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Summary 

Background: Alterations in vascular function are present in patients with Preeclampsia (PE) and in 
women after menopause. PE is a syndrome peculiar to human pregnancy that adversely affects the mother 
by endothelial dysfunction and the fetus due to impaired uteroplacental blood flow. It also remains a 
leading cause of perinatal morbidity and mortality. A current hypothesis suggests that hypoxic placenta 
releases one or more unidentified factors to the maternal circulation that trigger endothelial dysfunction. 
Women after menopause are at increased risk for cardiovascular diseases and this could be related to 
changes in the hormonal environment. Estrogens are considered to provide cardiovascular protection, 
however the exact mechanisms of action in the resistance vasculature are far from clear. 

Objective: The general aim of this thesis was to study endothelial function in isolated resistance 
arteries in order to clarify the possible causes of endothelial dysfunction and the potential for 
improvement in women with PE and after the menopause. In particular we aimed to evaluate if (1) 
microparticles (MP) from plasma of women with PE might induce endothelial dysfunction as 
characterized in vitro in arteries from women with PE; (2) Vascular Endothelial Growth Factor (VEGF) 
can induce signs of endothelial dysfunction in isolated resistance arteries from normal pregnant women; 
(3) 17β-estradiol (E2) have beneficial effects on endothelial function in arteries from women with PE; (4) 
isolated arteries from healthy postmenopausal women exhibit signs of endothelial dysfunction in contrast 
to premenopausal women and, if so, to compare in vitro effects of estrogenic compounds for 
cardiovascular protection; (5) three months of Hormonal Replacement Therapy (HRT) alters resistance 
artery function in isolated arteries from healthy postmenopausal women. 

Methodology: Normal pregnant and women with PE, pre-menopausal and post-menopausal women 
were recruited. Myometrial and subcutaneous resistance artery function was evaluated in-vitro using 
pressure- and wire-myography techniques. Endothelial function was determined by measuring flow-, 
endothelium-dependent and independent agonists mediated dilatation. In addition, pressure-induced 
myogenic responses were assessed in response to increased intraluminal pressure and vascular 
permeability was evaluated by applying Evans blue dye staining. Scanning electron microscopy technique 
was utilized for comparisons of endothelial morphology. 

Results and conclusions: (1) MP, isolated from plasma of women with PE induced endothelial 
dysfunction after an overnight incubation in isolated myometrial arteries from healthy pregnant women. 
In contrast, MP derived from healthy pregnant women had no effect. MP may be of importance in the 
etiology of endothelial dysfunction seen in PE. (2) VEGF impaired endothelium-dependent dilatation and 
enhanced basal tone possibly through an endothelin-1 pathway. It also increased vascular permeability 
similar to that found in isolated arteries from women with PE. This might indicate a potential role for 
VEGF in the development of endothelial dysfunction in PE. Angiopoietin-1 (Ang-1) reversed the vascular 
leakage induced by VEGF, suggesting that Ang-1 may have therapeutic implications in PE. (3) E2 
improved flow-, but not agonist-mediated dilatation and reduced basal tone through a nitric oxide (NO)-
mediated pathway in isolated myometrial arteries from women with PE. This suggests an important role 
for E2 to improve uteroplacental circulation in PE. Morphological signs of endothelial injury seen in 
arteries from women with PE support the presence of endothelial malfunctions. (4) E2 improved 
resistance artery function in-vitro an affect that was mimicked by selective estrogen receptor alpha (ER-
α) agonist propyl-pyrazole triol but not by raloxifene or genistein. This suggests that ER-α might be of 
importance for vascular protection in the resistance circulation in women after menopause. (5) Three 
months supplementation with estradiol and estradiol plus medroxyprogesterone acetate, but not 
medroxyprogesterone acetate alone had beneficial effects on flow-mediated dilatation and endothelial 
morphology in isolated subcutaneous arteries from healthy postmenopausal women, suggesting combined 
HRT to be beneficial for resistance artery function. 

Significance: Studies in isolated arteries from women with PE and healthy postmenopausal women 
have yielded functional and morphological signs of endothelial dysfunction. We have also shown that 
estrogenic compounds may improve endothelial function and therefore might be of interest from a 
therapeutic point of view. 
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Abbreviations  

ACh Acetylcholine 

A-II Angiotensin-II 

Ang-1 Angiopoietin 1 

BK Bradykinin 

CEE Conjugated equine estrogens 

CHD Coronary Heart disease 

CVD Cardiovascular disease 

DP Degree of permeability 

EDHF Endothelium-derived hyperpolarizing factor  

eNOS Endothelial Nitric Oxide Synthase 

ER-α, ER-β Estrogen receptors alpha or beta 

ERT Estrogen replacement therapy 

ET-1 Endothelin-1 

ETA and ETB Endothelin-1 receptors A and B 

Flt-1, Flt-2 fms-like-tyrosine kinase receptor 1 and 2  

FMD Flow-mediated dilatation 

HDL High density lipoprotein 

HELLP Hemolysis, Elevated Liver enzymes and Low Platelet syndrome  

HRT Hormone replacement therapy 

hrVEGF165 Human Recombinant Vascular Endothelial Growth Factor 

i.d. Internal diameter ,  

IL-6, IL-8 Interleukin-6, Interleukin-8 

iNOS Inducible nitric oxide synthase 

KDR Kinase domain receptor (VEGFR-2) 

KPSS High potassium physiological salt solution 

LDL Low density lipoprotein 

L-NAME Nω-nitro-L-arginine methyl ester  

Lp-a Lipoprotein-a 

MP Microparticles  

MPA Medroxyprogesterone acetate 
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NO Nitric oxide 

NOS Nitric Oxide Synthase  

P Progestagens 

PE Preeclampsia 

PGI2 Prostacyclin  

PlGF Placenta Growth Factor 

PPT Propyl-pyrazole triol 

PSS Physiological salt solution 

ROS Reactive oxygen species  

SERMs Selective Estrogen Receptors Modulators 

sFlt-1 Soluble fms-like-tyrosine kinase receptor 1 

STBM Syncytiotrophoblast microvillous membranes  

TF Tissue Factor 

TxA2 Tromboxane 

VEGF Vascular Endothelial Growth Factor 

VSMC Vascular smooth muscles cells 
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Introduction 

Cardiovascular disease (CVD) is a leading cause of death in the European Union (EU), 
accounting for over 1.5 million deaths for both females and males each year. Approximately 42 
percent of all deaths in EU are from CVD (46 percent in women and 38 percent in men). 
Coronary heart disease (CHD) accounts for almost one-half and stroke for one-fourth of all 
deaths from CVD [1]. Evidence from middle 80’s (i.e. The Nurses' Health Study) directly related 
increase in risk for CVD with menopause [2], since drop in estrogen levels increased 
cardiovascular complications in female population. 

Preeclampsia (PE) is a complication of human pregnancy characterized by hypertension, 
proteinuria and edema. PE is highly associated with pregnancy-related risks for the mother due 
to general endothelial cell dysfunction and the fetus due to severely compromised uterine blood 
supply. Epidemiological evidence from isolated populations (e.g. Iceland) [3] or large population 
cohorts [4, 5] have yielded direct evidence that PE increases risk for CVD for mother and 
offspring later in life.  

Resistance size arteries (100-400 µm) are mainly involved in the regulation of peripheral 
vascular resistance, blood pressure and blood flow to the target organs [6]. Vascular endothelium 
in this circulation primarily serves to assure blood supply to every organ according to 
physiological needs. The mechanisms underlying the alterations in vascular resistance and the 
role of vascular endothelium in human pregnancy have been investigated intensively [7], yet we 
still lack knowledge for primary prevention of PE. Similarly, cardiovascular effects of hormonal 
replacement therapy (HRT) as a tool for primary and/or secondary prevention of CVD have been 
studied in large cohorts and produced diverging results [8, 9]. The effects of HRT on vascular 
function was studied extensively in conduit arteries (brachial, femoral) from post-menopausal 
women see rev [10, 11] however we lack knowledge about mechanisms of endothelial 
dysfunction in the resistance arteries from post-menopausal women.   

Endothelial dysfunction in Preeclampsia 

Preeclampsia (PE) remains a leading cause of perinatal morbidity and mortality [12]. It is a 
condition peculiar to human pregnancy that adversely affects mother (by endothelial 
dysfunction) and fetus (by intrauterine growth restriction). The incidence of PE varies between 
3% and 10% of pregnancies, and there is no evidence that it has changed appreciably during the 
last century [13]. Preeclampsia remains a major reason for indicated preterm birth, accounting 
for 40% of premature deliveries [14] and remains an enigma for contemporary medicine.  

The cardinal hemodynamic features of PE are vasospasm, increased peripheral vascular 

resistance and thus reduced organ perfusion. Clinically this condition is characterized by an 
elevated blood pressure, proteinuria and edema, developing after 20 weeks of gestational age. PE 
can result in eclampsia characterized by development of neurological symptoms leading to 
seizures and risk for maternal and fetal death. PE can manifest as the HELLP syndrome, in 
which Hemolysis, Elevated Liver enzymes and Low Platelet count are present. These conditions 



 

 11

are associated with severe complications such as cerebral hemorrhage, pulmonary edema, liver 
hemorrhage and rupture, and disseminated intravascular coagulation. Moreover, women with PE 
are two and a half times more likely to die from ischemic heart disease later in life [3]. Several 
studies indicate that long after a preeclamptic pregnancy, women have increased insulin 
resistance [15], altered endothelial function [16], and an atherogenic lipid profile when compared 
with women who have experienced normal pregnancies [17]. 

It is currently accepted that poor cytotrophoblast invasion early in pregnancy results in 
suboptimal placentation and development of placental hypoxia, which in turn releases one or 
several factors detrimental to maternal endothelium. This leads to an inadequate hemodynamic 
adaptation to pregnancy. Genetic predisposition, immunological maladaptation to pregnancy and 
pre-existing vascular diseases seem to be involved in this early vascular dysfunction. Moreover, 
a history of preeclampsia in a previous pregnancy, multifetal pregnancy, obesity, insulin 
resistance and diabetes mellitus are considered to increase the risk for developing PE [18], see 
rev [19].  

Maternal Endothelial Dysfunction 

The endothelium, the single cell layer covering all arteries, is severely compromised in PE.  In 
fact, endothelial dysfunction is considered to be a pathogenetic hallmark in this complication. 
Dysfunction of this normally protective “anti- hypertensive” and “antiplatelet” layer may explain 
most of the clinical findings of the maternal disorder. Endothelial dysfunction includes impaired 
balance between endothelium-derived vasodilators and vasoconstrictors, increased vascular 
permeability and enhanced expression of cell adhesion molecules and pro-coagulation factors. A 
classical morphological feature of endothelial dysfunction is glomeruloendotheliosis, 
representing endothelial cell death, denudation and obstruction in the kidney glomeruli [20].  

