018 to reflect new knowledge on standardized test 

methods and how EDCs produce their effects. Central to the tests are the estrogen, androgen, 

thyroid and steroidogenesis pathways where in silico (level 1), in vitro (level 2) and in vivo 

(levels 3-5) models are utilized (OECD, 2018). There have been criticisms for the endpoints 

studied in the TGs. For example, the uterotrophic bioassay in rodents (OECD TG 440) and 

herschberger bioassay in rats (OECD TG 441) evaluate interaction with estrogen receptor  and 

androgen receptor based on an increase in uterine weight and changes in weight of the 

accessories of the male reproductive tract, respectively. These are endpoints that are not 

necessarily sensitive to human diseases (Vandenberg, 2021). In addition, the extended one-

generation reproductive toxicity study (OECD TG 443) entails use of hundreds of animals for 

one substance, a cost of approximately €500 000 and takes months to perform. Considering 

there have been around 355,000 chemicals in the market (Wang et al., 2020), there is a need 

for developing high-throughput assays with relevant endpoints. 

In the EU, regulation of EDCs are sector-specific, namely plant protection products, biocides, 

cosmetics, REACH (Registration, Evaluation, Authorization and Restriction of chemicals), 

food additives, food contact materials, consumer goods, drinking water, toys, workers’ 

protection and medical devices. Among these sectors, plant protection products, biocides, 

REACH and medical devices have testing requirements for EDCs (Demeneix and Slama, 

2019). Currently, there are 100 substances identified as EDCs at the EU level, 82 substances 

under evaluation under EU legislation, and 9 substances considered by the evaluating national 

authority to have endocrine-disrupting properties (Danish Environmental Protection Agency et 

al., 2021). The European Chemicals Agency (ECHA) and European Food Safety Agency 

(EFSA) work together in regulating the chemicals. In 2020, the European Commission 

published the chemicals strategy for sustainability towards a toxic-free environment as part of 

the EU’s zero pollution ambition (European Commission, 2020). This strategy aims to better 

Type Annex* Year banned/restricted 

in the EU# 

Year banned/restricted  

in the US^ 

OCPs 

PeCB and HCB 
A and C 1981 (HCB) 

2002 (PeCB) 

1966 (HCB) 

HCH  A 2004 1983 (restricted) 

Chlordane A 1981 1983 

DDT  B 1978 1972 

PCBs A and C 2004 1979 

PBDEs 
A 2004 (Penta- and Octa-

BDE) 

No national ban 

PFASs 
PFOA (A), 

PFOS (B) 

2020 (PFOA) 2015 (PFOA, PFOS) 
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protect citizens and the environment and boost innovation for safe and sustainable chemicals 

(European Commission, 2020).  

In the US,  the main regulatory bodies are the Environmental Protection Agency (EPA) and the 

Food and Drug Administration (FDA), analogous to ECHA and EFSA in the EU. The Toxic 

Substances Control Act (TSCA) regulates all commercial industrial chemicals not covered by 

other regulations. In the absence of federal regulations governing EDCs, individual states can 

restrict or ban individual chemicals or classes (Kassotis and Trasande, 2021).  

 

2.2 Female reproductive health 

2.2.1 Anatomy and physiology 

In my PhD work, I focused on the ovary. Central to the female reproductive system, the ovary 

is a dynamic and highly regulated endocrine organ with two essential functions - generation of 

an oocyte with full competence for fertilization, and production of sex steroids for the 

development of female secondary sexual characteristics and support for pregnancy (Oktem and 

Oktay, 2008). 

Every woman has two ovaries that are connected to the uterus via the uteroovarian ligament 

and to the fallopian tube via the infundibulopelvic ligament (Figure 1). Ovaries are almond-

shaped, lined by a simple surface epithelium and composed of outer cortex and inner medulla. 

Their size varies with age and stage of the menstrual cycle. Primordial ovarian follicles 

containing the oocytes reside in the cortex close to the surface. When follicles mature, they 

migrate towards the medulla (Cunningham et al., 2018). The flattened granulosa cells 

surrounding the oocyte in primordial follicles transition into a single layer of cuboidal 

granulosa cells in the primary follicles, and further proliferate into multi-layers in the secondary 

follicles, where theca cells are also recruited (Figure 1). This is then followed by the formation 

of fluid-filled space within the granulosa cell layers, called the antrum, resulting to antral 

follicles (Williams and Erickson, 2012). Follicles are surrounded by the blood-follicle barrier 

composed of the vascular endothelium, subendothelial basement membrane, thecal 

insterstitium, and follicular basement membrane and the membrana granulosa (Siu and Cheng, 

2012). 
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Figure 1. Anatomy and physiology of the human ovary. (A) The ovaries are connected to the uterus 

via the uteroovarian ligament and to the fallopian tube via the infundibulopelvic ligament. They are 

composed of an inner medulla and an outer cortex lined by simple surface epithelium (marked with *). 

Folliculogenesis takes six months from a resting primordial follicle to a fully mature follicle that is ready 

to ovulate. (B) The ovarian cortex is approximately 1 mm thick and contains the ovarian reserve. Upon 

activation, primordial follicles start to grow and move towards the medullary region of the ovary. 

Ovarian tissue sections were stained with hematoxylin and eosin. (C) Primordial follicle, (D) 

intermediary follicle, (E) primary follicle, (F) late primary, and (G) secondary follicle.                                      

Scale bar = 50 μm. Printed with permission from Wagner, 2020. 

2.2.1.1 Folliculogenesis 

Ovarian follicles are the basic functional unit of the ovary. They contain the germ cell oocyte, 

surrounded by somatic cells called granulosa cells. All primordial follicles are established in 

utero and the ovary has no capability of producing new oocytes or follicles of biological 

significance after birth. Hence, female fertility is limited by a fixed ovarian reserve in contrast 

to males, whose sperm is continually produced throughout their lives. The postnatal ovary 

contains approximately 1 million resting primordial follicles, consisting of an oocyte arrested 

at the diplotene stage of meiotic prophase I. Follicular death, also known as atresia, continues 

throughout life and the ovary will contain only 400,000 germ cells at puberty, and 

approximately 400 oocytes mature and ovulate during a woman’s reproductive years (Oktem 

and Oktay, 2008). When ~1000 follicles remain, menopause occurs (Faddy et al., 1992). The 

average age for onset of natural menopause is 50 years (Gold, 2011; Wallace and Kelsey, 

2010).  

Folliculogenesis is a long process that takes six months, beginning with primordial follicle 

recruitment and ending in either ovulation or atresia. It has two phases: 1) gonadotropin-

independent phase that involves growth from primordial to small antral stages; and 2) 

gonadotropin-dependent phase that involves continual growth of the small antral follicles to 

pre-ovulatory antral stage and ovulation (Williams and Erickson, 2012). 
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During the gonadotropin-independent phase, the quiescent primordial follicles are recruited to 

the growing pool by bidirectional signaling between the oocyte and granulosa cells. Relying 

on paracrine and autocrine regulation, the two major signaling pathways involved in mammals 

are the mammalian target of rapamycin (mTOR) and phosphatidyl inositol 3-OH-kinase 

(PI3K). The PI3K pathway is composed not only of activating molecules (Akt) but also of 

inhibiting enzymes (PTEN, FOXO3 and TSC1,2) (Hsueh, 2014; Hsueh and Kawamura, 2013; 

John et al., 2008; Makker et al., 2014; Zhang and Liu, 2015). In addition, key mediators from 

the transcription growth factor beta (TGF-β) family also stimulate (GDF9, BMP15, activin) or 

inhibit (AMH) this process (Hannon and Flaws, 2015; Sánchez and Smitz, 2012; Williams and 

Erickson, 2012). 

The gonadotropin-dependent phase is tightly regulated by the hypothalamus-pituitary-gonadal 

(HPG) feedback loops, where steroidal hormones and follicle-secreted growth factors play a 

central role. Gonadotropin-releasing hormones (GnRH) from the hypothalamus stimulates cells 

in the anterior pituitary to produce follicle-stimulating hormone (FSH) and luteinizing hormone 

(LH). FSH promotes follicle maturation, where the growing follicles produce estradiol and 

suppresses LH production. However, the estradiol level reaches a threshold where it then 

initiates an LH surge. This resumes the meiotic division of the oocyte and begins maturation 

until it is arrested again at the metaphase of the second meiotic division. This oocyte is then 

ovulated and released into the fallopian tube, where it can be fertilized. The remaining 

granulosa and theca cells become the corpus luteum, which produces progesterone (Hsueh and 

Kawamura, 2013; Pepling, 2013). 

2.2.1.2 Steroidogenesis 

Ovarian steroidogenesis is a complex network involving cytochrome P450 enzymes (CYP) and 

hydroxysteroid dehydrogenases (HSD), which enable the ovarian follicle to produce steroid 

hormones from cholesterol. Steroidogenesis commences with transport of cholesterol into the 

inner mitochondria of the theca cell via the enzyme steroidogenic acute regulatory protein. The 

theca cells have high levels of LH receptors while granulosa cells express FSH receptors. 

According to the ‘two cell, two gonadotropin theory’, LH stimulates the theca cells to convert 

cholesterol to progesterone then to the androgens androstenedione and testosterone, which 

diffuse across the follicle basement membrane to the granulosa cells, and act as precursors for 

estrogen production. In response to FSH stimulation, granulosa cells have increased expression 

of CYP19A1 or aromatase, which converts testosterone and estrone to estradiol. Granulosa 

cells do not express the enzyme CYP17A1, making them unable to produce androgenic 

precursors. Estradiol can be metabolized by CYP1A1/2 or CYP1B1 to produce hydroxylated 

and oxidized metabolites (Hannon and Flaws, 2015; Oktem and Oktay, 2008; Williams and 

Erickson, 2012). 

  



 

10 

2.2.2 Infertility 

Infertility is the inability to achieve clinical pregnancy after 12 months of regular unprotected 

sexual intercourse (World Health Organization, 2019). Sterility is the inability to produce a live 

offspring. Fertility is the actual production of a live offspring while fecundity is the ability to 

conceive given unprotected intercourse. Fecundability, a measure of degree of fecundity, is the 

probability of becoming pregnant (Frank, 2017; Habbema et al., 2004). 

