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Introduction 

Cardiovascular disease 
Cardiovascular diseases are the number one cause of death and disability in 
the world 1. An unhealthy diet, physical inactivity, tobacco use and harmful 
alcohol consumption are the major behavioural risk factors for 
cardiovascular diseases. The effects of an unhealthy diet and physical 
inactivity may show up in individuals as so called metabolic cardiovascular 
risk factors including, obesity, diabetes, hypertension, and raised cholesterol 
levels. One or several of these risk factors are present in 80 % of patients 
with coronary artery disease and contributes largely to the overall risk 2,3. 
However, they cannot fully explain the global epidemic of cardiovascular 
diseases and environmental risk factors are increasingly being recognized as 
important 4.  

Cardiovascular diseases include all disorders of the heart and vascular 
system e.g. coronary artery disease, cerebrovascular disease, congenital heart 
disease, cardiac arrhythmias, peripheral vascular disease and hypertension. 
Coronary artery disease i.e. heart attack, angina pectoris and cerebrovascular 
disease i.e. stroke are the major killers among cardiovascular diseases 1. 
Heart attack and stroke are acute events usually caused by atherosclerotic 
plaques that develop over many years in the vascular wall. Atherosclerotic 
plaque development is a complex process, involving accumulation of lipids, 
cholesterol, and inflammatory cells in the vascular wall, that eventually leads 
to blockage of tissue’s blood supply, or if the plaque ruptures, to the 
formation of blood clots.  
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The vascular endothelium in health and disease 
Alterations of endothelial functions the first step in the atherosclerotic 
process 5. The endothelium is a single cell layer that forms a homeostatic 
barrier between the blood and the smooth muscle and connective tissues in 
the vascular wall. It exerts many physiological functions that are crucial for 
the regulation of blood fluidity, blood flow and blood pressure as well as for 
inflammatory responses, blood vessel growth and for the exchange of fluids 
and macromolecules between blood and tissues. Hence, a healthy 
endothelium is crucial to maintain vascular function.  

Dysregulation of reactive oxygen species (ROS) and nitric oxide (NO) are 
important primary responses to endothelial damage. NO is a paracrine factor 
that controls vascular tone and angiogenesis and has anti-inflammatory, 
antithrombotic, antiproliferative properties. Thus, NO has a protective role in 
the endothelium and reduced NO bioavailability is significant for endothelial 
dysfunction. ROS are reactive by-products of oxygen metabolism and 
increased production and/or impaired inactivation of ROS can cause vascular 
injury.   

Oxidative stress 
Under normal circumstances the cells antioxidant defence and repair system 
protects against ROS but if the defences are overwhelmed increased ROS 
production develops into oxidative stress 6. Oxidative stress can cause 
vascular injury in many ways and play an important role in atherosclerosis 
and hypertension 7,8. ROS can cause direct damage to the vasculature by 
oxidation of DNA, proteins, and lipids, leading to alterations in cellular 
functions and if the oxidative stress is sustained it can induce cell death by 
apoptosis or necrosis. Furthermore, oxidative stress contributes to 
endothelial dysfunction as ROS react with NO to form highly reactive 
peroxynitrite (ONOO-) 9.  

Endothelial dysfunction 
Endothelial dysfunction is physiologically manifested as impaired 
vasodilatation, and a shift of the endothelium to a pro-inflammatory and 
pro-thrombotic state. It is characterized by decreased NO bioavailability 
commonly caused by elevated levels of ROS or by a down-regulation of 
endothelial NO synthase (eNOS) 10,11. Endothelial dysfunction is present in 
the early stages of atherosclerosis and hypertension in humans and is 
therefore widely used as a prognostic marker for cardiovascular disease.  
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Angiogenesis 
Angiogenesis, the formation of new blood vessels is vital in the developing 
vascular system and in wound healing. However, it is also increasingly 
recognized as important in atherosclerosis by participating in early plaque 
development, and in hemorrhage and rupture of advanced plaques 12,13. In the 
endothelium, the vascular endothelial growth factor A (VEGF), the VEGF 
receptor 2 (VEGFR2) and NO work together to promote angiogenesis. 
VEGF binds to the VEGFR2, which triggers a cell-signalling cascade that 
ultimately leads to phosphorylation of eNOS and increased formation of 
NO 14. NO is the main effector molecule in VEGF induced angiogenesis and 
promotes angiogenesis directly by stimulating proliferation and migration of 
endothelial cells.  

Environmental pollution and cardiovascular disease 
Epidemiological studies suggest that ambient exposure to environmental 
pollution contributes to cardiovascular morbidity and mortality (Table 1). It 
is well established that elevated exposure to air pollution leads to an 
increased risk for cardiovascular disease. Evidence from a number of cohort-
studies shows that the risk of death from cardiovascular disorders increases 
by approximately 10 % with every 10 µg/m3 elevation in long-term exposure 
to PM2.5, defined as air bourne fine particulate matter with a diameter of 2.5 
µM or less. (Table 1). The wide range in mortality risk reported in the 
studies, 3-76 %, may be due to differences in baseline exposure, study 
design and geographic locations but overall they demonstrate a strong 
association between ambient exposure to air pollution and cardiovascular 
disease 15. Elevated exposure to pollutants mainly found in the diet, such as 
persistent organic pollutants (POPs) and bisphenol A (BPA) have also been 
associated with an increased risk for cardiovascular diseases. Large 
epidemiological studies report that raised levels of POPs in the blood are 
positively correlated with hypertension 16-19. Raised urinary BPA levels are 
positively correlated with cardiovascular diagnoses and elevated serum BPA 
is associated with atherogenic changes in the carotid artery i.e. increased 
echogenicity of atherosclerotic plaques (plaque-GSM) and intima media 
(IM-GSM) 20-22. Thus, environmental pollution appears to be an important 
modifiable cardiovascular risk factor that globally affects the public health.  
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Table 1. Epidemiological studies of the relationship between ambient exposure to 
environmental pollution and cardiovascular disease 

Reports of elevated exposure to air pollution and increased cardiovascular mortalitya 

Country  Size of cohort Follow-up period % Increased mortality 
(95% CI) 

USA 23 8000 1974-1998 28 (13-44) 

USA 24 500000 1982-1989 13 (8.1-18) 

USA 25 500000 1982-1998 12 (8-15) 

USA 26 66000 1994-2002 76 (25-147) 

USA 27 66000 1992-2002 30 (0-71) 

USA 28 4000 1977-2000 42 (6-90) 

Norway 29 144000 1992-1998 10 (5-16) 

Netherlands 30 121000 1987-1996 4 (-10-21) 

 
Reports of an associations between elevated blood levels of POP and hypertensionb 

Country  Size of cohort Type of POP OR hypertension  

USA 18 758 Total PCBs 3.86c 

USA 16 721 PCDD, PCDF, PCB126 1.7, 1.9, 2.1d 

Japan 19 1374 PCDD, PCDF       
dioxin-like PCBs 

1.6, 1.9, 1.9d 

USA 17 2500 Total PCBs 2.45d 

 
Reports of an associations between elevated urinary BPA and cardiovascular diagnoses 

Country  Size of cohort OR cardiovascular diagnoses (95% CI)  

USA 21  1455 1.31 (1.1-1.56) e 

USA 22 1455+1493 1.26 (1.11-1.43)e (pooled data) 

 
Reports of an associations between elevated serum BPA and markers of cardiovascular disease 

Country  Size of cohort % Increased IM-GSM % Increased Plaque GSM 

Sweden 20 1016 22 f 28f 

 
a, Adapted from Brooks et.al; b, Blood pressure ≥130/85 mmHg;  
c, 3rd tertile blood PCB compared to 1st tertile; d, 4th quartile blood PCB compared to 1st quartile 
e, OR per z-score increase in urinary BPA; f,  5th quintile serum BPA compared to 1st quintile 
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Endocrine disrupting compounds 

Endocrine disrupting compounds (EDC) encompass a heterogenic group of 
chemicals including dioxins, polycyclic biphenyls (PCBs), plastics, 
pharmaceuticals, polycyclic aromatic hydrocarbons (PAHs), and pesticides 
that share the common feature that they can interfere with the endocrine 
system 31. EDCs can mimic or inhibit natural hormones through a variety of 
different mechanisms (Figure 1).  Similar to hormones EDCs can have tissue 
specific effects in humans and animals at extremely low doses and may exert 
non-traditional dose-responses 32. The low-dose effects and non-monotonic 
dose-response curves that have been described for many EDCs challenge the 
toxicological paradigm that “the dose makes the poison” and has lead to 
much controversy among researchers and risk assessors 33.  