Several markers for endothelial dysfunction, including Von Willebrand factor, fibronectin, 
and neurokinin B, have been shown to be increased in women with PE. In addition, there is a 
change in the ratio between tissue plasminogen activator and inhibitor, and between PGI2 and 
TxA2, all supporting endothelial cell activation [21-23]. Studies in our laboratory suggest ET-1 
to play a pathophysiological role in PE, since plasma ET-1 concentrations are significantly 
increased in PE [24]. In addition, it has been demonstrated that ET-1 might contribute to the 
impaired uteroplacental circulation in PE, since higher ET-1 concentrations in the uterine versus 
brachial vein have been found in women with PE [25]. 
Investigations in isolated arteries have provided direct evidence for vascular endothelial 
dysfunction in PE in terms of impaired endothelium-dependent dilatation. Several studies have 
demonstrated impaired vasodilatory response to endothelium-dependent agonists such as 
bradykinin (BK) and acetylcholine (ACh) in isolated arteries from skin and uteroplacental 
circulation in women with PE [26-30]. Studies in our laboratory and others have clarified that 
impairment of shear stress responses in the isolated resistance arteries obtained from uterine and 
skin circulations from women with preeclampsia is due to impaired nitric oxide (NO) production 
[31, 32].  

Oxidative stress is generally accepted to be involved in the pathogenesis of PE and is 
characterized by increased generation of free radicals in placenta [33], and subsequent oxidation 
of low-density lipoproteins, which are recognized to be detrimental to endothelial function see 
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rev [34]. Moreover, the maternal predisposition such as decreased levels of antioxidants and 
sensitized endothelium due to preexisting vascular disease may exaggerate the condition [35]. 
Administration of antioxidants in early pregnancy to women at increased risk of developing PE 
decreased oxidative stress, endothelial activation, and the frequency of PE, supporting the 
potential role of oxidative stress in PE [36].  

Despite intensive research, the link between the pathophysiology of abnormal placentation 
and the development of generalized maternal endothelial dysfunction remains unclear.  
Clarification of the mechanisms that could be involved in the generation of endothelial 
dysfunction may provide new therapeutic options or prophylactic interventions. 

Microparticles  

Circulating microparticles (MP) have been suggested to be involved in the pathogenesis of 
cardiovascular and coagulation diseases [37, 38]. Syncytiotrophoblast microvillous membranes 
(STBM), a subtype of MP, have been proposed to be the link between defective placentation and 
endothelial dysfunction. An initial study demonstrated that incubation with STBM could 
suppress endothelial cell proliferation in vitro [39]. It has been suggested that apoptosis plays a 
central role in the turnover of cytotrophoblasts and the formation of cell fragmentation [40]. This 
could explain why STBM appear at increased concentrations in women with PE [41]. A study in 
our group have tested the hypothesis that STBM at concentrations similar to those found in vivo 
in women with PE might represent a pathogenetic pathway for the impaired endothelial function 
seen in PE. However, we failed to prove that STBM deteriorated endothelial function, at least 
under in vitro conditions [42].  

Recently, MPs derived from peripheral blood cells have been proposed as a novel factor 
associated with endothelial dysfunction. The support for this comes from a recent investigation 
demonstrating that MP obtained from patients with myocardial infarction in contrast to MP from 
healthy participants are capable of impairing endothelial function in the isolated rat aorta [43]. In 
human pregnancy, the subtypes of MP derived from granulocytes, lymphocytes and endothelial 
cells are significantly increased in PE, and the hypothesis was raised that they might be involved 
in the development of endothelial dysfunction. [44, 45]. MP are capable of altering endothelial 
cell function through several mechanisms; they can alter cyclooxygenase expression and 
prostacyclin production in endothelial cells [46], up-regulate adhesion molecules on the 
endothelial surface [47, 48], initiate cytokine (IL-6, IL-8) and tissue factor (TF) production [49], 
cause platelet and neutrophil activation [50] and increase monocyte adhesiveness [47, 49].  

The effects of plasma from preeclamptic versus normal pregnant women have been 
investigated extensively in cultured endothelial cells [51-54] and isolated arteries [55, 56]. It has 
been demonstrated that preeclamptic plasma may exert endothelial cell activation through 
alterations in the production of NO, PGI2 [57, 58] or fibronectin, increased accumulation of 
intracellular triglycerides or increased cellular permeability see rev [59]. A study by Hayman et 
al (2000) [60] demonstrated that endothelium-dependent dilatation in isolated myometrial 
arteries from normal pregnant women was almost abolished after an one hour incubation with 
2% plasma from women with PE. Therefore it would be of interest to investigate whether MP as 
an element of preeclamptic plasma, could impair endothelium-dependent dilatation in the 
isolated resistance myometrial arteries from normal pregnant women.  
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Vascular endothelial growth factor (VEGF)  

Recently attention has focused on VEGF and its role in the pathogenesis of PE. This factor is 
also known as vascular permeability factor. VEGF is widely expressed in adult tissues and is 
believed to play a role in the maintenance of the endothelial function see rev [61]. It is 
overexpressed in a variety of pathological conditions [62], particularly solid tumors, whose 
growth can be prevented by the inhibition of VEGF action [63]. In animal pregnancy, VEGF has 
been proposed to be involved in the development of the uteroplacental vascular bed and 
contribute to an enhanced vasodilatation due to NO release [64, 65]. 

In human pregnancy VEGF is one of the pivotal factors during placental formation [66]. 
However, high concentrations of VEGF are related to an increase in peripheral vascular 
resistance and correlate with the clinical symptoms in PE [67, 68]. It is well established that 
hypoxia is a direct stimulus for VEGF release, and VEGF has been indicated to promote 
coagulation and permeability [59, 69]. The placenta in PE is hypoxic, and activation of the 
coagulation system and increased vascular permeability are important pathogenic features in PE. 
Therefore, it has been suggested that this factor may promote several clinical features of PE.  

Hayman et al. (1999) [70] reported that overnight incubation with VEGF impairs 
endothelium-dependent dilatation to levels similar to those obtained in myometrial arteries from 
women with PE. This response was largely reversed by incubation with a VEGF antibody and 
completely reversed by a VEGF receptor (flt-1) blocker [70]. It is of importance to evaluate 
whether these VEGF-induced effects are specific to uterine circulation, and which mechanisms 
are involved. Recently it has been suggested that angiopoietin-1 (Ang-1) acts as a physiological 
antagonist to offset VEGF-induced vascular leakage [69]. The role of Ang-1 in the regulation of 
vascular permeability therefore seems to be of significance.  

Estrogens 

The role of estrogens in the pathogenesis of the endothelial dysfunction in PE remains unclear. 
Evidence for involvement comes from studies in the early 80’s. Reduced supply of fetal estrogen 
precursors and an impaired conversion of these compounds into estrogens by the placental tissue 
resulting in decreased maternal plasma estrogen levels have been demonstrated in PE [71, 72]. 
Moreover the reduced risk for breast cancer later in life for women who experienced PE has been 
attributed to a reduced estrogen effect [73-75]. Estrogen combines several different actions on 
vasculature. It may act as an antioxidant [76, 77], up-regulate receptor mediated effects on 
endothelial nitric oxide synthase (eNOS) activity [78, 79], or influence calcium dynamics in 
vascular smooth muscle cell (VSMC) contraction [80-82]. In light of numerous studies on 
cardiovascular protective effects by different estrogenic compounds [81, 83, 84], it should be of 
importance to study the effects of 17β-estradiol (17β-E2) on endothelial function in the isolated 
resistance arteries from women with PE.  

Endothelial dysfunction in the Menopause 

It is well recognized that pre-menopausal women in contrast to men are protected from 
cardiovascular diseases such as CHD, stroke and hypertension [85]. Decline in circulating levels 
of estrogens in women after menopause increases the risk for CVD to level similar to man [86]. 
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Women after menopause in comparison to age-matched men also have a worse short and long-
term prognosis after myocardial infarction [87-90]. Thus, the role of female ovarian hormones in 
the maintenance of vascular homeostasis remains of fundamental importance. 

The vascular endothelium plays a central role in the regulation of vascular homeostasis by 
releasing paracrine factors that primarily influence vascular tone, thrombosis and inflammation. 
A major endothelial product responsible for homeostasis is NO, which is synthesized by the 
eNOS in response to a number of endothelium-dependent stimuli, including shear stress that 
occurs in response to increase in blood flow [91, 92]. In fact, intraluminal flow within the 
physiological range is the most important regulatory stimulus for NO release [93]. Menopause, 
progression of atherosclerosis and appearance of risk factors for its development are 
accompanied by an impaired release of endothelium-derived vasodilators. The magnitude of this 
defect in the circulation may predict later CVD events, raising the possibility of a pathogenic 
relationship [94]. Interventional studies suggested that hormonal replacement therapy (HRT), 
lipid-lowering therapy, angiotensin-converting enzyme inhibition, smoking cessation and 
exercise might improve endothelial function and reduce later cardiovascular events [95-97]. 
Thus, evaluation of endothelial function, using well-described methods for evaluation of flow- 
and agonist-mediated dilatation in conduit arteries in vivo and/or in the isolated resistance 
arteries in vitro, could be used to determine risk for CVD and for studies relevant for primary or 
secondary prevention [10]. 

Endothelial dysfunction after menopause is supported by studies in conduit arteries using 
high-resolution ultrasound, where evidence of a blunted flow-mediated dilatation (FDM) in post-
menopausal women and the beneficial role of estrogens [98-103] was reported. In addition, 
utilization of venous occlusion plethysmography technique provided evidence of impaired 
endothelium-dependent dilatation to ACh in healthy post-menopausal women [104], further 
supporting a compromised endothelial function. However, up to date there is no direct evidence 
about flow- and pressure-mediated responses in isolated small resistance arteries from healthy 
post-menopausal women.  