Assisted reproductive technologies (ART) are continuously being developed to help infertile 

couples achieve pregnancy.  The most commonly used procedures involve controlled ovarian 

stimulation, transvaginal ovum retrieval, in vitro fertilization (IVF), and embryo transfer. IVF 

allows sperm to fertilize the egg in a laboratory setting and can be achieved by mixing sperm 

with the oocyte, or by intracytoplasmic sperm injection (ICSI). ICSI is performed 

predominantly for male-factor infertility or subfertility when sperm count and/or motility is 

low. This procedure involves careful injection of a single sperm using a microneedle into the 

oocyte (Hoffman et al., 2016). Ovarian sensitivity index (OSI), a measure of ovarian 

responsiveness to gonadotropin stimulation, has been found to be a good predictor of live birth 

in IVF patients (Weghofer et al., 2018). In addition to OSI, there are other reproductive 

outcomes used to evaluate reproductive function. An example is time-to-pregnancy (TTP), 

which is the number of menstrual cycles or months it takes from the initiation of unprotected 

intercourse to pregnancy.  

Infertility is a global issue, where one in six couples experience infertility at some point in their 

lifetime. The current prevalence of infertility is 8-12% worldwide for women aged 20-44 

(European Society of Human Reproduction and Embryology, 2020). The causes of infertility 

can be explained by male factor in 20-30% of cases, female factor in 20-35% of cases, and both 

male and female factors in 25-40% of causes. However, in 10-20% of cases, it cannot be 

explained by currently known factors (European Society of Human Reproduction and 

Embryology, 2020). While low sperm quality is the main cause for male infertility, there are 

several causes for females. Ovulation can be dysfunctional, and this can be due to hormonal 

imbalance or diminished ovarian reserve. The most common hormonal disorder is polycystic 

ovarian syndrome (PCOS) affecting approximately 10% of women, where hyperandrogenism 

interferes with the normal growth and release of oocytes (Balen et al., 2016). Another cause 

for female infertility is a structural problem in the fallopian tubes or uterus. This can be caused 

by endometriosis, which is the ectopic growth of endometrial tissue causing adhesions and 

chronic inflammatory reactions, or genital tract infections that can result in blockage of the 

tubes (Bulletti et al., 2010; Faro, 1993). Fibroids, which are benign tumors in the uterus, can 

be a physical impediment for the transport of the sperm, egg, or embryo. They can also interfere 

with implantation by affecting myometrium contractility (Purohit and Vigneswaran, 2016). 

Biological factors and several lifestyle factors have been shown to be associated with infertility, 

such as age (Crawford and Steiner, 2015; Nugent and Balen, 2001; Society of Obstreticians 

and Gynecologists of Canada, 2012), smoking (American Society for Reproductive Medicine, 

2006), body mass index (Gesink Law et al., 2007), and socioeconomic status (Ulaş Barut et al., 

2016).  
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2.3 EDCs and female reproductive health 

EDC exposure in the EU may contribute to increased incidence of uterine fibroids and 

endometriosis, with an estimated annual cost of €1.4 billion (Hunt et al., 2016). As this estimate 

include only two chemicals and two female reproductive disorders, this is an underestimate of 

the actual cost of exposure to EDCs. In addition, endpoints like infertility treatments could not 

be considered due to lack of data. There is a growing body of evidence showing that EDC 

exposure contributes to female reproductive disorders. Table 3 shows the associations of the 

OCPs, PCBs, PBDEs, and PFASs to female reproductive disorders. However, more studies are 

still needed to explore the link between current levels of EDCs, both individually and as 

mixtures, and measures of female reproductive health. There is still limited knowledge on how 

these chemicals are transferred to the ovaries and fetal tissues. Moreover, current studies on 

mechanisms of EDCs are based on a targeted approach or single-gene analysis (i.e. qPCR, 

western blot) instead of a global unbiased method (e.g. transcriptomics, high-throughput gene 

expression study). 

 

Table 3. Association of EDC exposure to female reproductive disorders 

Chemical Associated female reproductive disorders 

PeCB and 

HCB 

Failed implantation (Mahalingaiah et al., 2012), increased spontaneous abortion (Younglai et 

al., 2005) 

HCH Increased spontaneous abortion and premature delivery (US Department of Health and Human 

Services, 2005), endometriosis (Upson et al., 2013) 

Chlordane  Altered cycle length (Chen et al., 2018) 

DDT and DDE Impaired fertilization (Younglai et al., 2002), impaired lactation, infertility, reduced parity 

(Younglai et al., 2005), longer TTP (Gesink Law et al., 2005), uterine fibroids (Trabert et al., 

2015) 

PCBs Impaired response to ovulation induction, impaired lactation, reduced parity and fecundability 

(Younglai et al., 2005), longer TTP (Gennings et al., 2013; Gesink Law et al., 2005; Han et 

al., 2016), uterine fibroids (Trabert et al., 2015) 

PBDEs Failed implantation (Johnson et al., 2012), decreased fecundability (Harley et al., 2010), 

endometriosis (Ploteau et al., 2017) 

PFASs Longer TTP (Buck Louis et al., 2013), infertility (Fei et al., 2009), endometriosis (Campbell 

et al., 2016) 

Source: Adapted from Björvang and Damdimopoulou, Upsala Journal of Medical Sciences, 2020 
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3 AIMS 

 

The overarching aim of my thesis was to study the link between EDCs and female reproductive 

health. Towards this end, I combined epidemiological and experimental studies with the 

following specific aims (Figure 2): 

¶ To investigate the associations of EDCs, both individually and as mixtures, with 

different measures of female reproductive health among pregnant and infertile women 

in Sweden (Papers I-III) 

¶ To study the transfer of chemicals from blood to target organs such as follicular fluid 

(FF) in the ovary as well as fetal tissues, and possible biological factors that affect them 

(Papers III-V) 

¶ To identify chemicals from the epidemiological studies to study further in vitro  

(Papers I-V) 

¶ To identify possible biomarkers of effect and elucidate mechanisms of the selected 

chemicals, both individually and as a mixture, in ovarian cell cultures                 

(preliminary results) 

 

 

Figure 2. Overview of research aims, cohorts and EDCs studied  
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4 MATERIALS AND METHODS 

This section summarizes the key materials and methods in the epidemiological studies (Papers 

I-V). Details can be found in their respective publications. For the experimental part, a detailed 

methodology is provided. 

4.1 Epidemiological studies 

4.1.1 Cohorts, sample collection and ethics approval 

In Paper I, ovarian cortical tissue (5x5x2 mm) was biopsied from 59 women undergoing 

cesarean section (CS) at the Karolinska University Hospital, Huddinge, Sweden in 2015-2018. 

A small piece of the biopsied ovarian cortex was fixed in Bouin’s solution at room temperature 

for 2 hours then transferred to 70% ethanol. Afterwhich, the ovarian piece was paraffin-

embedded, serially sectioned and stained with hematoxylin-eosin (HE) for follicle 

quantification. Corresponding serum samples taken during the first prenatal visit for maternity 

care of the current pregnancy was retrieved from the Stockholm Medical Biobank. Medical 

records were evaluated for clinical data. Women signed the informed consent according to the 

Declaration of Helsinki. This study was approved by the Swedish Ethical Review Authority 

(original license dnr 2015/798-31/2, amendment 2018/537-32). This cohort will hereafter be 

referred to as ñCSò. 

In Paper II, the Swedish Environmental Longitudinal, Mother and Child, Asthma and Allergy 

(SELMA) cohort was utilized. Women undergoing their first prenatal check-up in Värmland, 

Sweden in 2007-2010 were recruited to participate. Out of 2582 women in the cohort, 813 were 

included in this study. Blood sample was taken during the first trimester (median: 10 weeks). 

They were also asked by midwives about their reproductive history, including time-to-

pregnancy and their pre-pregnancy contraceptive use. They also filled out a questionnaire 

regarding lifestyle and living conditions, as well as demographics data. Women were informed 

about the study and provided signed consent for their participation. This study was approved 

by the Regional Ethics Board in Uppsala (Dnr 2007/062). This cohort will hereafter be referred 

to as ñSELMAò. 

In Paper III, 185 women undergoing ART at Carl von Linnékliniken in Uppsala, Sweden were 

recruited in April – June 2016. On the day of ovum pick-up (OPU), women were asked to 

answer a questionnaire on lifestyle and habits. Upon insertion of the intravenous catheter, blood 

was collected into plasma and serum tubes. These tubes were then centrifuged within 30 min 

at 1400×g for 5 min. Plasma and serum were pipetted from their respective tubes and 

transferred to clean Eppendorf tubes. During OPU, FF samples were collected after the oocytes 

were taken by the embryologist. FF, which were free from blood upon visual inspection, were 

centrifuged at 500×g for 15 min. Clinical data were collected from medical records at the clinic. 

Fresh transfer and transferred frozen embryos from this OPU and their outcomes were followed 

for five years (2016-2021). Women freely consented to participate in the study after being 

informed of the details of the project. This study was approved by the Swedish Ethical Review 
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Authority (original license dnr 2015/798-31/2, amendments 2016/360-32 and 2016/1523-32).  

This cohort will be referred to as ñARTò. 

In Papers IV and V, tissue samples, namely placenta, fetal liver, heart, lung, brain and adipose 

tissue, were retrieved from the Stockholm Medical Biobank in the Perinatal Pathology Unit at 

the Karolinska University Hospital, Huddinge, Sweden. These tissue samples were from 47 

stillborn babies in the second (T2) and third trimesters (T3) undergoing cause-of-death 

investigation according to the Stockholm Classification (Varli et al., 2008) in 2015-2016. 

Corresponding serum samples of the mother taken during the first prenatal visit of the said 

pregnancy were collected from the Stockholm Medical Biobank in Solna, Sweden. This study 

was approved by the Regional Ethics Board in Stockholm (Dnr 2015/796-31/2). This cohort 

will be referred to as ñFetal T2ò and ñFetal T3ò. 

In Paper IV, first trimester (T1) tissue samples such as placenta, embryonic and fetal liver, 

lung, heart, and spinal cord were obtained from women who decided to terminate the pregnancy 

before gestational week 12 at the Departments of Obstetrics and Gynecology, University 

Hospital Skejby and Regional Hospital Randers, Denmark. Maternal blood was collected on 

the day of fetal evacuation. Embryonic and fetal sex was determined by gonadal morphology 

and confirmed by polymerase chain reaction (PCR). All participants received oral and written 

information of the study and gave their consent. This was approved by the Research Ethics 

Committees of the Regional Capital (H-KF 01258206). This cohort will be referred to as ñFetal 

T1ò. Collectively, Fetal T1, T2 and T3 will be labeled as ñFetal cohortò. The central nervous 

system (CNS) was composed of spinal cord from T1 and brain from T2 and T3. 