EDCs can exert harmful effects on cells and tissues by a number of 
different mechanisms. They can become bioactivated to reactive metabolites 
that bind to proteins and DNA. They can bind to nuclear and 
membrane-bound cellular receptors and thereby mimic natural hormones or 
in other ways alter hormone signalling. They can also cause alterations in 
enzyme activity and thereby change the metabolism of exogenous and 
endogenous compounds. Figure 1 shows a schematic overview of the 
mechanisms of action of EDCs and how they can lead to cellular damage.  

A growing body of evidence suggest that exposure to EDCs during early 
life may be associated with reproductive disorders, behavioural problems 
and also with common diseases such as cardiovascular disease, diabetes, 
asthma, breast and prostate cancer 34-38. The effects of adult exposure to 
EDCs have been less studied. However, epidemiologic studies have recently 
shown that environmental exposure to EDCs is associated with 
cardiovascular disease, obesity and diabetes suggesting that adult exposure 
may play a role in the development of our major life style diseases 20-22,39,40.  
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Figure 1.  Overview of mechanisms that may be involved in EDC-induced cellular 
damage 
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Metabolism of endocrine disrupting compounds 
Some EDCs including the environmental pollutants PAHs and the breast 
cancer drug tamoxifen needs to undergo metabolic activation to elicit a 
cellular response 41,42. Metabolism of drugs and chemicals can generate 
stable metabolites that bind to cellular receptors and alter cell signalling or 
reactive metabolites that bind covalently to cellular macromolecules 43. 
Cytochrome P450 (CYP) is the most important enzyme family in 
metabolism of foreign compounds and the expression of CYP enzymes in 
cells and tissues may be an important factor for the tissue specific effects of 
EDCs. The expression of CYPs is regulated by nuclear receptors, the aryl 
hydrocarbon receptor (AhR) regulates the expression of CYP1 enzymes and 
the expression of CYP2 and CYP3 enzymes is regulated by the pregnane X 
receptor (PXR) and the constitutive androstane receptor (CAR) 44. The 
cellular expression of CYPs is determined by the expression and activity of 
these receptors as well as by exposure to receptor ligands that causes CYP 
induction. 

Some EDCs including dioxin, dioxin-like PCBs, PAHs and tamoxifen are 
AhR agonists, of which dioxins and dioxin-like PCBs, e.g. PCB126, are very 
potent CYP1-inducers whereas PAHs and tamoxifen are weak inducers 45-47. 
In addition, CYP1 enzymes participate in the bioactivation of some EDCs 
into reactive metabolites, including PAHs and tamoxifen. The vascular 
endothelium expresses the AhR and is responsive to AhR-ligand induced 
CYP1-activity and may be a target site for foreign compounds that function 
as AhR agonists and/or undergo CYP1-mediated metabolic activation. 

Bioactivation to reactive metabolites 
Bioactivation of EDCs to reactive metabolites that form DNA and protein 
adducts can cause DNA damage, oxidative stress, endoplasmatic reticulum 
stress, and cell death. The endoplasmatic reticulum harbours a majority of 
the CYP-enzymes making it a target for the formation of reactive 
metabolites and subsequent protein adduct formation 48. Endoplasmatic 
reticulum stress is characterised by misfolding of proteins that initiates a set 
of events referred to as the unfolded protein response. This promotes 
oxidative stress by increasing production of ROS and ROS can promote 
activation of the unfolded protein response 49-51. Endoplasmatic reticulum 
stress and oxidative stress are thereby closely linked events. Bioactivation of 
PAHs and subsequent adduct formation in the vascular wall is strongly 
implicated in atherosclerosis in experimental model systems and is believed 
to play a role in human cardiovascular disease related to exposure to air 
pollution and tobacco smoke 42,52,53. 
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Activation of receptor mediated genomic responses  
It is well known that EDCs can bind directly to nuclear hormone receptors 
such as the oestrogen receptors (ERα, ERβ, ERRγ), the progesterone 
receptor, the androgen receptor, and the thyroid receptor, and thereby 
enhance or inhibit the effect of natural hormones 54. Other nuclear receptors 
have also been implicated in EDCs mechanism of action in particular the 
AhR which has been strongly associated with the biological effects of 
pollutants such as dioxins, dioxin-like PCBs and PAHs 55. In the absence of 
a ligand the nuclear receptors are localized in the cytosol in complex with 
chaperons and co-repressors. Upon ligand binding the complex dissociates 
and translocate to the nucleus where it undergo receptor dimerization and 
recruitment of transcriptional co-activators. The newly formed complex 
binds to DNA promotor regions and induces transcriptional activation of 
target genes. 

The mechanisms by which AhR ligands cause endocrine disruption may 
be due to receptor cross-talk between the AhR and other steroid receptors 56. 
In particular, molecular interactions between the AhR and the ER have been 
demonstrated to be involved in the mechanism of action of dioxin and 
dioxin-like PCBs 57. Several mechanism for AhR ligands to disturb ER 
signalling have been described, for example competition for common co-
activatiors, AhR mediated transcriptional activation of oestrogen 
metabolizing CYP enzymes, binding of AhR adjacent to the ER promotor 
region and AhR mediated proteosomal degradation of the ER 55.  

Activation of receptor mediated non-genomic responses 
EDCs can also exert rapid receptor mediated non-genomic responses. For 
example oestrogen-mimicking compounds such as BPA can elicit rapid 
cellular responses through the GPR30 and the membrane bound ERα and the 
toxic effects of dioxin has been demonstrated to be mediated in part by AhR-
mediated non-genomic mechanisms 58-61. 
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Compounds investigated in this thesis 

This thesis presents experimental studies of four compounds in vascular cells 
and highly vascularized tissues, with a special focus on human primary 
endothelial cells. The environmental pollutants 1-nitropyrene (1-NP), 
3,3′,4,4′,5-pentachlorobiphenyl (PCB126), bisphenol A (BPA) and the breast 
cancer drug tamoxifen (Figure 2). These compounds are well known or 
suspected to exert endocrine disrupting effects and have previously been 
associated with cardiovascular disease or peripheral vascular abnormalities. 

 
 
Figure 2. Chemical structures of compounds studied in this thesis: 1-nitropyrene, 
PCB126, bisphenol A and tamoxifen 
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1-Nitropyrene 
The increased risk for cardiovascular disease that is linked to exposure to air 
pollution is likely caused by the combined effects of the compounds that 
constitute fine particulate matter, including organic compounds, metals, 
nitrates and sulphates 62. There is considerable evidence implicating PAHs in 
the development of atherosclerosis and it is possible that also nitro-PAHs are 
involved in cardiovascular disease related to exposure to air pollution 42,63.  

1-NP is one of the most abundant nitro-PAHs in diesel exhaust and is a 
major contributor to the human exposure of nitro-PAHs. 1-NP haemoglobin 
adducts are found in blood samples from humans occupationally exposed to 
diesel exhaust indicating that humans are internally exposed to 1-NP and that 
reactive 1-NP metabolites are present in the circulation 64. However, the 
concentrations of 1-NP and its metabolites in the circulation in the general 
population are not known.  

The major metabolic pathways of 1-NP are via nitroreduction by xanthine 
oxidase (XO) and (NAD(P)H dehydrogenase, quinone 1(NQO1) to 
1-nitrosopyrene and N-hydroxy-1-aminopyrene or via CYP dependent 
oxidation to reactive non-K-region phenols and K-region oxides (Figure 3) 
65,66. Both metabolic pathways can occur in vivo and their relative 
contribution to 1-NP metabolism may be determinant for its effects in cells 
and tissues 67.  

 
 

Figure 3. Proposed pathways responsible for the bioactivation of 1-NP in the 
endothelium, and the enzymes involved. Adapted from Silvers et.al. 65  
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PCB126 
PCBs were used world-wide as industrial chemicals until they became 
banned in the 1970’s due to negative health effects on humans and wild-life. 
PCB’s are persistent compounds that bio-accumulate in adipose tissue and 
although the levels in the environment are slowly decreasing humans are still 
exposed and the general population show detectable levels of PCBs in blood 
samples 39.  Human exposure to PCBs is mainly related to the dietary intake 
of fish, meat, egg and dairy products 68. PCBs can be metabolised, at a very 
slow rate, by CYP to more easily eliminated metabolites or to persistent 
metabolites with different properties compared to the parent compound 69,70.  