Biological effects of estrogens  

Multiple effects of estrogen on vascular system, reproductive tissues, bone, liver, and brain are 
dependent on the distribution of the known estrogen receptors (ERs), estrogen receptor-α (ER-α) 
and estrogen receptor-β (ER-β). These receptors are important targets for endogenous estrogen, 
estrogen replacement therapy (ERT), combine HRT and pharmacological estrogen-like 
compounds [105]. However, up till now distribution of these two receptors in the human 
vascular tree were not adequately studied in an age and gender-dependent manner. Activation of 
ERs prompts activation of certain genes responsible for a wide range of vascular effects, 
including regulation of vasomotor tone and response to injury that may be protective against 
development of atherosclerosis and ischemic diseases. Two general estrogen-mediated 
endothelium-dependent vascular effects are recognized. Rapid, when transient vasodilatation 
occurs within few minutes after estrogen exposure, independently of changes in gene expression. 
This rapid vasodilatation appears to be due to a novel ER-α–mediated activation of the eNOS, 
located in the plasma membrane caveola [78]. Several studies have demonstrated a significant 
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improvement in blood flow after acute infusion of estrogens in the coronary arteries [106-109] 
and increase in endothelium-dependent dilatation in the brachial artery [110-113].  

Second, longer-term effects of estrogens on the vasculature, such as those related to 
limiting the development of increased vascular resistance, atherosclerotic lesions or vascular 
injury occur over hours to days after estrogen treatment and have effect on vascular gene 
expression see rev [105, 114]. It has been shown that estrogen increases the expression of the 
genes, responsible for crucial vasodilatory enzymes such as prostacyclin synthase and eNOS 
[115-117]. Studies in ovariectomized animals have yielded direct evidence about the stimulating 
effects of estrogens on eNOS protein expression within 2 hours after administration [84]. 
Supportive evidence for estrogen-induced endothelial protection comes from studies in ER-α 
knockouts animals [118]. The only one known individual lacking functional ER-α [119-121] 
suffers from CVD, further supporting a predominant role of ER-α subtype in the regulation of 
endothelial function by estrogens. Long-term administration of estrogens improves vascular 
reactivity in non-human primates [122], male-to-female transsexuals [123, 124] and in post-
menopausal women [99, 125-128].  

The re-endothelialization induced by estrogens after vascular injury is ER-α mediated 
[114, 129] and may be due to increased local expression of VEGF [130]. Estrogen also inhibits 
apoptosis in cultured human endothelial cells in an estrogen receptor–dependent manner [131], 
however other factors (e.g. free radicals in the endothelial cell at low concentrations) in the 
mediation of antiapoptotic estrogen activity might be of importance [132-134]. In animal model 
of atherosclerosis, estradiol restores Fas ligand (FasL) expression, which is suppressed by 
atherogenic levels of serum cholesterol. The maintenance of endothelial FasL expression by 
estradiol may represent a mechanism of estrogen’s antiatherogenic effect [135]. Moreover, it has 
been demonstrated that estrogens by up-regulation of HDL and inhibition of endothelial 
apoptosis by high-density lipoprotein (HDL)-associated lysosphingolipids might represent a 
novel aspect of the anti-atherogenic activity [136]. Although apoptosis of EC contributes to 
atherosclerotic plaque formation in the vascular wall [137], occurrence of apoptosis in EC layer 
in arteries from post-menopausal women has not yet been studied. 

Progesterone receptors are also expressed in the vasculature [138], although their role in 
the development of CVD is poorly defined. Since Progestagens (P) were widely introduced into 
HRT regimens to provide endometrial protection [139] several studies suggested that P might 
offset the beneficial effects of estrogens [96]. In animal studies, beneficial effects of estrogens on 
vascular injury models were blocked by high but not low doses of progesterone [140-142]. In 
addition to estrogen-induced vascular effects, oral estrogen administration reduces low-density 
lipoprotein (LDL) cholesterol and lipoprotein-a (Lp-a) and increases HDL cholesterol. 
Concomitant progestagens therapy had little impact on the overall magnitude of estrogens effect 
on Lp-a [143]. 

The effects of combined HRT on several recognized risk markers for CVD have been 
reviewed by Mosca (2000) [144]. Fibrinogen, plasma viscosity, plasminogen activator inhibitor-
1, tissue plasminogen activator, insulin sensitivity, homocysteine, and markers of platelet 
aggregation and endothelial cell activation are favorably affected by estrogens therapy [144]. On 
the other hand, HRT increases C-reactive protein levels, which suggest a possible pro-
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inflammatory effect, but reduces the concentrations of soluble E-selectin, which might be 
considered as an anti-inflammatory effect [145].  

HRT as a tool for primary and secondary prevention of CVD 

Hormone replacement therapy has received considerable attention with regard to primary and 
secondary prevention of CVD. This interest was initially based on population-based studies 
linking a reduced risk of CVD up to 40-50% among users of either estrogen alone or in 
combination with P [126, 146-148]. Reports that questioned HRT usage for secondary and 
primary CVD prevention in post-menopausal women [149] were The Heart and 
Estrogen/progestin Replacement study (HERS) [8] and Women's Health Initiative (WHI) trials 
[9]. It was shown, that oral substitution with 0.625 mg conjugated equine estrogens (CEE) in 
combination with 2.5 mg medroxyprogesterone acetate (MPA) in the HERS and WHI trials did 
not reduce the overall rate of CHD, it also increased thromboembolic events and gallbladder 
disease. In addition, the WHI trial demonstrated hazardous effects on stroke, endometrial and 
invasive breast cancers. Both trials were limited to one hormonal regimen and could not 
distinguish the effects of estrogen from those of progestagen. Participants mean age at the point 
of recruitment was 67 and 63, respectively, and, as suggested by others [150, 151], it could be 
too late for prevention of CVD, whilst being at risk more than 10 years. Importantly, the arm of 
the trial that is evaluating the risks and benefits of unopposed 0.625 CEE in hysterectomized 
women is ongoing, with results expected 2005. More specific analyses of combined HRT 
regimens on the incidence of breast cancer in the Million Women study [152] strengthen the 
adverse relationship between the combined HRT and women health. However, the increased risk 
of breast cancer in association with use of combined (estrogen plus progestagen – both 
continuous and sequential regimens) HRT was substantially higher than with oestrogen-only 
therapy. Furthermore, the risk of breast cancer started to decline when HRT was stopped and by 
five years reached the same level as in women who have never taken HRT. 

Several studies have demonstrated that ERT alone has beneficial effect on FMD in conduit 
arteries in post-menopausal women [98-103]. There is also evidence that estrogen therapy 
improves ACh-mediated responses in post-menopausal women, as assessed by single point Laser 
Doppler technique [153] and it has been suggested that beneficial effects of ERT are due to its 
influence on NO bioavailability [154]. It is important to notice that unopposed estrogens show 
almost 40% greater vasodilator response to flow in healthy post-menopausal women, who have 
not yet developed atherosclerotic vascular disease, but there is no effect of ERT in women with 
established CVD [155]. In contrast, concomitant administration of progestagens attenuated the 
stimulating effect of estrogen on bioavailability of NO [154] and eliminated the effect on FMD 
in healthy post-menopausal women [103, 156]. However, these are not universal findings, since 
other studies demonstrated that combination of estrogen with progestagens improved FMD [99, 
100, 157, 158].  

The results of these studies raise several specific questions; e.g. which HRT regimen could 
be favorable to reduce CVD and safe in terms of thromboembolic events and cancers? Which are 
the mechanisms of vascular protection in resistance vasculature by estrogenic compounds? 
Current evidence suggests that shear –mediated signaling pathways involved in the activation of 
eNOS and NO release share similar signaling pathways with estrogen-induced up-regulation of 
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NO release  [78, 159-163]. Could shear-mediated response therefore become a particular target 
for estrogen action resulting in cardiovascular protection? The importance of optimal timing of 
HRT initiation, type and duration of treatment regime and the study population involved for 
CVD prevention should also be emphasized.  

Selective estrogen receptor modulators (SERMs) 

Due to a failure to confirm that conventional HRT regimens are beneficial for primary and/or 
secondary CVD prevention in women after menopause, new substances have been introduced. 
The ideal alternative for HRT should reduce risk for CVD preserve bone density without side 
effects on incidences of breast and endometrial cancer or venous tromboembolism. Selective 
estrogen receptor modulators (SERMs) currently are launched as a fast growing group of 
alternative pharmacological substances for conventional HRT [164] and naturally occurring 
isoflavones (phytoestrogens such as genistein) that reveal ER-agonist activity in some tissues but 
oppose estrogen action in others have become of interest [165]. Meta-analysis of several studies 
suggested a positive effect of dietary intake of soy protein on lipid profile [166-169], a reduction 
of systolic and diastolic blood pressure [170] and an improvement in biomarkers of lipid 
peroxidation [171]. The relative agonist/antagonist activities of SERMs differ between tissues. 
For example, Raloxifene demonstrates agonistic activities only on bone, but not in the uterus or 
breast tissue [172]. The tissue specificity is dependent on ER-α and ER-β distribution [173, 
174], which varies between tissues; for example, uterus, vagina, and hypothalamic arcuate 
nucleus of the brain express predominantly ER-α, whereas others lung, prostate, ovarian 
granulosa cells, and hypothalamic paraventricular nucleus of the brain express predominantly 
ER-β. Other tissues, such as bone and the pituitary, express both ER-α and ER-β. 

It is clear, that vascular endothelium selective compound would be of highest importance 
in terms of cardiovascular protection. However, up to date there is limited knowledge about 
distribution of ERs in cardiovascular system, and which ER subtype is predominant in the wide-
ranging estrogen action on the vasculature. Whether well-characterized estrogenic compounds 
such as soy isoflavones (genistein), raloxifene may offer alternatives to conventional treatment 
with HRT is under investigation. For example, the ongoing Raloxifene Use for the Heart 
(RUTH) trial is designed to answer questions associated with the risks for CHD and breast 
cancer in healthy post-menopausal women [175]. Experimental evidence indicates that both 
raloxifene and genistein may enhance NO release in arteries and cultured endothelial cells via 
increasing eNOS mRNA expression [176, 177] and preserve endothelial function in 
ovariectomized animals [178]. Dietary phytoestrogens reduce aortic cholesterol content to a 
similar extent as HRT [179]. They may also reverse endothelial dysfunction after ovariectomy 
[180], and restore NO-mediated dilatation after chronic hypoxia [181]. In healthy post-
menopausal women, a few reports exist demonstrating that prolonged (6 month) administration 
of raloxifene and genistein may improve flow-mediated vasodilation in the brachial artery [182, 
183], however short-term (2 weeks) oral soy isoflavones supplements did not [184]. Up till now, 
however, there is no experimental evidence on the effects of these ligands on resistance 
vasculature in healthy post-menopausal women. 
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Aims  

The general aim of the thesis was to study in vitro functional and morphological properties of 
resistance arteries obtained from women with PE and after the menopause. The particular aims 
of the studies upon which this thesis is based were: 
 
1. To establish if microparticles, as a component of plasma from women with PE, may mimic 

the endothelial dysfunction that occurs in isolated myometrial arteries from women with 
preeclampsia. 