To compare exposure of women between Sweden and US, the chemical concentrations in the 

serum of women aged 20-39 years in the National Health and Nutrition Examination Survey 

(NHANES) in 2007-2010 and 2015-2016 conducted by Centers of Disease Control and 

Prevention in the US were utilized (Centers for Disease Control and Prevention and National 

Center for Health Statistics, 2016, 2010, 2008). 
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Table 4. Overview of cohorts 

 CS SELMA ART 

Fetal 

T1 T2 T3 

Year collected 2016 2007-2010 2015-2018 2014-2015 2015-2016 2015-2016 

Number of 

participants (n) 

59 cesarean section 

patients 
813 pregnant women 185 infertile women 

38 women 

terminating 

pregnancy 

18 women with 

stillbirth 

29 women with 

stillbirth 

Location Stockholm, Sweden Värmland,  Sweden Uppsala, Sweden 
Aarhus and Randers, 

Denmark 
Stockholm, Sweden Stockholm, Sweden 

Samples 
T1 serum, ovarian 

tissue at delivery 
T1 serum 

Serum and plasma, 

FF during OPU 

T1 serum, placenta, 

embryonic and fetal 

liver, heart, lung, 

spinal cord at 

delivery 

T1 serum, placenta, 

fetal liver, heart, 

lung, brain, adipose 

tissue at delivery 

T1 serum, placenta, 

fetal liver, heart, 

lung, brain, adipose 

tissue at delivery 
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4.1.2 Measures of female reproductive health 

In Paper I, ovarian reserve was measured in two ways: (1) directly by histological 

quantification of the ovarian follicles present in the cortex, taking into account their different 

stages (primordial, intermediary, primary, late primary, secondary and atretic); (2) indirectly 

by quantifying AMH in the blood through enzyme-linked immunosorbent assay (ELISA) 

(revised Gen II ELISA assay, Beckman-Coulter Inc., Webster, TX, USA). TTP data collected 

was in years. Infertility was determined with a TTP > 1 year.  

In Paper II, TTP was used as a marker for fecundability or probability of the pregnancy in each 

cycle. During their first prenatal visit, women were asked how long they have been trying to 

get pregnant. TTP data collected was in months. Based on the TTP, infertility (TTP>12 months) 

was also investigated as an outcome. 

In Paper III, AMH and basal antral follicle count (AFC) were used as biomarkers to determine 

ovarian reserve. As intermediate endpoints, responsiveness to gonadotropin stimulation was 

determined using OSI with the following formula: 

ὕὛὍ ὰέὫ
ὲόάὦὩὶ έὪ έέὧώὸὩί ὶὩὸὶὭὩὺὩὨ

ὸέὸὥὰ ὊὛὌ ὨέίὩ ὍὟ
ρπππ 

Fertilization rate was calculated by the number of two pronuclear embryos observed 16-20 

hours after IVF or ICSI divided by the number of meiosis metaphase II oocytes. Quality of 

embryo was assessed on day 2 based on blastomere number, fragmentation, blastomere size 

variation, symmetry of cleavage and mononuclearity in the blastomeres, with a score ranging 

from 1-10 and a score ≥9.1 classified as top quality (Holte et al., 2007). For clinical outcomes, 

clinical pregnancy was defined as the presence of gestational sac during ultrasound on the 6th-

7th week. Live birth was defined as the birth of a live baby with at least 24 weeks of gestation. 

These outcomes were both for fresh transfers only as well as for fresh and frozen transfers.   

4.1.3 Quantification of persistent organic pollutants 

Nine OCPs (PeCB, HCB, α–HCH, β–HCH, γ–HCH, oxychlordane, transnonachlor, p,p´-DDT, 

p,p’-DDE), ten PCB congeners (PCB 74, 99, 118, 138, 153, 156, 170, 180, 183 and 187) as 

well three PBDE congeners (PBDE 47, 99, and 153) were quantified in the blood, FF, and T3 

fetal tissue samples as described before (Koponen et al., 2013). Briefly, 200 μL ethanol and 

400 pg of 13C-labelled internal standards of each compound in 100 μL of toluene were added 

to the blood / FF (200 μL) or fresh homogenized tissue (200 mg) samples in test tubes and 

mixed for 4 min at 1800 rpm to equilibrate internal standards to sample material. For extraction, 

dichloromethane-hexane (1:4) was added followed by activated silica to bind the sample water, 

ethanol and precipitate. To clean the extracts, multilayer silica columns were used. The eluate 

was concentrated for gas chromatography – tandem mass spectrometry (GC-MS/MS) analysis 

(Agilent 7010 GC-MS/MS system, Wilmington, DE, USA).  Limit of detection (LOD) ranged 

from 2-15 pg/ml while limit of quantification (LOQ) ranged from 5-40 pg/ml. LOD and LOQ 

were calculated as the concentration corresponding to 3 and 10 times the standard deviation 
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(SD) of the in-house low-concentration control sample, respectively, and rounded upwards to 

arrive at a conservative LOQ.  

Nine PFASs (PFHxS, PFHxA, PFHpA, PFOS, PFOA, PFNA, PFDA, PFUnA, PFDoA) were 

analyzed in the blood, FF, and fetal T1-T3 tissue samples as described previously (Lindh et al., 

2012). Briefly, for preparation of the samples, labeled internal standards of all measured PFASs 

were added together with glucuronidase and was digested for 90 min at 37°C. Proteins were 

precipitated using acetonitrile under vigorous shaking. The sample was centrifuged prior to 

analysis using a liquid chromatography system (UFLCXR, Shimadzu Corporation, Kyoto, 

Japan) coupled to a triple quadrupole mass spectrometry (QTRAP 5500; AB Sciex, 

Framingham, MA, USA) (LC-MS/MS). LOD ranged from 10 pg/ml to 200 pg/ml while LOQ 

ranged from 30 pg/ml to 600 pg/ml. LOD and LOQ were defined as the concentration 

corresponding to 3 and 10 times the SD of the ratio of the peak at the same retention time as 

the analyzed compounds and the corresponding internal standard divided by the slope of the 

calibration line and determined in the chemical blank samples. 

4.1.4 Lipid analyses 

In Papers I and III, total lipid levels were analyzed in the samples by measuring total cholesterol 

(TC) and triglycerides (TG) through enzymatic colorimetric kits, namely Cholesterol CHOD-

PAP and Triglycerides GPO-PAP, respectively (Cobas, Roche Diagnostics GmBH, 

Mannheim, Germany). To calculate the total lipid concentration, the following formula by 

Bernert et al. (2007) was used: 

Ὕέὸὥὰ ὰὭὴὭὨί ςȢςχὝὅ  ὝὋ  φςȢσ άὫὨὰϳ  

4.1.5 Statistical analyses 

Correlations of chemicals within and between samples were investigated using Spearman’s 

rank correlation coefficient. Total chemical burden was calculated by adding the medians of 

the tissue concentrations in the sample. Transfer ratios were calculated as follows: 

ὊὊȡὄὰέέὨ ὶὥὸὭέ Ϸ
ὊὊ

 

ὄὰέέὨ
 

ρππ 

ὝὭίίόὩȡὄὰέέὨ ὶὥὸὭέ Ϸ

ὝὭίίόὩ
 
  

ὄὰέέὨ
 

ρππ 

ὝὭίίόὩȡὖὰὥὧὩὲὸὥ ὶὥὸὭέ Ϸ

ὝὭίίόὩ
 
  

ὖὰὥὧὩὲὸὥ
 
  

ρππ 

Medians of the log10 of the transfer ratios were plotted as a function of logKow. LogKow, 

which is the log of the octanol-water partition coefficient of a chemical denoting its 
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lipophilicity, was used to estimate transfer of chemicals through passive diffusion. Spearman’s 

rank correlation was done on OCPs/PCBs and PFASs.  

Table 5 summarizes the statistical analyses done on the different cohorts. 

Table 5. Statistical analyses in the four cohorts 

Cohorts 

Cut off for 

chemicals included 

in analyses 

Statistical analyses Covariates% Outcomes 

CS#,^ >50% of samples 

above LOD 

Linear / logistic 

regression, WQS, 

Spearman’s 

correlation 

coefficient  

Age, BMI, parity AMH, follicle 

densities, infertility 

(yes/no) 

SELMA >70% of samples 

above LOQ 

Discrete-time Cox 

regression+, logistic 

regression, WQS, 

Spearman’s 

correlation 

coefficient 

Age, BMI, parity,  

pre-pregnancy use of 

COC, regularity of 

menses, smoking 

TTP, infertility 

(yes/no) 

ART#,^ >50% of samples 

above LOD 

Linear / logistic / 

binomial regression, 

WQS, Boruta, 

Spearman’s 

correlation 

coefficient 

Age, BMI, parity, 

cause of infertility, 

fatty fish intake 

AMH, basal AFC, 

OSI, average embryo 

score, at least one top 

quality embryo 

(yes/no), clinical 

pregnancy and live 

birth from fresh 

transfer or 

fresh/frozen transfer 

(yes/no) 

Fetal* At least three 

samples above LOQ 

Wilcoxon rank-sum 

test / Spearman’s 

correlation 

coefficient 

Gestational age,  

Normal placenta  

vs placental 

insufficiency, female 

vs male fetus 

N/A 

#OCPs and PCBs with lipid-adjustment (LA) 

^mixture analysis included sum of chemical groups 

*As the fetal cohort was an exposure study, analyses were focused on determining relationship of 

biological factors and chemical exposure 

+Used to estimate hazard ratios of fecundability (FR) where FR>1 means higher fecundability (i.e. 

shorter TTP) and FR<1 means lower fecundability (i.e. longer TTP) 

% for CS, no paternal data was used; for SELMA, paternal BMI was explored as a possible covariate 

but eventually was not included in the model because it did not modify the FR more than 10%; for ART, 

paternal data was indirectly included by using the cause of infertility as one of the covariates, which 

included male factors. 

 

Chemical mixture analyses was carried using weighted quantile sum regression (WQS), a 

strategy suitable for highly correlated datasets such as the chemical exposure. This is used for 

estimating empirical weights for a weighted sum of quartiles associated with health outcomes 

(Carrico et al., 2015; Czarnota et al., 2015) Chemicals of concern were identified above a 

threshold determined by the number of chemicals included in the mixture analysis (e.g. 7.7% 

threshold = 100% divided by 13 chemicals). To identify important features in the dataset in 
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relation to the studied outcomes, a machine learning algorithm called Boruta was utilized. This 

feature-selection algorithm compares the importance of the original variables with the 

importance of the shuffled variables to determine if importance was achieved at random (Kursa 

and Rudnicki, 2010). 

For the SELMA cohort, subgroup analyses were performed by stratifying according to age          

(< 29 years and ≥ 29 years) and most recent pre-pregnancy use of combined oral contraceptives 

(COCs).  

Significance was defined as p < 0.05 and tendencies as 0.05 < p < 0.10. All analyses were done 

in R through RStudio. In the SELMA cohort, SPSS was also used.  