The association between environmental exposure to PCBs and human 
hypertension is most likely a result of the total body burden of PCBs. 
However, dioxin-like PCBs and in particular PCB126 show a stronger 
correlation than non dioxin-like PCBs 17-19,40. Also, experimental studies 
show that PCB126 induce hypertension in rats and that the effect is 
dependent on circulating oestrogen levels. The concentration of PCB126 in 
blood samples from the general population in Japan and USA, ranges from 
22-78 pg/g lipid and 26-59 pg/g lipid, respectively (2nd-3rd quartile) which 
represents relatively low levels compared to other PCBs 17,19. However, 
PCB126 has a high TEF1 value and has been reported to account for 75 % of 
total PCB-TEQ in human serum samples indicating that the serum levels of 
PCB126 found in the general population can contribute significantly to the 
harmful effects of total PCBs 71.  

Bisphenol A 
The oestrogenic high-volume chemical BPA is a key component in 
polycarbonate plastics and epoxy resins, which are widely used in cans and 
plastic containers for food and beverage. In recent years, epidemiological 
studies have reported that increased exposure to BPA is correlated with an 
increased incidence of cardiovascular disease and atherogenic changes in the 
blood vessel wall 20-22. Consumption of plastic packaged and canned food 
and beverages are the major routes of exposure but house dust, air, and 
thermal papers may also contribute to the total exposure 72,73. Exposure 
studies have estimated the human daily BPA intake to < 1 µg/kg/ body 
weight/day 72,74. However, these data assume that all exposure sources are 
identified and some findings indicate that this is an underestimation of the 
real human exposure 75,76.  
                                                
1 Dioxin-like compounds are given a toxic equivalency factor (TEF) indicating its toxicity 
relative to 2,3,7,8-TCDD. The amount of each compound in a mixture/sample is multiplied 
with the corresponding TEF-value and summed to generate a toxic equivalent (TEQ) of the 
mixture/sample. 
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The extent of the first pass metabolism of BPA and how much unconjugated, 
biologically active, BPA that reach the circulation has been debated. Studies 
in rats demonstrate that BPA is rapidly metabolized in the liver and that very 
low levels of unconjugated BPA reaches the circulation 77. However, a 
recent study in Rhesus monkeys demonstrated a slower hepatic BPA 
metabolism and higher levels of circulating unconjugated BPA compared to 
rats 76. Also, a fraction of the absorbed BPA may distribute to adipose tissue, 
followed by a slow, low-level, release of BPA into the bloodstream 78. 
Recent bio-monitoring studies report that unconjugated BPA is routinely 
detected in human blood samples in the 1 ng/ml range (4.4 nM) clearly 
indicating that BPA is present in the circulation of the general 
population 20,33,75.  

Tamoxifen 
The selective ER modulator (SERM) tamoxifen is the most widely used 
agent for treatment and prevention of ER positive breast cancer 79. However, 
the beneficial effects are compromised by an increased risk for lesions in the 
endometrium and for peripheral vascular disease 80. About 50 % of all 
women treated with tamoxifen suffer from adverse effects in the 
endometrium including bleeding, endometriosis, polyps, hyperplasia, and 
cancer 81. The mean tamoxifen plasma concentration among women on 
standard tamoxifen treatment (20 mg/day) is approximately 370 nM 82.  

Tamoxifen has a tissue-specific mode of action with anti-estrogenic 
effects in breast tissue and partial estrogenic effects in endometrial 
tissue 83-85. It is metabolized by CYP enzymes to an array of metabolites with 
varying affinity for the ERs and mixed agonistic and antagonistic effects on 
ER signalling (Figure 4) 41,86. CYP3A and CYP2D6 have been identified as 
the major enzymes involved in the principal routes of tamoxifen metabolism 
in the liver but other CYP-forms can also participate 41,87,88. Tissue specific 
formation of tamoxifen metabolites due to differences in CYP expression 
could be one important reason for its variable tissue response.  

The mechanism by which tamoxifen causes adverse effects in the 
endometrium is disputed and both estrogenic and genotoxic mechanisms 
have been proposed 41,89,90. Studies in vivo and in vitro have demonstrated 
that tamoxifen can form DNA adducts but there are conflicting evidence as 
to whether or not tamoxifen treatment leads to DNA adduct formation in the 
human endometrium 91-94. The formation of tamoxifen-DNA adducts in 
experimental model systems is mediated by sulfonation of α-hydroxylated 
metabolites to reactive intermediates 95,96. CYP3A4 is identified as the major 
CYP responsible for the formation of α-hydroxylated tamoxifen metabolites 
but other CYP-forms can also catalyse α-hydroxylation 87,97.  
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Figure 4. Proposed pathways responsible for the bioactivation of tamoxifen in the 
endometrium, and the enzymes involved. Adapted from Desta et.al., Crewe et.al. 
and Kim et.al 41,88,96. 
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Objectives 

Evidence from a large number of epidemiological studies suggest that 
exposure to EDCs is a risk factor for cardiovascular disease and vascular 
disorders. We know little about the mechanisms whereby EDCs can cause 
harmful effects in the vasculature and there is a need for experimental 
studies investigating the effects of EDCs in cardiovascular cells and tissues. 
The overall objective of this thesis was to characterize the effects and 
mechanisms of some structural and functionally diverse EDCs in vascular 
cells and highly vascularized tissues. The specific aims are: 
 
• To investigate the effects of 1-NP, PCB126 and BPA on cardiovascular 

biomarkers in vitro in human endothelial cells and cardiomyocytes, and 
also the metabolic pathways and receptors involved (Papers I-IV). 
Biomarkers for the following cellular responses were included. 

 Cell stress 
 DNA damage 
 Endothelial dysfunction 
 Angiogenesis 
 Vasoconstriction 
 Inflammation 

• To investigate the effects of long-term exposure to BPA on 
cardiovascular biomarkers in vivo in rat cardiovascular tissues (Paper IV) 
Biomarkers for the following cellular responses were included. 

 Endothelial dysfunction 
 Angiogenesis 
 Vasoconstriction 
 Inflammation 

• To investigate tamoxifen adduct formation, tamoxifen-induced cell stress, 
and the expression of tamoxifen-metabolising enzymes ex vivo in the 
heavily vascularized human endometrium (Paper V). Biomarkers for the 
following cellular responses were included: 

 Adduct formation 
 Cell stress 
 Apoptosis 
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Comments on methods 

Several well-established methods are used in these studies with the overall 
goal to examine chemically induced changes in human primary cells and 
tissues and also in rat tissues. The methods used are listed in Table 2. The 
reader is referred to the Materials and Method sections in the specific papers 
for a detailed description of the methods. 

 
 
 
 

Table 2. Methods used and the biological endpoints that were examined  

Endpoint Method  Paper(s) 

Adduct formation Light microscopic autoradiography  V 
CYP1 activity EROD   I 
DNA damage COMET assay  I 
In vitro angiogenesis 
Cell viability 

Tube formation assay 
MTT  

 III 
I 

mRNA expression qRT-PCR  I, II, III, IV,  
NO  DAF-FM  II, III 
NO2

- NO3
- Griess assay  IV 

Protein expression Western blot  I, II, III 
Protein expression Enzyme immune assay  II, III 

Protein expression Immunohistochemistry  IV, V 

Protein expression Immunofluorescence  II, III 

ROS  H2DCFDA  I, II, III 

 
  



 24 

Experimental model systems 
This thesis is mainly based on studies using human primary cells and tissues 
as experimental models. For studies of metabolism-dependent and receptor-
mediated toxicity the use of human cells and tissues is preferable to cells and 
tissues of animal origin because differences in enzyme activity and receptor 
distribution complicates cross-species extrapolation 98. It is also of advantage 
to use primary cells because cell lines often have lost important 
characteristics of their progenitors, including a lost or reduced CYP activity. 
The use of primary human cell models is however compromised due to 
limited availability and because they can differentiate and undergo 
phenotypic changes in long-term cell culture.   

Human umbilical vein endothelial cells (HUVEC) were employed as an 
endothelial cell model in paper I-III. Several human endothelial cell models 
are today available of which HUVEC is the most commonly used. HUVEC 
are easy to isolate and culture and can be subcultured for several passages. 
Previous studies have demonstrated that HUVEC is a suitable model for 
studies of AhR-dependent CYP1-induction and metabolic activation of 
foreign compounds and it is also a standard model for studies of endothelial 
dysfunction, inflammatory responses and in vitro angiogenesis 52,99-102. A 
recent comparative study of human endothelial cell models concluded that 
HUVEC is suitable for studies of more general endothelial cell processes and 
that the appropriate cell culture conditions and a low passage is more 
important than the vascular bed the cells are isolated from 103.  

