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“If everything seems to be going well,  
you have obviously overlooked something.” 

 
- Murphy’s law 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my family 
 
 
 
 
 



 



 

LIST OF PAPERS 

This thesis is based on the following papers: 
 
 
I Britt-Marie Bäcklin, Carolina Bredhult, and Matts Olovsson. 

Proliferative effects of estradiol, progesterone, and two CB con-
geners and their metabolites on gray seal (Halichoerus grypus) 
uterine myocytes in vitro. Toxicological Sciences 
2003;75(1):154–60. 
 

II Carolina Bredhult, Britt-Marie Bäcklin, and Matts Olovsson. 
Effects of chlorinated biphenyls and metabolites on human uter-
ine myocyte proliferation. In press, Human & Experimental Toxi-
cology. 
 

III Carolina Bredhult, Britt-Marie Bäcklin, Anders Bignert, and 
Matts Olovsson. Study of the relation between the incidence of 
uterine leiomyomas and the concentrations of PCB and DDT in 
Baltic gray seals. In progress, Reproductive Toxicology. 
 

IV Carolina Bredhult, Britt-Marie Bäcklin, and Matts Olovsson. 
Effects of some endocrine disruptors on the proliferation and vi-
ability of human endometrial endothelial cells in vitro. 
Reproductive Toxicology 2007;23(4):550–9. 

 
V Carolina Bredhult, Lena Sahlin, and Matts Olovsson. Gene 

expression analysis of human endometrial endothelial cells ex-
posed to o,p’-DDT. Submitted to Molecular Human Reproduc-
tion. 



 



 

CONTENTS 

INTRODUCTION ........................................................................................15 
The female reproductive tract...................................................................15 

The uterus ............................................................................................15 
The myometrium.............................................................................15 
The endometrium ............................................................................17 

The endometrial vasculature and angiogenesis ..........................18 
Regulation of the menstrual cycle .......................................................19 
Sex steroid hormones...........................................................................20 

Oestrogen ........................................................................................20 
Progesterone....................................................................................21 

Sex steroid receptors............................................................................21 
Oestrogen receptors.........................................................................21 
Progesterone receptors ....................................................................22 

Uterine leiomyomas.............................................................................23 
The female reproductive cycle in the grey seal ........................................24 
The eukaryotic cell cycle..........................................................................25 

Regulation of the cell cycle .................................................................26 
Cell death..................................................................................................28 

Apoptosis .............................................................................................28 
Oncosis and necrosis............................................................................30 
Autophagy ...........................................................................................30 
Pyroptosis ............................................................................................30 

Environmental contaminants....................................................................30 
Endocrine disruptors and their effects on wildlife and humans...........31 

Polychlorinated biphenyls (PCBs) ..................................................32 
Effects of PCBs on the female reproductive tract and offspring  
in laboratory animals, wildlife and cell culture experiments......32 
General effects after human exposure to PCBs ..........................33 
Effects of PCBs on the female reproductive tract and offspring  
in humans ...................................................................................34 
Effects of PCBs on the male reproductive tract in humans ........34 
Concentrations of specific CB congeners and metabolites in 
biological samples from humans and Baltic grey seals ..............34 
Effects of some specific CB congeners in laboratory animals  
and cell culture experiments.......................................................35 



 

Dichlorodiphenyltrichloroethane (DDT) ........................................36 
Levels of DDT in biological samples and reproductive tissues .36 
Effects of DDT on the female reproductive tract in laboratory 
animals and cell culture experiments .........................................36 
Effects of DDT on the female reproductive tract in humans......37 
Effects of DDT on the male reproductive tract in laboratory 
animals and wildlife ...................................................................37 
Effects of DDT on the male reproductive tract in humans.........37 

Di-n-butyl phthalate (DBP).............................................................37 
Effects of DBP on the female reproductive tract and offspring .38 
Effects of DBP on the male reproductive tract...........................38 

Bisphenol A (BPA) .........................................................................39 
Effects of BPA on the female reproductive tract and offspring  
in laboratory animals and cell culture experiments ....................39 
Effects of BPA on the male reproductive tract in laboratory 
animals........................................................................................39 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) .................................39 
Effects of TCDD on the female reproductive tract in laboratory 
animals and cell culture experiments .........................................40 
Effects of TCDD on the female reproductive tract in humans ...40 
Effects of TCDD on the male reproductive tract........................41 

Cytochrome P450 (CYP) metabolism of exogenous substances in 
human reproductive tissues..................................................................41 

Expression of CYP enzymes in endothelial cells............................43 
Regulation of xenobiotic-metabolizing CYP gene expression .......43 

Current test methods for screening of environmental contaminants ........44 

AIMS OF THE INVESTIGATIONS............................................................47 

MATERIALS AND METHODS..................................................................48 
Ethical approval of the studies .................................................................48 
Tissue collection.......................................................................................48 

Establishment of cell cultures ..............................................................49 
Verification of myometrial cell culture purity .....................................50 

Cell culture experiments...........................................................................50 
BrdU assay for assessment of proliferation .........................................50 
Assessment of cell activity by measurements of protein content ........51 
Immunocytochemistry for expression of Aryl hydrocarbon receptor 
and PCNA............................................................................................51 
Assessment of viability by vital staining .............................................51 
Isolation, amplification, labelling and hybridization of RNA for gene 
expression analysis ..............................................................................52 
Real-time quantitative reverse transcription PCR (real-time qRT- 
PCR) ....................................................................................................52 



 

Occurrence of uterine leiomyomas in Baltic grey seals ...........................53 
Concentrations of PCB and DDT in Baltic biota .....................................53 
Immunohistochemical analysis of proliferative activity in grey seal 
leiomyomas and routine histological examinations .................................53 
Concentrations of PCB and DDT in blubber............................................54 
Statistical analyses....................................................................................54 

Study I..................................................................................................54 
Study II ................................................................................................54 
Study III...............................................................................................55 
Study IV...............................................................................................55 

Immunocytochemistry for AhR and PCNA expression..................55 
BrdU assay ......................................................................................55 
Vital staining ...................................................................................55 

Study V................................................................................................56 
BrdU assay ......................................................................................56 
Microarray data ...............................................................................56 

Gene Expression Omnibus (GEO) .............................................56 
Real-time qRT-PCR data ................................................................57 

RESULTS AND DISCUSSION ...................................................................58 
Study I ......................................................................................................58 
Study II.....................................................................................................60 
Study III ...................................................................................................61 
Study IV ...................................................................................................64 
Study V.....................................................................................................66 

SUMMARY..................................................................................................71 

CONCLUSIONS ..........................................................................................73 

FUTURE PERSPECTIVES..........................................................................74 

SUMMARY IN SWEDISH - SAMMANFATTNING.................................76 

ACKNOWLEDGEMENTS..........................................................................80 

REFERENCES .............................................................................................83 

 



 

ABBREVIATIONS AND TERMS 

ACTB Actin beta 

AhR Aryl hydrocarbon receptor 

ANOVA Analysis of variance 

APAF-1 Apoptotic protease activating fac-
tor 1 

APC Anaphase-promoting complex 

ARNT AhR nuclear translocator 

BASE Bioarray software environment 

BPA Bisphenol A 

BrdU 5-bromo-2’-deoxyuridine 

BSA Bovine serum albumin 

cAMP Cyclic adenosine-3’,5’-
monophosphate 

CAR Constitutive androstane receptor 

CB Chlorinated biphenyl 

CB 77 3,3’,4,4’-tetrachlorobiphenyl 

CB 101 2,5,2’,4’,5’-pentachlorobiphenyl 

CB 107 3,4,2’,3’,5’-pentachlorobiphenyl 

CB 118 3,4,2’,4’,5’-pentachlorobiphenyl 

CB 126 3,3’,4,4’,5-pentachlorobiphenyl 

CCL2 Chemokine (C-C motif) ligand 2 

Cdk Cyclin-dependent kinase 

CPNE7 Copine VII 

Cy3 Cyanine 3-cytidine 5-triphosphate 



 

Cy5 Cyanine 5-cytidine 5-triphosphate 

CYP Cytochrome P450 

DAB Diaminobenzidine 

dATP Deoxynucleoside adenosine 
triphosphate 

DBP Di-n-butyl phthalate 

DDD Dichlorodiphenyldichloroethane 

DDE Dichlorodiphenyldichloroethylene 

DDT Dichlorodiphenyltrichloroethane 

DES Diethylstilboestrol 

DMEM Dulbecco’s modified Eagle’s me-
dium 

DNA Deoxyribonucleic acid 

E2F7 E2F transcription factor 7 

EBM®-2 Endothelial cell Basal Medium-2 

ECC-1 Endometrial carcinoma cell line 

ECVAM European Centre for the Valida-
tion of Alternative Methods 

EDCs Endocrine-disrupting chemicals 

EGM™-2MV Microvascular Endothelial Cell 
Medium-2 

ER Oestrogen receptor 

ERE Oestrogen response element 

ERR Oestrogen receptor-related recep-
tors 

Ex vivo Outside the living body 

FBS Foetal bovine serum 

FITC Fluorescein-5-isothiocyanate 

FSH Follicle-stimulating hormone 

  



 

GAPDH Glyceraldehyde-3-phosphate de-
hydrogenase 

GEO Gene expression omnibus 

GLM General linear model 

GnRH Gonadotropin-releasing hormone 

GO Gene ontology 

GPR G protein-coupled receptor 

hCG Human chorionic gonadotropin 

HDL High-density lipoprotein 

HEEC Human endometrial endothelial 
cell 

HMG High-mobility group 

HUVEC Human umbilical vein endothelial 
cell 

Ig Immunoglobulin 

IL Interleukin 

In ovo In the egg 

In vitro In the glass/test tube 

In vivo In the living body 

In utero In the uterus 

IVF In vitro fertilization 

LCB-DWH Linnaeus centre of bioinformatics 
data warehouse 

LH Luteinizing hormone 
LIPG Endothelial lipase 

M phase Mitotic phase 

MCF-7 Human breast cancer cell line 

MBP Monobutyl phthalate 

NF-�B Nuclear factor-�B 

o,p’- Ortho, para’- 



 

OECD Organisation for Economic Co-
operation and Development 

PBS Phosphate-buffered saline 

PCB Polychlorinated biphenyl 

PCDF Polychlorinated dibenzofurans 

PCNA Proliferating cell nuclear antigen 

PCOS Polycystic ovary syndrome 

PCR Polymerase chain reaction 

p,p’- Para, para’- 

PPAR Peroxisome proliferator-activated 
receptor 

ppm Parts per million 

ppt Parts per trillion 

PR Progesterone receptor 

PXR Pregnane X receptor 

qRT-PCR Quantitative reverse transcription 
polymerase chain reaction 

RNA Ribonucleic acid 

RT-PCR Reverse transcription polymerase 
chain reaction 

RXR Retinoic acid receptor 

sDDT The sum of DDT, DDE and DDD 

SESN2 Sestrin 2 

SHBG Sex hormone-binding globulin 

sPCB The sum of PCB congeners 

S phase Synthesis phase 

SPSS Statistical package for the social 
sciences 

T3 Triiodothyronine 

T4 Thyroxine 



 

TCDD 2,3,7,8-tetrachlorodibenzo-p-
dioxin 

TG Test guideline 

 
 

 



 15

INTRODUCTION 

The female reproductive tract 
The human female reproductive tract consists of two ovaries, two uterine 
tubes, the uterus, the vagina (Fig.1) and the external genitalia. The ovaries 
are the major sites of production of sex steroids, which control and regulate 
the female reproductive cycle.1 Furthermore, the ovaries are the sites of the 
monthly follicle and oocyte maturation throughout the reproductive years. 
After ovulation of an oocyte, it is transported to the uterus through the uter-
ine tubes. 

The uterus 
The function of the uterus is first and foremost to provide a site for implanta-
tion for the fertilized oocyte, to allow the establishment of a pregnancy, to 
support the pregnancy until full-term and finally to assist during delivery by 
forcing the foetus out of the uterus with uterine contractions. The uterus has 
three different functional layers (Fig. 1). The serosa, or perimetrium, is the 
outer peritoneal covering. Adjacent to the serosa is the myometrium, which 
consists of smooth musculature. The heavily vascularized endometrium lines 
the uterine cavity, and is composed of glands, vasculature, stroma, and sur-
face epithelium. 

The myometrium 
The myometrium can be further divided into three different layers.2 In clos-
est proximity to the endometrium is the stratum subvasculare, which is com-
posed of circularly arranged muscle fibres. The layer adjacent to the stratum 
subvasculare is the stratum vasculare, which makes up the bulk of the uterine 
muscular wall and consists of a three-dimensional mesh of short muscular 
bundles. Finally, the outermost layer of the myometrium is the subserosal 
stratum supravasculare, which mainly consists of muscle fibres arranged 
longitudinally. 
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Figure 1. The human uterus and uterine tubes.i 

Oestrogen receptor (ER) expression in the myometrium is high during the 
proliferative phase of the menstrual cycle, after which a sharp decline oc-
curs.3 Thus, increasing progesterone levels are related to reduced levels of 
ER.

                               
i Figure from http://training.seer.cancer.gov/module_anatomy/images/illu_uterus.jpg 

Progesterone receptor (PR) expression in the myometrium is consistently 
strong throughout the menstrual cycle. Nevertheless, when the oestrogen 
levels are low during the secretory phase, the PR content is decreased com-
pared to that in the proliferative phase, which implies up-regulation of PR by 
oestrogen and/or down-regulation of PR by progesterone.4 The postmeno-
pausal myometrium has high levels of both ER and PR.5 

When characterizing the myometrial receptor expression, however, all 
three myometrial layers should be considered.5 The stratum subvasculare 
exhibits cyclic changes in ER and PR expression similar to those of the en-
dometrium. The bulk of the uterine musculature, the stratum vasculare and 
stratum supravasculare, does not exhibit cyclic ER and PR expression, but 
rather shows a constitutive high receptor expression throughout the men-
strual cycle. This discrepancy could be explained by the fact that the differ-
ent layers of the myometrium appear to have different embryological ori-
gins.6 The myometrial stratum subvasculare and the stroma and glandular 
epithelium of the endometrium derive from the paramesonephric ducts, 
whereas the myometrial stratum vasculare and stratum supravasculare are of 
non-paramesonephric origin. It is likely that the different origins and recep-
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tor expressions of the myometrial layers reflect different functions of the 
uterus. The strata vasculare and supravasculare are active during parturition. 
During pregnancy the myometrium grows, a process which requires constant 
action of both oestrogen and progesterone, and hence constant expression of 
the receptors in these layers.1, 7 The endometrium and stratum subvasculare 
function not only in the cyclic preparation for implantation but also in uter-
ine peristalsis, which is a means of transporting sperm.8, 9 The endometrium 
and stratum subvasculare are also involved in inflammatory defence.10-12 

The endometrium 
The endometrium is composed of glandular and surface epithelium, vascula-
ture, and stroma.1 Bone marrow-derived cells such as lymphocytes and 
macrophages can be found in the stromal compartment. The histological 
changes in the endometrium during an ovulatory cycle, described by Noyes 
et al.,13 can be divided into five phases: (1) the menstrual phase endo-
metrium, (2) the proliferative phase, (3) the secretory phase, (4) the implan-
tation phase, and (5) the phase of endometrial breakdown.1 Morphologically, 
the endometrium can be divided into functional and basal layers. The func-
tional layer is the site of implantation, and is therefore the site of prolifera-
tion, secretion and degeneration. The basal layer is responsible for regenera-
tion of the endometrium following the changes in the functional layer during 
the menstrual cycle. The basal layer contains the basal arteries, which extend 
into the functional layer as spiral arteries that are sensitive to hormonal 
changes. 

The menstrual endometrium is thin and consists of the basal layer and 
also a minor amount of residual functional layer. At menstruation, the func-
tional layer is shed and subjected to disarray, breakage of glands, and frag-
mentation of vessels and stroma, with persistent necrosis, white cell infiltra-
tion, and red cell interstitial diapedesis. Deoxyribonucleic acid (DNA) syn-
thesis begins to occur by day 2–3 in the menstrual cycle in areas of the basal 
layer where the functional layer has been completely shed. New surface epi-
thelium grows out from the remnants of the glands in the basal layer. 

During the proliferative phase, the ovarian follicles grow and secrete in-
creasing amounts of oestrogen, leading to regeneration and proliferation of 
the cells of the endometrial glands, spiral arteries, and stroma. The prolifera-
tion is high during the mid- to late proliferative phase of the cycle, when 
circulating oestradiol levels are high and the endometrial ER contentration is 
at its maximum.14 

When ovulation has occurred, the endometrium is influenced by both oes-
trogen and progesterone during the secretory phase. A few days after ovula-
tion the epithelial proliferation ceases,15 which is believed to be due to pro-
gesterone influence. Mitotic processes and DNA synthesis decline as a result 
of interference of progesterone with ER expression and stimulation of the 
conversion of oestradiol to oestrone sulfate.16, 17 Characteristic features of the 
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secretory endometrium are tortuosity of the glands, oedematous stroma, and 
coiling of the spiral vessels.1  

The oedematous stroma, associated with the time of implantation, may be 
a secondary result of oestrogen- and progesterone-mediated prostaglandin 
synthesis in the endometrium. Prostaglandins increase the capillary perme-
ability. Sex steroid receptors are present in the endometrial blood vessels, 
and prostaglandin-synthesizing enzymes appear in both the muscular and 
endothelial layers of endometrial arterioles. Sex steroids and prostaglandins, 
as well as autocrine and paracrine factors produced in response to the sex 
steroids, cause vascular proliferation and coiling of the spiral vessels. The 
glands secrete glycoproteins and peptides with a peak during the “implanta-
tion window” when blastocyst implantation is permitted. Immunoprotecting 
granulocytes, which are present in the secretory endometrium, are important 
for implantation and placentation. 

Some stromal cells transform into predecidual cells during the secretory 
phase, and differentiate further during pregnancy to become decidual cells. 
Decidual cells are considered to have important functions in the processes of 
menstruation, implantation and placentation.18, 19 For implantation to occur, 
endometrial haemostasis and uterine resistance to invasion are required. 
These processes require sustained oestrogen and progesterone levels, and if 
these levels fall, endometrial breakdown will be initiated. 

About thirteen days after ovulation, three zones of the endometrium can 
be distinguished.1 The basal layer constitutes approximately one-fourth of 
the tissue. The mid 50% is called the stratum spongiosum, consisting of 
loose oedematous stroma, heavily coiled spiral vessels, and dilated glands. 
The top 25% of the endometrium is called the stratum compactum, which is 
formed by predecidually transformed stromal cells. If fertilization and im-
plantation do not occur, the oestrogen and progesterone levels will decrease 
and several endometrial events will take place, leading to apoptosis, tissue 
loss, and ultimately menstruation. 