 

4.2 Experimental study 

Based on the associations found and their tranfer to target organs in Papers I-V, five 

chemicals (HCB, p,p’-DDE, PCBs 156 and 180, and PFOS) were selected for 24-hour 

exposure studies in four ovarian cell cultures (COV434, KGN, PA1, primary ovarian cells). 

4.2.1 Chemicals 

The chemicals HCB, p,p’-DDE, and PCB 180 were purchased from Sigma-Aldrich. PCB 156 

and PFOS were purchased from VWR. All chemicals were completely dissolved in dimethyl 

sulfoxide (DMSO, Sigma-Aldrich) by heating with Thermoblock at 65°C for 15-60 min with 

intermittent vortexing. Thereafter, the chemicals were sonicated in a waterbath for 15-60 

minutes. Chemicals were stored in borosilicate glass vials at 4°C. All chemicals were quantified 

using GC-MS/MS and LC-MS/MS to validate their concentrations. Staurosporine in DMSO 

(Sigma-Aldrich) was used as a control for the cell viability and cytotoxicity assays.  

4.2.2 Ovarian tissue collection and ethics approval 

Ovaries were collected from three female-to-male gender reassignment patients in Karolinska 

University Hospital, Huddinge, Sweden after signing the informed consent. This study was 

approved by the Swedish Ethical Review Authority (original license dnr 2015/798-31/2). 

4.2.3 Cryopreservation and thawing of ovarian cortex 

The ovarian cortex was separated from the medulla by careful trimming using a scalpel until 

the cortex was around 1 mm thick. The cortex was then cut into 5x5x1 mm pieces and 

cryopreserved through slow-freezing, a protocol used in the clinics for fertility preservation 

(Andersen et al., 2019). This freezing in a controlled manner allowed long-term storage of the 

tissues while still maintaining their structure and function. In this protocol, slow-freezing 

medium was composed of 1.5 M ethylene glycol (Sigma-Aldrich), 0.1 M sucrose (Sigma-

Aldrich) and 10 mg/ml human serum albumin (HSA, Vitrolife) in phosphate-buffered saline 

(PBS, Thermo Fisher Scientific). The tissue pieces were equilibrated in slow-freezing medium 

at 4°C for 30 minutes on a shaker at 150 revolutions per min. Thereafter, the pieces were 
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transferred to cryotubes containing 1 ml of ice-cold fresh slow-freezing medium. Each tube 

contained 1-2 pieces of ovarian cortex. The tubes were then placed in a controlled rate freezer 

(Kryo 360 – 1.7, Planer PLC, UK) with the following program: -2°C/min to -9°C, hold at -9°C 

for 5 min, manual seeding by briefly touching the tube at the level of the medium-air interface 

with a liquid nitrogen-soaked cotton, -0.3°C/min to -40°C, -10°C/min to -140°C. The samples 

were stored in liquid nitrogen. To thaw, the cryotube containing the tissue was warmed in a 

37°C waterbath for 1-2 min. The tissue was then transferred sequentially into three room-

temperature thawing solutions at 10 min each. The thawing media had decreasing 

concentrations of ethylene glycol and sucrose. Specifically, thawing media I had 0.75 M 

ethylene glycol, 0.25 M sucrose and 10 mg/ml HSA in PBS. Thawing media II was composed 

of 0.25 M sucrose and 10 mg/ml HSA in PBS while thawing media III had only 10 mg/ml HSA 

in PBS.   

4.2.4 Dissociation of ovarian cortex into single cells 

The frozen-thawed ovarian cortex tissue was cut into small pieces using a scalpel and 

enzymatically digested with 1 mg/ml Collagenase IA (Sigma-Aldrich), 50 ug/ml Liberase™ 

(Sigma-Aldrich), and 100 U DNase I (Roche, Sigma-Aldrich) in Dulbecco’s modified Eagle’s 

medium: Nutrient Mixture F-12 (DMEM/F12; Thermo Fisher Scientific) with 2.5% fetal 

bovine serum (FBS, Thermo Fisher Scientific) in a shaking water bath at 37°C for a maximum 

of 50 min. The enzyme digestion was terminated with 10% FBS in DMEM/F12. The cell 

suspension was then centrifuged for 5 min at 300×g. After discarding the supernatant, the pellet 

was resuspended in culture media. The cell suspension was filtered through a 40 μm cell 

strainer to remove any cell clumps or non-dissociated tissue. These ovarian cells (from hereon 

referred to as primary cells) were cultured in DMEM supplemented with 1 g/l D-glucose, L-

glutamine, 110 mg/l sodium pyruvate (GIBCO, Thermo Fisher Scientific), 10% FBS, 1% 

GlutaMAX™ (GIBCO, Thermo Fisher Scientific), and 1% Penicillin-Streptomycin (Pen-

Strep, GIBCO, Thermo Fisher Scientific). 

4.2.5 Cell culture and exposure 

In addition to the primary ovarian cells, two human granulosa cell tumor-derived cell lines 

(COV434 and KGN) as well as a human ovary teratocarcinoma cell line (PA1) were utilized 

for in vitro exposure studies. COV434 was obtained from the European Collection of Cell 

Cultures (ECACC #07071909), KGN from RIKEN Cell Bank (RBRC-RCB1154; Japan)(Nishi 

et al., 2001), and PA1 from American Type Culture Collection (ATCC® CRL-1572). Cell lines 

were authenticated by Eurofins Genomics Europe Applied Genomics GmbH using short 

tandem repeats to ensure that no cross-contamination occurred. COV434 and KGN were 

cultured in DMEM/F12 with 10% FBS, 1% GlutaMAX™, and 1% Pen-Strep. PA-1 was 

cultured in DMEM supplemented with 1 g/l D-glucose, L-glutamine, HEPES, sodium pyruvate 

(GIBCO, Thermo Fisher Scientific), 10% FBS, 1% GlutaMAX™, and 1% Pen-Strep. All cells 

were incubated at 37°C with 5% CO2. 
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All four cell cultures were exposed to the concentrations based on the geometric mean of the 

FF levels in the ART cohort (1X) up to 100-fold (100X). They were exposed to individual 

chemicals: HCB (70 pM, 700 pM, or 7 nM), p,p’-DDE (200 pM, 2 nM, or 20 nM), PCB 156 

(8 pM, 80 pM, or 800 pM), PCB 180 (40 pM, 400 pM, or 4 nM), and PFOS (7 nM, 70 nM, or 

700 nM). They were also exposed to a mixture of the chemicals: Mix 1X (70 pM HCB, 200 

pM p,p’-DDE, 8 pM PCB 156, 40 pM PCB 180 and 7 nM PFOS), Mix 10X (700 pM HCB, 2 

nM p,p’-DDE, 80 pM PCB 156, 400 pM PCB 180 and 70 nM PFOS) or Mix 100X (7 nM 

HCB, 20 nM p,p’-DDE, 800 pM PCB 156, 4 nM PCB 180 and 700 nM PFOS). Upon reaching 

the exponential phase after 72 hours, cells were exposed for 24 hours for gene expression 

profiling, viability and cytotoxicity assays. Chemicals were measured in spent culture media 

via GC-MS/MS and LC-MS/MS to validate their concentrations. All experiments were done 

with technical duplicates and biological triplicates. For transcriptomics, only the biological 

triplicates were sequenced. 

4.2.6 Cell cytotoxicity and viability assay after 24 hours 

Cells were seeded in 96-well plates with a density of 10,000 cells/well for COV434, 4,000 

cells/well for KGN, 1,000 cells/well for PA1, and 2,200 cells/well for primary cells. After 72 

hours, cells were exposed to the chemicals for 24 hours. Staurosporine (1 μM) was used as 

positive control for cytotoxicity, 0.1% DMSO as vehicle control, and culture media only 

without cells as background control. Cytotoxicity and viability were determined using 

CytoTox-Glo™ Cytotoxicity Assay (Promega) according to the manufacturer’s protocol. The 

assay detects both dead and live cells through sequential luminescent signals. It measures the 

number of dead cells by using a luminogenic peptide (AAF-Glo™ Substrate) that generates a 

stable luminescent signal once cleaved by proteases released from nonviable cells that have 

lost membrane integrity. Briefly, 50 μl of freshly prepared CytoTox-Glo™ Reagent 

(rehydrated AAF-Glo™ Substrate) was added to each well. Contents were mixed for 2 min 

using an orbital shaker and incubated for 15 min at room temperature. Luminescence was 

quantified using SpectraMax i3x ELISA plate reader (Molecular Devices). This initial 

cytotoxic signal represents the dead cells. Afterwhich, 50 μl of Lysis Reagent was added to 

each well, mixed and incubated at room temperature for 15 min. Luminescence was quantified 

again using SpectraMax i3x ELISA plate reader (Molecular Devices). Viable cells were 

calculated by subtracting the initial cytotoxic luminescence from the second cytotoxic 

luminescence. 

4.2.7 RNA extraction and library construction 

Cells were seeded in 12-well plates with a density of 105,000 cells/well for COV434, 52,500 

cells/well for KGN, 11,500 cells/well for PA1, and 22,000 cells/well for primary cells. After 

72 hours, cells were exposed to the chemicals for 24 hours. RNA was extracted using RNeasy® 

Mini (Qiagen) according to manufacturer’s protocol. RNA yield was quantified using 

NanoPhotometer (Implen, Germany) and/or High Sensitivity D5000 ScreenTape®. Total RNA 

was stored at -80°C. 
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Library was constructed using QIAseq UPX 3’ Transcriptome Kit (Qiagen) according to the 

manufacturer’s protocol. Briefly, 1 ng total RNA of biological triplicates for all cell cultures 

and exposures were reverse transcribed with an oligo-dT primer containing an integrated Cell 

ID and unique molecular index in three 96-well plates. Thermocycler program was as follows: 

25°C for 10 min, 42°C for 90 min, 70°C for 15 min then hold at 4°C. The synthesized cDNA 

for each plate was combined into one tube each. To ensure cDNA containing the unique 

molecular indexes are efficiently and accurately enriched, the template-switching reaction was 

amplified using the QIAGEN HiFi PCR Master Mix. Thermocycler program was as follows: 

hold at 98°C for 2 min, 4 cycles of 20 sec at 98°C, 45 sec at 65°C and 3 min 30 sec at 72°C, 15 

cycles of 20 sec at 98°C, 20 sec at 67°C, and 3 min 30 sec at 72°C, then hold at 4°C. Amplified 

cDNA was then fragmented, end-repaired, and A-tailed using a single multi-enzyme reaction. 