In paper IV we used primary foetal human cardiomyocytes (HCM) as a 
model. HCM can only be cultured for short time periods before they are 
terminally differentiated and subculturing is not recommended. The use of 
HCM in experimental settings is therefore limited. In addition, there are no 
human myocardial cell lines available today 104. Thus, there is a lack of 
suitable in vitro models for experimental studies in human cardiomyocytes. 

Human endometrial explants were used as an ex vivo model in paper V. 
Endometrial explants closely resembles an in vivo situation in that they have 
a normal mixture of vascular, glandular and stromal cells, and maintain 
metabolic activity in culture 92. This makes them suitable for studying 
metabolism, distribution and effects of drugs and chemicals 105. The use of 
human endometrial explants for ex vivo studies are, however, limited by a 
restricted supply, inter-individual differences in tissue response, and a short 
viability in culture. One study report that endometrial explants are viable 
with a maintained metabolic activity for 24 hours in culture, however, 
another study report a decreased viability after six hours in culture 92,106. This 
makes explants inappropriate for certain studies such as screening studies 
and long-term exposure studies 
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Results and discussion 

Rationales for dose selections 
The data from the in vitro and ex vivo studies are mainly of mechanistic 
value and additional in vivo studies are needed to link the present findings to 
an environmentally relevant exposure situation. The concentrations of 1-NP, 
PCB126 and BPA used for in vitro studies in papers I-IV were mainly 
selected based on previous studies to enable comparisons of our data with 
already existing in vitro data. Cell viability studies were performed to avoid 
cytotoxic concentrations of 1-NP and PCB126, and the EROD assay was 
performed to ensure that the concentration of PCB126 that was used induced 
CYP1-activity. Since the mechanisms and effects of BPA are reported to be 
different at low concentrations compared to high concentrations, 
i.e. a non-monotonic dose response, it is critical to use environmentally 
relevant concentrations in experimental settings to pick up relevant effects 
and mechanisms 33. So, in addition to study existing literature, the 
concentrations of BPA for the in vitro studies were selected based on the 
concentrations found in human blood samples 20,75,107. 

In vivo studies are more similar to real exposure situations than in vitro 
studies and comparisons with human exposure levels are therefore relevant. 
For the in vivo study (Paper IV) the concentrations of BPA were selected 
based on human exposure levels and the current oral reference dose (RfD2) 
calculated by authorities. Exposure of rats to BPA at 0.025, 0.25 or 2.5 
µg/ml in the drinking water resulted in an average intake of 5.5, 58 and 521 
µg/kg/body weight per day, respectively. The lowest dose is similar to the 
estimated human intake and the middle dose is similar to RfD 72,108.  

For the ex vivo studies of tamoxifen-induced cell stress, cytotoxic 
concentrations of tamoxifen were used with the purpose to identify 
tamoxifen target cells and to investigate if the adduct formation could be 
linked to cellular damage. A short incubation time was selected to avoid 
decreased cell viability (Paper V) 82. Based on our previous experience with 
autoradiographic studies of covalent binding of chemicals in rodents, a low 
non-toxic concentration of [3H]tamoxifen was selected to investigate 
tamoxifen adduct formation 105.  

                                                
2 RfD, An estimate of a daily oral exposure to the human population that is likely to be wit-
hout an appreciable risk of deleterious effects during a life time. BPA RfD=50 µg/kg body 
weight per day.  
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Characterization of receptor expression  
The cell and tissue specific expression of target receptors may be an 
important factor for the effects of EDCs. According to previous studies, the 
effects of the studied compounds are strongly associated with some or all of 
the following receptors, ERα, ERβ, ERRγ, GPR30, and AhR 99,109-113.  

Analysis of the cellular protein expression of ERα, ERβ and AhR in 
HUVEC demonstrated a distinct expression of AhR and ERβ preferentially 
localized to the nucleus and no signs of ERα expression (Figure 5) 
(Paper II). In addition, PCB126 induced CYP1 activity in HUVEC clearly 
indicating that HUVEC is responsive to ligand-induced transcription of AhR 
target genes (Paper I). This clearly indicates that studied compounds can 
exert receptor-mediated responses and/or undergo CYP1 dependent 
bioactivation in HUVEC and also that AhR-ER crosstalk may be involved in 
the mechanism of action of AhR and ER ligands.  

Gene expression analysis of the ER subtypes showed that HUVEC 
express ERβ and GPR30, HCM express ERRγ and GPR30 and rat cardiac 
tissue expresses ERα, ERβ and ERRγ (Paper IV). Immunohistochemical 
studies demonstrated a moderate to strong ERβ protein expression in the 
smooth muscle cells and endothelial cells in the aorta and also a weak ERα 
protein expression in the smooth muscle cells (Paper IV). ERα and ERβ 
could not be detected in cardiac muscle cells or in cardiac blood vessels. 
Previous studies have demonstrated that endothelial cells and smooth muscle 
cells in the rat aortic vascular wall expresses ERβ and lacks expression of 
ERα 114.  Also protein expressions of ERα and ERβ have been demonstrated 
in cultured rat cardiac myocytes 115. The differential expression of ER 
subtypes in cardiovascular cells and tissue may represent one important 
reason for cell, tissue and species specific effects of estrogenic compounds.   

 
Figure 5. Expression of AhR and ER in cultured HUVEC as demonstrated by 

immunofluorescence staining. The AhR expression was moderate to strong in the 
nucleus and weaker in the cytoplasm. ERβ expression was highly localized to the 
nucleus with very weak expression in the cytoplasm. 
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In vitro studies of environmental EDCs in human 
endothelial cells and cardiomyocytes (Papers I-IV) 

1-Nitropyrene (Paper I) 

1-NP induced DNA damage and cell stress in HUVEC 
Exposure to the air pollutant 1-NP (≤ 10 µM) for 24 hours resulted in 
concentration-dependent DNA damage and endoplasmatic reticulum stress 
in HUVEC, as indicated by increased DNA fragmentation and elevated 
expression of the endoplasmatic reticulum stress chaperone GRP78 
(Figure 6). No signs of decreased cell viability or apoptosis were observed in 
HUVEC following the same levels and exposure time of 1-NP. Attenuated 
cell viability was only observed after incubation with 15 µM of 1-NP. This 
indicates that DNA damage and endoplasmatic reticulum stress are primary 
changes in the development of 1-NP-induced endothelial cell injury and not 
secondary due to cytotoxicity.  

The results also demonstrated increased ROS levels in HUVEC following 
30 minutes of exposure to ≤15 µM 1-NP. A previous study in a human lung 
epithelial cell line reported increased levels of ROS only after 3 hours 
incubation with 40 µM 1-NP suggesting that HUVEC is a sensitive cell type 
for the effects of 1-NP on ROS production 116. 

The results presented in paper I are in line with previous reports 
demonstrating that 1-NP causes DNA-damage and increases ROS 
production in human lung and liver cells 116-123. 1-NP induced genotoxicity 
has been related to DNA adduct formation as well as with oxidative DNA 
damage 122,124. Thus, the DNA damaging effects likely to be caused by 
bioactivation of 1-NP to reactive metabolites and subsequent formation of 
DNA adducts or to be secondary to increased ROS production. The results 
also showed that 1-NP was a more potent inducer of DNA damage than the 
well characterized model PAH benzo(a)pyrene in HUVEC. This is in 
contrast to previous studies in other human cell types reporting that 
benzo(a)pyrene is more genotoxic than 1-NP and provides further evidence 
that HUVEC is a susceptible cell type when evaluating the harmful effects of 
1-NP 125,126.  
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Figure 6. COMET assay demonstrated increased DNA damage in HUVEC 
following treatment with 1-NP compared to vehicle. 1-NP’s DNA damaging effects 
were inhibited by dicoumarol and PCB126. Bars represent mean TDNA ± SEM of 
four experiments (A). Western blot demonstrated increased GRP78 protein 
expression in HUVEC treated with 1-NP compared to vehicle. The effect of 1-NP on 
GRP78 was inhibited by dicoumarol. Bars represent mean band intensity  ± SEM of 
three experiments normalized to vehicle and β-actin (B). *p<0.05, **p<0.01, 
***p<0.001 compared with vehicle.  #p<0.05, ##p<0.01, ###p<0.001 compared 
with 1-NP.  