The endometrial vasculature and angiogenesis 
The endometrial blood supply is provided by the arcuate arteries, from 
which radial branches penetrate inwards and form straight and spiral arteri-
oles. The straight arterioles nourish the basal layer of the endometrium. The 
spiral arterioles nourish the functional layer with its glands and stroma, and 
respond to sex steroids. After menstruation, the functional layer is regener-
ated and new spiral arterioles are formed from the straight arterioles in the 
basal part of the endometrium. The formation of new capillary blood vessels 
from pre-existing microvessels is known as angiogenesis.20 The female re-
productive tract is the main site of angiogenesis in healthy adult humans.21, 22 

The vascular endothelial cell has a central role in all angiogenic proc-
esses. The human endometrial endothelial cell (HEEC) is unique among 
endothelial cells in the sense that it expresses ER� and possibly also PR.23-25 
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Endothelial cells may also express membrane receptors such as classical 
oestrogen receptors26, 27 and G protein-coupled receptors28 that have been 
found to be hormone-responsive in other cell types.29-32 Endometrial angio-
genic activity is under overall control by ovarian steroids13 and may be influ-
enced by gonadotropins21 and growth factors.33 During and immediately 
after menstruation, angiogenesis is promoted by expression of potent angio-
genic stimulators such as vascular endothelial growth factor A and fibroblast 
growth factor-2.22, 34 

Angiogenesis can be achieved by different mechanisms, as reviewed by 
Gargett and Rogers.22, 33 After activation of the endothelial cells by some 
angiogenic stimulus, new blood vessels form by sprouting, incorporation of 
circulating endothelial progenitor cells into growing vessels, intussusceptive 
microvascular growth, or vessel elongation. In the endometrium, the main 
angiogenic mechanism is believed to be vessel elongation, accompanied by 
intussusception and possibly also incorporation of circulating endothelial 
progenitor cells. 

Regulation of the menstrual cycle 
The menstrual cycle is controlled by pulsatile release of gonadotropin-
releasing hormone (GnRH) from the hypothalamus.1 During the proliferative 
phase of the menstrual cycle, GnRH stimulates the pituitary to release folli-
cle-stimulating hormone (FSH) and luteinizing hormone (LH) into the blood 
stream. FSH is essential for maturation of the ovarian follicles and increases 
the ovarian oestrogen biosynthesis via the aromatase enzyme pathway. The 
FSH-induced increase in oestrogen stimulates a midcycle peak of LH release 
from the pituitary, which triggers ovulation and the formation of a proges-
terone-producing corpus luteum, which is retained during the secretory 
phase of the menstrual cycle. In the absence of human chorionic gonadotro-
pin (hCG) production by the placenta, the pituitary ceases to release LH, 
leading to regression of the corpus luteum and decreased steroid production. 
Onset of menstruation is linked to withdrawal of progesterone. 

Oestrogen and progesterone are involved in regulation of the menstrual 
cycle through a feedback system. Low levels of oestrogen lead to synthesis 
and storage of FSH and LH in the pituitary and inhibit FSH secretion. Induc-
tion of the midcycle LH surge occurs when oestrogen levels are high, and 
sustainment of high levels of oestrogen lead to increased secretion of LH. 
Low levels of progesterone enhance the pituitary LH response to GnRH and 
lead to the midcycle FSH surge, whereas high levels of progesterone inhibit 
the pituitary secretion of FSH and LH by inhibiting GnRH pulses in the hy-
pothalamus. High progesterone levels may also antagonize the pituitary re-
sponse to GnRH by interference with oestrogen action. 
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Sex steroid hormones 
The sex steroid hormones can be classified into oestrogens, progestins and 
androgens. In females, oestradiol and progesterone are the major sex steroid 
hormones. Steroidogenesis (depicted in Fig. 2) starts from cholesterol and 
occurs in the ovaries, and to some extent in the adrenal cortex and adipose 
tissue. 
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Figure 2. Steroidogenesis. 

Oestrogen 
Over twenty oestrogens have been isolated. Those of most importance are 
oestrone, oestradiol and oestriol. Oestrone is a weak oestrogen, which can be 
converted to oestradiol. During the reproductive years oestradiol is predomi-
nant and is considered to be the most active oestrogen. In the blood stream, 
oestradiol is mainly transported bound to sex hormone-binding globulin 
(SHBG) or albumin. Only a small fraction remains unbound. After oestra-
diol-induced nuclear gene activation via oestrogen receptors, oestradiol is 
converted to oestriol, which is relatively inactive compared to oestrone and 
oestradiol. Oestriol is conjugated to glucuronic acid in the liver and is subse-
quently excreted through the kidneys. 
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Progesterone 
Progestins are precursors in both oestrogen and androgen steroidogenesis, 
but are also important sex steroid hormones. Pregnenolone is the common 
precursor of 17-hydroxypregnenolone, progesterone and 17-
hydroprogesterone. Progesterone is considered to be the most important pro-
gestin in the female reproductive tract. The main fraction of the circulating 
progesterone is bound to albumin. A minor fraction is bound to the corticos-
teroid-binding globulin transcortin, and very little is bound to SHBG or un-
bound. Progesterone has many urinary excretion products and hence a more 
complex metabolism than oestrogen. About 10–20% is excreted as preg-
nanediol, and pregnanetriol is the main metabolite of 17-
hydroxyprogesterone. 

Sex steroid receptors 
The sex steroid hormone receptors are intracellular receptors that belong to 
the steroid receptor super family.35 Steroid hormones and receptors have four 
mechanisms of action, here called A–D. Mechanism A is the so called clas-
sical model of sex steroid hormone receptor action and involves diffusion of 
the ligand, i.e., the sex steroid hormone, across the cell membrane and bind-
ing to the receptor in the cytoplasm or in the nucleus.1 Upon binding of the 
ligand, the receptors are activated and dissociated from protecting heat shock 
proteins, and a chromatin binding site is revealed. The hormone-receptor 
complex then interacts with specific nuclear DNA sites, called hormone-
responsive elements, and regulation of transcription of target genes to mes-
senger ribonucleic acid (mRNA) occurs through communication with co-
regulators (reviewed by Hall and McDonnell36 and O’Malley37) and the gen-
eral transcription apparatus. The mRNAs are transported to the cytoplasmic 
ribosomes, where translation into proteins takes place. Mechanism B is es-
sentially similar to mechanism A, except that the binding of DNA can occur 
in the absence of hormone-responsive elements through interaction with 
transcription factors such as AP1,38 SP139 and nuclear factor �B (NF-�B).40 
Mechanism C offers ligand-independent pathways via cross-talk with, for 
example, growth factor receptors, and phosphorylation of the steroid recep-
tor and/or co-regulators (reviewed by Farach-Carson and Davis41, Levin42 
and Surmacz and Bartucci43). Mechanism D involves hormone-binding to 
membrane-associated binding sites that might be similar to26, 27 or distinct 
from29, 30 the classical nuclear receptors and convey rapid signalling (re-
viewed by Prossnitz et al.44 and Filardo and Thomas45). 

Oestrogen receptors 
The classical oestrogen receptors are oestrogen receptor-alpha (ER�), which 
was characterized in the 1970s46 and sequenced in the 1980s,47, 48 and oestro-
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gen receptor-beta (ER�), which was identified in 1996.49, 50 The oestrogen 
receptors bind DNA as either homo- or heterodimers of ER� and �, with one 
molecule of hormone attached to each of the units in the dimer. 

Recently a membrane-bound oestrogen receptor was described.29, 30 This 
receptor has previously been found to be expressed in several human tissues, 
including reproductive tissues.28, 51 The receptor is the G protein-coupled 
receptor GPR30; it is also known as FEG-1, CMKRL2, CEPR or LyGPR, 
and has been reported to be localized in the endoplasmic reticulum and upon 
its activation by oestrogen, intracellular calcium mobilization and nuclear 
synthesis of phosphatidylinositol 3,4,5-triphosphate occurs.29 Others report 
that this receptor is present in the plasma membrane, and responds to oestro-
gen activation by an increase in cyclic adenosine-3’,5’-monophosphate 
(cAMP).30 This discovery points to a signal transduction pathway that can 
mediate rapid non-genomic effects of oestrogen. 

In addition, there are orphan receptors, called oestrogen receptor-related 
receptors (ERRs), which have been isolated on the basis of their sequence 
similarity and identical domain organization compared to the classical oes-
trogen receptors (ERs).52 ERR� and � were discovered in 1988,53 and ERR� 
was identified 10 years later.54 ERRs form homodimers and bind at least two 
types of DNA sequences: the oestrogen response element (ERE) and the 
steroidogenic factor 1 response element.54-57 However, endogenous ligands 
to these receptors have not yet been identified. Interestingly, there are syn-
thetic ligands such as toxaphene and chlordane,58 diethylstilboestrol  
(DES)59, 60 and tamoxifen59 that act as antagonists/inverse agonists to the 
ERRs. Expression of ERR� and ERR� mRNA seems to be associated with 
the tumour expression of ER and PR in a breast cancer study,61 and it is pos-
sible that ERR� may be involved in cross-talk with ER� (reviewed by Stein 
and McDonnell62). 

Progesterone receptors 
There are two major forms of the progesterone receptor,63 called A and B. 
Both are expressed from the same gene, but have different promoters.64 Both 
PRA and PRB can bind DNA as either a homo- or a heterodimer, with one 
molecule of hormone attached to each unit of the dimer.1 PR appears to be 
up-regulated by oestrogen and/or down-regulated by progesterone.4 

Progesterone can bind to the oxytocin G protein receptor and inhibit the 
binding of oxytocin to its receptor,65 which may be a way in which proges-
terone prevents uterine contractions. Furthermore, it has been shown that 
progesterone mediates its effects through a G protein-coupled receptor, the 
progestin membrane receptor.31, 32 This receptor has three subtypes; �, � and 
�, whereof � seems to be expressed in reproductive tissues. 
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Uterine leiomyomas 
Uterine leiomyomas, also known as myomas or fibroids, are white, swirling 
and compact benign tumours consisting of smooth muscle bundles inter-
spersed with connective tissue. They have been reported to occur in 20-
25%66 or even 70-80% of premenopausal women,67, 68 and are a common 
gynaecological problem. Most leiomyomas are asymptomatic, whereas some 
women with these tumours experience menstrual disturbances, a pressure 
sensation, pain, and fertility problems.66 However, the pathogenic mecha-
nisms of uterine leiomyomas have not yet been fully established.  

Uterine leiomyomas are classified into subserosal, pedunculated, intramu-
ral and submucous types, depending on where in the uterus they grow. Sub-
serosal leiomyomas grow under the outer peritoneal surface of the uterus.1 
Pedunculated leiomyomas grow on a stalk, whereas intramural leiomyomas 
develop within the central uterine wall. Submucous leiomyomas are found in 
the myometrial layer adjacent to the endometrium, and may cause abnormal 
bleedings. 

Multiple leiomyomas can occur in a single uterus, and each individual 
leiomyoma is of monoclonal origin,69, 70which means that it stems from one 
single smooth muscle cell. Leiomyoma growth seems to be ovarian steroid-
dependent, as evidenced by growth during the reproductive years and an 
increase in size during pregnancy, as well as regression following the meno-
pause.71, 72 The presence of progesterone seems to be important for leio-
myoma cell proliferation,73-75 and in cultures of human leiomyoma cells, 
treatment with progesterone or with oestradiol and progesterone76 up-
regulates the expression of proliferating cell nuclear antigen (PCNA). Fur-
ther, suppression of ovarian steroid hormone levels by treatment with a pro-
gesterone antagonist75 or a GnRH agonist77 causes a reduction in leiomyoma 
size. Growth factors may also contribute to leiomyoma development and 
growth, as reviewed by Flake et al.,78 and several genes that function in cell 
growth, proliferation and mitogenesis have been found to be differentially 
expressed in leiomyomas compared with myometrium.79 

Many proteins involved in apoptosis (see page 28 for more information 
about apoptosis) have been investigated in uterine leiomyomas and normal 
myometrium, as reviewed by Martel et al.,80 but no clear pathway of apop-
tosis in leiomyoma cells has been elucidated. Expression of, for example, 
members of the Bcl-2 family has been found in leiomyoma cells,81 but there 
are discrepancies in the reports about whether or not the expression of a cer-
tain family member is higher in leiomyoma tissue compared with normal 
myometrium. For example, some investigators report that the expression of 
anti-apoptotic Bcl-2 and pro-apoptotic Bax is similar in leiomyomas and 
myometrium,82 whereas others report higher expression of Bcl-2 in leio-
myomas compared with myometrium.83 Whether or not there are differences 
in the expression of specific proteins associated with apoptosis, the growth 
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of uterine leiomyomas seems to be differentially regulated compared with 
myometrium, which could be due to a relative excess of proliferative and/or 
anti-apoptotic stimuli as a whole rather than to differential expression of one 
or a few specific proteins. 

The concentrations of oestrogen receptors and progesterone receptors are 
lower during the secretory than during the proliferative phase, and leiomyo-
mas have higher levels of both receptors compared with myometrium.4 It 
appears as if oestradiol enhances the synthesis of oestrogen and progesterone 
receptors, whereas high progesterone levels down-regulate both of these 
receptors in both leiomyomas and myometrium. 

Human leiomyomas often show cytogenetic changes (reviewed by Flake 
et al.).78 For example, in leiomyomas with a translocation between chromo-
somes 12 and 14, but not in normal myometrium, expression of a high-
mobility group (HMG) gene, HMGA2, has been found.84 The pattern of 
expression of HMGA2 in different adult and foetal tissues suggests that this 
gene is important in highly proliferating foetal tissues, and that dysregulation 
by HMGA2 is required for restoration of the gene’s expression in leiomyo-
mas. In the Eker rat, dysfunction of the tumour suppressor gene tuberous 
sclerosis complex-2 in leiomyomas may be associated with aberrant expres-
sion of HMGA2.85 It is possible that this may also be a way in which 
HMGA2 dysregulation occurs in human leiomyomas. 

The female reproductive cycle in the grey seal 

Unlike the human uterus, the grey seal uterus has two horns. Implantation 
generally occurs in the uterine horn on the same side as the ovulating 
ovary.86 The breeding season of the Baltic grey seal starts in the middle of 
February, and the females usually give birth to a single pup (Fig. 3). Unlike 
the situation in humans with a 9 month-long pregnancy, the gestation period 
in Baltic grey seals lasts about 350 days and includes a period of delayed 
implantation of about 100 days.87, 88 Approximately two weeks after parturi-
tion, oestrus and mating occur.89 The plasma progesterone concentration 
increases after ovulation and remains elevated during most of the gestation 
period, including the period of delayed implantation.86, 90 The plasma proges-
terone level continues to rise during the final month of gestation, and de-
clines sharply at parturition. Starting at parturition, the corpus luteum re-
gresses and transforms into a corpus albicans, which disappears within a 
year after its formation.90 Because of the lengthy gestation period, an ovarian 
corpus luteum can be found during most of the year, except for 2–3 weeks, 
in reproductively active grey seal females, which are thus exposed to en-
dogenous progesterone during the greater part of the year. Sexual maturity in  
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Figure 3. Grey seal female and pup at the Forsmark breeding ground.ii 

females is reached at an age of 4–5 years.88 In contrast to that in humans, the 
reproductive cycle in the grey seal does not include a period of menstruation. 
During the 1970s and 1980s, the reproductive success of Baltic grey seals 
was poor91 and lesions such as uterine leiomyomas, stenoses, and occlusions 
of the reproductive tract were found among the females.92 Histologically, 
uterine leiomyomas found in Baltic grey seals resemble those in humans,93 
but little is known about leiomyoma development in the seals. 

The eukaryotic cell cycle 
Most cells in our bodies undergo a series of clock-like processes called the 
cell cycle (Fig. 4).94 During this series of events, which takes about 24 hours 
in rapidly replicating human cells, the DNA of the cell is duplicated in the 
synthesis (S) phase, after which the copies locate to opposite sides of the cell 
in the mitotic (M) phase, when the cell divides into two genetically identical 
daughter cells. 

The G1, S and G2 phases together constitute interphase. DNA is synthe-
sized in S phase, whereas other cellular macromolecules are synthesized 

                               
ii ©Anna Roos, 2006. Published with permission of the photographer. 
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throughout interphase, during which the cell mass doubles. During G2 phase, 
the cell is prepared for M phase. Cells that do not divide exit the cell cycle at 
G1 and enter the quiescent G0 phase, which can last for some days, weeks or 
even for the entire lifetime of an organism. 

Mitosis is the eukaryotic process by means of which the duplicated ge-
nome is distributed equally to the two daughter cells at the cell division. It is 
accomplished by a temporary structure called the mitotic apparatus, which is 
responsible for distributing the chromosomes of a dividing cell to opposite 
sides of the cell. This process occurs in M phase, which can be further di-
vided into four substages, namely prophase, metaphase, anaphase and telo-
phase. 

During prophase, the replicated chromosomes, each made up of two iden-
tical chromatids, are condensed into compact structures that appear in the 
cytoplasm after the nuclear membrane has dissolved. The mitotic apparatus 
sorts the chromosomes during metaphase and anaphase, so that each chro-
matid of a chromosome ends up on opposite sides of the cell. During telo-
phase, which is the end stage of mitosis, the nuclear membrane is re-formed 
around each set of chromosomes. The cell cycle is completed with division 
of the cytoplasm, cytokinesis, yielding two daughter cells with identical ge-
netic material. 
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Figure 4. Schematic drawing of the cell cycle and its phases. 

Regulation of the cell cycle 
The cell cycle is regulated by heterodimeric protein kinases called cyclins, 
which phosphorylate multiple proteins at specific regulatory sites in order to 
activate or inhibit the proteins and co-ordinate their activities. The major 
mammalian cyclins are cyclins A, B, D and E. There are three related D-type 
cyclins that are differentially expressed in different cell types. For conven-
ience, the three D-type cyclins will be referred to collectively as cyclin D in 
the following sections.  
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The catalytic subunits of the cyclins are called cyclin-dependent kinases 
(Cdks). The predominant mammalian Cdks are Cdk 1, 2, 4 and 6. 

There are three classes of cyclin-Cdk complexes: the G1, S phase and mi-
totic Cdk complexes. When a cell has received proliferative stimuli caused 
by extracellular growth factors, the G1 Cdk complexes, namely Cdk4-cyclin 
D, Cdk6-cyclin D and Cdk2-cyclin E, are expressed and in turn activate tran-
scription factors that aid in the expression of enzymes needed for DNA syn-
thesis. The G1 Cdk complexes also lead to expression of genes encoding the 
S phase Cdk complexes.  

During S phase, the predominant Cdk complex is Cdk2-cyclin A. Ini-
tially, the S phase Cdk complexes are controlled by an inhibitor, which is 
degraded late in G1, permitting the cell to enter S phase. The active S phase 
Cdk complexes phosphorylate proteins forming DNA pre-replication com-
plexes that initiate DNA replication and prevent re-formation of additional 
pre-replication complexes in order to ensure that the chromosomes are repli-
cated only once per cycle.  

Mitotic Cdk complexes, Cdk1-cyclin B and Cdk1-cyclin A, are produced 
during the S and G2 phases, but remain inactive until DNA synthesis is 
completed. When activated, the mitotic Cdk complexes induce chromosome 
condensation, nuclear envelope breakdown, assembly of the mitotic appara-
tus and alignment of the condensed chromosomes. The mitotic Cdk com-
plexes also activate the anaphase-promoting complex (APC), which pro-
motes proteolysis of anaphase inhibitors and permits entry into the anaphase. 
In late anaphase, the APC also stimulates degradation of the mitotic cyclins, 
leading to decondensation of the separated chromosomes, nuclear envelope 
re-formation in telophase, and cytokinesis.  

In the G1 phase of the next cycle, phosphatases dephosphorylate the pro-
teins forming the pre-replication complexes, allowing these to be re-
assembled during the following S phase. The APC complex is phosphory-
lated and inactivated by G1 Cdk complexes in late G1, so that mitotic cy-
clins can be accumulated during the following S and G2 phases. 

There are three critical transitions of the cell cycle: G1 � S phase, meta-
phase � anaphase, and anaphase � telophase and cytokinesis. These transi-
tions are irreversible, since they are triggered by regulated degradation of 
proteins, which is a non-reversible process. For this reason, cells can only 
undergo the cell cycle in one direction.  