 
2. To evaluate whether prolonged incubation with human recombinant vascular endothelial 

growth factor (hrVEGF165) affects basal tone, endothelium-dependent dilatation, 
permeability features and morphology of the endothelium in isolated subcutaneous arteries 
from normal pregnant women. 

 
3. To determine whether prolonged incubation with 17β-estradiol improves endothelial function 

in isolated resistance arteries from the uterine vasculature in women with PE, and to evaluate 
the role that NO may play in these effects. 

 
4. To evaluate subcutaneous resistance artery function in healthy post-menopausal women in 

vitro using pressure-myography technique and to link these findings to the morphology of 
endothelial cell layer using scanning electron microscopy. Furthermore, to determine 
whether 17β-estradiol, ER-α-selective ligand propyl pyrazole triol (PPT), raloxifene and 
genistein might be beneficial in respect to cardiovascular protection after menopause. 

 
5. To evaluate whether 3 months treatment with combined HRT based on estradiol and/or 

medroxyprogesterone acetate (MPA) alters endothelial function and morphology in isolated 
subcutaneous resistant arteries from healthy post-menopausal women. 
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Materials and methods 

Study population 

Four major groups of participants were included in to the studies: normal pregnant women, 
women with PE, non-pregnant pre-menopausal women and healthy women after menopause. 
Local Ethics Committee approval was obtained for the collection of subcutaneous fat, 
myometrial biopsies and plasma samples from women at the Department of Obstetrics and 
Gynecology at Huddinge University Hospital, Sweden and Department of Obstetrics and 
Gynecology, Academic Medical Center, Amsterdam, The Netherlands (paper I). In all cases, 
informed consent was obtained prior to tissue biopsy or plasma collection. Table 1 summarizes 
the number of participants included in each study. 

Table 1. Summary of the numbers of women included in the papers (I-V). 

Paper I 

 Tissue 
sample 

Plasma 
sample

* 

Paper II Paper III Paper IV Paper V 
Unpubli

shed 
data 

NP 22 6 41 27    
PE  16 6 20   4 

Post-menopausal     66# 55#  
Pre-menopausal     21   

*Sampling was done at the Department of Obstetrics and Gynecology, Academic Medical Center, Amsterdam, The 
Netherlands.  
# Arteries from the same healthy post-menopausal volunteers were studied in Paper IV and Paper V. 
NP-normal pregnant, PE-Preeclampsia. 
 

All normal pregnant women from whom biopsies were obtained had singleton pregnancies. 
They were delivered at term by elective cesarean section due to previous cesarean delivery 
(n=31), psychosocial indications (n=28), breech presentation (n=27) or previous sphincter 
rupture (n=4). Normal pregnant (n=6) and women with PE (n=16) were matched for age and 
gestational age before obtaining the plasma samples used for incubation experiments in Paper I.  

PE was defined as blood pressure ≥ 140/90 mm Hg and proteinuria exceeding > 300 mg/24 
hours in the absence of urinary tract infection after 20 weeks of gestation in previously 
normotensive, non-proteinuric women. Thirty woman with PE were included from whom 
myometrial or subcutaneous fat biopsies were collected. Any women with a previous history of 
chronic hypertension, renal disease or diabetes mellitus were excluded from the study. Women 
with preeclampsia who had received anti-hypertensive agents were also excluded. 

Subcutaneous fat biopsies (approximately 2x1.5x1.5 cm) were obtained from pre-
menopausal women either during laparoscopic surgery (n=6), elective abdominal surgery (n=10) 
or under local anesthesia (n=5). 1% prilokain (Citanest®) solution was used for local anesthesia 
and biopsies were obtained from the lower left abdominal region. None of pre-menopausal 
women used hormonal contraception for last three-month prior the study. Serum estradiol and 
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progesterone levels were measured for confirmation of the phase of the menstrual cycle in pre-
menopausal women. 

Healthy post-menopausal women were recruited to the study. Inclusion criterions were 
amenorrhea for at least 1.5 year and serum concentrations of follicular- stimulating hormone 
(FSH>15 IU/ml) and estradiol (E2<40 pg/ml). Cigarette smokers and women with hypertension, 
diabetes mellitus, clinical manifestations of arteriosclerosis (CHD, peripheral artery disease, or 
cerebrovascular disease), venous thromboembolic disease, liver disorders, unexplained vaginal 
bleeding, and a personal or family history of breast cancer were excluded. Before enrollment in 
the study, each subject underwent a physical examination, including gynecologic evaluation and 
mammography. 

Sixty-six post-menopausal women were randomly assigned to the one of four treatment 
groups for 3 months (Paper V): the first group received continuous therapy with estradiol (E2, 
Femanest®, 2mg/day, n=16), second group- MPA (Gestapuran®, 5mg/day, n=18), third group- 
combined treatment (E2 + MPA, n = 16) and fourth - control group did not receive HRT (n = 16). 
Two subcutaneous fat biopsies were obtained from post-menopausal women from the lower left 
(pre-HRT) and right (post-HRT) abdominal region. Arteries obtained from the first biopsy were 
used for experiments in Paper IV in order to evaluate functional properties of resistance arteries 
from post-menopusal women and to evaluate the effects of E2 and SERMs in vitro as well as 
endothelial layer morphology. The same measurements as 3-months earlier were repeated in the 
arteries obtained from the second biopsy in order to assess the effect of continuous HRT on 
endothelial function and morphology. Due to several dropouts from the study, 55 women were 
included in the final analysis of the data in the Paper V. 

Experimental procedures and protocols 

Human subcutaneous fat and myometrial biopsy handling 

Following delivery of the placenta at Cesarean section, a full thickness biopsy of the 
myometrium was taken from the upper margin of the incision. Subcutaneous fat biopsies were 
taken after uterine suture. The biopsies were collected into ice-cold physiological salt solution 
(PSS). Resistance arteries of approximately 200µm in diameter and 2mm length were 
immediately dissected from the biopsy using a stereomicroscope. Surrounding tissue and 
adventitia were mechanically and carefully removed using microsurgery instruments. The angle 
of arterial branches and decrease in lumen diameter were two main criteria for identifying in vivo 
blood flow direction in the arterial path. 

Biopsy tissues obtained from women using local anesthesia underwent similar routines, 
except that it was additionally flushed several times with fresh PSS in order to wash-out 
residuals of local anesthetic. Time course between biopsy and isolation of subcutaneous arteries 
under dissection microscope was no longer than 2 hours. 

Collection of blood samples  

A special protocol for blood sample collection was used in Paper I. Blood samples were taken 
from the antecubital vein without tourniquet using a butterfly needle and a vacutainer system 
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into a 4.5 ml tube containing 0.105 M citrate. Blood samples were processed immediately at 
room temperature to prevent any cell activation. Cells were removed by centrifugation for 20 
minutes at 1550 × g at room temperature to obtain MP-containing plasma. Plasma samples were 
divided in aliquots of 1 ml, snap frozen in liquid nitrogen to preserve the MP structure, and 
stored at -80°C. Before the start of the experiments the frozen plasma aliquots were thawed on 
melting ice. Two tubes, containing 250 µL plasma were centrifuged at 17570 × g for 30 minutes 
to pellet the MP. Subsequently, 225 µL of the MP-free plasma was removed from each tube and 
the MP pellet was re-suspended in the remaining 25 µL of plasma and 225 µL of calcium-free 
PSS. As previously confirmed, the fraction isolated from the plasma according to the above-
described protocol contains MP [44, 185-187]. The MP-containing plasma, MP-free plasma and 
isolated MP were dissolved in calcium-free PSS to the desired concentration and used 
immediately. Calcium-free PSS was used in order to prevent fibrin generation in the solutions. 
Heparin (1 IU/mL) was added to the solutions that were used for overnight incubation. 

Venous blood samples in Papers IV&V were taken after a 12-h overnight fast at baseline 
and 3 months of follow-up. After 20 min of rest, 20 ml of blood were collected into two EDTA 
(1 mg/ml) tubes and kept on ice. The plasma separated by centrifugation at 2500 rpm for 20 min 
was stored in several aliquots at -70°C until the time for hormone analysis. Total plasma 
cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL) and triglycerides 
were measured by enzymatic methods using general routines in the laboratory of clinical 
chemistry, Huddinge University Hospital, Stockholm. 

Serum concentrations of 17β-E2 and Progesterone (P) in Paper IV were determined by 
radioimmunoassay using commercials kits obtained from Diagnostic Product Corp., Los 
Angeles, CA. For E2 the “Estradiol Double Antibody” kit was used with an additional extraction 
step prior analysis. The serum was extracted with diethyl ether, the ether phase was evaporated 
to dryness and the residue was dissolved in zero calibrator supplied by the manufacturer of the 
kit. After that the samples were analyzed according to the original protocol. The extraction step 
eliminated possible influence of matrix differences at low E2 levels as well as influence of high 
circulating concentrations of estrogen conjugates in pregnant women and in women with HRT 
[188]. For P the “Coat-a-Count®Progesterone” kit was used without any modifications.  

Wire-myography  

Isolated resistance-size myometrial artery segments of approximately 2mm in length were 
mounted on stainless steel wires (Ø 40µm) which were attached to a force transducer and 
micrometer in the chambers of a Mulvany’s type 4-channel Multi Myograph (Model 610, 
version 2.1, Danish Myo Technology, Denmark, Picture 1). Vessel length was measured with a 
calibrated eyepiece micrometer under the stereomicroscope.  Following the mounting of all 
arteries, they were allowed to equilibrate for 30 min at 37˚C with continuous oxygenation with 
5% CO2. A standardized normalization procedure was then performed to allow the calculation of 
the artery diameter at which the in vivo transmural pressure of the relaxed artery would have 
been 100 mm Hg. Arteries were then set at 0.9 times this diameter, since it is generally accepted 
that this is the diameter that enables optimal contractile ability for arteries with low resting 
tension. All solutions (PSS: mmol/L; NaCl 119, KCl 4.7, CaCl2 2.5, MgSO4 1.17, NaHCO3 25, 
NaH2PO4 1.18, EDTA 0.026 and glucose 5.5; pH 7.4, 370C, gassed with 5 % CO2 in O2) 
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including incubation solutions were refreshed every 30 minutes. Myodaq software was used for 
these calibrations and data registration (version 2.1, Danish Myo Technology, Denmark). 