1-NP’s effects are caused by metabolites formed at nitroredution 
Some of the enzymes that metabolize 1-NP are expressed in the human 
endothelium, XO and NQO1 that catalyses 1-NP nitroreduction and 
CYP1A1/1B1 that catalyses 1-NP oxidation. The relative activity of these 
enzymes may be a determinant factor for the effects of 1-NP in the 
endothelium 128-133. In order to modulate the metabolic pathways responsible 
for 1-NPs effects in HUVEC in the study we included dicoumarol that 
inhibits XO and NQO1, and PCB126 that induces CYP1A1/1B1 134. 
Inhibition of nitroreduction by simultaneous treatment with dicoumarol 
attenuated the effects of 1-NP on DNA damage, GRP78 expression and ROS 
production in HUVEC. Also, induction of CYP1A1/1B1 oxidation of 1-NP 
by pre-treatment with PCB126 attenuated 1-NP induced DNA damage. 
These observations suggest that the effects of 1-NP on HUVEC were caused 
by metabolites formed at nitroreduction of 1-NP and not by matabolites 
formed at CYP1A/1B1-catalyzed oxidation. 
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PCB126 (Paper II) 

PCB126 increased the production of vasoconstriction factors in HUVEC 
Exposure of HUVEC to the environmental pollutant PCB126 (1µM) for 
24 hours increased the mRNA and protein expression of COX-2 
(Figure 7A). Increased COX-2 activity plays a role in hypertension by 
catalysing the formation of vasoconstriction prostaglandins and by 
stimulating ROS production 8.  Further studies demonstrated that PCB126 
increased the production of the vasoconstriction prostaglandin PGF2α 
(Figure 7B) and ROS in HUVEC. In experimental settings, PGF2α causes 
vasoconstriction in human blood vessels and stimulate hypertension in 
animals but the precise role of PGF2α as an endothelium-derived 
vasoconstriction factor in human hypertension is not fully elucidated. The 
relationship between increased ROS production and human hypertension is 
well established, ROS promotes vasoconstriction by stimulating the 
production of vasoconstriction prostaglandins and by reducing 
bio-availability of the vasorelaxing factor NO 8. Indeed, exposure to PCB126 
slightly reduced the production of NO in HUVEC. Taken together these 
studies demonstrated that PCB126 can modulate endothelium-derived 
vasoactive factors in HUVEC in a way that is characteristic for endothelial 
dysfunction related to human hypertension 135. 

 
Figure 7. Western blot demonstrated increased COX-2 protein expression in 
HUVEC treated with PCB126 compared with vehicle. PCB126 effect on COX-2 
was enhanced by E2. Bars show mean band intensity ± SEM of three experiments 
normalized to vehicle and β-actin (A). PGF2α EIA demonstrated increased PGF2α 
production in HUVEC treated with PCB126 compared with vehicle. The effect was 
were enhanced by E2 and inhibited by an AhR antagonist. Bars represent mean 
PGF2α ± SEM of two cell cultures per treatment analyzed in duplicate (B). *p<0.05, 
**p<0.01, ***p<0.001 compared with vehicle.  #p<0.05 compared with PCB126  
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Physiologcal levels of E2 enhanced the effects of PCB126 in HUVEC 
Based on the findings that PCB126-induced hypertension in rats is 
dependent on the oestrogen status, we investigated if the addition of 
physiological levels of 17β-oestradiol (E2) could modulate the effects of 
PCB126 in HUVEC 136. The addition of 10 nM of E2 in the exposure 
medium significantly enhanced the PCB126-induced mRNA expressions of 
CYP1A1 and CYP1B1 and COX-2 in HUVEC. This suggests that increased 
levels of oestrogen stimulate AhR-dependent transcription of genes 
previously associated with endothelial dysfunction and hypertension 135,137. 
Moreover, E2 slightly enhanced the effects of PCB126 on COX-2 protein 
expression and PGF2α production in HUVEC, suggesting that an increased 
level of E2 may also affect PCB126-induced production of vasoconstriction 
factors. Treatment with E2 alone did not change the mRNA expression of 
CYP1A1, CYP1B1 and COX-2. The enhanced cellular response to PCB126 
due to the addition of E2 can thereby not be explained as an additive effect 
but more complex mechanisms are likely to be involved. 

Furthermore, simultaneous treatment of HUVEC with PCB126 and E2 
induced eNOS mRNA expression whereas the separate exposure to PCB126 
or E2 did not change eNOS mRNA expression. Increased eNOS expression 
can raise NO production but it is not necessarily reflected in an increased 
NO bioavailability. Uncoupling of eNOS with subsequent ROS production 
can occur and ROS may scavenge NO to form ONOO- 138. The protein 
expression of phosphorylated eNOS, P-eNOS(ser1177), was not changed 
following treatment with PCB126 and E2 suggesting that the increase in 
eNOS mRNA expression was not accompanied by an increase in eNOS-
dependent NO production.  

The effects of PCB126 in HUVEC were mediated by the AhR  
The present study also demonstrated that binding of PCB126 to the AhR was 
critical for the effects of PCB126. The addition of an AhR antagonist 
(CH223191) inhibited PCB126 effects on CYP1A1 and CYP1B1 mRNA 
expression as well as on PGF2α production (Figure 7, 8). Whether and how 
ERβ is involved in the effects of PCB126 in HUVEC is unclear. The ER 
antagonist (ICI 182780) largely mimicked the effects of E2 in HUVEC when 
combined with PCB126 (Figure 8). In contrast to our results, ICI 182780 
inhibited E2’s enhancing effects on AhR ligand-induced expression of 
COX-2 in human lung fibroblasts and CYP1 in human breast cancer 
cells 139,140. The differential effects of ICI 182780 on AhR-related activities 
may be related to the expression of ERα and ERβ in different cell types. 
HUVEC that was used in the present study expressed ERβ and not ERα 
whereas human lung fibroblasts and breast cancer cells are reported to 
express ERα and ERβ 141.   
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Figure 8. The PCB126-induced CYP1A1 and CYP1B1 expression were enhanced 
by E2 and inhibited by an AhR antagonist (A,B). Co-treatment with PCB126 and E2 
increased COX-2 and eNOS expression compared to vehicle and PCB126 (C,D). 
Bars represent mean normalized mRNA expression ± SEM of three cell cultures. 
**p<0.01, ***p<0.001 compared with vehicle.  #p<0.05, ##p<0.01, ###p<0.001 
compared with PCB126.  

Bisphenol A (Papers III and IV) 

BPA induced similar transcriptional responses in HUVEC and HCM 
Paper III and IV present studies of BPA’s effects on genetic markers for 
endothelial dysfunction, angiogenesis, inflammation and vasoconstriction in 
HUVEC and HCM.  The results revealed that 1 nM-1 µM BPA increased the 
mRNA expression of eNOS, VEGF, VEGFR2, connexin 43 and ACE1 in 
HUVEC and that 10 µM BPA increased the mRNA expression of eNOS, 
ACE1, RELA (NFκβ) and IL-8 in HCM. See table 3 for the full list of 
genetic biomarkers. Hence, BPA partially affects the same genes in HUVEC 
as in HCM and suggests that HUVEC are more susceptible to BPA 
compared to HCM (Figure 9, 10). The effects of BPA on ACE1 in HUVEC 
and RELA and IL-8 in HCM are not included in the papers of this thesis. 
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Figure 9. In vitro effects of BPA on genetic biomarkers of cardiovascular function 
in HUVEC. qRT-PCR demonstrated that 1 nM, 10 nM and 1 µM BPA increased the 
mRNA expression of ACE1, eNOS, VEGF and VEGFR2 in HUVEC compared with 
vehicle. Bars represents mean normalized mRNA expression ± SEM of three cell 
cultures. *p<0.05, **p<0.01 compared to vehicle. 

 

 
Figure 10. In vitro effects of BPA on genetic biomarkers of cardiovascular function 
in HCM. qRT-PCR demonstrated that 10 µM BPA increased the mRNA expression 
of ACE1 and eNOS in HCM compared with vehicle.  Bars represents mean 
normalized mRNA expression ± SEM of three cell cultures. **p<0.01 compared to 
vehicle. 
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BPA stimulate NO production and in vitro angiogenesis in HUVEC 
The BPA-induced up-regulation of eNOS led to further investigations of 
BPA’s effects on the NO system in HUVEC. The results demonstrated that 
exposure of HUVEC to 10 nM and 1 µM BPA increased the expression of 
P-eNOS(ser1177) (Figure 11A) and the production of NO (Figure 11B). The 
expression of P-eNOS(ser1177) in BPA-treated HUVEC was increased in 
nuclei whereas the expression pattern remained unchanged. 
P-eNOS(ser1177) was mainly expressed in the nucleus with very weak 
expression in the plasma, only occasional cells showed expression in the 
plasma membrane. A previous study showed that a higher concentration of 
BPA (1 µM) was required to increase NO production in a mouse endothelial 
cell line expressing ERα but not ERβ. The ER antagonist ICI 182780 
decreased the BPA-induced NO production in mouse endothelial cells 
whereas ICI 182780 did not change the BPA-induced NO production in 
HUVEC (Figure 11B). This suggests that human endothelial cells are more 
susceptible to BPA than murine endothelial cells and that the cell specific 
expressions of ERα and ERβ are important for BPA-induced NO production. 