During the different cycle phases, there are four checkpoints to ensure 
that the chromosomes are intact and that each cycle stage is completed be-
fore the cell progresses into the next cell cycle phase. In G1, DNA damage 
causes G1 arrest, in order to prevent the replication of damaged DNA and 
thereby introduction of mutations in the genome. In S phase, unreplicated 
DNA causes S arrest, and cells are arrested in G2 if the DNA has double-
stranded breaks, in order to prevent entry into mitosis and thereby improper 
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segregation of the chromosomes. M arrest is caused by improper formation 
of the mitotic spindle apparatus, so that the cells cannot enter anaphase. 

A tumour-suppressor protein called p53 functions in G1 and G2 arrest. 
P53 acts as a transcription factor, and is normally very unstable. When the 
DNA is damaged, however, p53 is stabilized and accumulates, leading to 
transcription of, for example, the cyclin-kinase inhibitor p21CIP, which binds 
and inhibits all mammalian Cdk-cyclin complexes, resulting in G1 and G2 
arrest until the DNA has been repaired. If the cell has extensive DNA dam-
age, p53 activates genes involved in programmed cell death, apoptosis. 
However, if for some reason the p53 of a cell is mutated, the cell can repli-
cate in spite of DNA damage, which can lead to tumour formation. 

Cell death 
Cell death can occur in different ways, as reviewed by Hail et al.95 and Fink 
and Cookson.96 There is some debate regarding the use of the different cell 
death terms; however, the pathway generally known as apoptosis is the most 
frequently studied and commonly described. Furthermore, it is possible that 
several death pathways are activated in the dying cell and that the final out-
come may be a result of cross-talk between the different pathways. 

Apoptosis 
Apoptosis is a form of cell death that is extremely important for cell popula-
tion control and for elimination of unnecessary cells. Apoptotic cells go 
through a common series of morphological changes, including condensation 
of chromosomes and shrinkage of the cell body, while most organelles re-
main intact during the initial events of apoptosis. In the later stages of the 
process, both the nucleus and the cytoplasm are fragmented to form small 
membrane-bound apoptotic bodies, which are removed by macrophages. 
Apoptosis can be divided into three different phases. The initiation phase is 
cell type-dependent and further depends on the apoptotic stimulus. Examples 
of apoptotic stimuli are oxidative stress, DNA damage, ion fluctuations and 
cytokines. The effector phase involves activation of proteases, nucleases and 
other participants in the subsequent phase, the degradation phase. Events 
occurring in the effector and degradation phases are responsible for causing 
the typical apoptotic morphological changes described above. 

Caspases are effector proteins that belong to a family of cysteine prote-
ases. Many caspases have been reported to function in apoptosis, but they 
may also participate in homeostatic cellular functions. There are two main 
types of caspases; initiator caspases such as caspases-2, -8, -9 and -10, and 
effector caspases, such as caspases -3, -6 and -7, which are activated by ini-
tiator caspases. Caspase activation has been associated with two apoptotic 
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pathways, namely the mitochondrial-mediated (intrinsic) pathway and the 
death receptor-mediated (extrinsic) pathway. 

In the intrinsic pathway, the mitochondrial membrane permeability allows 
cytochrome c to be released into the cytoplasm, where it can interact with 
deoxynucleoside adenosine triphosphate (dATP), apoptotic protease activat-
ing factor 1 (APAF-1) and caspase-9 to form the so called apoptosome. The 
apoptosome is the catalytic complex that activates effector caspases-3 and  
-7, leading to degradation of intracellular targets and subsequently apoptosis. 
This pathway can be influenced by proteins belonging to the Bcl-2 family, 
proteases and agents (such as reactive oxygen species and Ca2+) that promote 
the permeability transition of the mitochondrial membrane. The Bcl-2 family 
has members that either promote, such as the pro-apoptotic Bax, Bak and 
Bad, or suppress apoptosis, such as the anti-apoptotic Bcl-2 and Bcl-XL. The 
anti-apoptotic proteins reside in the outer mitochondrial membrane, and dur-
ing cellular stress their expression may be decreased, or pro-apoptotic pro-
teins may be induced, leading to a greater proportion of pro-apoptotic fac-
tors, which will allow the release of cytochrome c from the mitochondria. 

The extrinsic pathway is activated by ligation of death receptors such as 
tumour necrosis factor receptor and Fas, leading to a cluster in the cell mem-
brane and recruitment of adapter proteins. The adapter proteins can interact 
with and thus activate pro-caspase-8. Active caspase-8 in turn activates the 
effector caspases such as caspase-3. Activation of the extrinsic pathway may 
also lead to activation of the intrinsic pathway. Caspase-8 may cleave the 
Bcl-2 family member Bid, and the truncated Bid may then translocate to the 
outer mitochondrial membrane and stimulate mitochondrial membrane per-
meabilization and cytochrome c-mediated caspase activation. 

There may be other, caspase-independent, effectors of apoptosis, since 
apoptosis can occur in cell cultures with inhibited or absent caspases. Fur-
ther, the mitochondrion may not be the only organelle involved in apoptotic 
processes. The endoplasmic reticulum, Golgi apparatus and lysosomes can 
generate caspase-independent signalling intermediates that are involved in 
the effector and/or degradation phases of apoptosis. Proteases such as 
cathepsins, calpains and granzymes may have a role in the process of apop-
tosis. Cathepsins are cysteine, aspartate and serine proteases. They are local-
ized in lysosomes and/or endosomes, but can move into the cytoplasm dur-
ing apoptosis and cleave, for example, Bcl-2 family members. Cathepsins 
have also been implicated in many of the morphological changes that charac-
terize apoptosis. Calpains are cytoplasmic cysteine proteases that are in-
volved in apoptotic processes and conditions such as Alzheimer’s and Park-
inson’s diseases, which are characterized by extensive cell loss. Calpains are 
activated by high levels of free intracellular Ca2+. Granzymes are serine pro-
teases that are secreted by exocytosis to attract natural killer cells to induce 
apoptosis in the target cell. Granzymes can cleave the pro-apoptotic Bid and 
Bax or interact with the anti-apoptotic Mcl-1 to stimulate apoptosis. There 
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may also be other proteases, for example, the serine protease Omi/HtrA2 and 
proteasomal proteases, that can influence apoptotic processes. Apart from 
proteases, other proteins may also have an effect on apoptosis in a caspase-
independent way. Apoptosis-inducing factor is a flavoprotein that is released 
from the mitochondrial intermembrane space during apoptosis, and can 
move to the nucleus and induce condensation of chromatin and DNA frag-
mentation. Another mitochondrial protein is EndoG, which is a nuclease that 
can be released from the mitochondria upon apoptotic stimulation and in-
duce DNA fragmentation. There are also further mitochondrial proteins that 
may play a role in apoptosis. In addition, reactive oxygen and nitrogen spe-
cies, sphingolipids and Ca2+ have been implicated as apoptosis effectors.  

Oncosis and necrosis 
In contrast to apoptotic cells, cells that die from physical tissue damage swell 
and burst, that is, the cell membrane is no longer intact, leading to release of 
intracellular contents, which can damage cells surrounding the dying cell and 
cause inflammation. The early events in this process, namely cell swelling, 
disruption of organelles and membrane blebbing, may be referred to as on-
cosis, and following the lysis and spillage of cellular contents the dead cells 
may be termed necrotic. 

Autophagy 
Autophagy is a term aiming to describe the degradation of cellular compo-
nents within the dying cell in autophagic vacuoles. In this cell death path-
way, autophagosomes with sequestered cytoplasmic material fuse with ly-
sosomes causing degradation of the autophagosomes. Autophagic cells can 
be phagocytized by adjacent cells, and autophagy is hence a non-
inflammatory process. 

Pyroptosis 
Pyroptosis is a cell death pathway involving caspase-1, which is not impli-
cated in apoptosis. Caspase-1 activates pro-forms of inflammatory cytokines 
such as interleukin (IL)-1� and IL-18. Eventually, the cell membranes of 
pyroptotic cells become disintegrated and pro-inflammatory cytokines are 
released. 

Environmental contaminants 
The harmful effects of some environmental contaminants have been recog-
nized for many decades. Rachel Carson’s book “Silent spring”97 concerning 
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long-term effects of pesticide misuse was originally published in 1962 and is 
often considered to have launched the global environmental movement. 

Polluting chemicals such as polychlorinated biphenyls (PCBs), phthalates, 
pesticides and dioxins can be transported by air or water currents and pollute 
sites distant from the release point.98, 99 Bioaccumulation and biomagnifica-
tion of such small lipophilic substances put species at the top of the food 
chain at risk. Some of the polluting substances can be classified as endo-
crine-disrupting chemicals (EDCs). EDCs are exogenous substances or mix-
tures that can alter functions of the endocrine system and consequently cause 
adverse health effects in an intact organism, its progeny, or (sub-) popula-
tions (definition agreed on by the CSTEE working group of the IPCS Steer-
ing Group that met at the joint IPCS/OECD Scoping Meeting on Endocrine 
Disruptors, March 16 to 18, 1998 in Washington, DC). Endocrine functions 
can be altered by interference with the synthesis, secretion, transport, bind-
ing, action, or elimination of the endogenous natural hormones. The influ-
ence of EDCs on sex steroid-controlled organs and tissues in the reproduc-
tive tract is of great importance, since possible effects have a potential im-
pact not only on the exposed individual but also on its progeny. Many endo-
crine disruptors are structurally similar to sex steroid hormones. 
Diethylstilboestrol is a classical example of an endocrine disruptor, which 
has been found to cause vaginal cancer in daughters of mothers treated with 
DES during the pregnancy.100 

Endocrine disruptors and their effects on wildlife and humans 
Endocrine-disrupting chemicals have been associated with reproductive and 
developmental effects in a number of species, as reviewed by Vos et al.101 
Examples include 
 
� Masculinization in female marine snails, caused by tributylin. 
� Eggshell thinning in birds, caused by dichlorodiphenyldichloroethylene 

(DDE). 
� Effects on reproductive organs in a variety of fish species caused, for 

example, by effluents from water treatment plants. 
� Distorted sex organ development and function in alligators, caused by 

dichlorodiphenyltrichloroethane (DDT). 
� Impaired reproduction and immune function in Baltic grey and ringed 

seals, as well as in harbour seals in the Wadden Sea, firmly linked to 
PCBs. 

The effects of persistent organochlorines on human reproduction have been 
reviewed by Toft et al.102 The reviewed studies indicate that high concentra-
tions of these compounds may have a negative impact on semen quality, 
induce menstrual cycle disturbances, and cause spontaneous abortions and 
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testicular cancer. Reduced birth weight, skewed sex ratio, prolonged waiting 
time to pregnancy, and impaired sexual development may also result from 
exposure to organochlorines. In addition, environmental factors have been 
implicated as factors involved in the testicular dysgenesis syndrome, which 
can be characterized by poor semen quality, testicular cancer, undescended 
testes and hypospadia, and is thought to result from disrupted gonadal devel-
opment in the fetus.103 

The environmental contaminants studied in this research will be discussed 
in the following sections. 

Polychlorinated biphenyls (PCBs) 
PCBs are persistent organochlorine environmental pollutants that have endo-
crine-disrupting effects and accumulate in wildlife and humans through the 
food chain. There are 209 possible chlorinated biphenyl (CB) congeners. 
Figure 5 depicts the structure common to all PCBs and the possible chlorina-
tion sites. The main field of application of PCBs used to be in capacitors and 
transformers, but since the environmental effects of these chemicals have 
become recognized, their usage is now prohibited in most countries.  

Despite the discontinued use, PCBs can still be detected in human breast 
milk at the ng/g whole milk or milk fat level,104 in serum at the ng/g lipid 
level,105 in follicular fluid at the pg/ml level,106 in placental tissue at the pg/g 
lipid level,107 in endometrium and body fat at the μg/kg wet weight level,108 
and in semen at the ng/ml level.109 
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Figure 5. The structure of polychlorinated biphenyls. 

Effects of PCBs on the female reproductive tract and offspring in laboratory 
animals, wildlife and cell culture experiments 
Some CBs and their metabolites have oestrogenic or anti-oestrogenic ef-
fects.110-115 The observed effects could be due to oestrogen receptor binding 
activity111, 115, 116 or inhibition of the oestrogen inactivating enzyme oestrogen 
sulphotransferase, resulting in increased oestrogen bioavailability in target 
tissues.110 Some hydroxylated PCB metabolites are able to reduce cell viabil-
ity112 and bind weakly to the transmembrane oestrogen receptor GPR30.117 
Methyl sulphone PCB metabolites can have anti-oestrogenic effects on 
oestradiol-induced gene expression in several bioassay systems in vitro.114 
These findings suggest that PCBs can influence reproduction, and this has in 
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fact been observed in exposed species.101 For example, dietary PCB reduces 
the litter size in mink (mustela vison).118, 119 Further, PCB-treated animals 
were found to have a reduced uterine glandular diameter, a peak plasma 
oestrone sulphate concentration that was not found in the control groups, and 
under-developed placentas.119 PCB exposure also caused placental lesions 
such as degenerated endothelial cells, loss of endothelial cells, and thrombi 
in the maternal vessels,120 suggesting that placental lesions may be a causa-
tive factor of foetal death after PCB exposure in mink.  

Earlier studies, initiated on account of a significant reduction in grey and 
ringed seal populations, revealed that among grey seals (Halichoerus gry-
pus) there was a high incidence of lesions in various organs, often occurring 
in combination.92 The lesions were thought to have arisen from hormonal 
imbalance, metabolic disorders and immunosuppression, and included 
adrenocortical hyperplasia, osteoporosis, intestinal ulcers, uterine stenosis 
and occlusions, and uterine leiomyomas. The pathological changes in seal 
uteri were linked to high body burdens of organochlorines such as PCBs and 
DDT and their metabolites.121 Among dissected grey seal females older than 
15 years, uterine leiomyomas were found in about 50%.91 Foetal death and 
lesions in the reproductive tract could impair the reproductive capacity and 
may give rise to sterility, which partly could explain the population declines 
mentioned above. Hunting of seals also contributed to the decrease in the 
Baltic grey seal population. The nature of the reported lesions indicates that 
endocrine disruptors were involved, an assumption strengthened by the asso-
ciation between high body burdens of organochlorines and the observed 
lesions. Further, decreased organochlorine burdens have had a positive im-
pact on lesions related to reproduction. 

General effects after human exposure to PCBs 
The effects of PCBs in humans have been documented to some extent, as a 
result of the mass intoxication of approximately 4000 people with PCBs and 
polychlorinated dibenzofurans (PCDFs, pyrolysis products of PCBs) through 
intake of contaminated rice oil in 1968 in Japan and in 1979 in Taiwan (re-
viewed by Aoki122). The condition caused in Japan is referred to as Yusho 
disease (from the Japanese Yu, meaning oil, and sho meaning disease), 
whereas that in Taiwan is referred to as Yu-Cheng. The major symptoms 
were dermal and ocular lesions, irregular menstrual cycles and an altered 
immune response, which could be examples of endocrine disruption. Other 
reported endocrine effects were altered urine concentrations of 17-
ketosteroids, decreased serum bilirubin concentrations and increased serum 
triglyceride concentrations. These effects could be related to PCB-induced 
hepatic drug metabolizing activity.  

Several Yusho patients suffered from respiratory distress that also gave 
rise to secondary airway infections, which led to investigations of the pa-
tients' immune status. It was found that the immunoglobulin (Ig) A and IgM 
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levels were decreased. In some cases, altered T-cell subsets correlating to 
high levels of PCBs in the blood were also reported. 

The prevalence of dermal and ocular lesions in Yusho patients had de-
creased 25 years after the exposure, but in patients with high levels of PCBs 
in their blood, lesions were still present. The major symptoms in 1993 were 
general fatigue, headache, numbness of extremities and chronic bronchitis-
like problems. In the chronic stage, increases in blood thyroxine (T4) and 
triiodothyronine (T3) were noted in some patients. In Yusho patients with 
normal T4 and T3 and high PCB levels, antibodies against thyroglobulin 
were detected. This indicates that PCB intoxication affects the thyroid gland. 

Effects of PCBs on the female reproductive tract and offspring in humans 
Exposure to PCBs in utero and from lactation have been reported to result in 
poorer cognitive development.123 It has also been suggested that PCBs have 
an impact on the menstrual cycle124, 125 and increase the risk of endometrio-
sis.126 Rylander et al.127 have reported results that support an association 
between a high intake of fish from the contaminated Baltic Sea and an in-
creased risk of low birth weight. In a recent review, disruptive effects of 
PCBs on mammalian oocyte maturation are discussed.128 Increasing PCB or 
organochlorine levels have not been found to be associated with endometrial 
cancer,129 and furthermore, prospective and case-control studies130-133 have 
not shown any positive association between organochlorine exposure and 
breast cancer risk. However, smaller studies have indicated that higher levels 
of organochlorines might be associated with an increased risk of breast can-
cer. 

Effects of PCBs on the male reproductive tract in humans 
PCBs may also have effects on male reproductive parameters. For example, 
sperm motility has been found to be inversely related to the CB concentra-
tion, measured as CB 153, in serum.134 A recent study also indicates that a 
small number of CAG repeats in the androgen receptor gene in combination 
with high serum levels of CB 153 might be related to a decreased sperm 
concentration and total sperm count.135 

Concentrations of specific CB congeners and metabolites in biological 
samples from humans and Baltic grey seals 
The congeners 2,5,2’,4’,5’-pentachlorobiphenyl (CB 101), 3'-MeSO2-CB 
101, 4'-MeSO2-CB 101, 3,4,2’,4’,5’-pentachlorobiphenyl (CB 118) and 4-
OH-3,4,2’,3’,5’-pentachlorobiphenyl (4-OH-CB 107) have been detected in 
animals that populate the Baltic Sea.136-138 The concentration of 4-OH-CB 
107 in coagulated blood from grey seals and in human plasma has been 
found to be in the μg/g lipid weight range,136 and the concentrations of 
methyl sulphones in grey seal blubber and liver have also been found to be 
in the same range (μg/g extracted lipids).137 In grey seal blubber from one 
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male individual, 3'-MeSO2-CB 101 and 4'-MeSO2-CB 101 were found 
among the main methyl sulphone components.138 CB 101 and CB 118 were 
also detected at concentrations in the μg/g extracted lipid weight range in 
blubber from Baltic grey seals, but the concentrations indicate that they are 
not retained to any major extent, which is probably due to metabolism. 
However, in blubber from some grey seal individuals, CB 118 was not de-
tected at all, possibly as a result of rapid metabolism. 

In humans, CB 101 and CB 118 have been detected in the blood at the 
ng/g lipid level.105 Among other routes of exposure, these PCBs are likely to 
be ingested by people who consume fish from the Baltic Sea. Methyl sul-
phone metabolites of, for example, CB 101 were found in lung, adipose and 
liver tissue of both a Yusho patient and a reference patient, at the μg/kg 
level.139 The Yusho patient generally had higher levels in all three tissues. 

In fish and invertebrates, CBs are not metabolized to sulphones to any 
major extent, since these organisms do not possess cytochrome P450 (CYP) 
2B-like activity against CBs.140 This means that the fish-eating humans and 
seals are mainly exposed to methyl sulphones that are generated endoge-
nously by metabolism of ingested CBs. 