Pressure myography  

Dissected arteries were mounted in a pressure arteriograph (Living Systems Instrumentation Inc., 
Burlington, Vt. USA) and were orientated in the in vivo direction of flow on a pair of opposing 
glass microcannulae matched for flow resistance (Picture 1). The organ bath was perfused at 7 
ml/min with PSS. A servo-controlled pump maintained the required intraluminal pressure and 
the internal diameter (i.d.) of the artery diameter was recorded continuously using a video 
dimension analyzer. “In-line“ pressure transducers monitored the proximal and distal pressure on 
each side of the specimen, enabling calculation of the mean intraluminal pressure. Each artery 
was equilibrated for 60 minutes while pressurized to 50-60 mm Hg, and only arteries 
demonstrating the suitable criteria for viability, constriction to high potassium PSS (KPSS) and 
dilatation to acetylcholine (ACh) 1 µmol/L, were included in the studies. The intraluminal 
application of VEGF alone or in combination with Ang-1, VEGF in combination with Ang-1 
supernatant, control supernatant without Ang-1 (for details, please see Paper II) and Evans blue 
dye was achieved by connecting an additional flow pump while keeping intraluminal pressure 
constant. The other active substances were applied extraluminally.  

Vascular permeability studies   

When Evans blue dye (0.03%) reached the artery, intraluminal flow was stopped while keeping 
intraluminal pressure constant at 60 mm Hg. The whole arteriograph with the colored artery 
inside was then immediately removed from the stage of the inverted microscope and placed 
under a dissection microscope. An attached photo camera allowed photographs every minute 
during 5 minutes for a blind assessment of Evans blue staining. The Evans blue staining was 
evaluated on the basis of blue color distribution within the artery wall.  

Picture 1. Wire myography mounted artery (a) and pressurized artery (b). 

a b
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Immunohistochemistry 

The arteries obtained from fat biopsies of subcutaneous tissue from the post-menopausal women 
in Paper IV were stained for ER-α and ER-β. The arteries were embedded in OCT compound 
(Histolab, Sweden) and frozen on dry ice and kept in –70°C. For immunohistochemistry 8 µm 
thick sections were done on super-frost glass slides with Cryotome. The sections were fixed in 
ice-cold acetone for 10 minutes. After washing in 1% PBS (Phosphate buffered solution) the 
sections were blocked with endogenous peroxide using 0.3% hydrogen peroxide (30 min). After 
washing twice in 1% PBS (5 min each) slides were blocked with bovine serum albumin (BSA) 
for 60 min. Then the sections were incubated with primary ER-α (Santa Cruz) and ER-β (Santa 
Cruz) antibodies in 1:10 and 1:20 dilution respectively overnight at 40°C. After washing twice in 
1% PBS (5 min each) the sections were incubated with rabbit anti-mouse secondary antibody 
(Dako) and swine anti-rabbit secondary antibody (Dako) in 1:200 and 1:300 dilutions 
respectively for 60 minutes. After washing in 1% PBS (5 min each) the sections were incubated 
with Avidin-Biotin for 30 minutes. Sections were exposed to 0.001% of 3, 3’-diaminobenzidine 
tetrahydrochloride (DAB, Sigma chemical) with 0.03 % hydrogen peroxide followed by 
counterstaining with hematoxyline. 

Scanning electron microscopy  

For scanning electron microscopy arteries were cut longitudinally and rinsed in PSS, fixed and 
kept for at least 48 hours in a 2.5% (wt/vol) glutaraldehyde solution in PSS, and postfixed in a 
solution of 1% (wt/vol) osmium tetroxide in a sodium cacodylate buffer (0.15 M, pH 7.3) 
containing 75 mM sucrose. The artery samples were dehydrated in acetone series, dried in a 
critical-point drier using carbon dioxide, mounted on the specimen holder, and coated with gold 
palladium and examined for the morphological changes in endothelial cell layer under scanning 
electron microscope JEOL 820 (JEOL USA, Inc, Peabody, Mass). In order to reveal the effect of 
HRT on endothelial layer morphology in Paper V, arteries were fixed for scanning electron 
microscopy in the same way and paired comparisons were performed before and after 3 months 
continuous therapy with E2, MPA, E2+MPA or control.  

Experimental protocols  

1. BK-mediated dilatation in the isolated myometrial arteries from normal pregnant women was 
evaluated before and after 1-hour incubation with 2% and 10% solutions of 1) whole 
preeclamptic plasma, 2) MP-free preeclamptic plasma, 3) isolated preeclamptic MP re-
suspended in PSS or 4) PSS. Separate groups of arteries were incubated overnight at 4°C in 
5% solutions of 1) whole preeclamptic plasma, 2) MP-free preeclamptic plasma, 3) isolated 
preeclamptic MP re-suspended in PSS or 4) PSS. This overnight incubation also included a 
fifth group, where isolated MP from normal pregnant women were re-suspended in PSS 
(Paper I).  

2. Changes in pressure-induced myogenic tone during incubation with VEGF, VEGF+ bosentan 
(ET-1 receptors blocker) or vehicle, dilatation to BK before and after 3-hours incubation with 
VEGF, VEGF+ bosentan or vehicle were compared using pressure myography technique. 
Morphology of the endothelial cell layer in the arteries from normal pregnant women after 
incubation with VEGF was evaluated by scanning electron microscopy. Permeability to 
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Evans blue dye was evaluated after incubation with VEGF, VEGF+Ang-1 or vehicle and in 
arteries from women with PE (Paper II). 

3. Flow- and BK-mediated responses as well as changes in pressure-induced myogenic tone in 
the isolated myometrial resistance arteries from women with preeclampsia were evaluated 
before and after 3 hours incubation with 17β-E2 (10nmol/L). The role of NO in these 
responses was assessed in the presence and absence of NOS inhibitor Nω-nitro-L-arginine 
methyl ester (L-NAME 100 µmol/L) (Paper III).  

4. Flow-mediated, endothelium-dependent (BK) and independent sodium nitroprusside (SNP) 
agonist mediated dilatation and pressure-induced responses in isolated arteries from post-
menopausal women were compared to responses in arteries obtained from pre-menopausal 
women. The responses were compared before and after incubation (3 hours) with 17β-E2 
alone or in combination with ERs blocker ICI 182,780, with a selective ER-α agonist-PPT, 
with raloxifene and genistein. Two groups of women were also compared with regard to 
morphology of the endothelial cell layer using scanning electron microscopy. Distribution of 
ER-α and ER-β in the subcutaneous arteries from post-menopausal women was evaluated 
using immunohistochemical staining (Paper IV). 

5. Flow-, endothelium-dependent agonists mediated dilatation, pressure-induced responses and 
endothelial cell layer morphology in the isolated arteries from post-menopausal women were 
compared before and after 3 months continuous therapy with estradiol (E2, Femanest®, 
2mg/day), medroxyprogesterone acetate (MPA, Gestapuran®, 5mg/day), combined treatment 
(E2 + MPA) and the control group without treatment (Paper V). 

Statistical analysis 

Conventional parametric and non-parametric methods as well as multiple analysis of variance 
(MANOVA) with repeated measurements within or between groups were used. Data was 
analyzed using STATISTICA software (StatSoft Inc., Tulsa, OK, USA). Pressure-induced 
myogenic tone was calculated as the percentage decrease of the internal diameter (i.d.) of arteries 
in Ca++ -free PSS from the following equation: 

 
Results are presented as mean ± standard error of the mean (SEM). The degree of 

permeability was calculated blindly by two independent investigators using a semi-quantitative 
scale from 0 to 3+. Categorical data were compared with Chi-squared test. One-way ANOVA 
was used to compare baseline clinical and biochemical characteristics between groups in Paper 
V. Quantitative analysis of the morphological findings using scanning electron microscopy was 
performed by calculating the number of endothelial cells (EC) per 50µm2 area, which 
corresponds to the area of an original 1000 fold magnification picture of arterial sample. 
Similarly, EC death (EC death index) was scored from + to ++++ in each sample. EC number 
and EC death were calculated from samples before and after HRT and were compared with non-
parametric statistics (Papers IV-V). A p-value < 0.05 was considered significant.  
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Results and discussion  

Isolated microparticles in plasma from women with preeclampsia are 

detrimental to endothelial function  

Incubation for one-hour with 2% and 10% solutions of isolated MPs, the whole plasma or MP-
free plasma from individual women with preeclampsia had no effect on BK-mediated dilatation 
in isolated myometrial arteries from normal pregnant women. However, after an overnight 
incubation with 5% solution of isolated preeclamptic MPs only, but not whole or MP-free 
plasma, BK-mediated relaxation was abolished (see Figure 1). This impairment of endothelium-
dependent dilatation was peculiar to the action of preeclamptic MPs, since MPs (5%) from 
normal pregnant women did not cause any alterations in endothelium-dependent dilatation after 
overnight incubation (see Figure 1). Thus, circulating MPs from women with preeclampsia in 
contrast to MPs from normal pregnant women are able to impair endothelial function after 
prolonged exposure, while other preeclamptic plasma constituents seems to protect the 
endothelium from such damage.  

The pathways by which preeclamptic MP induce endothelial dysfunction in isolated arteries are 
presently unknown. Oxidative stress in preeclampsia could act as an important mediator in the 
formation of biologically active MPs. Whether preeclamptic MPs contain oxidized phopholipids 
that are detrimental to vascular endothelium is an issue that needs further investigations [189, 
190]. 
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Figure 1. Bradykinin-mediated relaxation after overnight incubation with 5% whole preeclamptic
plasma (-- --, n = 6), microparticle-free preeclamptic plasma (-- --, n = 6), isolated preeclamptic 
microparticles in physiological saline solution (… …, n = 6), isolated normal pregnant microparticles 
in physiological saline solution (--∆--, n = 6) or with physiological saline solution (__ __, n = 6). 
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Surprisingly, we did not find any harmful effect of the individual plasma from women with 
preeclampsia on endothelial function in myometrial arteries from normal pregnant women. This 
finding contrasts with previous studies demonstrating a detrimental effect of pooled plasma from 
preeclamptic patients on endothelium-dependent dilatation in isolated myometrial arteries from 
normal pregnant women even after one-hour incubation [70]. The possible explanation for this 
discrepancy may be related to some important differences in experimental approach between the 
two studies. As mentioned above, we used individual plasma samples instead of pooled plasma 
to evaluate if damaging factors are present in all patients. Although the preeclamptic patients 
included in our study were severe cases, with a high incidence of complications, we did not 
observe any effect on endothelial function by the plasma samples from the 16 preeclamptic 
patients included. Moreover, we used paired observations (before versus after incubation), which 
should be an advantage in this context. Finally, the preconstriction level, which is crucial for 
vasodilatory capacity, differed between the studies. The protective effects of preeclamptic 
plasma as suggested from the results of the present study, might be in agreement with previous 
observations regarding stimulatory effect of preeclamptic plasma on nitric oxide and prostacyclin 
production [52, 53]. It is possible that whole plasma protein composition, especially albumin, 
may shield the endothelial cell layer [21]. 