Based on the findings that BPA increase the expression of genes encoding 
the proangiogenic factors VEGF, VEGFR2, eNOS, and Cx43, and also 
increased P-eNOS(ser1177) expression and NO production we investigated 
whether BPA could stimulate angiogenesis in HUVEC using the endothelial 
tube formation assay 101,142-144. The results demonstrated that 1 nM and 
10 nM BPA increased HUVEC tube formation suggesting that BPA can act 
directly on the endothelium and stimulate angiogenesis (Figure 12).  

Dysregulation of angiogenic factors and excessive angiogenesis 
contributes to the development of a number of pathological conditions 145. It 
is well known that VEGF-induced angiogenesis is essential for tumour 
growth 142. In addition, endothelial VEGF signalling and angiogenesis is 
increasingly being recognized to promote the early stages of atherosclerotic 
plaque progression and rupture of vulnerable plaques and to play a role in 
adipose tissue expansion and human obesity 13,146-148. 



 34 

 
Figure 11. Immunofluorescence staining demonstrated increased expression of 
P-eNOS(Ser1177) in HUVEC treated with 10 nM BPA for 24 hours compared with 
vehicle. The staining was strongly localized to the nucleus with little or no staining 
in the cytoplasm and plasma membrane (A). The DAF-FM assay demonstrated 
increased NO-production in HUVEC following treatment with 10 nM and 1 µM 
BPA. Lines represents mean NO-generated fluorescence normalized to the start 
value (0 hours) from three experiments (B). *p<0.05, **p<0.01 compared to vehicle. 

 

 
Figure 12. The endothelial tube formation assay demonstrated increased in vitro 
angiogenesis in HUVEC following treatment with BPA. Incubation with 1 nM and 
10 nM BPA increased HUVEC tube formation compared to vehicle, here expressed 
as relative tube length per well. Bars represent mean tube length per well from three 
experiments normalized to vehicle. *p<0.05, ***p<0.001 compared to vehicle. 



 35 

In vivo studies of long-term exposure to bisphenol A in 
rat cardiovascular tissues (Paper IV) 

The BPA in vivo studies revealed that exposure of rats to environmentally 
relevant levels of BPA, from preadolescence to adulthood, increased the 
cardiac mRNA expression of genes previously associated with coronary 
artery disease. Ten weeks exposure of rats to 0.025, 0.25 or 2.5 µg/ml BPA 
in the drinking water increased the expression of the proangiogenic factors 
eNOS, VEGF, and VEGFR2 and the vasoconstriction factor ACE1 
(Figure 13). The mRNA expression of the other biomarkers included in the 
study were not changed (Table 3). The results also showed that rats exposed 
to 2.5 µg/ml BPA in the drinking water had elevated levels of plasma VEGF 
compared to rats exposed to vehicle control. ACE1 is responsible for the 
formation of angiotensin II that exerts vasoconstricting and prothrombotic 
effects in the vasculature and is strongly implicated in the development of 
human coronary artery disease 149,150. Furthermore, the onset and progression 
of human coronary artery disease have been associated with angiogenesis in 
coronary arteries and increased cardiac expression of VEGF and 
eNOS 13,145,151-154.  

In vivo-in vitro correlations of bisphenol A 
(Papers III, IV) 
The genes that were up-regulated in rat cardiac tissues in vivo (eNOS, 
VEGF, VEGFR2 and ACE1) were also up-regulated in human endothelial 
cells and cardiomyocytes in vitro, following exposure to BPA. According to 
the in vitro studies, the effects of BPA on cardiomyocytes is restricted to 
eNOS and ACE1 and endothelial cells appear to be more susceptible to BPA 
compared to cardiomyocytes.  

The heart is a heavily vascularized tissue that consists mainly of cardiac 
endothelial cells and cardiomyocytes and although cardiomyocytes dominate 
the volume of the myocardium the number of endothelial cells exceeds the 
number of cardiomyocytes by approximately three to one 155. Thus, the 
effects of BPA on eNOS VEGF, VEGFR2 and ACE1 mRNA expression in 
rat cardiac tissues are most likely to be related to an effect of BPA on cardiac 
endothelial cells but may also involve cardiomyocytes. VEGF and ACE1 are 
known as oestrogen responsive genes in cardiovascular cells and tissues and 
BPAs oestrogen mimicking mode of action may mediate the effects of BPA 
on ACE1 and VEGF 156,157. In addition, VEGF up-regulates ACE1 and eNOS 
mRNA expressions in human endothelial cells and angiotensin II up-
regulates VEGF mRNA expression in rat cardiac endothelial cells, thus, the 
BPA-induced mRNA expression of eNOS, VEGF and ACE1 in 
cardiovascular cells and tissues may be associated events 158-160 
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Table 3. Genetic biomarkers of cardiovascular function included in the in vitro and 
in vivo studies of BPA (Papers III and IV) 

Genetic biomarker Linked to 

VEGF Angiogenesis 

VEGFR2 Angiogenesis 
eNOS Angiogenesis/Endothelial dysfunction 
ET-1 Endothelial dysfunction 
RELA (NFκβ) Inflammation 
IL-6 Inflammation 
IL-8/CXCL1/CXCL2a Inflammation 

COX-2 Inflammation, vasoconstriction 
HO-1 Oxidative stress 
ACE1 Vasoconstriction 
Connexin 43 Vasoconstriction/angiogenesis 
a, CXCL1 and CXCL2 are murine IL-8 homologs 
 

 
Figure 13. In vivo effects of BPA on genetic biomarkers of cardiovascular function 
in cardiac tissues of rats following long-term exposure to BPA in the drinking water. 
Rats exposed to 0.025, 0.25 or 2.5 µg/ml BPA showed increased ACE1 and VEGF 
mRNA expression compared with vehicle controls. The eNOS mRNA expression 
was increased in rats exposed to 0.025 and 2.5 µg/ml BPA and the VEGFR2 mRNA 
expression was increased in rats exposed to 0.025 µg/ml BPA compared to vehicle 
controls. Bars represents mean normalized mRNA expression ± SEM of three cell 
cultures. *p<0.05,  **p<0.01, ***p<0.001 compared to vehicle. 
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Ex vivo studies of tamoxifen-induced adduct formation 
and cell stress in human endometrium (Paper V) 

Expression of tamoxifen metabolizing enzymes 
Immunohistochemical analysis of tamoxifen-metabolizing enzymes in 
human endometrial explants revealed a moderate expression of CYP1A1 in 
the blood vessel walls and in the stroma around the blood vessels and a 
strong expression of CYP1B1 in the blood vessel walls (data to be 
published). Moreover, a moderate expression of CYP1B1, CYP2A6, 
CYP2B6, CYP2C8/9/19, CYP2D6, and SULT2A1 was evident in glandular 
and surface epithelial cells in the endometrium. All 19 women included in 
the study showed endometrial expression of some CYP-metabolizing 
enzymes but the individual expression profiles displayed large variations 
(Table 4, Figure 14). CYP3A4 and CYP2D6 have been demonstrated as the 
major CYPs responsible for the formation of α-hydroxylated tamoxifen 
metabolites that can be further metabolized to reactive intermediates, but 
CYP1A1, CYP1B1, CYP2B6, CYP2C9, CYP2C19, CYP3A5 can also 
catalyse α-hydroxylation 41,92,97. Furthermore, experimental evidence 
suggests that SULT2A1-catalyzed sulfation of α-hydroxylated tamoxifen 
metabolites leads to DNA adduct formation in human and rat cells and 
tissues 95,161.  