3,3’,4,4’-tetrachlorobiphenyl (CB 77) and 3,3’,4,4’,5-pentachlorobiphenyl 
(CB 126) have been detected in sediment from the Dniester River in Mol-
dava at the ng/g dry weight level,141 and in Mediterranean swordfish liver at 
the ng/g lipid weight level.142 In adipose tissue from Turkish men, CB 77 and 
CB 126 have been detected at the pg/g lipid level.143 Lipid-adjusted serum 
levels of CB 126 in the order of ppt have been found in men and women 
from Missouri, USA,144 and levels in the order of ng/g lipid have been found 
in breast milk from Swedish women.145 

Effects of some specific CB congeners in laboratory animals and cell culture 
experiments 
CB 77 and CB 126 are ligands of the aryl hydrocarbon receptor (AhR).146 
Agonists of AhR induce the CYP enzymes 1A1147 and 1B1.148 Members of 
the CYP1 subfamily metabolize and activate environmental contaminants,149 
but can also hydroxylate oestrogen.150, 151 CB 77 is mainly metabolized to 
hydroxylated metabolites in the mouse and rat,152, 153 but a methyl sulphonyl 
metabolite has been detected in foetal mouse tissue.154 Further, CB 77 has 
both teratogenic and embryotoxic effects in experimental animals.155, 156 CB 
126 causes reproductive failure after implantation in mink.157 Some authors 
report that this CB congener and CB 77 are anti-oestrogenic and do not bind 
to mouse or human ER,158 whereas CB 77 by some authors has been reported 
to bind the ER116, 159 and act through ER-mediated mechanisms.159 In porcine 
pulmonary artery-derived endothelial cells, CB 77 and CB 126 cause endo-
thelial dysfunction with disrupted barrier function, increased expression of 
the CYP1A1 gene, and oxidative stress.160, 161 CB 77 also inhibits angiogene-
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sis in a co-culture model with human umbilical vein endothelial cells (HU-
VEC), fibroblasts and pericytes.116 

Dichlorodiphenyltrichloroethane (DDT) 
DDT was discovered as an insecticide in 1938 by Paul Hermann Müller, 
who was awarded the Nobel Prize in Physiology or Medicine in 1948 for this 
discovery. Commercially available DDT contains approximately 80% p,p’-
DDT and 15–20% o,p’-DDT (Fig. 6). 
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Figure 6. o,p’-dichlorodiphenyltrichloroethane (o,p’-DDT). 

Levels of DDT in biological samples and reproductive tissues 
In many countries the use of DDT has been banned since the 1970s. How-
ever, it still persists in the environment and can be detected in environmental 
samples such as sediment, water and pore water from, for example, the Bei-
jing Guan Ting Reservoir, where it was found at the ng/g and ng/l level, 
respectively.162 In Mediterranean swordfish liver, DDT has been noted in 
ng/g lipid weight levels.142 DDT has also been detected in human samples 
such as breast milk at the mg/kg fat level,163 in serum at μg/l concentra-
tions,164 in uterine tissue at the ppm level,165 and in endometrium and body 
fat at the μg/kg wet weight level.108 In subcutaneous fat, maternal serum and 
umbilical cord serum, DDT levels in the order of mg/kg fat have been re-
ported.163 In follicular fluid, DDE levels in the order of pg/ml have been 
detected.106 DDT and DDT metabolites have also been found in semen sam-
ples, at ng/ml concentrations.109 

Effects of DDT on the female reproductive tract in laboratory animals and 
cell culture experiments 
o,p’-DDT binds to both oestrogen receptor �115, 166 and �.115 Further, o,p’-
DDT stimulates transcriptional activity from both oestrogen receptors,115 has 
oestrogenic effects in the female reproductive tract,167-169 inhibits uterine 
uptake of oestradiol,169 and is inhibited by substances that block oestrogenic 
effects.168 p,p’-DDT and the DDT metabolite o,p’-DDE bind weakly to the 
transmembrane oestrogen receptor GPR30.117 DDT and DDT metabolites 
can also act through oestrogen receptor-independent mechanisms, such as by 
activation of the transcription factor activator protein-1 in human uterine cell 
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lines.170 DDE causes reproductive failure due to eggshell thinning and bro-
ken eggs in avian wildlife,171, 172 and increases aromatase activity in cultured 
human endometrial stromal cells.173 

Effects of DDT on the female reproductive tract in humans 
Leiomyomatous uterine tissue has been reported to contain higher levels of 
DDT and DDT metabolites than normal uterine tissue.165 It is possible that 
the maternal level of p,p’-DDT and p,p’-DDE during pregnancy can influ-
ence the probability of pregnancy in their daughters.174 Furthermore, there 
are data suggesting that DDE may be involved in precocious onset of pu-
berty in girls175, 176 and that high circulating maternal levels of DDE may be 
associated with decreased foetal birth weight and head circumference177 and 
possibly also with foetal loss.178 Increasing DDT or organochlorine levels 
have not been found to be associated with endometrial cancer,129 and fur-
thermore, prospective and case-control studies130-132, 179, 180 have not revealed 
any positive association between organochlorine exposure and breast cancer 
risk, although smaller studies have indicated that higher levels of or-
ganochlorines might be associated with an increased breast cancer risk. 

Effects of DDT on the male reproductive tract in laboratory animals and 
wildlife  
In ovo exposure to o,p’-DDT and other xeno-oestrogens may disturb gonadal 
development181, 182 and male sexual behaviour in adult birds.183, 184 In rats, 
p,p’-DDE has anti-androgenic effects both in vitro and in vivo, such as a 
reduced anogenital distance and delayed onset of puberty in males,185 and 
both p,p’-DDE and o,p’-DDT have anti-androgenic effects in a yeast-based 
assay.186 Alligator eggs from the contaminated Lake Apopka in Florida con-
tain high concentrations of p,p’-DDE.187 In addition, developmental abnor-
malities of the gonads, steroidogenesis and sex steroid concentrations in 
juvenile alligators have been reported.188 In humans, however, there is no 
conclusive evidence of anti-androgenic effects of DDE on the genitalia of 
male newborns.189, 190 

Effects of DDT on the male reproductive tract in humans 
Sperm motility has been found to be inversely related to the p,p’-DDE con-
centration in serum,134 and occupational paternal DDT exposure may be 
associated with an increased risk of birth defects.191 A recent study also indi-
cates that a small number of CAG repeats in the androgen receptor gene in 
combination with high serum levels of p,p’-DDE might be related to an in-
creased DNA fragmentation index.135 

Di-n-butyl phthalate (DBP) 
Members of the phthalate family are abundant environmental contaminants. 
Phthalates are used as plasticizers, for example, in cosmetics, toys, medical 
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products and food wraps. Leakage from these types of products constitutes a 
major route of exposure. Several urinary phthalate metabolites have been 
identified in a human population in the U.S. at the μg/l level.192 

The annual production of di-n-butyl phthalate (DBP, Fig. 7) in the EU 
alone was 640 x 106 kg in 1997/1998. In Tianjin, China, DBP has been de-
tected in water at ng/l concentrations.193 Owing to its presence in cosmetics 
and perfumes, it is suggested that DBP has a unique female exposure profile. 
In concordance with this theory, women of fertile age have been found to 
have higher urinary levels of the DBP metabolite monobutyl phthalate 
(MBP) than women of other ages and men.192 DBP concentrations in the 
order of μg/ml and ng/g have been found in the blood194 and breast milk,195 
respectively. 
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Figure 7. Di-n-butyl phthalate (DBP). 

Effects of DBP on the female reproductive tract and offspring 
Phthalates cause embryotoxicity in mice,196 impaired implantation in rats,197 
and induce the enzyme 17�-hydroxysteroid dehydrogenase IV, which con-
verts oestradiol to oestrone.198 In female rats, DBP causes failure of preg-
nancy maintenance and a decreased ex vivo ovarian hormone production.199 
In vitro, DBP has a weak oestrogenic effect and binds the ER,200 and a high 
DBP concentration in the blood is possibly associated with endometriosis.194 

Effects of DBP on the male reproductive tract 
Phthalate exposure seemingly decreases the anogenital distance in newborn 
boys.201 Further, DBP causes testicular atrophy in rats.202 DBP can cross the 
placental barrier and in rats treated in utero it causes a reduction in intrates-
ticular testosterone levels and in expression of cytochrome P450 side chain 
cleavage enzyme, and induces Leydig cell aggregation.203 In newborn mar-
mosets, MBP suppresses blood testosterone levels and increases the Leydig 
cell volume per testis, which could be a sign of compensatory Leydig cell 
hyperplasia/hypertrophy in response to the decreased testosterone produc-
tion.203 Others204-206 also report testicular dysgenesis syndrome-like effects in 
rats after DBP treatment, such as undescended testes, hypospadias, reduced 
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numbers of spermatocytes, malformed epididymides, decreased anogenital 
distance, and damage to the seminiferous tubules. 

Bisphenol A (BPA) 
Bisphenol A (BPA, Fig. 8) is used in the production of plastics and polycar-
bonate. It is a component of babies' bottles, tableware, plastic linings of cans 
used for food, and of dental fillings. Leakage from such products is probably 
an important route of exposure, and BPA has been detected in follicular 
fluid, maternal and foetal serum, and in amniotic fluid at the ng/ml level.207 
Furthermore, higher concentrations of bisphenol A have been found in men, 
in women with polycystic ovary syndrome (PCOS), and in obese women 
compared to non-obese women.208, 209 Bisphenol A has been detected in in-
fluent water in Tianjin, China, at ng/l concentrations.193 
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Figure 8. Bisphenol A (BPA). 

Effects of BPA on the female reproductive tract and offspring in laboratory 
animals and cell culture experiments 
Bisphenol A binds to both ER� and ER� as a weak oestrogen agonist,115, 210 
and may bind to ERR�.211 There are also indications that it causes early pu-
berty in female mice exposed in utero;212 and in addition it has oestrogenic 
effects in the mouse uterotrophic assay.213 Bisphenol A binds with relatively 
high affinity to the transmembrane oestrogen receptor GPR30 and, like oes-
trogen, causes an increase in the cAMP concentration in transfected cells.117 
In the rat uterus, BPA is metabolized in the epithelium by glucuronidation.214 

Effects of BPA on the male reproductive tract in laboratory animals 
Bisphenol A can act as an anti-androgen,186 and male mice exposed in utero 
have shown increased prostate weights215 and reduced sperm production.216 
Bisphenol A also causes a reduction of circulating free testosterone and in-
duces morphological changes in the seminiferous tubules in male mice.217  

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
During the production of some pesticides, bleaching of paper pulp, and in-
cineration of chlorine-containing waste, 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD, Fig. 9) is released into the environment. A large amount of TCDD 
was also released into the environment in Italy in 1976 when an industrial 
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accident, referred to as the Seveso accident, occurred in a chemical manufac-
turing plant.218 The only toxic effect causally linked to TCDD exposure in 
humans is chloracne,219 but TCDD exposure might be related to an increased 
risk of, for example, lymphatic and haematopoietic neoplasms, and digestive 
and respiratory system cancer.218 TCDD has been detected in environmental 
samples such as samples from the Houston ship channel, at the pg/l water 
and ng/kg sediment level,220 and in wildlife in India at the pg/g fat level.221 
TCDD can be found in human breast milk145 and adipose tissue143 at levels in 
the order of pg/g lipid. Dioxins have also been detected in follicular fluid at 
the pg/ml level.222 The slow biodegradation of this substance makes it a mat-
ter of concern. 
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Figure 9. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). 

Like CB 77 and CB 126, TCDD is an agonist of the Ah receptor and induces 
CYP1A1147 and CYP1B1.148 Members of the CYP1 subfamily metabolize 
and activate environmental contaminants,149 but can also hydroxylate oestro-
gen.150, 151 

Effects of TCDD on the female reproductive tract in laboratory animals and 
cell culture experiments 
TCDD has anti-oestrogenic effects in the MCF-7 human breast cancer cell 
line as well as in the rat uterus.223 Exposure of the endometrial carcinoma 
cell line ECC-1 to TCDD results in decreased levels of ER and decreased 
ER-mediated transcription224 and inhibits oestrogen-induced responses such 
as PR expression in MCF-7 cells.225 In rats, exposure in utero or through 
lactation leads to developmental defects of the female genitalia and distur-
bance of reproductive processes.226 A possible oestrogenic effect of TCDD 
has also been reported.227 

Effects of TCDD on the female reproductive tract in humans 
Exposure to TCDD might be linked to endometriosis in monkeys,228 and 
possibly also in humans.126 In women enrolled in the Seveso Women’s 
Health Study with serum TCDD levels of over 20 ppt, there seems to be a 
decreased risk of uterine leiomyoma compared to women with lower levels 
of TCDD.229 Another study on women enrolled in the Seveso Women’s 
Health Study has shown that the risk of breast cancer after exposure to 



 41

TCDD might be increased.230 Polychlorinated dibenzo-p-dioxins and PCDFs 
have been detected in high levels in human placentas,231 and in addition, 
higher dioxin levels have been found in placentas from women with irregular 
menstrual cycles up until the age of 19 years compared to women with regu-
lar menstrual cycles from the age of 11 years, suggesting a possible impact 
of dioxins on the menstrual cyclicity.125 

Effects of TCDD on the male reproductive tract 
After the Seveso accident, a greater proportion of girls than boys were born 
in the affected community, a fact which appeared to be associated with pa-
ternal exposure to TCDD.232 This effect on the offspring sex ratio has also 
been reported to occur in mice after TCDD exposure of males prior to mat-
ing, and there was a correlation between the sex ratio of the offspring and the 
paternal hepatic CYP1A1 immunoreactivity.233 However, no change in the 
sex ratio of children born to men with occupational TCDD exposure in the 
United States has been found.234 

Cytochrome P450 (CYP) metabolism of exogenous substances 
in human reproductive tissues 
Cytochrome P450 enzymes belong to a superfamily of haem-containing 
monooxygenases.235 Mammalian CYPs can be divided into two general 
classes: those involved in steroid and bile acid biosynthesis pathways of 
metabolism and those that mainly metabolize foreign compounds, xenobiot-
ics. Members of CYP families 1–4 are considered to be responsible for the 
major part of xenobiotic metabolism.  

CYP forms expressed in different tissues of the female reproductive tract 
in humans are listed in Table 1. The majority of the CYP forms, especially 
CYP19 (aromatase), expressed in human placenta, are involved in steroid 
metabolism.236 Xenobiotic-metabolizing CYPs represent only a small frac-
tion of the total placental CYP content, but can be induced by tobacco 
smoke237, 238 or PCB exposure,239 for example. 

Table 1. Expression of cytochrome P450 enzymes in human  female  reproductive 
tissues. 

CYP form Tissue Method of detection Reference 
CYP1A1 Ovary, uterus and mammary 

tissue 
Northern blot 149 

 Myometrium and leiomyoma 2-hydroxylation of oestro-
gen, inhibited by CYP1A1 
inhibitors 

150 

 Full-term placenta (expression 
induced by tobacco smoke)  

Northern blot 237 

 Full-term placenta (expression 
induced by tobacco smoke) 

RT-PCR 238 
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Table 1 continued 
 Mammary epithelial cells 

(TCDD-inducible expression)  
Immunoblot, northern blot 
and reverse transcriptase-
polymerase chain reaction 
(RT-PCR) 

240 

 Endometrium, endocervix and 
squamous region tissues 

RT-PCR 241 

 First trimester placenta RT-PCR 242 
CYP1A2 First trimester placenta RT-PCR 242 
CYP1B1 Ovary, uterus and mammary 

tissue 
Northern blot 149 

 Myometrium and leiomyoma 4-hydroxylation of oestro-
gen, inhibited by CYP1B1 
antibody and inhibitors 

150 

 Mammary epithelial cells (con-
stitutive and TCDD-inducible 
expression)  

Immunoblot, northern blot 
and RT-PCR 

240 

 Endometrium, endocervix and 
squamous region tissues from 
non-smoking women 

RT-PCR 241 

 Endometrium, first trimester 
and full-term placenta 

RT-PCR 243 

CYP2B6 Endometrium RT-PCR 244 
CYP2C First trimester placenta RT-PCR 242 
 Endometrium RT-PCR 244 
CYP2D6 First trimester placenta RT-PCR 242 
CYP2E1 Full-term placenta RT-PCR 238 
 First trimester placenta RT-PCR 242 
 Endometrium RT-PCR 244 
CYP2F1 Full-term placenta RT-PCR 238 
 First trimester placenta RT-PCR 242 
CYP3A3 Full-term placenta RT-PCR 238 
CYP3A4 Full-term placenta RT-PCR 238 
 First trimester placenta RT-PCR 242 
 Endometrium RT-PCR 244 
CYP3A5 Full-term placenta RT-PCR 238 
 First trimester placenta RT-PCR 242 
 Endometrium RT-PCR 244 
CYP3A7 First trimester placenta RT-PCR 242 
 Endometrium and placenta Western blot, northern blot, 

southern blot 
245 

CYP4B1 Full-term placenta RT-PCR 238 
 First trimester placenta RT-PCR 242 
 Endometrium RT-PCR 244 
CYP11A Full-term placenta RT-PCR 238 
 Endometrium RT-PCR 244 

CYP19 Placenta 2-hydroxylation of oestro-
gen, inhibited by aromatase 
inhibitors 

150 

 Placenta RT-PCR 238 
 Placenta Immunostaining, ELISA 246 
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Taken together, these reports indicate that even though it appears that there 
is interindividual variation in CYP expression in human reproductive organs 
and/or varying expression during the menstrual cycle and pregnancy trimes-
ters, low levels of xenobiotic-metabolizing enzymes are or may be constitu-
tively expressed in these tissues, which may render them susceptible to envi-
ronmental contaminants and their metabolites. 

Expression of CYP enzymes in endothelial cells 
In rodents, induced CYP1A1-mediated metabolism has been localized not 
only to endothelium of capillaries and veins in muscle tissue, such as the 
uterus, but also to uterine arterioles.247 Messenger RNA of CYP1A1, 
CYP1A2, CYP2E1 and CYP3A has been found in primary cultures of HU-
VEC,248 and CYP1A1 and CYP1B1 mRNA seem to be up-regulated in these 
cells by sheer stress.249 Further, CYP2B1, CYP2E1 and CYP3A have been 
detected in the human umbilical vein-derived cell lines EA.hy926 and 
ECV304.250 In smoking lung cancer patients, CYP1A expression has been 
localized to pulmonary endothelial linings.251 Immunohistochemical analysis 
has revealed the presence of CYP3A5 in vascular and capillary endothelium 
of human lung tissue.252 Others report induction of CYP1A1 after exposure 
to TCDD in cultured human vascular endothelial cells of unspecified tissue 
origin.253 Human lung microvascular cells, coronary artery endothelial cells 
and HUVEC have been found to express CYP2C and CYP2J.254 Low levels 
of CYP1A1 have also been noted in cultured human umbilical artery endo-
thelial cells.255 

These studies indicate that in addition to expression of xenobiotic-
metabolizing CYP enzymes in tissues of the female reproductive tract, it is 
also possible that the cells of the blood vessels in these organs express 
CYPs, which may contribute to the metabolism of exogenous substances 
carried in the blood. 