It is possible that vascular endothelium may be susceptible or predisposed to develop 
endothelial dysfunction in preeclampsia. This is supported by the fact that genetic factors or 
preexisting vascular disorders such as hypertension and diabetes increase the risk of developing 
PE [35, 191]. Whether normal endothelial cells contain enough defensive power to resist factors 
inducing dysfunction remains unknown.   

VEGF induced functional and morphological signs of endothelial dysfunction 

We found that prolonged incubation with VEGF enhanced pressure-induced myogenic tone (see 
Figure 2), and increased vascular permeability and impaired endothelium dependent dilatation 
(see Figure 3) in isolated resistance arteries from subcutaneous fat obtained from normal 
pregnant women. These findings are similar to those obtained in isolated arteries from women 
with preeclampsia [7] and may support the involvement of VEGF in the pathogenesis of this 
disease. It has been previously demonstrated that VEGF may be detrimental for endothelial 
function in isolated myometrial arteries from normal pregnant women [70]. Our similar findings 
in subcutaneous arteries exclude the possibility that VEGF could be harmful only in specific 
vascular beds (e.g. uterine) and speak in favor for a generalized effect. Indeed, increased VEGF 
concentrations have been related to an increase in uteroplacental and peripheral vascular 
resistance in women with preeclampsia [67, 68]. It should be emphasized however, that it is 
unlikely that VEGF is solely responsible for alterations in endothelial function in vivo in women 
with PE, since cytokines, lipids, metabolic and hypoxic products are all thought to affect 
vascular function.  

In our study we also evaluated the possible mechanisms by which VEGF exerts its action 
on isolated arteries. The effects of VEGF appear to involve the potent vasoconstrictor ET-1, 
since addition of bosentan, a combined ET-A/B receptor blocker, normalized VEGF-induced 
myogenic tone (see Figure 2) and BK-mediated dilatation (see Figure 3). We chose bosentan to 
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evaluate this interplay, since we have previously reported that ET-1 contributes to the regulation 
of resistance artery tone in pregnancy [192]. Therefore VEGF-induced endothelium-dependent 
inhibition of vasodilatation and enhancement of pressure-induced myogenic tone in isolated 
arteries could be mediated through this mechanism, since VEGF has an up-regulatory effect on 
endothelin-1 synthesis [193, 194]. This could also help explain why preeclampsia is associated 
with increased levels of ET-1, known as a marker of endothelial dysfunction. 

By applying a scanning electron microscopy technique we found that VEGF initiates 
morphological changes in the endothelial cell layer even after three hours incubation. An 
enhanced formation of intercellular gaps and changes in cellular shape (i.e. increase in size, 
intracytoplasmic edema) was observed. These changes resemble those found in the endothelial 
cell layer in arteries from preeclamptic women (see Paper II and Paper III) and further support a 
role for VEGF in the development of endothelial dysfunction. 

It should be noted that interaction between VEGF and other factors in the cascade of 
endothelial activation in preeclampsia might be of therapeutic importance. The opposed effect of 
Ang-1 on VEGF-induced permeability features as demonstrated in Paper II, in combination with 
growing appreciation of gene therapy techniques is of interest. VEGF is a ligand for several 
receptors such as kinase domain receptor (KDR), fms-like-tyrosine kinase receptors 1 and 2 (flt-
1, flt-2), which regulate biological effects of VEGF. The soluble form of flt-1 receptor (sflt-1) 
seems to be crucial in offsetting the biological action of VEGF on the maternal endothelium in 
vivo [70, 195-197] and the presence of such naturally occurring antagonism appears essential for 
endothelial maintenance. This issue needs further investigations in order to suggest novel 
therapeutical strategies. 

Due to the risk for adverse perinatal and maternal outcome, the identification of predictors 
for the development of PE is of importance. Several studies have shown decreased levels of 
placenta growth factor (PlGF), another member of the large family of vascular growth factors in 

Figure 2. Percentage (%) of tone developed during 3 hours incubation with
Vascular Endothelial Growth Factor (VEGF), vehicle and combination of VEGF
+ bosentan in small subcutaneous arteries from normal pregnant women. 
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women with PE [197-199]. It was suggested that PlGF might be used as a predictive marker in 
women who subsequently developed preeclampsia [200]. VEGF may also prove a suitable 
marker for future investigations.  

17β-estradiol improves endothelial function in arteries from women with PE 

Impairment of BK-mediated dilatation in wire-mounted arteries from various vascular beds in 
PE is a well-documented phenomenon [27, 28, 30]. In our study we have confirmed that 
endothelium-dependent dilatation in response to flow-mediated shear stress and bradykinin is 
impaired in small arteries from the uterine circulation in PE. 17β-E2 restored impairment of 
flow-mediated responses in myometrial resistance arteries to levels similar to those seen in 
arteries from normal pregnant women [201]. However, 17β-E2 had no effect on BK-mediated 
dilatation in these arteries. In addition, 17β-E2 reduced pressure-induced myogenic tone known 
to be enhanced in this disease [29]. 17β-E2-induced effects on flow- and pressure-mediated 
responses were NO-mediated, since endothelial nitric oxide synthase (eNOS) inhibitor Nω-nitro-
L-arginine methyl ester (L-NAME) reversed the effects (see Figures 4, 5, 6).  

In the in vivo situation this could reflect an increase in blood flow due to reduction in 
uteroplacental vascular resistance. Our findings are in agreement with several studies in animal 
experiments in vivo where an increase in the uterine blood flow [83, 84] was observed after 2 
hours of 17β-E2 administration. Our results also agree with other studies in vitro demonstrating 
estradiol-induced reduction in basal tone and up-regulation of flow-mediated dilatation in small 
arteries from hypertensive male and female rats [160, 202] or in small subcutaneous arteries 
from post-menopausal women [201]. These studies imply that NO is involved in the effects of 
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estrogen on vascular function, however several peculiar mechanisms in this respect remain to be 
discussed.  

Initial studies suggested that the effects of estrogen on vascular tone are related to calcium 
dynamics in smooth muscle cells [203]. However, the pharmacological concentrations used were 
far above those achieved under in vivo conditions. At physiological levels, the main effect of 
estrogens on pressure-induced tone is to open vascular smooth muscle calcium-activated 
potassium channels, which occurs via a NO/cGMP-dependent pathway as demonstrated in 
pressurized small arteries obtained from ovarectomized animals [204]. 

Proposed mechanisms of estrogen action on the up-regulation of NO release include the 
direct activation of eNOS [202], activation of eNOS via tyrosine kinases or mitogen-activated 
protein kinase-dependent mechanisms through heat shock protein 90 binding [205], and 
activation of eNOS involving phosphatidylinositol 3-kinase-Akt [79]. Existence of several 
pathways peculiar to certain stimuli may explain different effects of estrogen treatment on shear 
stress as compared with BK-mediated responses in isolated arteries from woman with PE. 

Several different signaling pathways involved in BK- mediated dilatation in isolated 
arteries from humans have been extensively investigated. There is no agreement whether BK-
mediated response is entirely dependent on the release of specific endothelial factors such as NO, 
endothelium derived hyperpolarizing factor (EDHF) and PGI2 [27, 206, 207], or whether certain 
conditions such as PE and hypertension would determine which factors will be released in 
response to activation [208]. It is possible that the preference of endothelial factor involved in 
BK-mediated dilatation will depend on the specific vascular bed or type of artery studied [27, 
206, 207]. The absence of estrogen-induced effect on BK-mediated dilatation in isolated 
myometrial arteries from PE may be relevant in this respect, since estradiol significantly 
improved BK-mediated dilatation in small subcutaneous arteries from post-menopausal women 
(Paper IV). 
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Figure 4. Flow-mediated vasodilatation in myometrial arteries from women with
preeclampsia; in physiological salt solution (PSS) versus after incubation with 17β-
estradiol. 
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Recently, it has been demonstrated that reactive oxygen species (ROS) are involved as 
physiological signaling mediators in activation of eNOS and NO release in response to shear 
stress [132, 133], although the biological effects are critically dependent on ROS concentration. 
Whether estrogens in the presence of oxidative stress in PE may act, as a stabilizer between pro- 
and antioxidant reactions to regulate production of ROS remains an interesting issue. 

Our initial intention was to investigate the longer-term genomic effect. We cannot, 
however, exclude the possibility that the achieved effects in our study are rapid in origin or a 
combination of both. Several studies have suggested a predominant role for estrogen receptor 
alpha (ER-α) in estrogen-induced up-regulation of NO release [160, 209]. There is evidence for 
the presence of a rapid acting membrane ER-α localized in the endothelial cell caveolae, where 
they are coupled to eNOS in a functional signaling module [159, 161]. It has been suggested that 
the rapid effect caused by physiological levels of estrogen is mediated, at least in part, by 
receptor also acting as a transcription factor to mediate the genomic effects of estrogen on 
vascular gene expression [159]. In pilot experiments (unpublished data) we used PPT, a highly 
selective agonist for ER-α in order to evaluate which receptor plays a predominant role in the 
action of 17β-E2 on flow-mediated dilatation. Flow responses were obtained in myometrial 
arteries from women with PE before and after 3 hours incubation with PPT (10-8M). This 
selective ER-α agonist stimulated flow-mediated relaxation in arteries from women with PE (e.g. 
dilatation at flow rate of 60µl/min: 9±1% PSS vs. 48±9% after PPT, n=4, p=0.04) and it seems 
that selective stimulation of ER-α mimics the effects of 17β-E2 as observed in Paper III. 
Treatment alternatives with estrogenic-like compounds with particular selectivity on endothelial 
ER-α receptor might be of interest to improve endothelial function in PE.  