Adapters were then ligated at their 5’ ends. Thermocycler program was as follows: 1 min at 

4°C, 5 min at 32°C, 30 min at 65°C and hold at 4°C. To ensure that the DNA fragments were 

sufficiently amplified for sequencing, universal PCR was performed with unique indexes 

introduced for each pooled plate. Thermocycler program was as follows: 15 min at 95°C, 9 

cycles of 15 sec at 95°C and 2 min at 65°C then hold at 4°C. A magnetic, bead-based clean up 

was performed between each step. Library was quantified using High Sensitivity D5000 

ScreenTape® and sequenced using Illumina NextSeq 550.  

4.2.8 Bulk RNA sequencing analysis 

Spliced Transcripts Alignment to a Reference (STAR) program was used to align the sequences 

to hg19 genome. Downstream bioinformatic analyses were done in R (R Core Team, 2018) 

through RStudio (RStudio Team, 2016) using the DESeq2 (Love et al., 2014), clusterProfiler 

(Yu et al., 2012), DOSE (Yu et al., 2015), apeglm (Zhu et al., 2018), biomaRt (Durinck et al., 

2009, 2005), and msigdbr (Dolgalev, 2020). Outliers such as extremely low reads per sample 

(~100-400 reads) were excluded from further analyses. To compare all cell types for each 

chemical exposure, possibly identify a potential biomarker across cell types, and determine 

mechanisms of chemical disruption, data was stratified according to the chemical. The design 

for this model was the interaction of cell types and concentrations. Differentially expressed 

genes (DEGs) compared to the vehicle control DMSO were determined through Wald test and 

adjusted using Benjamini-Hochberg procedure with a false discovery rate (FDR) < 0.05 as a 

cutoff.  Enrichment analyses on hallmark gene sets were performed using the DEGs for over-

representation test.   
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5 RESULTS  

5.1 COHORT CHARACTERISTICS 

The CS cohort was comprised of women from Stockholm (2015-2018), SELMA cohort from 

Värmland (2007-2010), ART cohort from Uppsala (2016) and fetal cohort from Stockholm 

(2015-2016). Table 6 summarizes the demographics of the cohorts. 

Table 6. Demographics of the four cohorts 

 
CS 

N=59 

SELMA 

N=813 

ART 

N=185 

Fetal 

N=38 (T1), 

18 (T2), 29 (T3) 

Age (years) 34 (23-46) 30 (18-45) 35 (21-43) 

T1: 26 (18-46) 

T2: 32 (22-45) 

T3: 31 (25-40) 

BMI during first 

visit (kg/m2) 
24.6 (18.8-37.4) 23.7 (16.9-45.4) 23 (17.4-34.2) 

T1: 21.8 (17.6-32.4) 

T2: 22.9 (19.7-28.4) 

T3: 24.8 (19.3-35.0) 

Parity 2 (0-10) 0 (0-5) 0 (0-2) 

T1: N/A 

T2: 0 (0-2) 

T3: 0 (0-2) 

*Data shown as median (min-max). 

 

5.2 EXPOSURE PROFILES OF WOMEN IN SWEDEN AND US 

Although the cohorts were from different parts of Sweden and from different years, the 

exposure patterns were fairly similar. The highest concentrations were PFASs followed by 

p,p’-DDE then HCB and PCBs 138, 153, 170, and 180, where they were quantified in at least 

90% of the samples in all cohorts (Figure 3).  On the other hand, most OCPs and PBDEs were 

quantified in less than 10% of the samples (Figure 3). When compared to women of similar 

age in similar time period in the US (NHANES), a clear difference that can be seen was the 

high quantification of PBDEs in the American cohort. This variation of exposure pattern may 

be due to type of products in commerce, local regulations, ethnicity and diet. Nonetheless, these 

women were still exposed to a mixture of EDCs in both countries albeit varying levels.  
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Figure 3. Concentration and occurrence of EDCs in the blood in the Swedish cohorts alongside 

chemicals in the blood of women aged 20-39 years in the NHANES 2007-2010 and 2015-2016 

cohorts. Size of the dot denotes percent of samples above LOQ while the color represents log10 of 

geometric mean (GM) of the chemical concentration (pg/ml). X means it was not analyzed in the 

sample. ¤ means it was measured but not part of this thesis.  

 

The PCBs were highly correlated with each other. Similar findings were seen for PFASs with 

≥8 carbon atoms. However, correlation among PFASs with 6-7 carbon atoms and OCPs varied. 

Although “indicator PCBs” (PCBs 28, 52, 101, 118, 138, 153, and 180) have been identified 

as markers for PCB exposure, there is no indicator for OCPs and PFASs due to lack of a strong 

correlation among them, as we have also seen in our cohorts. Nevertheless, these women were 

exposed not only to one chemical but to several. This further supports the need for developing 

better risk assessments for mixtures, instead of one chemical at a time.  

5.3 ASSOCIATION OF CHEMICALS TO MEASURES OF FEMALE 
REPRODUCTIVE HEALTH 

I studied a wide range of measures of female reproductive health. This spans from ovarian 

reserve and response to gonadotropins that solely relies on the female to clinical outcomes 

where both the female and male play a role. As these measures vary among women with 

different reproductive statuses, we had the unique opportunity to study three distinct cohorts – 

women whose live baby was delivered via caesarean section (CS), women whose pregnancy 

ended with a live birth regardless of delivery method (SELMA), and women who were 

undergoing ART (ART). Through these diverse cohorts, we were able to examine and measure 

female reproductive health from ovarian function to clinical endpoints. 

5.3.1 Ovarian reserve and response to gonadotrophins 

In the CS cohort (Paper I), the ovarian reserve was measured directly through counting the 

number of follicles in HE-stained ovarian tissue and indirectly through AMH in the serum. 

None of the individual chemicals were associated with AMH and primordial follicle density. 

Women with higher levels of HCB, transnonachlor, PCBs 74 and 99 were associated with 

lower unilaminar follicle density. HCB and transnonachlor were associated with lower healthy 

follicle density. When taken as a mixture, lipophilic POP mixture was associated with lower 
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primordial follicle density and lower unilaminar follicle density (i.e., composed of primordial, 

intermediary and primary follicles). The PFAS mixture had a tendency to be associated with 

higher AMH. In the ART cohort (Paper III), the ovarian reserve was measured via AMH in the 

serum as well as basal AFC determined through ultrasound. There was a negative association 

between HCB levels in the serum and AMH. Women with higher levels of PFOS in the serum 

and FF, and PCB 118 in the FF were associated with higher basal AFC. As a mixture, PFASs 

in both matrices were associated with increased basal AFC. 

In the CS cohort, AMH measured in the first trimester of pregnancy was correlated with 

growing follicles but not with non-growing follicles. In the ART cohort, AMH was 

significantly correlated with basal AFC and number of oocytes retrieved. 

Ovarian response to gonadotrophins was measured using OSI in the ART cohort. PCBs in the 

serum and FF, both individually and as a mixture, were associated with higher OSI. 

Using a machine learning algorithm called Boruta, biological factors such as age and BMI were 

among the important factors in relation to the outcomes. Interestingly, PCBs and PFASs also 

appear as important variables for the AMH, basal AFC, and OSI. 

5.3.2 Time-to-pregnancy and infertility 

In the CS cohort, women with higher HCB, p,p’-DDE and mixture of OCPs were associated 

with higher odds for infertility.  

In the SELMA cohort, none of the chemicals, neither individually and as a mixture, was 

associated with TTP. Women with higher levels of HCB, PCBs 74 and 118 had higher odds 

for infertility. Subgroup analysis was done by stratifying according to age and pre-pregnancy 

COC use. OCP and PCB exposures, both individually and as a mixture, were associated with 

lower FR (i.e. longer TTP) and higher odds for infertility in women aged ≥ 29 years not using 

COC as their most recent pre-pregnancy contraceptive.  

5.3.3 Embryo quality, clinical pregnancy and live birth 

In the ART cohort, women with higher levels of PCB 138 in the FF was associated with lower 

embryo score. Women with higher levels of PFOS, PFNA, and sum of PFASs in the serum and 

FF were associated with lower odds of having at least one top quality embryo. There was a 

significant association between HCB in FF and lower odds for clinical pregnancy from fresh 

transfer and live birth from fresh/frozen transfer. HCB in both matrices were associated with 

lower odds for clinical pregnancy from fresh/frozen transfer.   

Using Boruta, PCBs and PFASs were important variables for embryo quality and clinical 

pregnancy. However, none of the chemicals were important for live birth.  

  



 

28 

5.3.4 Section summary 

Overall, we have shown that chemical exposures, both individually and as a mixture, were 

associated to measures of female reproductive health from ovarian function to clinical 

endpoints (Table 7). This implies that chemicals may play a role in the reproductive system of 

women with different reproductive statuses.  

Table 7. Summary of results of the three cohorts. Red denotes significant positive (+) or                           

negative (-) associations of chemicals, both individually and as a mixture, with measures of female 

reproductive health. Blue is the lack thereof. Yellow denotes an inconclusive result because associations 

cannot be evaluated due to low number of samples above LOD or LOQ. Grey indicates chemicals that 

were not analyzed or not part of this thesis. Legend: S – serum, FF – follicular fluid, All – full cohort 

analysis in SELMA; 1- women aged <29 years without COC use; 2- women aged <29 years with COC 

use; 3 - women ≥29 years old without COC use; 4 - women ≥29 years old with COC use 
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5.4 TRANSFER OF CHEMICALS FROM BLOOD TO TARGET ORGANS 

In the ART and fetal cohorts, we evaluated the transfer of chemicals from blood to various 

organs such as the follicles in the ovaries, and fetal tissues, respectively. Since blood is usually 

used as a proxy marker for chemical exposure, this also allowed us to determine how well the 

blood gives an estimate for the target organ exposure.  

5.4.1 Exposure profile of blood and target organs 

In the ART cohort, 20 chemicals were detected in more than half of the blood samples and 15 

chemicals in the FF (Figure 4). Concentrations of PFASs were found to be highest, followed 

by OCPs and PCBs. PBDEs were least detected in both the blood and FF. Total chemical 

burden was of similar levels in the blood and FF. 

In the fetal cohort, PFASs were measured in T1, T2 and T3. All were detected in the serum, 

liver, and lung for the entire gestation. Total PFAS burden was the highest in the lung in T1, 

and liver in T2 and T3 (Figure 4). Burden was the lowest in the CNS regardless of trimester. 

OCPs, PCBs, and PBDEs were measured in T3 only. All were detected in the fetal adipose 

tissue, which resulted to have the highest total chemical burden compared to other fetal tissues. 

The CNS had the lowest cumulative chemical burden. The majority of the total chemical 

burden in the adipose tissue (~90%) was composed of OCPs, PCBs, and PBDEs. However, 

total chemical burden in other tissues were mostly comprised of PFASs (i.e. ≥55%). Similar to 

the ART cohort, PFASs were also the highest in concentrations, followed by OCPs, and PCBs. 