Regulation of xenobiotic-metabolizing CYP gene expression 
It was discovered by Poland et al. that TCDD and related compounds bind to 
an intracellular cytosolic protein, the aryl hydrocarbon receptor.256 Later 
studies have demonstrated that the AhR is a ligand-activated nuclear tran-
scription factor that binds TCDD with high affinity, as reviewed by Man-
dal.257 The unbound AhR resides in the cytoplasm as a complex with two 
chaperone Hsp90 proteins. Upon ligand binding, the chaperone-receptor 
complex dissociates and the AhR-ligand complex accumulates in the nu-
cleus, where AhR forms a heterodimer DNA-binding protein complex with 
the AhR nuclear translocator (ARNT). The AhR and ARNT proteins belong 
to the basic helix-loop-helix family of nuclear transcription factors, and bind 
to dioxin-responsive elements upstream of promoters that regulate Ah re-
sponsive genes, as reviewed by Hankinson.258 Genes that are induced by 
AhR ligands include CYP1A1, CYP1A2 and CYP1B1. 
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Further, there are other mechanisms for xenobiotic regulation of gene ex-
pression. These involve receptors belonging to the nuclear receptor super-
family, which are highly expressed in the liver.259 CYP2B genes can be in-
duced by, for example, phenobarbital through one such receptor, the consti-
tutive androstane receptor (CAR), in a heterodimer with the retinoic acid 
receptor (RXR) �.260 The pregnane X receptor (PXR, named PAR in hu-
mans) can mediate effects of some PCBs and bisphenol A as well as of natu-
ral and synthetic steroids, and activates transcription from CYP3A genes as a 
heterodimer with the RXR�.261-263 There is also evidence indicating that acti-
vation of CAR could lead to transcription of CYP3A genes, and that PXR 
could induce CYP2B genes as well.264 It is also possible that CYP2C genes 
may be regulated by CAR and PXR,265 and that CAR and PXR can be acti-
vated by di-n-butyl phthalate.266 The peroxisome proliferator-activated re-
ceptor (PPAR) � forms heterodimers with RXR�267 and in rodents it induces 
gene expression of CYP4A enzymes268 and may contribute to the regulation 
of the expression of CYP2B and CYP3A enzymes.269 Di-n-butyl phthalate 
can activate PPAR both in vitro and in vivo.270 However, in primary cultures 
of human hepatocytes, the PPAR may not regulate CYP4A gene expres-
sion,271, 272 and there are observations suggesting that human PPAR stimu-
lates inactivation of its ligands.273 Another CYP enzyme that can be induced 
by exogenous substances, such as ethanol, is CYP2E1.274 

Current test methods for screening of environmental 
contaminants 
In order to study the effects of environmental contaminants on reproduction, 
model systems are required. In vivo systems are considered necessary to 
determine the abilities of compounds to interact with the endocrine system. 
The Organisation for Economic Co-operation and Development (OECD) 
offers the following test guidelines (TGs) for reproductive toxicity testing 
(available from the OECD home page, chemicals testing – guidelines, sec-
tion 4, health effects275): 
 
� the prenatal developmental toxicity study (OECD TG  414), preferably 

with the rat or rabbit as test species  
� the one-generation reproduction toxicity study (OECD TG 415), prefera-

bly with the rat or mouse as test species 
� the two-generation reproduction toxicity study (OECD TG 416), prefera-

bly with the rat as test species 
� the reproduction/developmental toxicity screening test (OECD TG 421), 

preferably with the rat as test species 
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� the combined repeated dose toxicity study with the reproduc-
tion/developmental toxicity screening test (OECD TG 422), preferably 
with the rat as test species 

� the developmental neurotoxicity study (OECD draft TG 426), preferably 
with the rat as test species 

� the uterotrophic bioassay in rodents: a short-term screening test for oes-
trogenic properties (OECD draft TG 440). 

Furthermore, the OECD is currently developing new test guidelines for de-
tection of endocrine disruptors (available from the OECD home page, 
chemicals testing – guidelines, current activities in the OECD test guidelines 
programme on endocrine disruptors276). The projects that are considered 
include both mammalian and ecotoxicological work:  
 
� Peer-review of the rodent uterotrophic assay for detection of oestrogenic 

effects 
� Validation of the rodent Hershberger assay for detection of androgenic 

effects 
� Consideration of enhancement of the repeated dose oral toxicity study 

(OECD TG 407) 
� Further enhancement of the two-generation reproduction toxicity study 

(OECD TG 416) 
� Development and validation of a fish 21-day assay 
� Development and validation of a fish development test 
� Validation of a fish full life-cycle test or a fish two-generation test 
� One- and/or two-generation avian reproductive test in quail 
� Development and validation of the amphibian metamorphosis assay 
� Development and validation of the copepod development and reproduc-

tion test. 

The mammalian and ecotoxicological tests offer valuable information about 
possible human health hazards, but even when combined with data from 
wildlife exposed in the environment, the findings can only be used for esti-
mations of the actual effects in exposed humans. Causal exposure–effect 
links are difficult to establish in exposed humans, which illustrates the value 
of studying laboratory animals. However, efforts are being made to refine, 
reduce, and replace laboratory animal tests in favour of in vitro test systems. 
The ReProTect project is led by the European Centre for the Validation of 
Alternative Methods (ECVAM) and aims to develop alternative test systems 
for use in reproductive toxicity testing.277 In addition, stem cells are potential 
models for developmental toxicity tests (reviewed by Bremer and Har-
tung278). However, to date there is a lack of validated in vitro tests for 
evaluation of the effects of endocrine disrupting chemicals on human repro-
duction and reproductive organs. One overall aim of this project was to de-
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termine whether cell types from the female reproductive tract respond to 
endocrine disruptors in such a way that it could be of value to use these cell 
types in the development of an in vitro test for endocrine disruptors. Fur-
thermore, both human and Baltic grey seal cells were used since the repro-
ductive system in both species may be susceptible to organochlorines in 
vivo,121, 127 and since both are top predators in which uterine leiomyomas 
may develop.  
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AIMS OF THE INVESTIGATIONS 

The aims of these investigations were: 

 
� to study the effects of sex steroids and some CBs and their metabolites on 

the proliferation of grey seal uterine myometrial cells in vitro (PAPER I); 
 

� to study the effects of sex steroids and some CBs and their metabolites on 
human myometrial cell proliferation in vitro (PAPER II); 

 
� to find out if there is any indication of an association between exposure to 

the tested CBs and their metabolites and uterine leiomyoma formation 
(PAPERS I and II); 

 
� to determine whether the concentrations of PCB and DDT in Baltic biota 

show an association with the occurrence of uterine leiomyomas in Baltic 
grey seals (PAPER III); 

 
� to determine whether the blubber concentrations of PCB and DDT in 

leiomyoma-bearing grey seal females are different from those in grey seal 
females without these tumours (PAPER III); 

 
� to investigate whether leiomyoma-bearing females without ovarian cor-

pora lutea have proliferative activity in the leiomyomas (PAPER III); 
 

� to address the question whether hormones and some endocrine-disrupting 
chemicals affect the proliferation and viability of human endometrial en-
dothelial cells in vitro (PAPER IV); 

 
� to determine whether exposure of human endometrial endothelial cells to 

o,p’-DDT affects gene expression of oestrogen-responsive genes and 
genes associated with cell proliferation, angiogenesis and cellular stress 
(PAPER V). 
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MATERIALS AND METHODS 

Ethical approval of the studies 
In study I (paper I), seal tissues were obtained through collaboration with 
Finnish researchers who had obtained approval of grey seal hunting and 
tissue sampling for research purposes from the Finnish authorities. 

Studies II, IV and V (papers II, IV and V) were approved by the Ethics 
Committee at Uppsala University and informed consent was obtained from 
all women before tissue sampling. 

In study III (paper III), most seal tissues were obtained from grey seals 
that had been found dead and sent to the Swedish Museum of Natural His-
tory, and only a few were obtained under the conditions described above for 
study I. 

Tissue collection 
In study I, myometrium from the middle part of the uterine horns of three 
sacrificed Baltic grey seal females was collected and placed in sterile phos-
phate-buffered saline (PBS). The ovaries were cut into 3-mm slices and ex-
amined for corpora lutea. The seals' ages were determined by examining the 
annual growth pattern in cementum zones in undecalcified tooth sections.279  

In study II, myometrium was collected from six hysterectomy specimens; 
from three women in the secretory phase of the menstrual cycle and three 
women in the proliferative phase. Myometrium was also collected from two 
pregnant women undergoing a caesarean section. The tissue samples were 
put in sterile PBS Dulbecco’s without calcium, magnesium and sodium bi-
carbonate.  

Most seals included in study III were found dead in fishing gear (acciden-
tally caught) or on beaches, since hunting of grey seals was prohibited in 
Sweden between 1974 and 2000.  

In study IV, endometrium was obtained from hysterectomy specimens 
from four women in the secretory phase of the menstrual cycle and four 
women in the proliferative phase. The tissue samples were put in sterile PBS 
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Dulbecco’s without calcium, magnesium and sodium bicarbonate or in ster-
ile Endothelial cell Basal Medium-2 (EBM®-2).  

In study V, endometrium was obtained as described for study IV, but for 
this investigation hysterectomy specimens from five women in the secretory 
phase and five women in the proliferative phase of the menstrual cycle were 
used. 

Establishment of cell cultures 
In study I, grey seal myometrial cell cultures were established under sterile 
conditions. The tissues were first mechanically minced and then enzymati-
cally digested by collagenase, DNase, and hyaluronidase. The cell suspen-
sion was centrifuged and the cell pellet was resuspended in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with Glutamax, 10% foetal 
bovine serum (FBS), penicillin G, and streptomycin sulphate. Three myo-
metrial cell cultures, corresponding to each of the three grey seal females, 
were established. The myometrial cells were cultured in chamber slides for 
immunostaining, 96-well plates for the 5-bromo-2’-deoxyuridine (BrdU) 
assay, and 25 cm2 bottles for protein measurements. Incubations were carried 
out at 37ºC in an atmosphere of 5% CO2. 

In study II, human myometrial cell cultures were established and incu-
bated as described for study I, except that 20% instead of 10% FBS, and 
gentamicin instead of penicillin G and streptomycin sulphate, were used. At 
the first change of culture medium, the FBS content was decreased to 10%. 
The myometrial cells were cultured in 25 cm2 bottles and in in vitro fertiliza-
tion (IVF) 4-well plates for immunostaining, and also in 96-well plates for 
the BrdU assay. 

In study IV, human endometrial endothelial cell cultures were established 
and incubated as described for study I up until the resuspension of the cell 
pellet, which was resuspended in a solution of bovine serum albumin (BSA) 
in PBS. Magnetic beads coated with the endothelial cell antigen CD31 were 
added and the endothelial cells were isolated with the aid of a magnetic 
holder. After several washing steps, the endothelial cells were suspended in 
Microvascular Endothelial Cell Medium-2 (EGM™-2MV) and seeded into 
25 cm2 bottles. Cultures were also carried out in 96-well plates for the BrdU 
assay, in 8-chamber slides for the immunocytochemical studies of AhR or 
PCNA expression, and in 4-chamber slides for vital staining. 

In study V, human endometrial endothelial cell cultures were established 
and incubated as described for study IV and seeded into 25 cm2 bottles. Cul-
tures were also carried out in 96-well plates for the BrdU assay. 
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Verification of myometrial cell culture purity 
In studies I and II, immunostaining for the smooth muscle cell-specific cy-
toskeletal protein �-actin was carried out after 6–8 days in primary culture. 
The myometrial cells were fixed with buffered formaldehyde and permeabi-
lized in ice-cold methanol. The cultures were incubated with a mouse anti-�-
actin primary antibody that is claimed to react with human, mouse, rat, bo-
vine, chicken, frog, goat, guinea pig, rabbit, dog, sheep, and snake �-actin. 
The protein thus appears to be highly conserved among species and is also 
likely to be recognized by the antibody in grey seal tissue. The primary anti-
body was followed by a goat anti-mouse secondary antibody conjugated 
with fluorescein-5-isothiocyanate (FITC). The cells were accepted for fur-
ther culture if 95–100% of the cells stained positively for �-actin. 

Cell culture experiments 
In studies I and II, the foetal bovine serum content of the culture medium 
was decreased to 1% 24 h before exposure to the test substances. Table 2 
displays the test substances used in the cell culture experiments in studies I, 
II, IV and V. 

Table 2. Test substances used in the cell culture experiments in studies I, II, IV and 
V. 

Test substance Study 

CB 101 I, II 
3'-MeSO2-CB 101 I, II 
4'-MeSO2-CB 101 I, II 
CB 118 I, II 
4-OH-CB 107 I, II 
o,p’-DDT IV, V 
CB 77 IV 
CB 126 IV 
DBP IV 
BPA IV 
TCDD IV 
Oestradiol I, II, IV 
Progesterone I, II, IV 
Ethinyloestradiol II, IV 
Levonorgestrel II, IV 

BrdU assay for assessment of proliferation 
In study I, the BrdU assay was performed for the grey seal myometrial cul-
tures. When 17 h remained of the 24 h exposure, BrdU was added. BrdU is a 
thymidine analogue that is incorporated into DNA during DNA synthesis. 
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The cells were then fixed and an antibody (conjugated with peroxidase) di-
rected against BrdU was added. Upon addition of a substrate, a colour reac-
tion takes place, which can be detected spectrophotometrically at 405 nm. 

In study II, BrdU was added to the human myometrial cells when 10 h 
remained of the 20 h exposure, and the assay was performed as described for 
study I. 

In study IV,  BrdU was added to the HEECs at the time of exposure to the 
test substances (Table 2) and the incubation lasted for 24 h. The assay was 
then performed as described for study I. 

In study V, the BrdU assay was performed as described for study IV. 

Assessment of cell activity by measurements of protein content 
In study I, the cell protein content of the grey seal myometrial cells after 
exposure to the test substances (Table 2) was measured using the Bio-Rad 
Protein Assay based on the method of Bradford.280 A standard curve was 
prepared using human serum albumin in serial dilutions, and the absorbance 
was measured at 595 nm. 

Immunocytochemistry for expression of Aryl hydrocarbon 
receptor and PCNA 
Some test substances used in study IV are AhR ligands. Therefore, immuno-
cytochemistry was performed after exposure to the test substances (Table 2) 
in order to study the AhR expression in HEECs. In addition, PCNA expres-
sion was studied as a measure of proliferative activity after exposure of the 
cells to the test substances. HEECs were fixed in buffered formaldehyde and 
permeabilized in ice-cold methanol. Blocking was performed with milk 
powder in PBS. The cultures were incubated with a mouse primary antibody 
against AhR or PCNA followed by a horse anti-mouse secondary antibody. 
The cultures were then incubated with horseradish peroxidase, followed by 
diaminobenzidine (DAB) and Mayer's haematoxylin. The cells were photo-
graphed and the numbers of AhR- and PCNA-positive cells were assessed. 

Assessment of viability by vital staining 
After incubation with the test substances (Table 2) in study IV, HEECs were 
incubated for 10 min with a nuclear dye solution of propidium iodide and 
Hoechst no. 33258. Propidium iodide can only enter cells whose cell mem-
branes are disrupted and is therefore a marker of dying cells, whereas the 
Hoechst dye stains all nuclei. The culture medium was collected and centri-
fuged in order to collect any detached cells, and the pellets were resuspended 
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in PBS and transferred back to the original chamber. The cells were photo-
graphed, counted, and classified. 

Isolation, amplification, labelling and hybridization of RNA for 
gene expression analysis 
In study V, HEECs were exposed to o,p’-DDT or culture medium (control). 
An additional control set-up was performed to enable the gene expression of 
each individual HEEC culture to be studied, and compared with a pooled 
control of HEEC cultures. After exposure, the cells were harvested with a 
trypsin-EDTA solution diluted in PBS. The cells were centrifuged, the cell 
pellets were resuspended in refrigerated PBS, and the samples were put on 
ice in a refrigerator pending isolation of RNA, which was done as soon as 
possible the same day. Isolated total RNA was frozen in aliquots at -70°C 
until used and the concentration and quality of the isolated RNA was deter-
mined. 

Microarrays were produced at the Swegene DNA Microarray Resource 
Centre, Department of Oncology, Lund University, Sweden. For each treat-
ment, the RNA was amplified, labelled and then purified. The amplification 
and labelling reactions were carried out with a polymerase chain reaction 
(PCR) instrument. Dye swaps were performed between the individuals to 
avoid dye bias between RNA from o,p’-DDT-treated and that from untreated 
HEEC, and from the individual controls and the control pool. After the label-
ling reaction, incorporation of cyanine 3-cytidine 5-triphosphate (Cy3) dye 
and cyanine 5-cytidine 5-triphosphate (Cy5) dye was measured. The arrays 
were incubated with pre-hybridization buffer. Each array was then trans-
ferred to a centrifugation tube containing double-distilled water. The arrays 
were washed, and hybridized for 18-20 h, after which post-hybridization 
washes of the slides were performed. The slides were scanned at two differ-
ent voltages so that the photomultiplier tube should get a wide dynamic 
range of signals (high or low), and the tiff files from the scanned arrays were 
gridded. 

Real-time quantitative reverse transcription PCR (real-time qRT-
PCR) 
In study V, RNA for five gene products, namely Sestrin 2 (SESN2), E2F 
transcription factor 7 (E2F7), Chemokine (C-C motif) ligand 2 (CCL2), 
Copine VII (CPNE7) and endothelial lipase (LIPG), was reverse transcribed 
in duplicate samples for real-time qRT-PCR, and verified and normalized 
against two house-keeping genes – glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) and actin beta (ACTB) – that were considered to be un-
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changed in the microarray dataset. Negative controls without reverse tran-
scriptase or DNA were performed. 

Occurrence of uterine leiomyomas in Baltic grey seals 
Between 1973 and July 2007, 257 Baltic grey seal females between 4 and 41 
years of age were collected along the Swedish east coast (n = 252) or in the 
Gulf of Finland (n = 5) and sent to the Swedish Museum of Natural History 
for examination. Of the 257 seals included in study III, 197 were 4-21 years 
old and 60 were 22-41 years. The prevalence of uterine leiomyomas was 
estimated on the basis of dissection journal entries and the Mammalia data-
base of the Swedish Museum of Natural History. 

Concentrations of PCB and DDT in Baltic biota 
The Swedish Museum of Natural History has been sampling Baltic biota 
since the late 1960s in order to measure the concentrations of PCB and DDT 
in different species. In study III, we used results of temporal trend studies 
based on annual sampling of herring muscle tissue, and also the DDE con-
centrations and the estimated total sum of PCB congeners (sPCB) in guille-
mot eggs for comparisons with the data regarding prevalence rates of leio-
myoma presented in this study. 

Immunohistochemical analysis of proliferative activity 
in grey seal leiomyomas and routine histological 
examinations 
In study III, tissue from a subset of grey seals (n = 11) with uterine leio-
myomas was sufficiently well preserved for macroscopic investigation of the 
ovaries and immunohistochemical investigation of the leiomyomas. Uterine 
leiomyoma samples were fixed in formalin and embedded in paraffin. After 
removal of the paraffin in xylene, followed by rehydration, pre-treatment, 
cooling, and rinsing in PBS, the slides were incubated in H2O2-PBS, rinsed 
in PBS and incubated with monoclonal mouse anti-human antibody directed 
against proliferating nuclear cell antigen. The antibody is claimed to react 
not only with human PCNA, but also with PCNA expressed in yeast, insects 
and human- and animal-derived cell lines. After rinsing in PBS, sections 
were incubated with a secondary biotinylated horse anti-mouse IgG. The 
slides were then rinsed in PBS and incubated with Vectastain ABC kit. Fi-
nally, after rinsing in PBS, liquid DAB chromogen substrate was added to 
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each slide. Mayer’s haematoxylin was applied as a nuclear counterstain. 
Sections from formalin-fixed uterine horn samples, collected within 30 min 
after death and obtained from corpora lutea-bearing grey seals, served as 
positive controls. Negative control staining was achieved by omitting the 
primary antibody. PCNA-positive cells were scored as (-) when comparable 
in number to the negative controls, (+) when they were few, (++) when they 
were moderate in number (but less than 50% of the cells in the section), and 
(+++) when more than 50% were stained. 