Scanning electron microscopy of the endothelium in arteries from women with PE 
provided direct morphological evidence for endothelial dysfunction in the uterine circulation. 
Morphological evidence for endothelial dysfunction (shrunken, detached, degenerated thin cell 
membranes, signs of endothelial cell death, cell adhesion, enlarged intercellular junctions) partly 

Figure 5. Flow-mediated dilatation in myometrial arteries from women with 
preeclampsia; after incubation with 17β-estradiol versus Nω-nitro-L-arginine methyl 
ester (L-NAME).  
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explains the enhanced vascular permeability through enlarged intercellular junctions. This is in 
accordance with an activated coagulation system in terms of adhered platelets in PE (see Figure 
6 in Paper III). Whether endothelial cell death in vascular endothelium found in our study is 
compatible with apoptosis needs to be confirmed using additional techniques. Increased 
apoptosis and altered expression of different mediators for apoptosis in the placenta from women 
with PE have been demonstrated previously [210, 211]. Whether endothelial cells death in the 
endothelium of myometrial arteries from women with PE may be a consequence of estrogen 
deficiency and/or oxidative stress requires further investigations to be answered. 

 

Functional and morphological evidence for endothelial dysfunction after 

menopause  

Here we present for the first time that isolated resistance arteries from post-menopausal women 
demonstrate impaired endothelium-dependent dilatation to a flow stimulus, as compared to pre-
menopausal women. If present in vivo this abnormality may contribute to an increased peripheral 
vascular resistance. In larger conduit arteries a similar reduction of endothelium-dependent 
response to flow has been reported [98-103] and this in combination with our observation on 
severely impaired flow responses in small arteries from the subcutaneous circulation (see Figures 
7-8) may suggest a presence of an increased atherogenic risk in healthy post-menopausal 
women. Previous studies have shown that the primary mediator of vasodilation to flow in the 
skin circulation is nitric oxide [31]. Nitric oxide not only serves as a vasodilator but also 

Figure  6. Pressure-induced tone in isolated myometrial arteries from women with preeclampsia.
Asterisk, significance between developed tone in physiological salt solution (PSS, n = 7) at 60 mm
Hg versus 80 mm Hg; section mark, significance between the tone that was developed at 80mm Hg in
PSS versus after incubation with 17β-estradiol (n = 7); number sign, significance between the tone
that was developed at 80 mm Hg in 17β-estradiol versus L-NAME (n = 4). 
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contributes many other vasculoprotective pathways including anticoagulation [212], inhibition of 
leucocyte adhesion and smooth muscle proliferation [213, 214]. Moreover, NO inhibits the 
activation and expression of certain adhesion molecules [215], production of superoxide anion 
[216] and oxidation of LDL [217]. Absence of this important physiological response to flow will 
severely compromise vascular homeostasis in these women. Although differences in endothelial 
function have been reported in previous studies of pre-menopausal women in different phases of 
menstrual cycle [218, 219], we and others [220] found no association in this respect. 

The observation that responses to BK, a physiological agonist for endothelium-dependent 
dilatation, were reduced stresses the level of endothelial dysfunction present. Similar relaxations 
to sodium nitroprusside in pre-and post-menopausal women in our study, and together with 
similar responses to nitrovasodilators using other experimental approaches (i.e. the forearm 
plethysmography technique) in pre- and post-menopausal women, [221-223], suggest that the 
defect in NO synthesis at the level of the endothelial cell is a primary mechanism of vascular 
dysfunction after menopause. Whether these alterations are related to an ageing process or due to 
the naturally occurring withdrawal of ovarian hormones is unclear. The absence of estrogens is 
likely to play a central role as cardiovascular complications occur more often in younger 
ovarectomized women [2, 224, 225] or women with early menopause [226]. Moreover, 
numerous in vitro investigations exist demonstrating a direct association between estrogen 
withdrawal and endothelial dysfunction in isolated arteries [227, 228].  

It is now widely appreciated that the endothelium is highly important in the resistance 
circulation and it could be expected that endothelial dysfunction and structural changes in these 
arteries may modulate and exacerbate the vascular consequences of upstream events, which 

Figure 7. Flow-mediated dilatation, expressed  as
percent (%) change in diameter after initial pre-
constriction with noradrenaline (10-6 M) in small
subcutaneous arteries from post- and pre-menopausal
women.  

Figure 8. Bradykinin-mediated dilatation expressed as
percent change from initial preconstriction with
noradrenaline (1µmol/L): in physiological salt
solution between arteries from post-menopausal and
pre-menopausal women; Sodium nitroprusside (SNP).
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could be an initial launching step in the formation of clinical CVD in women after menopause. In 
our study we found no evidence for increased myogenic tone in the arteries of post-menopausal 
women in comparison to arteries from pre-menopausal women. It is important to notice that 
facilitation of pressure-induced tone by several vasoconstrictors (ET-1, AII, NE) has been 
demonstrated in animal experiments suggesting that this pathway contributes to the development 
of hypertensive complications see rev [229]. Indeed, similar vasoactive factors (i.e ET-1, AII) 
have been associated with the development of cardiovascular complications in post-menopausal 
women [230-232]. Therefore it could be anticipated that in the in vivo situation compromised 
vasodilatation in combination with preserved myogenic tone under influence of increased levels 
of circulating vasoconstrictors or in the presence of activated sympathetic tone [233] would 
favour increased peripheral resistance in post- menopausal women.  

Our morphological analysis of the endothelial cell layer using scanning electron 
microscopy have shown clear differences of endothelium morphology (for morphological details 
please see Papers IV-V) in peripheral small arteries from pre- and post-menopausal women and 
are likely to provide an explanation for the functional differences due to estrogen withdrawal 
(Picture 2). Notably, the number of endothelial cells within the vascular wall area in arteries 
from post-menopausal women was significantly reduced and accompanied with cellular 
disruption and damage. In contrast, a continuous layer of tightly connected endothelial cells with 
thick plasma membranes in the arteries from pre-menopausal women would assure proper 
vascular homeostasis. These functional and morphological abnormalities in the resistance 
vasculature might contribute to the increased cardiovascular risk in post-menopausal women. 

b

Picture 2. Scanning electron microscopy pictures (×300 fold magnification) of endothelial cell layer in isolated
arteries from healthy post-menopausal women (a) represents signs of endothelial cell death, activation and
coagulation. Pictures of the artery from pre-menopausal women (b) represent continuous layer with tightly
connected EC. 

a b
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Implication for improvement of endothelial dysfunction in the isolated 

arteries from women after menopause  

17β-Estradiol in vitro (Paper IV), HRT in vivo (Paper V) and endothelial function 

One of the main purposes of our study was to determine whether naturally occurring active form 
of estrogens - 17β-E2 might reverse impairment of flow-mediated responses in the isolated 
arteries from women after menopause. We found that prolonged incubation in vitro with 
physiological concentrations of 17β-E2 (10-7M or 10-8 M) evoked a highly significant flow 
mediated dilatation in the second flow response in the arteries from the post-menopausal women 
(see Figure 9a-b), and these responses were in principal agreement with those obtained in 
subcutaneous arteries from pre-menopausal women in our study (see Figure 7) or pregnant 
women [31].  The fact that 17β-E2 had no effect on flow-mediated dilatation in arteries from pre-
menopausal (Paper IV) and pregnant women (data not shown) suggests a critical role for 
withdrawal of estrogens as a general pathway of endothelial dysfunction after the menopause. 
Our finding on the pronounced effects of 17β-E2 being mediated by NO (see Figure 9c) in 
resistance arteries is consistent with findings obtained in our own studies and by others. 
Importantly, it has been shown that NO is the primary mediator of improved vasodilatation to 
flow after 3 hours incubation with 17β-E2 (10-8M) in myometrial arteries from women with PE 
(see Figure 3), and in shear-mediated responses in the small arteries of the skin and uterus in 
normal pregnant women [31, 234]. It might therefore be suggested that shear-stress signaling 
resulting in NO release and vasodilatation remains a particular target for estrogen action. Several 
mechanisms have been proposed by which estrogens may up-regulate NO release in response to 
shear stress, including the direct stimulation of endothelial nitric oxide (NO) synthase (eNOS) 
[78, 161-163, 235] or intracellular factors that could augment bioavailability of NO [236]. 
Recently, a stimulating effect of estrogen on inducible NOS (iNOS) gene expression in 
mammalian cells has been reported [117], however the physiological relevance of this finding 
needs to be investigated. Without measurements of NOS protein expression, however, this study 
cannot distinguish between an estradiol-induced increase in eNOS synthesis or a hypothesized 
antioxidative effect through up-regulation of antioxidant mechanisms, both of which have been 
proposed and substantiated in experimental investigations in vitro [237] and in vivo [84].  

The findings from Paper V also demonstrated an increased flow-mediated dilatation after 3 
months treatment with E2 alone and E2+MPA (see Figure 9d) supporting the role of proposed 
pathways described above. Thus, our results indicate that estradiol may play an important role in 
up-regulating shear-mediated responses after pre-treatment for 3 hours in vitro and are consistent 
with the results in vivo, where prolonged administration of E2 alone or in combination with 
MPA, but not MPA alone, improved flow-mediated dilatation in arteries from post-menopausal 
women. The negligible role of MPA in shear stress mediated responses after treatment further 
strengthens a fundamental role for estrogen in the responses observed. Our results are in line 
with several other studies demonstrating that ERT alone has beneficial effect on FMD in conduit 
arteries in post-menopausal women [98-103]. In addition, it has been shown that unopposed 
estrogens increased vasodilatory response to flow in vivo by almost 40 % in healthy post-
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menopausal women, who had not yet developed atherosclerotic vascular disease, but there was 
no effect of ERT in women with established CVD [155]. In contrast, some studies demonstrated 
that concomitant administration of progestagens attenuated the stimulating effect of estrogen on 
bioavailability of NO [154] and reversed the effect of estrogen on FMD in healthy post-
menopausal women [103, 156]. However, these findings were not universal, since other studies 

Figure 9.  a: Flow-mediated dilatation in isolated subcutaneous arteries from post-menopausal women: in
physiological salt solution (PSS) versus prolonged incubation with 17β-estradiol (17β-E2, 10-7M). 
 b: Flow-mediated dilatation in isolated subcutaneous arteries from post-menopausal women: in
physiological salt solution (PSS) versus prolonged incubation with 17β-estradiol (17β-E2, 10-8M). 
 c: Flow-mediated dilatation in isolated subcutaneous arteries from post-menopausal women:
prolonged incubation with 17β-E2 versus Nω-nitro-L-arginine methyl ester (L-NAME). 
 d. Flow-mediated dilatation before and after 3 month treatment with Estradiol (E2),
medroxyprogesterone acetate (MPA), E2+MPA and control  in small subcutaneous arteries from healthy
postmenopausal women. 

a b 

c d 
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in line with our observations have demonstrated that combination of estrogen with progestagens 
improved FMD [99, 100, 157, 158].   