 

Table 4. Expression of tamoxifen-metabolising enzymes in human endometrium 

Tamoxifen metabolizing enzyme 
No. of women that stained positive for the indicated enzymes 

Glandular and surface epithelia Blood vessel walla  
CYP1A1 0/11 7/11 

CYP1B1 4/11 9/11 

CYP2A6 4/12 0/12 

CYP2B6 9/12 0/12 

CYP2C8/9/19 5/13 0/13 

CYP2D6 6/15 0/15 

SULT2A1 2/9 0/9 
a, Data to be published 
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Figure 14. Expression of tamoxifen-metabolising enzymes in the human 
endometrium as demonstrated by immunohistochemical staining. CYP1A1 showed 
a moderate expression in the blood vessel wall. CYP1B1 showed a strong 
expression in the blood vessel wall and a moderate expression in glandular and 
surface epithelial cells. CYP2A6, CYP2B6, CYP2C8/9/19, CYP2D6, and SULT2A1 
showed a moderate expression in the glandular and surface epithelial cells. The 
figure shows representative images of positive samples.  
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Tamoxifen adduct formation 
Incubation of endometrial explants with [3H]tamoxifen for 2 hours at 37°C 
resulted in [3H]tamoxifen adducts in glandular and surface epithelia in 
explants from four out of four women. There were no no signs of adduct 
formation in or around the blood vessel walls (unpublished data) (Figure 15). 
The tissue sections had been extensively extracted with solvents to remove 
all unbound radioactivity so the remaining tissue radioactivity is considered 
to represent [3H]tamoxifen covalently bound to cellular macromolecules. No 
adduct formation was observed in explants incubated with [3H]tamoxifen at 
0°C  and therefore lacked metabolic activity (negative controls). 

Previous ex vivo studies have provided conflicting evidence concerning 
the ability of human endometrial cells to bio-activate tamoxifen to reactive 
metabolites and studies examining the presence of tamoxifen DNA adducts 
in the endometrium of tamoxifen users have yielded inconsistent 
results 90,93,94,162-165. This study clearly shows that tamoxifen is bioactivated 
and forms adducts in the human endometrium ex vivo. The results obtained 
by autoradiography does not yield information about the type of adducts that 
are formed. However, no selective intracellular localization of tamoxifen 
adducts was observed suggesting that reactive tamoxifen metabolites were 
bound to both cytosolic and nuclear macromolecules in the cells. 

Tamoxifen-induced cell stress 
Incubation of endometrial explants with tamoxifen for 4 hours at 37°C 
induced the expression of activated caspase 3 in and GRP78 in glandular and 
surface epithelia.  

The strongest expression of caspase 3 was observed in scattered cells in 
the glandular epithelium and in desquamated cells in the glandular lumen 
(Figure 16). These are signs of early damage in a limited number of 
epithelial cells leading to disruption of cell adhesion and subsequent 
desquamation. Increased caspase 3 expression was observed in explants 
from all six women included in the study. In explants from women in the 
proliferative phase of the menstrual cycle incubation with 10-100 µM 
tamoxifen led to increased expression of caspase 3 and in explants from 
women in the secretory phase only 100 µM tamoxifen resulted in increased 
caspase 3 expression.  

The expression of GRP78 was most intense in the cytoplasm and plasma 
membrane of the epithelial cells, and some glands displayed higher 
expression in the apical part of the cells. Tamoxifen-induced GRP78 
expression was observed in glandular and surface epithelia in endometrial 
explants from three out of four women in the proliferative phase. 
Tamoxifen-treatment did not change the GRP78 expression in endometrial 
explants from women in the secretory phase.  
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Figure 15.  [3H]tamoxifen adducts in human endometrial explants as demonstrated 
by autoradiographic analysis. Light microscopy autoradiograms show a selective 
localization of [3H]tamoxifen adducts in glandular epithelium (A) and surface 
epithelium (B). Black silver grains corresponds to [3H]tamoxifen. There were no 
selective localization of radioactivity in explants incubated with [3H]tamoxifen at 
0°C used as negative controls (C).  Dark-field microscopy of autoradiograms 
demonstrated high levels of [3H]tamoxifen radioactivity (white areas) in the 
glandular epithelium (D).  
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Figure 16. Tamoxifen-induced cell stress proteins in human endometrial explants as 
demonstrated by immunohistochemichal staining. Explants incubated with 
tamoxifen at 37°C showed increased expression of activated caspase 3 and GRP78 
in glandular and surface epithelial cells compared with explants incubated with 
vehicle (0.1% ethanol). The expression in blood vessels and stroma was weak or 
absent. The figure shows representative images of samples staining positive for the 
indicated protein.  
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Summary of findings  

In vitro effects of environmental EDCs in human 
endothelial cells and cardiomyocytes  
Papers I-III presents novel findings on the effects and mechanisms of 
environmental EDCs in human endothelial cells and cardiomyocytes. 

1-NP, caused DNA damage, endoplasmatic reticulum stress and increased 
the production of ROS in HUVEC. The effects of 1-NP were reduced by 
simultaneous treatment with the nitroreductase inhibitor dicoumarol and also 
by pre-treatment with the CYP1-inducer PCB126. The results indicate that 
human endothelial cells are susceptible for the effects of 1-NP and that DNA 
damage and cell stress are primary responses following exposure to 1-NP. In 
addition, mechanistic studies indicate that metabolites formed at 
nitroreduction are the main mediators of 1-NP’s effects in the human 
endothelium.  

PCB126 increased the expression of the endothelial vasoconstriction 
factors COX-2 and ROS and stimulated the formation of the COX-2-derived 
vasoconstrictor prostaglandin, PGF2α, via the AhR in HUVEC. The PCB126-
induced effects on CYP1A1, CYP1B1 and COX-2 were enhanced by the 
addition of physiological levels of E2 in the exposure medium. Simultaneous 
treatment with PCB126 and E2 enhanced eNOS mRNA expression in 
HUVEC whereas it remained unchanged following separate exposure to 
PCB126 and E2. This indicates that PCB126 can modulate the expression 
and production of vasoconstriction factors in the human endothelium in a 
way that is characteristic for endothelial dysfunction related to human 
hypertension and that increased oestrogen levels may elevate AhR-mediated 
transcription of genes important for vascular function in human endothelial 
cells.  

BPA induced an overlapping response on genetic biomarkers for 
cardiovascular functions in HUVEC and HCM. The mRNA expression of 
eNOS, VEGF, VEGFR2, connexin 43 and ACE1 were increased in HUVEC 
and the mRNA expression of eNOS, ACE1, IL-8 and RELA (NFκβ) were 
increased in HCM following exposure to BPA. A higher concentration of 
BPA was required to elicit a response in HCM compared to HUVEC 
indicating that endothelial cells are much more sensitive towards BPA 
compared to cardiomyocytes. Furtermore, incubation of HUVEC with 
environmentally relevant levels of BPA increased the production of NO and 
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increased endothelial tube formation in HUVEC. This indicates that BPA 
can stimulate angiogienesis in the vascular system by direct effects in the 
human endothelium.  

In vivo effects of BPA in rat cardiovascular tissues 
Long-term exposure of rats to environmentally relevant levels of BPA in the 
drinking water from preadolescence to adulthood caused changes in 
cardiovascular tissues previously related to coronary artery disease in 
humans. The results demonstrated that exposure of rats to ≥  0.025 µg/ml 
BPA increased the mRNA expression of the proangiogenic factors VEGF, 
VEGFR2 and eNOS and of the vasoconstriction factor ACE1 in cardiac 
tissues. Furthermore, rats exposed to a higher level of BPA, 2.5 µg/ml, had 
elevated plasma levels of VEGF compared to vehicle. The effects of BPA on 
the mRNA expression of genetic markers of cardiovascular functions 
showed strong in vivo-in vitro correlations. According to the in vitro studies 
the endothelium appears to be a sensitive target for the effects of BPA and 
the BPA-induced effects in rat cardiac tissues demonstrated in paper IV are 
likely to be related to an effect of BPA on cardiac endothelial cells. 
However, BPA’s in vitro effects were not restricted to endothelial cells and 
the effects of BPA in vivo may also involve cardiomyocytes. 