                            

Figure 4. Concentration and occurrence of EDCs in the blood and target organs in the ART and 

fetal cohorts. Size of the dot denotes percent of samples above LOQ while the color represents log10 

of GM of the chemical concentration (pg/ml for blood and FF, pg/g wet weight for placenta and fetal 

tissues). X means it was not analyzed in the sample.  

�. ����

                        

                        

                        

                        

                        

                        

                        

                        

                        

                        

                        

                        

                        

                        

     

 

 

 

 

 

 

 

                 

        

        

          

  

  

  

  

  

  

 
 
 

 
 
  
  
 
 
 
 
  



 

 31 

5.4.2 Chemicals cross the blood-follicle barrier 

OCPs, PCBs, and PFASs were detected in the FF, implying that they crossed the blood-follicle 

barrier thereby directly exposing the oocytes (Figure 5). PBDEs were below the LOQ in most 

samples, and therefore were not include in the analyses. Biological factors such as age was 

shown to be positively correlated with the FF:Blood ratios, suggesting that age may play a role 

in the transfer of the chemicals to FF. 

 

 

Figure 5. Transfer from blood to FF. Summary of relationship between maternal blood and FF 

(pg/ml). Biological factor such as age may affect the relationship (FF:blood ratios) marked with arrow 

(i.e. higher concentration of chemicals). Highest transfer was seen for OCPs followed by PCBs, and 

PFASs. Data shown are medians of the FF:Blood ratios of each chemical group. PBDEs were not 

included because the majority of them was below the limit of quantification. Created with Servier 

Medical Art. 
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5.4.3 Chemicals cross the placenta 

In Paper IV, PFAS was measured in fetal organs throughout the pregnancy (i.e., T1-T3). 

Placenta:serum ratios of PFOS, PFOA and PFNA increased across gestation, implying 

bioaccumulation in the placenta. Further, we observed that the ratios were higher in 

pregnancies with male fetuses compared to that of female fetuses. 

In Paper V, OCPs, PCBs, and PBDEs were measured in T3 only. All chemicals were found in 

fetal tissues even when not detected in the maternal serum or placenta. Although the time range 

was narrow (i.e., containing only T3), there was a positive correlation between tissue:serum 

and gestational age in the placenta, adipose tissue and brain. This result implies 

bioaccumulation of the chemicals in the tissues. Ratios were higher in pregnancies with male 

fetuses compared to female fetuses, and normal placenta compared to those with placenta 

insufficiency.  

Figure 6 provides a summary of the transfer from blood to T3 placenta and fetal tissues. 

 

Figure 6. Transfer from maternal blood to T3 placenta and fetal tissues. Summary of relationship 

between maternal serum (pg/ml), placenta and fetal organs (pg/g) on wet weight basis. Biological factors 

that may affect the relationship (tissue:serum ratios) are marked with arrows (i.e. thicker arrow means 

higher concentration of chemicals). Highest transfer was seen for OCPs in the adipose tissue and lowest 

for PFAS in the brain. The ratios were positively affected by gestational age, normal placental function, 

and male fetus. The ratios are likely affected by tissue lipid levels, which we were not able to test 

systematically.  Data shown are medians of the tissue:serum ratios of each chemical group. PBDEs were 

not included because majority was below the limit of quantification. Source: Björvang et al. 

Chemosphere, June 2021. 
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5.4.4 Transfer efficiency varies among chemical groups 

In both the ART and fetal cohorts, transfer efficiency among chemicals groups varied. Our 

results showed that organ:blood ratios were the highest in OCPs, followed by PCBs, then 

PFASs. In the ART cohort, ratios of the OCPs and PCBs were above 100%, which means that 

concentrations were higher in the target organ compared to the blood. On the other hand, 

PFASs were around 100%, which means that concentrations in blood and target organ were 

similar. In the fetal cohort, OCPs were above 100% while PCBs were around 100%. PFASs 

were below 100%, which means that concentrations in the organs were lower compared to that 

of the blood. Interestingly, both cohorts showed a similar trend: OCPs > PCBs > PFASs. To 

determine whether this trend might be described by physicochemical properties, we explored 

the correlation of the ratios with logKow, which is commonly used as a surrogate for 

lipophilicity that could potentially predict chemical transfer through passive diffusion. There 

was a negative correlation between the OCPs and PCBs in both the ART and fetal cohorts. In 

the fetal cohort, there was a positive correlation between the liver:serum ratio and logKow for 

PFASs.  

5.4.5 Section summary 

Overall, target organs such as follicles of the ovary and fetal organs were exposed to a mixture 

of chemicals, implying crossing the blood-follicle barrier and placenta, respectively. Blood 

gave a good estimate of the levels in the FF but a misleading picture of actual fetal exposures. 

5.5 BIOMARKERS AND PATHWAYS OF CHEMICAL DISRUPTION IN OVARIES 

Multiple significant associations between chemical exposures and measures of female 

reproductive health were discovered in the epidemiological studies in this thesis but they don’t 

necessarily mean causation. Based on the results of the cohorts, five chemicals, namely HCB, 

p,p’-DDE, PCBs 156 and 180, and PFOS, were selected to study further in vitro. In the 

experimental study, I exposed human ovarian cell cultures to these five chemicals, both 

individually and as a mixture, to determine potential biomarkers and possible mechanisms in 

the ovaries. 

5.5.1 Viability and cytotoxicity of chemicals on ovarian cells 

Since I was interested in the endocrine-disrupting properties of the chemicals, I wanted to work 

with sub-toxic concentrations. Hence, acute toxicity assays were carried out in the ovarian cell 

cultures after 24-hour exposure. Concentrations of the chemicals were chosen to reflect the 

levels in ovarian FF in the ART cohort (1X) and up to 100-fold higher (100X). The positive 

cytotoxicity control staurosporine had significantly lower viable cells and higher dead cells 

compared to the vehicle control 0.1% DMSO (Figure 7). The chemicals had modest effects in 

the ovarian cell cultures. For example, 1X p,p’-DDE reduced viability of COV434 cells and 

100X PFOS that of KGN cells (Figure 7). Most chemicals had slight cytotoxic effects in PA-1 

cells (Figure 7). In summary, some effects on viability and cytotoxicity were observed, 

however, not comparable to staurosporine. 
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Figure 7. Effects of chemicals on viability and cytotoxicity of ovarian cell cultures after 24-hour exposure. Boxplots consist of the interquartile range (IQR) and the median, 

and whiskers are 1.5*IQR. Statistical differences of chemicals to DMSO were tested with Wilcoxon rank-sum test. * indicates p-value <0.05, ** <0.01, ***<0.001. 
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5.5.2 Potential biomarkers of effect 

I performed transcriptomics analysis on the ovarian cells after chemical exposure. Since RNA-

seq data can monitor regulation of thousands of genes in a single experiment, this was an 

unbiased approach in the search for potential biomarkers of effect.  

The KGN and primary cells clustered together while COV434 and PA1 had their own clusters 

in the principal component analysis (PCA). This was observed for all chemicals. Differential 

gene expression analysis with cut-off FDR < 0.05 revealed 764 unique differentially expressed 

genes (DEGs) for all concentrations of HCB, 719 DEGs for p,p'-DDE, 519 DEGs for PCB 156, 

699 DEGs for PCB 180, 733 DEGs for PFOS and 501 DEGs for the mixture. Although each 

chemical had mainly a unique response in each cell type, seventeen genes that were 

differentially expressed in all ovarian cell types were identified (Table 8). However, the 

direction of regulation varied in the different cell types. One particular gene, OXR1, was 

downregulated in all cell types (Table 8). There was no gene that was common for all cell types 

exposed to the mixture.  

Table 8. Potential chemical-specific biomarkers across four ovarian cell cultures 

Chemical Gene Description 
Direction of regulation compared to DMSO 

COV434 KGN PA1 Primary 

HCB 

ARL10 
ADP ribosylation 

factor like GTPase 10 
Up Down Down Up 

ATF7IP2 

Activating 

transcription factor 7 

interacting protein 2 

Up Down Down Down 

IRAK1BP1 

Interleukin 1 receptor 

associated kinase 1 

binding protein 1 

Up Up Down Up 

LIG4 DNA ligase 4 Down Down Up Down 

LMBRD1 
LMBR1 domain 

containing 1 
Up Down Down Down 

OXR1 Oxidation resistance 1 Down Down Down Down 

SCD5 
Stearoyl-CoA 

desaturase 5 
Up Up Up Down 

SPATA33 
Spermatogenesis 

associated 33 
Down Up Down Down 

STRIP2 
Striatin interacting 

protein 2 
Up Down Down Down 

p,p’-DDE AACS 
Acetoacetyl-CoA 

synthetase 
Down Up Down Down 

PCB 156 RHBDD3 
Rhomboid domain 

containing 3 
Up Up Down Down 

PCB 180 

LIG4 DNA ligase 4 Down Down Up Down 

SP110 
SP110 nuclear body 

protein 
Up Up Down Up 

PFOS 

ACTB Actin beta Down Down Up Down 

RPL23 
Ribosomal protein 

L23 
Down Down Up Down 

RPS11 Ribosomal protein S11 Down Down Up Down 

RPS25 Ribosomal protein S25 Down Down Up Down 
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5.5.3 Mechanisms of chemical disruption 

To explore possible mechanisms of chemical disruption, gene set analysis was performed on 

the DEGs identified after exposure (Table 9). By comparing to the hallmark genesets in 

MSigDB, the high-dimensional DEGs were summarized into a biologically-relevant context.  

Table 9. Hallmark gene sets enriched by DEGs identified after chemical exposure 

Chemical Concentration Cell line Hallmark gene sets 

HCB 

1X 
COV434 MTORC1 signalling 

Primary E2F targets 

10X Primary Myogenesis 

100X 

PA1 Epithelial mesenchymal transition, IFN-γ response, 

UV response 

Primary Myc targets 

p,p’-DDE 100X PA1 IFN-α response 

PCB 156 

1X 
KGN Mitotic spindle 

Primary E2F targets, Myc targets 

10X 
KGN Myc targets 

Primary E2F targets 

100X KGN Myc targets 

PCB 180 

1X 

COV434 UV response 

KGN Protein secretion, Myc targets 

PA1 IFN-α and IFN-γ response 

10X COV434 UV response 

100X PA1 IFN-α and IFN-γ response 

PFOS 1X 
COV434 Epithelial mesenchymal transition 

KGN Myc targets, G2M checkpoint, E2F target 

MIX 100X 

COV434 Protein secretion 

KGN G2M checkpoint 

PA1 Angiogenesis 

Primary TGF-β signalling 

5.5.4 Section summary 
 

Collectively, the chemicals had modest effects on viability and cytotoxicity, and altered gene 

expression in ovarian cell cultures. Seventeen genes were found that were common to all four 

ovarian cell cultures with OXR1 as a promising biomarker. Enriched hallmark gene sets were 

determined, showing possible pathways that may lead to disrupted ovarian function.  
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6 DISCUSSION 

6.1 ASSOCIATIONS OF EDCS AND FEMALE REPRODUCTIVE HEALTH 

This thesis investigated the associations between EDC exposures and measures of female 

reproductive health in cohorts of women with different reproductive statuses. While the 

chemicals measured in the biological samples were only a small fraction of the many chemicals 

we are exposed to in real life, they gave a glimpse of how we are exposed to different mixtures. 