A macroscopic investigation was also performed on the ovaries of a sub-
set of grey seal females with no macroscopically detected uterine leiomyo-
mas (n = 8). 

Concentrations of PCB and DDT in blubber 
In study III, contaminant assays were performed on blubber from the subset 
of leiomyoma-bearing seals (n = 11) in which the immunohistochemical 
analysis of PCNA expression was carried out, and on blubber from the sub-
set of grey seal females with no macroscopically detected uterine leiomyo-
mas (n = 8), which served as a reference group. 

Statistical analyses 
Study I 
The cell protein content assay was performed without replicates, and hence 
no mean or standard deviation could be calculated. For the experiment with 
oestradiol and progesterone, a general linear model (GLM) adjusting for 
repeated measurements was used as the method of statistical analysis. For 
the experiment with CB congeners and metabolites, an analysis of variance 
(ANOVA) using Dunnett’s technique for comparing treatment groups with a 
control group was used. 

Study II  
Univariate ANOVAs using the Tukey Honestly Significant Difference post 
hoc test were performed to compare the influence of the two menstrual cycle 
phases/pregnancy and of the different treatments on the myometrial cell pro-
liferation. 
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Study III  
Simple indices of exposure were estimated from the sums of the concentra-
tions obtained from generalized exposure curves for sDDT (the sum of DDT, 
DDE and dichlorodiphenyldichloroethane [DDD]) and sPCB based on a 
combination of concentrations found in sediments281 and in guillemot 
eggs.282 The index value for an individual seal between the ages of 22 and 41 
years is thus based on a presumed contaminant burden during the whole 
lifespan of that particular seal expressed as a percentage of the total sum. 

The variables sPCB and sDDT measured in grey seal blubber did not ad-
here to a normal distribution curve and were therefore log-transformed. 
However, the log sPCB and log sDDT values were still not normally distrib-
uted, so non-parametric tests were applied whenever sPCB or sDDT was 
analysed.  

The blubber concentration of sPCB or sDDT was compared between the 
subset of leiomyoma-bearing seals and the subset of control seals, using 
Mann-Whitney U tests. Possible associations between age and blubber con-
centrations of sPCB and sDDT were tested with the non-parametric Kendall 
rank correlation coefficient. 

Study IV 
Immunocytochemistry for AhR and PCNA expression 
The percentages of AhR- and PCNA-positive cells were determined for each 
treatment alternative and HEEC culture. A mean value and standard devia-
tion for each treatment was calculated for each HEEC culture. For compari-
sons of means, a univariate ANOVA was performed, and post hoc tests were 
achieved by the Tukey Honestly Significant Difference test. 

BrdU assay 
Each cell culture was exposed and analysed on two different occasions, and 
the values were converted to percent of those of the respective control.  For 
determination of dependence on the menstrual phase, a two-way ANOVA 
with repeated measures was performed. For comparison of means, a univari-
ate ANOVA was used, and Tukey Honestly Significant Difference post hoc 
tests were carried out. 

Vital staining 
The percentages of viable, apoptotic and necrotic cells were determined for 
each treatment alternative and HEEC culture, and statistical analysis was 
performed as described for the immunocytochemistry for AhR and PCNA 
expression. 
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Study V  
BrdU assay 
As the mean values were not normally distributed, the non-parametric Mann-
Whitney U test was applied to compare cultures obtained from women in the 
proliferative phase of the menstrual cycle with those obtained from women 
in the secretory phase. The Wilcoxon signed ranks test was used to compare 
the o,p’-DDT treatment with the control pairwise on an individual basis. 

Microarray data 
The BioArray Software Environment (BASE)283 and the Linnaeus Centre of 
Bioinformatics Data Warehouse (LCB-DWH)284 were used for microarray 
data storage and analysis. Data was normalized using local background sub-
traction and within arrays using the print-tip lowess method,285 and spots that 
were flagged as either bad, empty or not found in the image analysis were 
filtered out. Duplicate spots were merged and it was required that gene prod-
ucts should be reported in at least four of five arrays.  

With the aim of determining whether any of the individual controls dif-
fered from a common control pool, data was visualized using a principal 
component analysis, hierarchical clustering and pairwise correlation plots, 
and the over-all standard deviation of the mean M (log2 ratio, fold change) 
value for all gene products was calculated and compared with that of the 
corresponding o,p’-DDT dataset. 

For comparisons between o,p’-DDT-treated and untreated HEECs, hy-
pothesis testing was performed using an empirical Bayes moderated t-test286 
and the Limma package.287 Fifty-three gene products with a B statistic value 
(posterior log odds ratio) � 2.5 and an adjusted p value � 0.00625 were ac-
cepted for further investigation. The method of Benjamini and Hochberg288 
was used to adjust p values for multiple testing. The results were visualized 
by hierarchical clustering using the publicly available software Genesis,289 
and the distribution of gene ontology (GO) terms was investigated. GO 
groups gene products on the basis of the biological processes, cellular com-
ponents and molecular functions with which they are associated,290 and this 
grouping was accomplished by the use of a hypergeometric test in a GO tool 
implemented in the LCB-DWH.284 

Gene Expression Omnibus (GEO) 
The normalized dataset for o,p’-DDT treated HEECs versus control and that 
for individual controls versus the control pool were deposited in GEO using 
accession numbers GPL5886 (SWEGENE H_v2.1.1_27k) and GSE9252 
(gene expression dataset). 
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Real-time qRT-PCR data 
The 2�� threshold cycle (Ct) method291 was used to analyse the mRNA expression in 
o,p’-DDT-treated HEECs relative to that in untreated HEECs. ��Ct values 
were calculated for each gene product and reference gene according to the 
formula (�Ct o,p’-DDT = Ct target - Ct reference ) – (�Ct untreated = Ct 
target - Ct reference), where the Ct values were expressed as the mean value 
of the duplicate assays. In order to obtain the relative mRNA expression,  
2-��Ct was calculated for each gene product and reference gene. As the 2-��Ct 
values were not normally distributed, the non-parametric Mann-Whitney U 
test was used to analyse for possible differences between HEEC cultures 
obtained from women in the proliferative and secretory phases of the men-
strual cycle. The Wilcoxon signed ranks test was used to compare the 
mRNA expression of the different gene products, related to either ACTB or 
GAPDH, after o,p’-DDT and control treatment pairwise on an individual 
basis. 
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RESULTS AND DISCUSSION 

Study I 
Earlier studies, initiated on account of a significant reduction in grey and 
ringed seal populations, revealed that among grey seals (Halichoerus gry-
pus) there was a high incidence of lesions in various organs, often occurring 
in combination.92 These lesions may have arisen from hormonal imbalance, 
metabolic disorders or immunosuppression or combinations of these condi-
tions, and included adrenocortical hyperplasia, osteoporosis, intestinal ul-
cers, uterine stenosis and occlusions, and uterine leiomyomas. Organochlori-
nes such as PCBs and DDT and their metabolites can also be detected in the 
Baltic grey seals.136, 138 Among dissected grey seal females older than 15 
years, uterine leiomyomas were found in about 50%.91 Foetal death and le-
sions in the reproductive tract might impair the reproductive capacity and 
may give rise to sterility, which partly might explain the population declines 
reported earlier. The nature of the reported lesions indicates that endocrine 
disruptors were involved, an assumption strengthened by the high levels of 
organochlorines in Baltic biota. Decreased levels of organochlorines have 
had a positive impact on lesions related to reproduction. 

In the present study (study I), myometrial cells from three Baltic grey seal 
females were cultured in vitro and exposed to oestradiol, progesterone and 
the PCB congeners CB 101 and CB 118, and their metabolites 3’-MeSO2-CB 
101, 4’-MeSO2-CB 101 and 4-OH-CB 107. The three grey seals included in 
the study were in the period of delayed implantation. Corpora lutea were 
found in all three seals, indicating that ovulation had occurred and that the 
seals were sexually mature. Progesterone lowered the proliferation of the 
grey seal myometrial cells, but the reduction did not seem to be greater in 
response to higher doses, which could have been due to a saturation of the 
effect. Priming the myometrial cells with oestradiol did not result in changes 
in the proliferation pattern compared with that of unprimed equivalents. One 
of the two CB congeners tested, CB 101, stimulated the cell proliferation, 
whereas the other CB congener and metabolites did not evoke a response 
different from that in the control. The protein measurements in cell cultures 
exposed to CB congeners and their metabolites revealed patterns similar to 
those observed with the BrdU measurements. Exposure to CB 101 resulted 
in high protein concentrations, whereas the other substances had only mod-
erate or no effects on the protein amount. 
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The proliferation of human myometrial cells exposed to progesterone has 
previously been reported to be poor or unaffected compared with the  
control,76, 292 and our results with grey seal myometrial cells are in confor-
mity with these findings. Exposure to oestradiol did not stimulate the prolif-
eration as could have been expected from other reports.76 The seals included 
in the study were in the middle of the period of delayed implantation, sug-
gesting that oestrogen and progesterone receptors are expressed at a low 
level in the myometrium, as found by other investigators3-5 for human myo-
metrium. The PR level in the secretory phase of the menstrual cycle exceeds 
that of the ER. If it is assumed that there was a relative predominance of PRs 
in the grey seal myometrium, this might partly explain why progesterone 
affected the cells more than oestradiol. The actual receptor situation in grey 
seal myometrium has not been investigated. However, in connection with the 
cell culture experiments, we were able to stain the grey seal myometrial cells 
grown in vitro for both ER and PR, using antibodies against human ER and 
PR (unpublished results). Given the expected low ER content, a presumed 
stimulatory response might have been difficult to detect. Furthermore, a 
longer incubation period might lead to a reinforced response. 

The serum content of the cell culture medium was reduced from 10% to 
1% 24 h before exposure to the test substances, in order to depress the cellu-
lar activity. This might partly explain why the cells did not respond to 
oestradiol, for example. However, in an experiment on human myometrial 
cells we compared the proliferative response between cells cultured in 10% 
and those cultured in 1% serum 24 h prior to exposure to the test substances, 
and found no differences (data not published). 

The tested organochlorines have all been detected in Baltic grey seals at 
levels of μg/g lipid.136-138 CB 101 stimulated the proliferation and protein 
synthesis of grey seal myometrial cells in the present investigation, suggest-
ing that CB 101 could promote myometrial proliferation in grey seals. Oes-
trogenic organochlorine pesticides stimulate leiomyoma cell growth in the 
Eker rat.293 It is therefore possible that organochlorine pesticides are able to 
contribute to the growth of uterine leiomyomas in Baltic grey seals. The 
observed stimulatory effect of CB 101 on grey seal uterine myocytes in vitro 
supports the hypothesis of endocrine disruption as a possible cause of the 
development of uterine leiomyomas in grey seals. However, it should be 
remembered that cells originating from only one grey seal female were used 
to study the effects of the CBs and metabolites. Furthermore, since oestradiol 
did not affect the grey seal myometrial cells, the PCB effects may be exerted 
through other mechanisms than those related to oestrogen receptors. 
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Study II 
In study I we investigated the effects of some CBs and their metabolites on 
myometrial cells from the Baltic grey seal,294 but since uterine leiomyomas 
also develop in approximately 20-25% of premenopausal women,66 we 
wanted to investigate the effects of the same substances on human myo-
metrial cells in the present study. All PCBs and metabolites used have been 
detected in the biota of the Baltic Sea,136-138 and also in human samples. It 
has not yet been established what causes leiomyoma development, and the 
possibility of endocrine disruption is an interesting hypothesis, especially in 
the light of the finding of uterine leiomyomas in Baltic grey seals. 

Myometrial cell cultures originating from pregnant women exhibited de-
creased proliferation in response to 3'-MeSO2-CB 101, 4'-MeSO2-CB 101 
and 4-OH-CB 107, compared to the control. This decrease in myometrial 
cell proliferation is not likely to be due to an increase in cell death, since the 
proliferation of cultures originating from women in the proliferative and 
secretory phases were unaffected. Oestradiol, a combination of 1 nM 17�-
oestradiol and 10 nM progesterone, ethinyloestradiol and levonorgestrel also 
reduced the proliferation of the myometrial cells, regardless of whether the 
cells were collected from women in the proliferative or the secretory phase 
of the menstrual cycle or from pregnant women. The tested CB metabolites 
have all been attributed anti-oestrogenic properties,112-114 but in the present 
study their effects on the myometrial cell proliferation in cultures originating 
from pregnant women were similar to those of oestradiol.  

Oestrogen receptor expression in the myometrium is at its highest during 
the proliferative phase of the menstrual cycle,3-5 and human premenopausal 
myometrial cells express more ER� than ER��295 Some investigators have 
reported that in pregnant women the oestrogen receptor expression is low in 
the myometrium and in leiomyomas,296 whereas others297, 298 have found 
small amounts of ER� mRNA and protein in myometrium from pregnant 
women at term, but greater expression of ER� mRNA and protein. The de-
creased myometrial cell proliferation could thus be a reflection of the spe-
cific pattern of steroid receptor expression at term pregnancy. However, the 
effects of the CB metabolites on the myometrial cell proliferation are not 
necessarily mediated by the oestrogen receptor. They might be mediated by 
non-classical transmembrane oestrogen receptors or by oestrogen receptor-
related receptors, or by other pathways and mechanisms, but these possibili-
ties have not yet been tested. It should also be kept in mind that culturing of 
cells is likely to cause some loss of receptor expression. 

The cell types in the female reproductive tract are known to be sex steroid 
responsive. We therefore expected that the hormones would affect the prolif-
eration of the myometrial cells. All three tested concentrations of 17�-
oestradiol, ethinyloestradiol and levonorgestrel resulted in decreased prolif-
eration compared to that of the control. However, no concentration-
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dependent effect was detected. Only one exposure alternative with proges-
terone, i.e. 1 nM 17�-oestradiol in combination with 10 nM progesterone, 
affected the myometrial cell proliferation, and then in a negative fashion. In 
agreement with our results, reduced myometrial cell proliferation after cul-
turing in the presence of oestradiol and no effect of progesterone have been 
reported by others.299, 300 It has been proposed that human smooth muscle 
cells respond to oestradiol with increased proliferation only if stromal cells 
are present.299 Others have found that 17�-oestradiol failed to stimulate pro-
liferation of cultured myometrial cells, whereas 17�-oestradiol or progester-
one increased the proliferation,301 or that treatment with 17�-oestradiol in-
creased the PCNA expression of cultured myometrial cells, while progester-
one did not.76 Clearly, the published results are conflicting regarding the 
effects of both oestradiol and progesterone on the proliferation of cultured 
human myometrial cells. The discrepancies could be due to interindividual 
variations in hormone sensitivity and receptor expression, but it is also pos-
sible that different culturing techniques and laboratory procedures, not least 
different methods for assessing proliferation, affect the results. 

This investigation in combination with previous findings concerning grey 
seal myometrial cells294 has shown that the proliferation of both human and 
grey seal myometrial cells might be affected by some CBs and CB metabo-
lites in vitro. However, the decreased myometrial proliferation observed in 
response to the tested CB metabolites is unlikely to be involved in leio-
myoma development in the human uterus. Further, our data also indicate that 
uterine myocytes collected from the pregnant uterus react differently to CB 
exposure compared with cells from the non-pregnant uterus. 

Study III 
In the present study we found no differences in the concentrations of sPCB 
or sDDT in the blubber between the 11 leiomyoma-bearing grey seal females 
and the eight reference females. However, some problems are encountered in 
blubber analyses, such as the difficulty in knowing how much of the con-
taminants are metabolized or whether the metabolism is influenced by other 
substances. Furthermore, thinner blubber may contain higher concentrations 
of contaminants than a thicker layer, since a thicker layer has more volume 
for the contaminants to disperse in. Nutritional factors and lactation are also 
of importance, and taken all together, the blubber concentration of contami-
nants at the time of examination may not be the most appropriate variable to 
use as a measure of contaminant exposure. We therefore used an exposure 
model based on annual sampling series for PCB and DDT measurements in 
Baltic Sea sediment281 and guillemot eggs282 in order to estimate the amounts 
of contaminants to which the grey seal females in the present study may 
have been exposed. The model has some disadvantages, however. It does not 



 62 

consider in what part of the Baltic Sea the seals lived, since it is based on 
measurements from the central part of the Baltic Sea. It is also difficult to 
separate age from exposure time, in the sense that increasing age means that 
the seals would have been exposed to the contaminants for a longer time, 
which is a problem also encountered by others, such as Bergman et al.302 in 
investigations of renal lesions and their relation to contaminant levels in 
Baltic grey and ringed seals. 

The contaminant exposure is inevitably related to the age of the animal, 
for the reason just mentioned. However, since the contaminant burden 
changed substantially over time during the study period, a better explanation 
for the changes in leiomyoma prevalence would be gained if temporal altera-
tions in the contaminant burden were also included in the model, provided 
that contaminants are at least partly responsible for increased leiomyoma 
prevalence. The regression analyses indicated that the PCB-exposure index 
could account for about 86% of the variation in leiomyoma prevalence 
among Baltic grey seal females between 22 and 41 years of age, and was 
thus a considerably better explanatory variable than age itself, which could 
explain 67%. DDT accounted for 67% of the variation in leiomyoma preva-
lence. This indicates that PCB, but not DDT, may have an effect on this 
prevalence.  

By possibly down-regulating oestrogen and progesterone receptors, the 
elevated progesterone levels during gestation may diminish the effects of 
endogenous or exogenous oestrogen on the myometrium and leiomyomas. 
The previous low reproduction rate among Baltic grey seals, which might 
have been a result of interrupted pregnancies and a high prevalence of uter-
ine occlusions and stenoses, may have shortened the endogenous progester-
one exposure time per year in affected females (Bergman & Bäcklin, unpub-
lished results). Non-reproducing adult female seals may therefore have 
higher levels of oestrogen and progesterone receptors and as a result may be 
more vulnerable to endogenous and exogenous oestrogen exposure, which 
could be of importance in promoting leiomyoma development and growth. 
However, it is also possible that endocrine-disrupting pollutants exert their 
effect through other mechanisms, such as membrane-bound receptors.117 One 
interesting observation in study III was that the number of seals without cor-
pora lutea or albicantia in the ovaries was smaller in the reference group 
(1/6) than among the leiomyoma-bearing seals (6/10), indicating that the 
leiomyoma-bearing seals also had a disturbed ovarian function. 

In humans, the presence of progesterone seems to be important for leio-
myoma cell proliferation,73-75 and in cultures of human leiomyoma cells, 
oestradiol and progesterone treatment up-regulates the expression of 
PCNA.76 In the current investigation, seven grey seals did not have any cor-
pus luteum that could support leiomyoma proliferation through progesterone 
production. Five of these seven seals had PCNA-positive cells in their leio-
myomas, suggesting that these seals might have had an extra-ovarian source 
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of proliferative stimuli. Since the exposure index model pointed to PCB as a 
factor that could explain a large degree of the variation in leiomyoma preva-
lence among all grey seal females over 22 years of age, we hypothesize that 
the proliferative activity that we detected immunohistochemically in five of 
the seven seals lacking ovarian corpora lutea in the subset of leiomyoma-
bearing female seals might have been associated with exposure to PCB. 
However, two of these seven seals lacking ovarian corpora lutea did not have 
any PCNA-positive cells in their leiomyomas, and hence showed no indica-
tions of an extra-ovarian source of proliferative stimuli. Furthermore, one 
female in the subset of leiomyoma-bearing seals had PCNA-negative leio-
myoma cells and a partly necrotic leiomyoma despite the presence of a cor-
pus luteum, suggesting that the corpus luteum was unable to cause leio-
myoma cell proliferation. We suspect that the corpus luteum in this female 
was not steroid-producing, since the seal drowned with no signs of preg-
nancy in the middle of October, although the Baltic grey seal blastocysts 
implant during July and at the latest in the first week in August.88 The de-
cline in steroid production from the corpus luteum at this time might have 
led to degenerative changes such as necrosis and also to the lack of PCNA 
expression in the leiomyoma. 