Ex vivo effects of tamoxifen in the human endometrium 
The ex vivo studies of tamoxifen demonstrated, for the first time, that 
tamoxifen forms adducts in the human endometrium. Analysis of tamoxifen 
metabolising enzymes showed that CYP1A1/1B1 were expressed in the 
blood vessel wall and CYP1B1/2A6/2B6/2C8/2D6/3A4 and SULT2A1 were 
expressed in the glandular and surface epithelia. Incubation of human 
endometrial explants with tamoxifen resulted in adduct formation and 
induction of cell stress proteins in epithelial cells whereas no signs of cell 
stress or adduct formation were seen in the blood vessel wall. The selective 
localisation of tamoxifen adducts and tamoxifen induced effects indicate that 
the epithelial cells are primary targets for tamoxifen in the endometrium. 
The absence of of tamoxifen adducts and tamoxifen induced effects in the 
blood vessel walls indicate and CYP1A1/1B1 are not involved in the 
bioactivation of tamoxifen and/or that the vascular cells has a higher activity 
of detoxifying enzymes compared to the epithelial cells. Tamoxifen’s effects 
on cell stress proteins were more pronounced in endometrial explants from 
women in the proliferative phase of the menstrual cycle compared to 
explants from women in the secretory phase suggesting that the effects of 
tamoxifen in the human endometrium may vary during the menstrual cycle.  
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Concluding remarks 

• The in vitro studies in papers I-IV demonstrated that environmental 
EDCs caused distinct changes in biomarkers of cardiovascular function 
in primary human endothelial cells. 1-NP induced cell stress and DNA 
damage. PCB126 induced changes that indicate endothelial dysfunction 
and vasoconstriction, and BPA induced changes that indicate 
angiogenesis and vasoconstriction. These types of cellular alterations are 
implicated in the development of atherosclerotis and hypertension and 
may contribute to the increased risk for cardiovascular disorders that is 
related to a high exposure to environmental pollutants. Thus, the human 
endothelium is a potential target for the harmful effects of environmental 
EDCs in the vascular system. Taken together, these findings provide 
knowledge that may help understanding the mechanisms behind the 
associations between a high exposure to environmental pollutants and an 
increased risk for cardiovascular diseases reported in epidemiological 
studies.  
 

• The in vivo studies in paper IV demonstrated that BPA up-regulate the 
mRNA expression of the same biomarkers for angiogenesis and 
vasoconstriction in vivo in rat cardiac tissue as in vitro in human 
endothelial cells and cardiomyocytes. In conclusion, these findings 
suggest that the association between elevated environmental exposure to 
BPA and cardiovascular disorders may be related to the stimulating 
effects of BPA on pro-angiogenic and vasoconstriction factors in cardiac 
tissues.  
 

• The ex vivo studies in paper V identifies the glandular and surface 
epithelia as potential target sites for tamoxifen-induced injury in the 
human endometrium whereas no signs of tamoxifen-induced injury were 
detected in the blood vessels. The results suggest that bioactivation and 
subsequent adduct formation of tamoxifen in endometrial glandular and 
surface epithelia may play a role for tamoxifen-induced lesions in the 
human endometrium previously associated with tamoxifen breast cancer 
therapy. 
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Populärvetenskaplig sammanfattning 

Hjärt-kärlsjukdomar inkluderar alla sjukdomar som drabbar 
blodcirkulationssystemet, men oftast menas de som är relaterade till 
åderförkalkning (ateroskleros). Ateroskleros börjar som en skada i 
blodkärlens innersta cell-lager, endotelet, och därefter följer en lång rad 
sjukliga förändringar i kärlväggen som leder till uppkomsten av 
aterosklerotiska plack. Placken kan täppa igen kärlet och minska 
blodgenomströmning eller orsaka blodproppar ifall placket brister.  

Hjärt-kärlsjukdomar är den vanligaste dödsorsaken i världen. 
Tobaksrökning, fysisk inaktivitet, alkoholmissbruk, övervikt, diabetes och 
högt blodtryck tillhör de främsta riskfaktorerna. Någon eller några av dessa 
faktorer återfinns hos ungefär 80 % av alla som drabbas, men de kan inte 
helt förklara den globala epidemin av hjärt-kärlsjukdomar. Miljörelaterade 
riskfaktorer har fått allt mer uppmärksamhet de senaste åren. Vi utsätts hela 
tiden för miljöföroreningar via luften vi andas och maten vi äter och flera 
stora undersökningar tyder detta kan vara en bidragande orsak till att så 
många drabbas av hjärt-kärlsjukdomar idag. 

Hormonstörande ämnen omfattar en grupp kemikalier, så som 
industrikemikalier, förbränningsprodukter och läkemedel, vars gemensamma 
nämnare är att de kan rubba kroppens hormonsystem. Det finns ett samband 
mellan exponering för hormonstörande ämnen och en ökad risk för hjärt-
kärlsjukdomar men det är oklart hur dessa ämnen påverkar 
blodcirkulationssystemet. Det övergripande syftet med avhandlingen var att 
undersöka hur några ämnen med hormonstörande egenskaper påverkar celler 
från blodkärl och kärlrika vävnader.  

Studie I-IV behandlar hur miljöföroreningarna 1-nitropyren, PCB126 och 
bisfenol A påverkar odlade endotelceller och hjärtmuskelceller från 
människa samt hjärtvävnad från råtta. 1-nitropyren är en förbrännings-
produkt som vi främst exponeras för via inandning av dieselavgaser. 
Resultaten visar att 1-nitropyren orsakar cellstress och DNA-skada i 
endotelceller. Dessutom visar studien vilka mekanismer som ligger bakom 
de skadliga effekterna. Dessa resultat tyder på att exponering för 
1-nitropyren via dieselavgaser kan orsaka skador på blodkärlens endotel och 
därmed öka risken för hjärt-kärlsjukdomar.  

PCB:er är långlivade industrikemikalier som lagras i kroppens fettvävnad 
och som vi främst exponeras för via kött och mejeriprodukter i kosten. 
Resultaten från studie II visar att PCB126 ökar endotelcellernas produktion 
av faktorer som stimulerar kärlkontraktion. Detta tyder på att exponering för 
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PCB:er kan stimulera kärlkontraktion och på så sätt bidra till utvecklingen av 
högt blodtryck. Dessutom visar resultaten att effekterna av PCB126 i 
endotelceller förstärks om cellerna samtidigt utsätts för östrogen, vilket 
pekar på att effekterna av PCB:er i blodkärl kan vara beroende av 
östrogennivåer i cirkulationen.  

Bisfenol A används som råvara vid tillverkning av plastprodukter och 
exponering sker via konsumtion av plastförpackade och konserverade 
livsmedel. Resultaten från studie III visar att bisfenol A ökar produktionen 
av faktorer som stimulerar kärlnybildning och kärlkontraktion i 
endotelceller. Bisfenol A orsakade även vissa förändringar i 
hjärtmuskelceller men endast efter exponering för relativt höga 
koncentrationer. Detta tyder på att endotelceller är en känsligare celltyp än 
hjärtmuskelceller.  

I resultaten från studie IV kunde vi se att försöksdjur som exponerats för 
bisfenol A via dricksvattnet har liknande genetiska förändringar i hjärtat som 
bisfenol A gav upphov till i endotelceller och hjärtmuskelceller från 
människa. De effekter som vi såg i endotelceller och hjärtvävnad uppkom 
efter exponering för koncentrationer av bisfenol A som motsvarar de 
människor normalt utsätts för dagligen. Resultaten från studie III och IV 
tyder på att exponering för bisfenol A orsakar förändringar i hjärt-
kärlsystemet som stimulerar kärlnybildning och kärlkontraktion. Den här 
typen av förändringar är involverade i den tidiga utvecklingen av 
aterosklerotiska plack samt i senare stadier då placket är större och kan 
spricka  

 Sammantaget tyder resultaten från studie I-IV på att exponering för 
miljöföroreningar med hormonstörande egenskaper kan skada blodkärlens 
endotel och därmed bidra till åderförkalkning och högt blodtryck. 

Studie V behandlar hur bröstcancerläkemedlet tamoxifen påverkar den 
kärlrika livmoderslemhinnan. Ungefär hälften av alla kvinnor som behandlas 
med tamoxifen drabbas av biverkningar i form av blödningar, polyper och 
cancer i livmoderslemhinnan, men det är oklart vad som orsakar dessa 
biverkningar. Genom att behandla bitar av livmoderslemhinna från människa 
med tamoxifen kunde vi visa att tamoxifen omvandlas till metaboliter som 
kan skada proteiner och DNA samt att tamoxifen kan ge upphov till 
cellstress och celldöd. Tamoxifens effekter i livmoderslemhinnan var 
lokaliserade till körtelepitel och ytepitel medan blodkärl och bindväv inte 
påverkades. Resultaten från studie V tyder på att tamoxifens biverkningar i 
livmoderslemhinnan orsakas av skador i körtelepitelet.  

Sammanfattningsvis så bidrar de studier som presenteras i avhandlingen 
med ny kunskap om vad som orsakar sambandet mellan exponering för 
hormonstörande ämnen och sjukdomar i blodcirkulationssystemet.  
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