Hence, our results support the need to develop risk assessments for mixtures or group of 

chemicals instead of the current strategy focused on single chemical exposures. 

The wide spectrum of endpoints studied in this thesis ranged from ovarian function to live birth. 

It is important to acknowledge the complexity of studying reproductive outcomes particularly 

when the endpoints considered are during and after fertilization. Beyond this point, both the 

man and woman play a role. Ideally, factors from both prospective parents would be included 

in the analyses for a more comprehensive approach to take into account the couple-dependent 

nature of human reproduction (Buck Louis et al., 2013). Several biological processes would 

also, ideally, be taken into consideration such as male gametogenesis and decidualization of 

the uterus for implantation, among others. Hence, associations seen at these endpoints are not 

specific to one biological process but may indicate a problem in any or several of the biological 

processes in reproduction that may either be female factor or male factor or both. I tried to 

include paternal data into the analyses. In the ART cohort, cause of infertility included male 

factor, indirectly including the male gametes. In the SELMA cohort, paternal BMI was initially 

explored as a possible covariate but eventually not included in the model as it did not change 

the estimates more than 10%. No paternal data was included in the CS cohort.  

Ovarian function was a special focus of this thesis, specifically the ovarian reserve and response 

to gonadotropins. To the best of my knowledge, Paper I (CS cohort) was the first study to 

investigate the ovarian reserve both directly through histological examination and indirectly 

through AMH. Although AMH is produced by granulosa cells of primary to small antral 

follicles (Broer et al., 2014), it has been used as biomarker for ovarian reserve for those 

undergoing fertility investigation, giving a good predictive value for the number of oocytes to 

be retrieved after stimulation (Broer et al., 2014). How well AMH reflects the ovarian reserve 

in the general population still remains to be elucidated. This could possibly explain why none 

of the chemicals were associated with AMH in the CS cohort but associations were seen for 

the ART cohort. Another possible explanation is the low number of samples in the CS cohort, 

resulting to a low power which may have led to some missed associations.  

To measure ovarian response to gonadotropins, previous studies on ART cohorts and EDCs 

have used the number of oocytes as one of their outcomes (Al-Hussaini et al., 2017; Bloom et 

al., 2017; Governini et al., 2011; Ingle et al., 2020; Jirsová et al., 2010; McCoy et al., 2017; 

Petro et al., 2014, 2012; Younglai et al., 2002). In the ART cohort, OSI was utilized to take 

into account both the number of oocytes and the total dose of FSH administered. By doing this, 

the stimulation protocols used were factored in, minimizing their confounding effect on the 
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number of oocytes retrieved (Huber et al., 2013; Li et al., 2014). To the best of my knowledge, 

Paper III was the first study to use OSI for investigating associations of EDCs in an ART cohort 

(Lefebvre et al., 2021). Associations between PCBs and PFASs were seen with increased OSI. 

However, they were also associated with lower embryo quality, which supports previous 

studies (Bloom et al., 2017; Petro et al., 2012).  

To the best of my knowledge, Paper II (SELMA cohort) was the first study to stratify according 

to pre-pregnancy COC use and age and study the association of EDCs to TTP, which makes it 

challenging to compare with previous studies. Other studies have instead used these covariates 

to adjust their models but not to examine further with stratification. Nevertheless, previous 

studies had shown associations of EDCs with longer TTP (Axmon et al., 2006; Gennings et al., 

2013; Gesink Law et al., 2005), similar to our findings. The closest study relating COC use, 

EDCs, and reproductive outcomes was that of Kristensen et al. (2016). Interestingly, they found 

that among non-users of hormonal contraceptives, daughters prenatally exposed to higher 

levels of HCB and p,p’-DDE had lower number of antral follicles. This association was not 

found among hormonal contraceptive users (Kristensen et al., 2016). 

6.2 TRANSFER OF EDCS TO TARGET ORGANS 

Our fetal cohort was an exposure study, which means that we cannot conclude anything about 

the relationship of the levels to adverse outcomes. Further studies are needed to determine 

about the possible risks that may occur later in life. Nonetheless, the fetal cohort was the first 

study to provide the tissue concentrations of a wide spectrum of chemicals in an extensive set 

of fetal organs. By doing so, two trends were observed: (1) The lowest chemical burden was 

seen in the CNS while the highest was in the adipose, followed by the liver. Development of 

the blood-brain barrier may explain the low transfer of chemicals to the CNS. OCPs and PCBs 

predominantly bind to adipose tissue depots while PFASs bind to proteins, supporting the high 

levels of EDCs in the adipose and liver. (2) For transfer efficiency of different chemical groups, 

the following trend was observed: OCPs > PCBs > PFASs. To understand whether chemical 

properties such as passive diffusion may explain this trend, we explored the correlation of the 

ratios with logKow, which is commonly used as a surrogate for lipophilicity that could 

potentially predict chemical transfer through passive diffusion. There was a negative 

correlation between the OCPs and PCBs in both the ART and fetal cohorts, implying that 

logKow was not enough to explain the transfer of chemicals to the organs. Hence, other 

physicochemical parameters or molecular descriptors would be needed. In the fetal cohort, 

there was a positive correlation between the liver:serum ratio and logKow for PFASs, implying 

that lipophilicity seems to provide a reasonable estimate for the partitioning of these chemicals 

in the liver. These results encourage further studies on structure-activity relationships to 

understand how physicochemical properties may affect transfer efficiencies to different target 

organs. 

Common proxy samples used to estimate fetal exposure are blood and placenta. Other samples 

used are amniotic fluid and cord blood. Knowing the concentrations in proxy samples is helpful 

in estimating exposure of target organs. Ideally, these proxy samples are validated by 
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information on actual tissue exposure. The route of exposure of the tissue, in this case the fetal 

tissue, is not limited to one medium (i.e. blood). Fetal tissue may also be exposed to the 

chemicals via absorption and ingestion of the amniotic fluid. Because of the diverse routes of 

exposure, measurement of one route like the blood may not be enough to give the full picture 

of exposure. Hence, tissue biomonitoring is important since it accounts the total amount of 

exposure, regardless of route. In our fetal cohort, we have shown that some chemicals were 

detected in the fetal tissues but not in the proxy samples. Other routes of exposure not accounted 

for could possibly explain this. However, there is limited information on how much each 

exposure medium contributes. The findings in the fetal study encourage exploring and 

comparing different exposure routes to determine which would be the best proxy sample to use 

or possibly using a correction factor when using proxy samples. However, it is important to 

note that there are also instances when the blood may be a good proxy of chemical exposure. 

In the ART cohort, we have shown that the blood gives a good estimate of the FF exposure.  

6.3 POSSIBLE BIOMARKERS AND MECHANISMS OF EDCS IN THE OVARIES 

Based on the results of the epidemiological studies, five chemicals were selected to study 

further in vitro. I also wanted to investigate the effects of these chemicals, both individually 

and as a mixture. As this thesis had a special focus on ovaries, I explored possible biomarkers 

of effect and mechanisms of these chemicals on four types of ovarian cell cultures. To the best 

of my knowledge, this is first study to utilize an unbiased approach using transcriptomics on 

evaluating effects of EDCs on ovarian cells.  

Seventeen DEGs were identified to be common in all four cell types after chemical exposure 

albeit with varying directions of regulation. However, only one gene, OXR1, was 

downregulated for all cell types. Previous animal studies had shown links of this gene to female 

reproductive outcomes. Impaired fertility was seen in oxr1a-knockout zebrafish due to the loss 

of protection from oxidative stress, thereby increasing apoptosis (Xu et al., 2020). No mature 

oocytes were observed in the oxr1a-knockout zebrafish, which may explain the premature 

ovarian failure observed (Xu et al., 2020). Nonetheless, despite the varied direction of 

regulation, the other sixteen genes should still be explored further for possible cell type-specific 

effects. Further validation such as qPCR, western blot and immunostainings are needed to 

explore the full potential of these genes to be biomarkers.  

Several mechanisms seen were already recognized to be important to ovarian function. In 

mouse, mTOR signalling in oocytes have been shown to be important in primordial follicle 

activation (Guo and Yu, 2019).  TGF-β is involved in follicle growth, granulosa cell 

proliferation, oocyte meiotic arrest and ovulation in mammals (Chen et al., 2015; Du et al., 

2016; Yang et al., 2019). IFN-α plays a role in LH-induced differentiation of preovulatory 

granulosa cells while IFN-γ regulates follicle atresia in rat ovaries (Lee et al., 2009, 2016). 

While the mechanisms for individual chemicals were quite similar, the hallmarks identified in 

the mixtures were different, futher supporting the need for mixtures in chemical risk 

assessments.  
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By exploring biomarkers and mechanisms of endocrine disruption in ovarian cell cultures, we 

have shown that the ovarian cell cultures have the potential to screen and identify chemicals 

that may disrupt the female reproductive health. This further supports 3R and the recent call on 

the European Commission to phase-out the use of animals in research and testing in the EU 

(Haahr, 2021).  

6.4 METHODOLOGICAL CONSIDERATIONS 

From a methodological point of view, several considerations are discussed below. 

First, various cohorts of women with different reproductive statuses were utilized. When 

generalizing from these results, it is important to keep in mind that they are primarily applicable 

to individuals with the same reproductive status. Moreover, some associations may have been 

missed due to the number of samples in the cohorts.  

Second, different statistical approaches were utilized for the mixture analyses (i.e. WQS and 

sum of chemicals). By doing the WQS, a monotonic dose response was assumed, which may 

miss non-monotonicity that may be exhibited by EDCs. By getting the sum of the chemicals, 

it assumes an additive mode of action and does not take into account possible synergistic or 

antagonistic properties. In addition, because different statistical analyses were made for the 

mixtures as well as for the individual chemicals, comparison and interpretation of results 

between them should be taken with caution.  

Third, some samples were retrieved from biobanks. One possible drawback for using biobanks 

was the limited amount of sample. Nevertheless, with the fast advances of technology 

nowadays, methods are being developed to utilize as little sample possible for analyses. It was 

sufficient to measure the chemicals. However, it was not enough to measure the lipid levels. 