Another seal with PCNA-positive leiomyoma cells had ovarian tumours. 
No luteal cells were observed in these tumours. Proliferative activity despite 
the absence of luteal cells might indicate that there could be other stimulants 
of leiomyoma proliferation than the steroids secreted from luteal cells. It has 
not been established, however, whether these tumours were secreting steroid 
hormones or other substances that could possibly have stimulated leio-
myoma cell proliferation. 

Among the Baltic grey seal females examined in the present study, uter-
ine leiomyomas were only observed in those that were over 22 years of age, 
and the prevalence of these tumours in this age group was 65%. In the total 
study population, comprising seals between the ages of 4 and 41 years, the 
leiomyoma prevalence was 15%. When the prevalence data from this study 
are compared with those of a previous study,91 the data are seen to be similar 
among the animals examined in 1977-1986 and in 1987-1996. Since more or 
less the same animals were investigated in both the previous study91 and 
study III, this is an expected result, although the present study includes more 
animals. The results from the present study suggest that the leiomyoma 
prevalence started to increase during the late 1970s and remained high into 
the 1990s and then began to decline again up to the present year, 2007. Dur-
ing this time span, the levels of PCB and DDT in Baltic biota, as measured 
in herring muscle and guillemot eggs, have decreased. 

In conclusion, in the subset of 11 leiomyoma-bearing Baltic grey seal fe-
males, we were unable to compare the proliferative activity of leiomyomas 
or the blubber concentrations of PCB and DDT between corpora lutea-
bearing seals and seals lacking corpora lutea in their ovaries, since there 
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would have been too few animals in each group. However, five of the seven 
animals with no ovarian support for proliferation in this subset of leio-
myoma-bearing seals were found to have proliferative activity in their leio-
myomas, suggesting the presence of an extra-ovarian proliferation stimulus. 
Further, we did not find any differences in blubber concentrations of PCB 
and DDT between the 11 leiomyoma-bearing females and the eight reference 
females. However, the levels of sPCB and sDDT in Baltic biota have de-
creased since the use of PCB and DDT was prohibited, and so has the leio-
myoma prevalence in Baltic grey seal females. Furthermore, data obtained 
by use of the exposure index model indicate that PCB, but not DDT, might 
be involved in leiomyoma development and/or growth in Baltic grey seal 
females. 

Study IV 
Endocrine-disrupting chemicals (EDCs) pose a potential threat to human 
reproductive health. We studied the proliferation and viability of human 
endometrial endothelial cells (HEECs) in vitro after exposure to some EDCs. 

All cell cultures stained positively for AhR. Diffuse staining throughout 
the entire cell was observed in approximately 100% of the cells. 

The percentage of PCNA-positive human endometrial endothelial cells 
decreased in response to the highest concentration of o,p’-DDT and di-n-
butyl phthalate. The BrdU assay appeared to be a more sensitive method 
than the less exact PCNA staining. In the BrdU assay, at least one, but in 
most cases all three tested concentrations of each EDC decreased the prolif-
eration compared to the control. Furthermore, 17�-oestradiol stimulated the 
HEEC proliferation, whereas treatment with levonorgestrel decreased the 
proliferation. Moreover, there was no difference in the proliferation pattern 
between the cell cultures obtained from women in the secretory or prolifera-
tive phase of the menstrual cycle. The vital staining revealed that o,p’-DDT, 
CB 77, CB 126 and BPA influenced the viability of the HEECs and in-
creased the proportion of necrotic cells. Exposure to DBP and TCDD, how-
ever, did not affect the viability of the endothelial cells. 

In the BrdU test system, the natural oestrogen 17�-oestradiol stimulated 
the proliferation at a concentration of 10 nM but not 100 nM, whereas the 
synthetic oestrogen 17�-ethinyloestradiol did not affect the endothelial cell 
proliferation. However, 17�-ethinyloestradiol has an ER�-selective agonistic 
potency.303 HEECs express ER��24, 25 so it is possible that potential effects 
mediated by the ER��would not be detected in this test system. 

The synthetic gestagen levonorgestrel reduced the endothelial cell prolif-
eration in the BrdU assay, but the natural progesterone did not. This might 
also be a matter of receptor specificity, or of the concentration tested, but it 
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is possible that stromal factors may be important for the in vivo responses to 
progesterone. 

Even though o,p’-DDT binds ER�115, 166 and �,115 it did not have the same 
stimulatory effect on the proliferation as 17�-oestradiol in our test system. 
The highest concentration of o,p’-DDT decreased the proliferation in both 
the immunocytochemical PCNA assay and the BrdU assay, which could be a 
manifestation of toxicity, since increasing concentrations reduced the pro-
portion of viable cells and increased the proportion of necrotic cells. 

The proliferation was decreased by the intermediate concentration of CB 
77, but was not affected by the lower and higher concentrations, compared to 
the control. This could be a coincidental finding, but it might also suggest 
that CB 77 has an unconventional dose-response curve in this in vitro sys-
tem. CB 77 has been considered to act through oestrogen receptor-mediated 
mechanisms,159 but also through the AhR.146 All the human endometrial en-
dothelial cell cultures used in this study stained positively for AhR, so it is 
possible that the effects on the proliferation in this test system could have 
been mediated through that mechanism. However, the staining was diffuse, 
covering entire cells, and no apparent transfer of ligand-receptor complex to 
the nucleus could be observed. Further, since two concentrations of CB 77 
resulted in increased necrosis, it is likely that the decrease in proliferation is 
a reflection of cell death. 

CB 126 does not bind the mouse or human ER,158 but does bind the 
AhR.146 TCDD is also an AhR agonist,147, 148 so both substances are more 
likely to have effects mediated through AhR than through the oestrogen re-
ceptor. However, in this study we were not able to confirm a ligand-receptor 
translocation to the nucleus, but both substances influenced the HEEC pro-
liferation negatively. 

Bisphenol A binds both ER� and ER� as a weak oestrogen agonist.115, 210 
Di-n-butyl phthalate also binds the oestrogen receptor in vitro.200 However, 
none of the tested concentrations of either bisphenol A or DBP elicited an 
oestrogen-like response in this experiment, so it is likely that the decrease in 
proliferation was caused via some other mechanism than through oestrogen 
receptors. 

Except for o,p’-DDT and CB 77, all of the tested endocrine disruptors in 
all concentrations reduced the proliferation compared to the control in the 
BrdU assay. This might be due to variations in the degrees of toxicity and 
cell death, as is likely for at least o,p’-DDT, CB 126 and bisphenol A, but 
that is not necessarily the case. However, it is possible that other mecha-
nisms than those involved in endocrine disruption could be relevant. For 
instance, since the proportion of necrotic cells was increased by many of the 
test substances, the cell membrane integrity could have been affected as a 
result of the fat solubility of the substances. CB 77 and CB 126 have previ-
ously been reported to affect the porcine endothelial cell barrier function.161 
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However, the decreased proliferation caused by DBP and TCDD in the pre-
sent study cannot be explained by cell death. 

In conclusion, none of the tested endocrine disruptors elicited an effect on 
the human endometrial endothelial cell proliferation that was similar to that 
in response to 17�-oestradiol. However, since human endometrial endothe-
lial cells express ER�,24, 25 it is possible that oestrogenic effects mediated by 
ER� cannot be detected in this test system. There is also an unproven possi-
bility that the endothelial cells express non-classical transmembrane oestro-
gen receptors, which were recently described,29 or oestrogen receptor-related 
receptors,53, 54 and that these receptors might mediate some responses to the 
endocrine disruptors. Furthermore, it is also conceivable that the effects on 
the proliferation in the present study were mediated through some other 
mechanism, not involving oestrogen receptors. 

This investigation, however, demonstrated that the endocrine disruptors 
were able to reduce human endometrial endothelial cell proliferation and/or 
affect the viability of the cells in vitro. This finding opens up the possibility 
that such compounds could affect the function of human endometrial endo-
thelial cells in vivo. 

Study V 
In this study, we further evaluated the effects of o,p’-DDT on human endo-
metrial endothelial cells with use of the microarray technique. Since we had 
found in study IV that HEECs exposed to o,p’-DDT showed reduced prolif-
eration and viability,304 we expected that gene products involved in these 
processes would be affected, but we were also interested in the expression of 
oestrogen responsive genes and gene products involved in angiogenesis and 
cellular stress. In the present investigation, o,p’-DDT reduced the cell prolif-
eration in the BrdU assay. With the GO analysis we found that mRNA levels 
of genes involved in biological processes such as the cell cycle and cell divi-
sion were affected, confirming the results from the proliferation assay and 
our previous study.305 Furthermore, since the GO analysis also indicated that 
gene products associated with lipid and steroid metabolism were affected by 
the o,p’-DDT treatment, it seemed possible that genes involved in these 
processes might also be involved in the change in the proliferative pattern or 
in the decrease in viability that we reported previously.304 It also seemed 
possible that the decreased proliferation caused by o,p’-DDT treatment of 
HEECs in vitro might influence the lipid membrane of these cells, and in-
volve the defence response, leading to membrane disruption and eventually 
necrosis. 

Only minor differences in the mRNA expression of specific genes were 
detected between o,p’-DDT-treated and untreated HEECs, and since samples 
from only five individuals were analysed with the microarray technique, we 
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found it most significant to address the question of which biological proc-
esses and molecular functions were affected by the o,p’-DDT treatment 
rather than to focus solely on the individual gene products. The real-time 
qRT-PCR analysis revealed that o,p’-DDT treatment altered the mRNA ex-
pression of the investigated genes in a similar way in HEECs obtained in the 
proliferative and secretory phases of the menstrual cycle, and confirmed the 
microarray results. Since the mRNA expression profiles seemed to be robust 
and consistent between all ten HEEC cultures, and since the results of the 
GO analysis also seem to be compatible with the biological effects that we 
found previously with HEECs exposed to o,p’-DDT, we consider the gene 
ontology analysis results to be relevant at least regarding the question of 
which biological processes and molecular functions are affected. However, 
five of the most up- or down-regulated gene products in HEECs that were 
treated with o,p’-DDT and chosen for verification with real-time qRT-PCR 
will be discussed below, although the degree of changes in mRNA expres-
sion compared to control samples was quite low, giving reason to interpret 
the data with some caution. 

The most up-regulated mRNA involved in cell cycle processes was se-
strin 2. Expression of SESN2 induced by hypoxia and oxidative stress is 
probably independent of p53 expression, whereas its induction by DNA 
damage appears to be p53-dependent.306 Furthermore, over-expression of 
SESN2 is reported to have a pro-apoptotic effect in many cell types, whereas 
inducible expression sensitizes MCF-7 cells to DNA-damaging treatments 
and serum deprivation, but also protects against apoptosis induced by is-
chaemia or hydrogen peroxide. These findings imply that SESN2 is involved 
in an intricate regulation of cell viability in response to cellular stress. In the 
present study, we found that this gene product was up-regulated in HEEC 
cultures displaying decreased proliferation in response to o,p’-DDT treat-
ment. In study IV304 we also found decreased viability after treatment with 
o,p’-DDT, mainly due to necrosis, but at higher concentrations this was also 
due to apoptosis. These findings combined imply that sestrin 2 has a role in 
the cell response to o,p’-DDT, similar to that reported by Budanov et al.306 
for sestrin 2-expressing cells. 

The second most up-regulated gene product involved in cell cycle proc-
esses was E2F transcription factor 7. Over-expression of E2F7 in mouse 
embryo fibroblasts has been found to result in a decreased proliferation rate, 
and accumulation of cells in G2/M, accompanied by a decreased number of 
cells in the G1 phase.307 Other authors308 report a decrease in the proportion 
of Rat1 cells in the S phase after over-expression of E2F7, an increase in the 
proportion of U2OS cells in G1 accompanied by a decreased proportion of 
these cells in the S phase, and a decreased colony-forming ability of HeLa 
cells. It has also been reported that over-expression of E2F7 increases the 
proportion of U2OS cells in G1, whereas the proportion of cells in G2/M is 
decreased.309 Although there seem to be some discrepancies in the reports 
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regarding which cell cycle phases are affected by E2F7, there appears to be 
agreement on the fact that E2F7 is associated with a negative impact on pro-
liferation. This was also observed in the present study, where E2F7 mRNA 
was up-regulated in o,p’-DDT-treated cells that displayed decreased prolif-
eration. Furthermore, it is possible that high expression of E2F7 in ovarian 
carcinomas can predict disease-free survival, whereas low E2F7 expression 
is associated with platinum resistance.310 A high level of mRNA expression 
of E2F7, compared to that in normal human peritoneal mesothelial cells, has 
also been found both in the ovarian cancer cell line A2780 and in the breast 
cancer cell line T47D.311 

The most differentially regulated mRNA involved in defence response in 
the present study was chemokine (C-C motif) ligand 2. This is a cytokine 
that previously has been found to be up-regulated on both the mRNA and 
protein level after exposure of HUVEC to IL-1�312 or polychlorinated biphe-
nyl 104.313 In cycling endometrium the CCL2 protein level is at its lowest at 
the time of ovulation, when the oestrogen level is high;314 accordingly, oes-
trogen treatment of cultured human endometrial stromal cells inhibits CCL2 
mRNA and protein production.315 This effect was reversible with the oestro-
gen antagonist tamoxifen, suggesting that it is mediated by oestrogen recep-
tors. Further, CCL2 expression can be induced in the endometrial glands of 
women suffering from endometriosis, in contrast to healthy controls,316 and 
is also induced by IL-1�-treatment in first trimester decidual cells cultured 
with oestradiol and medroxyprogesterone acetate.317 In addition, CCL2 has 
been reported to be secreted from cultured epithelial cells isolated from hu-
man endometrium.318 CCL2 itself can up-regulate the apoptosis mediator Fas 
ligand on the protein level in cultured endometrial stromal cells, but does not 
affect the rate of apoptosis in these cells.319 However, the proportion of 
apoptotic Jurkat T lymphocyte cells increased when these cells were co-
cultured with endometrial stromal cells that previously had been treated with 
CCL2. Cultured endometrial stromal cells can also respond to treatment with 
CCL2 with increased secretion of vascular endothelial growth factor,320 
which is a proliferative stimulus of vascular endothelial cells. In the present 
study CCL2 mRNA was down-regulated after treatment of proliferative 
phase HEECs with o,p’-DDT, a finding which possibly might imply that 
o,p’-DDT either has an immunosuppressive effect, has inhibitory influence 
on proliferation and perhaps also on angiogenesis, or acts as an oestrogen 
with regard to the effect on the CCL2 mRNA level in HEECs in vitro.  

The most differentially regulated gene product involved in lipid metabolic 
processes was copine VII, which belongs to the copine family of calcium-
dependent membrane-binding proteins with one von Willebrand factor A 
domain and two C2 domains.321 C2 domains are calcium-binding motifs that 
have been identified in membrane proteins involved in membrane traffick-
ing, generation of second messengers, control of protein phosphorylation, 
and activation of GTPases.322 CPNE7 mRNA has been detected in the brain, 
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and may also be expressed in the testis, small intestine, thymus, breast tissue 
and possibly also in the placenta.323, 324 Our finding of increased expression 
of copine VII in HEECs after treatment with o,p’-DDT indicates that o,p’-
DDT may have an adverse effect on the cell membrane that may involve 
CPNE7. 

The second most differentially regulated gene product associated with 
lipid metabolic processes was endothelial lipase. This protein is involved, for 
example, in intravascular remodelling of high-density lipoprotein, and in 
remodelling and metabolism of apolipoprotein (apo)B-containing lipopro-
teins, and increased activity of LIPG is related to pro-inflammatory proc-
esses, e.g. in the metabolic syndrome.325 Endothelial lipase may also be in-
volved in angiogenesis, as evident by increased expression in endothelial 
cells undergoing tube formation, and is expressed in adult human tissues 
such as placenta, liver, thyroid and testis, suggesting a role in steroidogene-
sis.326 Others have also reported LIPG mRNA expression in the lung and 
kidney.327 Recent observations suggest that decreased placental LIPG mRNA 
expression may be related to intrauterine growth restriction.328 In cultured 
human umbilical vein and coronary artery endothelial cells, LIPG mRNA 
has been found to be up-regulated by fluid sheer stress and cyclic stretch, as 
well as by inflammatory cytokines involved in vascular disease, such as tu-
mour necrosis factor alpha and IL�.329 LIPG has been immunohistochemi-
cally localized to endothelial and medial smooth muscle cells, both in non-
atherosclerotic and atherosclerotic coronary arteries.330 Endothelial lipase 
mRNA has also been detected in reproductive organs of mice, such as in the 
ovaries of pregnant females, and in the placenta, testes and epididymis, sug-
gesting a role for LIPG in murine reproductive processes.331 Our finding of 
decreased expression of LIPG mRNA after o,p’-DDT treatment of HEECs 
might imply that o,p’-DDT decreases lipid metabolism in the cells, an effect 
which may be related to the decreased proliferation that could be a sign of 
anti-angiogenic properties. 

Although there were only minor changes in mRNA expression after 
treatment of HEECs with o,p’-DDT, this does not necessarily mean that the 
changes are not important for the function and phenotype of a cell. Doubling 
or halving of the original mRNA expression could lead to significant 
changes in the function and phenotype of a cell, provided that the gene prod-
uct has an essential function. And conversely, large changes of less impor-
tant gene products might not affect the function and phenotype to any major 
extent. Furthermore, changes in mRNA expression are not necessarily re-
lated to changes in protein expression.  

Oestrogen-responsive gene expression did not appear to be affected by 
o,p’-DDT treatment of HEECs in vitro, but this treatment had possible ef-
fects on lipid and steroid metabolism, which might have influenced the en-
docrine response to oestradiol and other hormones. Further, o,p’-DDT elic-
ited a decrease in mRNA expression of CCL2, similar to that reported for 
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oestrogen.315 Some of the gene products that were included in the GO analy-
sis results may also be involved in cellular stress, such as sestrin 2,306 and in 
angiogenesis, such as CCL2320 and LIPG.326 

Inter-individual variation among the control samples was found in the mi-
croarray analysis, which is not very surprising, since the HEEC cultures 
originated from five different individuals. However, the HEEC cultures re-
sponded to treatment with o,p’-DDT in a similar fashion, as is reflected by 
the results of the BrdU assay and verified in HEECs originating from women 
in both the proliferative and secretory phases of the menstrual cycle by the 
real-time qRT-PCR analysis. 

In conclusion, the present study indicates that o,p’-DDT can affect the 
mRNA expression of genes involved in proliferation, lipid and steroid me-
tabolism and the defence response in HEECs in vitro. These results support 
our previous findings of decreased proliferation and increased cell death in 
response to o,p’-DDT,304 and may be important clues in the search for the 
mechanisms of action of o,p’-DDT. 
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SUMMARY 

The results of study I showed that CB 101 increased the grey seal uterine 
myometrial cell proliferation in vitro, indicating that some organochlorines 
are able to affect grey seal reproductive organs. 

In study II, myometrial cell cultures originating from pregnant women 
exhibited decreased proliferation in response to 3'-MeSO2-CB 101, 4'-
MeSO2-CB 101 and 4-OH-CB 107. This investigation in combination with 
our previous findings concerning grey seal myometrial cells in study I 
showed that the proliferation of both human and grey seal myometrial cells 
might be affected by different CBs and CB metabolites in vitro. However, 
the decreased myometrial proliferation observed in response to the tested CB 
metabolites in study II is unlikely to be involved in leiomyoma development 
in the human uterus. Further, our data indicate that uterine myocytes col-
lected from the pregnant uterus react differently to CB exposure compared 
with cells from the non-pregnant uterus. To our knowledge these studies are 
the first to demonstrate that some CBs affect the proliferative activity of 
Baltic grey seal and human uterine myocytes. 

Both the concentrations of PCB and DDT in Baltic Biota and the leio-
myoma prevalence in Baltic grey seal females have decreased over time, and 
data obtained by use of the exposure index model in study III indicate that 
PCB, but not DDT, might be involved in leiomyoma development and/or 
growth in Baltic grey seal females. However, we did not find any differences 
in blubber concentrations of PCB and DDT between a subset of 11 leio-
myoma-bearing females and eight reference females, which could have been 
due to the small sample size, but may also be a reflection of the fact that 
blubber measurements may not be the most appropriate variable for studying 
contaminant exposure. Further, there were indications that an extra-ovarian 
proliferation stimulus was present, since in the subset of leiomyoma-bearing 
seals, five of seven grey seal females with no ovarian support for prolifera-
tion were found to have proliferative activity in their leiomyomas. 

In study IV, human endometrial endothelial cells in primary culture re-
sponded with increased proliferation to oestradiol and with decreased prolif-
eration after culturing with levonorgestrel and the endocrine disruptors o,p’-
DDT, CB 77, CB 126, di-n-butyl phthalate, BPA and 2,3,7,8-TCDD, which 
could be a sign of endocrine disruption in the endometrial endothelial cells. 
Some of the endocrine disruptors also affected cell viability and caused an 
increase in the proportion of necrotic cells, whereas the decrease in prolifera-
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tion in response to DBP and TCDD could not be explained by cell death. 
Hence, this investigation has demonstrated that human endometrial endothe-
lial cells are affected by hormones as well as by some endocrine disruptors, 
which is a first step in assessing whether or not this cell type could be used 
in an in vitro test for endocrine disrupting properties. 

The results of study V indicated that o,p’-DDT affects mRNA expression 
of genes associated with cell proliferation, defence response, and lipid and 
steroid metabolism in HEECs in vitro. These results support our findings in 
study IV of decreased proliferation and increased cell death in response to 
o,p’-DDT, and may be important clues to the mechanisms of action of o,p’-
DDT in HEECs. However, the gene ontology analysis did not indicate that 
biological processes involving steroid-responsive genes or genes associated 
with angiogenesis or cellular stress were affected by o,p’-DDT treatment, 
even though the expression of individual genes that were considered signifi-
cantly changed may also play a part in these processes. 

In summary, the results of study III imply that PCBs may be involved in 
leiomyoma development and possibly also ovarian dysfunction in Baltic 
grey seals, pointing to endocrine disruptive effects. Furthermore, the find-
ings in studies I and II suggest that PCBs may be involved in dysregulation 
of the proliferation of both Baltic grey seal and human myometrial cells, 
which could be of relevance in the development and/or growth of uterine 
leiomyomas. The results of studies IV and V suggest that endocrine disrup-
tors have a deleterious effect on the proliferation, viability, defence response 
and lipid and steroid metabolism of human endometrial endothelial cells in 
vitro. This indicates that endometrial angiogenesis could be disturbed, an 
effect which in turn could disrupt endometrial function and possibly influ-
ence the key reproductive event of implantation of the embryo. Taken to-
gether, the results of all five studies summarized in this thesis support the 
concern that endocrine disrupting chemicals in our environment may be in-
volved in impairment of human and grey seal reproductive health and func-
tion, although much is left to learn about the mechanisms of the effects and 
about possible synergistic and/or additive effects of exposure to multiple 
environmental contaminants. 
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CONCLUSIONS 

� Sex steroids and polychlorinated biphenyls may influence grey seal uter-
ine myometrial cell proliferation in vitro. (PAPER I) 

 
� Sex steroids and polychlorinated biphenyls may influence human uterine 

myometrial cell proliferation in vitro. (PAPER II) 
 
� PCBs may possibly be associated with uterine leiomyoma formation in 

grey seals, but the results with human myometrial cells do not support this 
association. (PAPERS I AND  II) 

 
� There seems to be an association between the concentrations of PCB, but 

not DDT, in Baltic biota and the occurrence of uterine leiomyomas in 
Baltic grey seals. (PAPER III) 

 
� No difference in the concentrations of PCB and DDT in the blubber of 

leiomyoma-bearing females could be found compared with those in grey 
seal females without these tumours. (PAPER III) 

 
� Some leiomyoma-bearing females without ovarian corpora lutea never-

theless have proliferative activity in their leiomyomas. (PAPER III) 
 
� Some hormones and endocrine disrupting chemicals affect the prolifera-

tion and viability of human endometrial endothelial cells in vitro. (PAPER 
IV) 

 
� Exposure of human endometrial endothelial cells to o,p’-DDT affects 

gene expression associated with cell proliferation, but the results do not 
support differential expression of oestrogen-responsive genes or genes in-
volved in angiogenesis and cellular stress. (PAPER V) 



 74 

FUTURE PERSPECTIVES 

The results of study III presented in this thesis indicate a possible association 
between the level of PCB contamination in Baltic biota and the prevalence 
of uterine leiomyomas in Baltic grey seals. The findings in studies I and II 
that cultured myometrial cells from both human and Baltic grey seal uteri 
responded to some CB congeners and metabolites with changes in the prolif-
erative pattern compared with untreated cells, suggest that PCBs and their 
metabolites may be involved in dysregulation of myometrial cell prolifera-
tion, which could be important in leiomyoma development and/or growth. 
To further elucidate the mechanisms by which these events may occur and to 
find out if there are similarities between the species, it would be interesting 
to investigate whether the cytogenetic changes that have been reported to 
occur in human leiomyomas can also be observed in Baltic grey seal leio-
myomas, and whether dysregulation of, for example, the gene product 
HMGA2 occurs in Baltic grey seal leiomyomas. However, since the leio-
myoma prevalence in Baltic grey seals has decreased, the chances of finding 
individuals with these tumours have also diminished, which makes this kind 
of investigation difficult to perform.  

Further, the effects of PCBs on leiomyoma development and growth in 
the Eker rat would be of great interest to study in order to investigate the 
possible mechanisms by which PCB may act. Cultured human myometrial 
and leiomyoma cells could also be exposed to PCBs to investigate whether 
the proliferation is affected, whether cytogenetic changes occur or whether 
the expression of, for example, HMGA2 and other gene products changes in 
exposed cultures compared to unexposed. Mixtures of PCBs in proportions 
corresponding to those found in biological and environmental samples, as 
well as individual congeners and metabolites, could be used in several dif-
ferent concentrations. In addition, studies ot the effects of steroid hormones, 
growth factors and their receptors on cultured myometrial and leiomyoma 
cells would be of great interest to perform, possibly also in combination with 
PCB exposure. 

The results of studies IV and V suggest that endocrine disruptors influ-
ence the proliferation, viability, defence response and lipid and steroid me-
tabolism of human endometrial endothelial cells in vitro. Although fairly 
high concentrations were used in these initial studies, there is a possibility 
that these cells could also be susceptible in vivo. It would be interesting to 
continue the work that was initiated in study V, and extend the study to ex-
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amine cell proliferation, viability, and gene and protein expression in re-
sponse to several different concentrations of each substance and to evaluate 
the exposure effects at several different time points. It would also be of in-
terest to study different combinations of the test substances in order to inves-
tigate the possibility of additive and synergistic effects, and to continue to 
evaluate the suitability of primary human endometrial endothelial cells as an 
in vitro test model for endocrine-disrupting effects. Endometrial explants 
and co-cultures of different endometrial cells could also be investigated in 
order to further assess the effects of environmental contaminants on human 
female reproductive tissues. 



 76 

SUMMARY IN SWEDISH - 
SAMMANFATTNING 

Miljöföroreningar och deras möjliga effekter i naturen, människor och djur 
är ett påtagligt bekymmer i dagens samhälle. Miljöföroreningar kan spridas 
med vinden eller vattenströmmar och hamna långt ifrån utsläppsplatsen. Ett 
exempel på det är att man finner höga halter av miljöföroreningar på Nord-
polen. Vissa miljöföroreningar har hormonstörande egenskaper, vilket inne-
bär att de kan störa kroppens naturliga hormonsignalering. Organsystem som 
misstänks vara särskilt känsliga är fortplantningsorganen som i hög utsträck-
ning är beroende av normal könshormonsignalering för att fortplantningen 
ska fungera. 

Gråsälspopulationen i Östersjön sjönk kraftigt under första hälften av 
1900-talet till följd av jakt och sedan ytterligare under 1960- och 1970-talen. 
I den första rapporten av sitt slag i Sverige och världen rapporterade Sören 
Jensen 1966 att polyklorerade bifenyler (PCB) förkom i miljön. Därefter 
fann man att miljöföroreningar som PCB och diklorodifenyltrikloroetan 
(DDT) var vitt spridda runt om i världen, och att Östersjön var mycket för-
orenad. Obduktioner av döda Östersjögråsälar visade njurskador, sår i tar-
marna, benskörhet, samt sammanväxningar, förträngningar och muskelknu-
tor (myom) i livmodern. Myom är vanligt förekommande även bland kvin-
nor och är i de flesta fallen inte till besvär. En förhållandevis stor andel 
kvinnor som har myom får ändå problem med oregelbundna menstruationer, 
tryckkänslor i underlivet, smärtor och svårigheter att bli gravida. Man vet 
inte säkert varför myom uppstår hos vare sig kvinnor eller Östersjögråsälar. 
Eftersom det dels finns tecken på att myomförekomsten hos Östersjögråsä-
larna har sjunkit i takt med att PCB- och DDT-föroreningen av Östersjön 
minskat, och dels inte finns några rapporter om att andra gråsälspopulationer 
drabbats av myom i så stor utsträckning som Östersjögråsälarna, verkar det 
vara något specifikt i Östersjömiljön som orsakade myomen hos gråsälsho-
norna. Föroreningar som PCB och DDT misstänks därför vara bovar i dra-
mat. 

I det första delarbetet i avhandlingen undersöktes effekterna av könshor-
moner och några olika PCB:er på odlade muskelceller från gråsälslivmoder. 
De testade PCB:erna har påvisats i späcket på Östersjögråsälar, vilket tyder 
på att dessa PCB:er förekommer i Östersjömiljön. Det visade sig att gul-
kroppshormon (progesteron) hämmade muskelcelldelning medan en av 
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PCB:erna, PCB 101 orsakade ökad celldelning jämfört med obehandlade 
celler, vilket skulle kunna vara ett möjligt steg till begynnande myomutveck-
ling. 

I det andra delarbetet upprepades i princip försöket i det första delarbetet, 
men med odlade livmodermuskelceller från kvinnor. Det visade sig att liv-
modermuskelceller från gravida kvinnor svarade med minskad celldelning 
på behandling med några PCB:er; 3'-MeSO2-CB 101, 4'-MeSO2-CB 101 och 
4-OH-CB 107, medan celldelningen hos livmodermuskelceller från icke-
gravida kvinnor inte påverkades av PCB. Däremot minskades celldelningen 
hos livmodermuskelceller från både gravida och icke-gravida kvinnor efter 
att de utsatts för hormonerna östrogen, en kombination av östrogen och pro-
gesteron, samt efter behandling med det konstgjorda östrogenet etinylöstra-
diol och det konstgjorda gulkroppshormonet levonorgestrel. I kombination 
med cellodlingsförsöksresultaten från det första delarbetet antyder studien att 
PCB:er skulle kunna påverka celldelningen hos livmodermuskelceller i både 
människor och gråsälar åtminstone i odlade celler. Däremot är det inte troligt 
att minskad celldelning kan vara ett möjligt steg till begynnande myomut-
veckling. Det verkar dock som om livmodermuskelceller från gravida kvin-
nor reagerar annorlunda på PCB-behandling än livmodermuskelceller från 
icke-gravida kvinnor. Så vitt vi vet är dessa två studier de första som tyder 
på att PCB:er kan påverka livmodermuskelcelldelning både i gråsälar och i 
människor. 

Sedan tidigt 1970-tal har gråsälar obducerats vid Naturhistoriska riksmu-
seet i Stockholm. Med hjälp av journalanteckningar och databasuppgifter 
undersöktes i det tredje delarbetet hur stor andel av de 257 könsmogna grå-
sälshonorna som obducerades 1973-2007 som hade livmodermyom. Det 
visade sig att endast gråsälshonor som var 22 år eller äldre hade myom, och 
förekomsten i denna åldersgrupp var 65 %. Av alla könsmogna (över 4 år 
gamla) gråsälshonor var det 15 % som hade myom. I en mindre grupp grå-
sälshonor som var 22 år eller äldre undersöktes även förekomsten av gul-
kroppar i äggstockarna. Gulkroppar bildas i äggstockarna efter ägglossning, 
och kvarstår även in i graviditet och bildar framför allt gulkroppshormon 
men också östrogen. Hos gråsälar pågår graviditeten nästan ett helt år, 350 
dagar, så gulkroppen kvarstår normalt sett under nästan hela året. Gul-
kroppshormon och östrogen behövs för myomtillväxt hos kvinnor. Av elva 
gråsälar med livmodermyom var det sju stycken som inte hade en gulkropp 
som förväntat. Hos fem av dessa sju fann vi trots avsaknaden av gulkropp, 
och därmed troligtvis även gulkroppshormon, tillväxt i myomen, vilket tyder 
på att det skulle kunna finnas en kroppsfrämmande faktor som stimulerade 
till myomtillväxt. Bland åtta gråsälshonor som saknade livmodermyom sak-
nades uppgift om gulkroppsförekomst hos två individer. Bland övriga sex 
var det bara två stycken som saknade gulkropp. Det faktum att fler sälar med 
myom än sälar utan myom saknade gulkropp tyder på att vissa gråsälar med 
myom inte har ägglossning. Inga skillnader i halten av vare sig PCB eller 
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DDT i späck kunde påvisas mellan de elva gråsälshonorna som hade myom 
och de åtta gråsälshonorna utan livmodermyom, men det skulle kunna bero 
på att det var för få individer i de båda grupperna, eller på att mätningar av 
föroreningshalter i späck möjligen inte är lämpliga att studera på grund av att 
de kanske inte på ett rättvisande sätt speglar den sammanlagda förorening 
som individen varit utsatt för under sin livstid. Med hjälp av Naturhistoriska 
riksmuseets årliga provtagningar av halterna av PCB- och DDT-föroreningar 
i bottensediment och sillgrissleägg i Östersjömiljön skapade vi därför en 
statistisk modell för att uppskatta den sammanlagda förorening som en Ös-
tersjögråsälshona kan ha utsatts för under sin livstid. Eftersom halterna av 
föroreningarna i Östersjön minskat under årens lopp tog vi även hänsyn till 
detta i den statistiska modellen, och det visade sig att ju högre halt av PCB 
en gråsälshona varit utsatt för, desto högre var risken för att myom skulle 
bildas i hennes livmoder. Ju äldre honan var, desto större var också risken 
för myombildning, vilket kanske faller sig naturligt eftersom en högre ålder 
innebär att man utsatts för miljöföroreningarna under en längre tid. Samban-
det mellan höga halter av DDT och risken för myombildning var inte lika 
starkt som för PCB, vilket tyder på att det framförallt kan vara PCB som 
bidragit till att gråsälshonorna fick livmodermyom i stor utsträckning.   

Det finns en utbredd strävan i forskarsamhället om att minska antalet 
djurförsök. För att reducera antalet djurförsök satsar man på att utveckla och 
förfina alternativa metoder som till exempel cellodlingsmodeller för att kun-
na testa till exempel hormonstörande kemikalier utan att behöva använda så 
många försöksdjur. PCB och DDT är tyvärr inte de enda miljöföroreningarna 
med hormonstörande egenskaper som spridits i miljön. Andra exempel är 
dioxin samt plastmjukgörare som ftalater och bisfenol A. I det fjärde delar-
betet studerades o,p’-DDT (en variant av DDT), två olika PCB:er, en ftalat, 
bisfenol A samt dioxin, men även könshormoner, och deras effekter på cell-
delning och celldöd hos de blodkärlsceller som klär insidan av blodkärlen 
från livmoderslemhinnan i människor. I kroppen är det bland annat dessa 
blodkärlsceller som är i kontakt med blodflödet i kärlen och därmed olika 
kemikalier och miljöföroreningar som kan finns i blodet. För att kunna stu-
dera blodkärlscellerna har vi isolerat och odlat dem från livmoderslemhinne-
prover tagna från kvinnor som fått sin livmoder bortopererad. Östrogen sti-
mulerade celldelningen hos blodkärlscellerna, och det konstgjorda gul-
kroppshormonet levonorgestrel samt alla testade miljöföroreningar hämmade 
celldelningen. Alla miljöföroreningar utom ftalaten och dioxin ökade dessut-
om celldöden, möjligen genom att förstöra det yttre membran som omsluter 
cellerna. Studien tyder på att celldelningen hos blodkärlsceller från livmo-
derslemhinnan påverkas av både hormoner och hormonstörande miljöförore-
ningar, vilket är ett första steg i utvärderingen för att bedöma om den här 
celltypen är lämplig att använda i en cellodlingsmodell för att testa hormon-
störande ämnens effekter på fortplantningssystemet. 
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I det femte delarbetet användes återigen blodkärlsceller från livmoder-
slemhinnan för att studera vilka förändringar i celldelning och genuttryck 
som orsakas av behandling med o,p’-DDT jämfört med obehandlade celler. 
Förutom att o,p’-DDT återigen minskade celldelningen i blodkärlscellerna 
visade det sig även att gener som är inblandade i celldelning påverkades av 
behandlingen, vilket stödjer resultaten från det fjärde delarbetet. Också gener 
som är inblandade i immunförsvaret, samt gener som är inblandade i omsätt-
ning av fett och kolesterol påverkades. Fett och kolesterol bygger bland an-
nat upp cellernas membran och är även grundstenar för hormonbildning. Den 
ökade celldöden efter o,p’-DDT-behandling som beskrevs i delarbete fyra 
skulle alltså kunna vara en effekt av en membranpåverkan, men det går inte 
att säkert fastslå utifrån den här studien. Däremot kan man tänka sig att stu-
dien är av värde för ytterligare studier i syfte att ta reda på hur o,p’-DDT 
påverkar blodkärlscellerna, och vilka tecken på förändringar i biologiska 
processer och genuttryck som eventuellt skulle kunna användas i en cellod-
lingsmodell för tester av hormonstörande ämnens effekter på fortplantnings-
systemet. 

Sammanfattningsvis tyder resultaten som presenterats i den här avhand-
lingen på att hormonstörande miljöföroreningar som finns i vår omgivning 
kan påverka odlade celler från det kvinnliga fortplantningssystemet både hos 
människor och gråsälar. Det kan röra sig om effekter på celldelning, celldöd, 
och gener som har med immunförsvaret samt fett- och kolesterolomsättning 
att göra. I Östersjögråsälshonor verkade det dessutom som att de individer 
som varit utsatta för höga halter av PCB drabbades av livmodermyom i stör-
re utsträckning än sälar som inte varit utsatta för så höga halter av PCB. Yt-
terligare studier behövs dock för att mer specifikt klargöra på vilket sätt mil-
jöföroreningar, både var för sig och i kombination med andra miljöförore-
ningar, påverkar olika slags celler från fortplantningssystemet. 
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