Lipids in the tissue can be estimated using gravimetric methods by extracting the lipids with 

solvents and weighing the residue once the solvent evaporates (Lee et al., 1996), which entailed 

an amount of tissue that was more than what was retrieved from the biobank. Hence, all 

concentrations were reported on a wet weight basis, keeping in mind that tissue:serum ratios 

may change if adjusted with lipids. The individual chemical data are publicly available as 

supplementary material in Paper V, allowing research groups with fetal tissue lipid levels to 

use for LA calculations. 

Fourth, I used cancer cell lines as well as primary ovarian cells for the experimental study. By 

including the primary cells, I was able to include non-immortalized human ovarian cell 

population. Nevertheless, there are still several factors to consider in the primary cell lines. 

Since the ovaries were from gender reassignment patients, they have undergone extensive 

androgen treatment which may suppress ovarian function. However, it has been shown that the 

ovarian cortex from CS and gender reassignment patients have the same cell type composition 

and abundance (Wagner et al., 2020). Because the cells were cultured, possible selection for 

certain types of cells was very likely to happen. I chose to use the first passage of the primary 

cells for all experiments to have a heterogenous population available, representing as many cell 
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types as possible. Interestingly, among the cancer cell lines, KGN clustered with the primary 

cells. 

6.5 ETHICAL REFLECTIONS 

Ethical permits were approved by the Stockholm and Uppsala Ethics board in Sweden and 

Scientific Ethics Committee for Copenhagen and Frederiksberg Municipalities in Denmark 

to perform our studies and execute experiments but it is still important to examine the moral 

issues at hand. There are several ethical concerns in this thesis and they are discussed in this 

section.  

 

Ethical concern # 1: Dealing with human subjects 

As the studies dealt with human subjects, it was important that the informed consent was 

obtained before research was performed. Potential participants were given a comprehensive 

explanation of the study, a link to our homepage that they can visit 

(https://ki.se/en/clintec/damdimopoulou-lab-chemicals-and-female-fertility) as well as 

contact details if they have further questions. It was important that they were informed that 

regardless of their participation in the studies, the standard-of-care they were getting from 

the hospital staff remained unchanged. For the fetal cohort, biobank samples were retrieved 

according to an approved ethical permission, which did not require informing the patients or 

getting a specific consent.  

 

Ethical concern # 2: Sources of samples  

In the epidemiological studies, various biological samples such as serum, FF, placenta, fetal 

tissues, and ovarian tissues biopsied during cesarean section were used. In the experimental 

study, I used ovaries resected in patients undergoing gender reassignment surgery. These 

samples were obtained because either (1) it was part of their standard procedure (i.e. blood 

was usually taken during the first visit to the midwife to test for diseases; IV cannula was 

usually inserted during OPU in ART patients for drug administration), (2) as left over 

material in a procedure they undertake (i.e. the FF is thrown away once the follicles were 

picked during OPU in women undergoing ART), or (3) as a result of a physiological process 

(i.e. placenta and fetal tissues should be delivered; ovaries are removed in the female-to-male 

reassignment). In most of the samples, there was no additional procedure done on top of 

routine standard care that was given to the patient. However, ovarian tissues biopsied during 

cesarean sections required an extra step that was performed for our study. This procedure 

was done only when there were no complications during delivery. The ovary has its own 

capacity to heal itself after ovulation, making it capable also of healing after this iatrogenic 

event. Taking a small piece on the surface of the ovary (5x5x2 mm) can also be argued as 

taking away potential life since we are removing a part of the ovarian reserve. However, this 

is quite similar to the normal physiological process where majority of the follicles undergo 

atresia.  
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Ethical concern # 3: Use of fetal tissues  

There is the ethical debate concerning the use of fetal tissues for research. In this thesis, we 

utilized only autopsy tissue samples resulting from intra-uterine fetal death. Very often, the 

parents in Sweden wish to have a cause-of-death investigation when their child dies in the 

womb. A post-mortem analysis involves examination of the fetal tissues and stored in the 

Stockholm Medical Biobank. We had approved permission to retrieve the samples from the 

Stockholm Medical Biobank. Availability of these samples from the biobank ensure that 

these fetal mortalities can contribute towards many different areas of research. In my case, 

they aid in understanding the possible effects of EDCs and may possibly prevent future fetal 

morbidities and mortalities.  

 

Our Danish collaboration group collected fetal tissues from the first trimester. Their samples 

were obtained from legal termination of pregnancy. Abortion is fully legal in Denmark if the 

procedure is done voluntarily by a pregnant woman over 18 years old not exceeding her 12th 

week of pregnancy. Support in making these choices are fully available in Denmark. 

Abortions were performed with informed consent and the donation of the fetal tissues for the 

advancement of science was done freely, without affecting the standard-of-care that the 

pregnant women received. All fetal tissues were completely anonymized to protect the 

privacy of the individuals. 

 

Ethical concern # 4: Reporting of results to participants 

We aim to elucidate how the chemicals affect women’s fertility. It is possible that participant 

knowledge of the chemicals present in their samples might cause undue and unnecessary 

stress. Hence, we do not report the individual results to the participants. Instead, we report 

the general findings on our homepage as well in published articles.  

 

Ethical concern #5: Handling of personal data 

Data regarding reproductive health and genetic data (RNA-seq of primary cells) are classified 

as sensitive by the European General Data Protection regulation. To protect the privacy of the 

individuals in our studies, we pseudonymize the data and store them in encrypted and safe 

online systems such as the electronic lab notebook (ELN) of Karolinska Institute. The code key 

is stored separately. Unauthorized people cannot access the data or samples. The fetal cohort 

samples and data were anonymized. 

 

Ethical concern #6: Reduce, Refine, and Replace 

The 3R principles Reduce, Refine, and Replace were established to endorse humane 

experimentation on animals. This thesis utilizes human samples as well as ovarian cell cultures 

to address the research questions, showing that science can progress and develop without 

harming animals in the process. If an animal was to be used for this study, the bovine 

reproductive cycles is similar to humans, making them suitable as an in vivo model. Bovine 

ovaries are considered waste material in the slaughterhouse and are normally discarded. By 

utilizing the ovaries further for research purposes, the wastage of animal material is minimized. 
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7 CONCLUSIONS 

In this thesis, I investigated the associations of EDCs, individually and as mixture, in various 

biological samples to measures of female reproductive health. I also evaluated the transfer of 

these chemicals from blood to target organs. Lastly, I elucidated possible biomarkers of effect 

and mechanisms of selected chemicals in ovarian cells.  

The main findings of this thesis were as follows: 

¶ Higher chemical exposure to EDCs were associated with fewer non-growing follicles, 

lower biomarkers of ovarian reserve, lower embryo quality, longer time-to-pregnancy, 

higher odds for infertility and lower odds for clinical implantation and live birth. 

Associations of individual EDCs differed with those of the mixtures.  

¶ POPs crossed the blood-follicle barrier as well as the placenta. 

¶ Transfer efficiency of chemicals varied according to group: OCP > PCB > PFAS. 

¶ Concentrations in the blood were good proxies for concentrations in the FF but may 

give a misleading picture of concentrations in the fetal tissues. 

¶ There was bioaccumulation of POPs in the fetal tissues throughout pregnancy.  

¶ Pregnancies with male fetuses had higher levels of EDCs compared to pregnancies with 

female fetuses. There were higher levels of chemicals in normal placenta compared to 

those with placental insufficiency. 

¶ Ovarian cells exposed to chemicals showed altered gene expression at concentrations 

found in ovarian follicles, with several biomarkers and pathways affected related to 

disrupted ovarian function. Mechanisms of individual chemicals on ovarian cell 

cultures were different from their mixture. 

 

Overall,  EDCs were shown to be linked to measures of female reproductive health. Although 

this is just the tip of the iceberg, it is a step towards unravelling mechanisms with clinically-

relevant endpoints, which may be developed and tailored into assays that can be used to screen 

the thousands of chemicals in the market. This advocates the need for better regulation of EDCs 

in order to achieve a chemically-safe environment.  
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8 FUTURE PERSPECTIVES AND CLINICAL IMPLICATIONS 

EDCs have numerous adverse effects on human health. Currently, the OECD Guidance 

Document for testing EDC effects  (No. 150) focused on studying the estrogenic, androgenic, 

thyroid and steroidogenic aspects of EDCs. However, other assays should be explored to 

include other modes of actions. My research suggests that, for example, mTOR and cytokine 

signaling such as IFN and TGF-β family, could be relevant, among others. It is important that 

regulatory guideline assays include key events that are targeted by chemical toxicants relevant 

to humans and associated to adverse outcomes. 

Currently, tests and models used such as the extended one-generation reproductive toxicity 

study (OECD TG 443) are expensive, time-consuming and have simplistic endpoints. Instead, 

we need models that can cover relevant EDC endpoints and possible for high-throughput 

analysis. We have shown the potential of ovarian cell cultures to screen and identify EDCs with 

reproductive endpoints. Another possible way to do this is through artificial ovaries or organ-

on-a-chip (Wu et al., 2020). With this, we can try to mimic the ovary without the need to use 

animals for testing. These methods would further support the 3Rs in animal research as well 

the call to phase-out use of animals in testing.  

Methods in analyzing mixtures in silico and in vitro are still being developed. There are 

numerous ways of evaluating mixtures and no one approach is deemed as the gold standard 

(Taylor et al., 2016). With the emergence of artificial intelligence and machine learning, the 

possibilities of exploring more methods in evaluating mixtures in silico are limitless. There is 

also a need to develop methods for evaluating mixture effects in vitro.  

High-throughput methods are needed to allow testing of these chemicals not only in 

experiments and risk assessments but also in the clinical settings. Although further studies are 

still needed to determine the exact mechanism of the EDCs on female fertility, measuring 

chemical levels or biomarkers of effect could be an important aspect to be incorporated in the 

management of women with reproductive health issues like PCOS, endometriosis, and 

infertility.  

Information dissemination and awareness of the EDCs around us is important so that people 

can choose safe and healthy options. However, choices are sometimes not available. While 

consumer choice may have an impact, governmental policies are necessary to achieve an 

ultimate change of environment. The European Commission has already started a chemical 

strategy for sustainability towards a toxic-free environment in 2020 to “develop and deploy the 

sustainable chemicals that enable the green and digital transitions and to protect environment 

and human health, in particular that of vulnerable groups” which includes pregnant and nursing 

women (European Commission, 2020). Overall, with these studies, we are one step closer to 

better regulations so that we will all live in a chemically-safe environment where chemicals 

will not decide how many kids you will have. That decision should only be up to you.  
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