We also took an opportunity in this thesis, afforded by the use of perfusion myography 
technique, to evaluate other mechanisms, which may contribute to estrogen modulation of 
vascular tone. We were able to show that in addition to profound effects on flow-mediated 
dilatation, the pre-incubation with 17β-E2 increased basal release of NO (see Figure 11), which 
then reduced the level of pressure-induced myogenic tone in arteries from post-menopausal 
women. Physiologically this implies that estrogens are capable of affecting resting as well as 
haemodynamically modified resistance artery tone. This is in accord with widely reported 
evidence in vivo and in vitro for an increase in basal release/availibility of NO in a wide range of 
physiological, pathological and experimental situations [118, 123, 222].  

Although results from Papers IV-V and experimental evidence from others [157, 222, 238] 
suggested a significant role of E2 alone in vitro or in combination with MPA in vivo in the 
regulation of pressure-induced tone, we could not confirm that 3 months intervention with E2 
alone in contrast to E2+MPA affects myogenic tone in the resistance arteries from healthy post-
menopausal women (see Figure 3 in Paper V). It cannot be excluded, however, that the lack of 
E2 effect in vivo on myogenic tone is due to relative small number of women involved. 

In paper IV we also showed as demonstrated previously in forearm circulation of post-
menopausal women [223], that responses to endothelium-dependent agonists were reduced as 
compared to pre-menopausal women (see Figure 8) and enhanced by 17β-E2 in arteries from 
post-menopausal women (see Figure 10a). Interestingly this response was only partially 
mediated through NO, as evidenced by incomplete inhibition with L-NAME, strongly suggesting 

Figure 10. a: Bradykinin-mediated dilatation in arteries from post-menopausal women: in physiological salt 
solution (PSS) versus after prolonged incubation with 17β estradiol (17β-E2), ∗ p = 0.01; in 17β-E2 versus 
incubation with 17β-E2 + Nω-nitro-L-arginine methyl ester (L-NAME) # p = 0.01; in 17β-E2 plus ICI 
182,780.We deliberately excluded standard errors of the means in relaxation curve to bradykinin in the presence
of 17β-E2 plus ICI 182,780 to simplify the presentation of the figure. 
 b: Bradykinin-mediated dilatation before and after 3 month treatment with estradiol (E2), 
medroxyprogesterone acetate (MPA) , E2+MPA  and control in small subcutaneous arteries from healthy
postmenopausal women. 

a b



 

 37

an important up-regulation through other pathways, perhaps cyclooxygenase or EDHF-mediated. 
In fact, several studies implicated that NO and EDHF equally contributes to BK-mediated 
dilatation in subcutaneous arteries from women in reproductive age [27, 239], however 
contribution of EDHF increases significantly with age [240]. Moreover, data from 
ovarectomized animals provided direct evidence that estrogen deficiency specifically impairs 
EDHF-mediated vascular actions [241]. Involvement of classical estrogen receptor in our study 
was indicated by reversal of estradiol induced increment in BK-mediated relaxation by ICI 
182,780, however selective ER-α agonist failed to increase BK-mediated dilatation (see Figure 4 
in Paper IV) suggesting but not proving the relative importance of ER-β. In contrast to our in 
vitro observation that 17β-E2 up-regulates BK-mediated dilatation, prolonged supplementation 
with combined HRT (see Figure 10b) had no effect on agonist-mediated dilatation irrespective of 
treatment regime used. The reason for this discrepancy remains unknown. However, it might be 
speculated that prolonged treatment with combined HRT might influence ion channel function 
and calcium dynamic responsible for the contribution of EDHF to BK-mediated dilatation. In 
fact, it has been shown that estrogen-induced dilatation per se depends on activation of Ca 
dependent K channels (BKca channels) [81] and these channels indeed are directly involved in 
the EDHF signaling. It could be anticipated therefore that prolonged in vivo exposure to 
circulating estrogens alone or in combination with progestagens may down-regulate the signaling 
of EDHF due to a possible competitive effect between similar signaling pathways. Finally, recent 
unpublished data from our laboratory using ER-β knockout animals suggests that ER-β plays an 
important role in the regulation of EDHF involvement to endothelium-dependent dilatation. 
Therefore, the relative contribution of ER-α versus ER-β to vascular function before and after 
prolonged treatment with combined HRT might be of importance in this respect.  

Figure 11. For the simplicity we present pressure-induced mygenic tone developed in response to changes in 
intraluminal pressure of 60 mmHg, 80 mmHg and 100 mmHg under different experimental conditions (solid
versus crosshatched bars) in different arteries: physiological salt solution (PSS) versus 17 beta estradiol (17β-E2, 
0.01 µmol/L) n=15, * p = 0.001; 17β-E2 versus Nω-nitro-L-arginine methyl ester (L-NAME, 0.1mmol/L) n=8, * 
p = 0.001; PSS versus ICI 182,780 (ICI) + 17β-E2 (n=8). 
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E2 
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E2+MPA 
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Before After 

Picture 3. Scanning electron microscopy (1000 fold magnification) of endothelial cell layer in
isolated arteries from the same postmenopausal women before hormonal replacement therapy (HRT)
and after treatment with E2, MPA, E2+MPA and controls. For details see Figure 4 in Paper V. 
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In addition to combined HRT-induced vascular protective effects in the resistance 

vasculature of healthy post-menopausal women as demonstrated in our study, long-term 
administration of these treatment regimes have also effects on markers of endothelial 
dysfunction and inflammation. It has been shown, that combination of E2 with progestagens 
might positively influence levels of powerful vasoconstrictor ET-1, as well as E-selectin, 
trombomodulin and von Willebrand factor. Increased concentrations of these markers are known 
to be associated with increased cardiovascular risk [242].  

In Paper V we evaluated the effect of conventional HRT regimens on clinical and 
biochemical parameters in healthy post-menopausal women. As expected, combined HRT (i.e 
E2+MPA) favorably influenced the levels of LDL and the ratio of LDL/HDL (see Table 1 in 
Paper V). This observation is in line with many other studies indicating that these alterations 
could favor vascular protection [8, 243]. Although the E2 treatment group had a tendency for 
favorable changes in lipid profile, it did not reach significant levels. Several studies have 
reported beneficial effects of E2 on lipid profile [143, 244], and it is possible that in our study the 
absence of significance is due to a relatively small number of women. In contrast, MPA alone 
had no effect on plasma lipid composition, further supporting the importance of estrogenic 
compounds to alter lipid profile.  

Finally, our morphological analyses of vascular endothelium in arteries obtained from the 
same women before and after certain HRT regimen offers additional evidence that 17β-E2 
provides cardiovascular protection in resistance vasculature in healthy post-menopausal women. 
The protective effects of 17β-E2 on resistance artery vascular parameters emphasizes the degree 
of endothelial dysfunction present and this is further enforced by the morphological malfunctions 
ofsevere endothelial disruption, which was appreciably, reversed after 3 month E2 

supplementation in healthy post-menopausal women. It was apparent that treatment regime with 
E2 alone reversed endothelial disruption by promoting the re-endothelialization (Picture 3), 
decreasing the number of apoptosis-like cells and reducing the quantity of attachments as 
markers for endothelial cell activation. In contrast, treatment with MPA alone or in combination 
with E2 (Picture 3) had no effects (fore details please see Paper V). To our knowledge such 
morphological alterations of endothelial layer in resistance vasculature from healthy post-
menopausal women after estrogen therapy have not yet been reported. However estrogens are 
known to be potent stimulators of cellular growth, they can provide rapid re-endothelialization in 
animal vascular injury models [114, 129] or protect from hypoxia [245] or oxidative stress-
induced [134] endothelial cell apoptosis.  

Receptor-dependence, SERMs and endothelial function in vitro (Paper IV) 

In our studies we have demonstrated that 17β-E2 increases endothelium-mediated responses in 
the isolated arteries from women after menopause via ERs, since application of a nonselective 
ER blocker ICI 182,780 prior incubation with 17β-E2 (10-8M) diminished the second responses, 
indicating that in our experimental set-up hormone receptors are required for the action of 
estrogens. This was a case for 17β-E2 effects on flow, BK- and pressure induced responses in 
small subcutaneous arteries from healthy post-menopausal women (see Figures 10a and 11). In 
order to support our functional results, the distribution of ER-α and ER-β within the vascular 
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wall was investigated (see Figure 7 in Paper IV). We found that both ERs are present in small 
subcutaneous arteries from post-menopausal women. The expression of ER-α and ER-β in 
vascular smooth muscle cells was similar, however higher expression of ER-α then ER-β was 
found in the endothelial cells indicating a predominant role for this receptor in 17β-E2–mediated 
effects. Moreover, the selective ER-α agonist PPT stimulated flow-mediated relaxation (see 
Figure 12a), decreased pressure-induced myogenic tone (see Figure 13) and had a tendency to 
improve BK-mediated dilatation in arteries from post-menopausal women (see Figure 12b), 
findings which were similar to those obtained after prolonged incubation with 17β-E2 (see Figure 
9a, 10a, 11). In contrast, other SERMs like genistein and raloxifene, known to be more specific 
stimulators of ER-β had no effect on flow-(see Figure 12a) and BK-mediated responses (see 
Figure 12b). The absence of beneficial effects of raloxifene and genistein in contrast to 17β-E2 
and PPT could be explained by the relative importance of ER-α versus ER-β for 17β-E2–
mediated up-regulation of endothelium-dependent responses. There is some evidence for 
favorable ER-β -mediated effects of genistein [246], ER-β-mediated effects of 17β-E2 on the 
arterial response to injury [247] and on endothelium-dependent arterial responses in aging 
animals [248]. However, our findings of a predominance of ER-α in the endothelium from post-
menopausal women and the pronounced dilatory effects of the ER-α selective agonist PPT 
further supports a critical role of ER-α in mediating atheroprotective effects in the resistance 
vasculature from post-menopausal women.  

Figure 12. a: Flow-mediated dilatation in isolated subcutaneous arteries from post-menopausal women: in
physiological salt solution (PSS) versus prolonged incubation with 4,4', 4’’-(4-Propyl-[1H]-pyrazole-1,3,5-triyl)
trisphenol (PPT); in PSS versus prolonged incubation with raloxifene (Ralox); in PSS versus prolonged incubation
with genistein (Gen). 

b: Bradykinin-mediated dilatation expressed as percent change from initial preconstriction with noradrenaline
(1µmol/L): in physiological salt solution (PSS) in  arteries from post-menopausal women before and after prolonged
incubation with incubation with 4,4',4''-(4-Propyl-[1H]-pyrazole-1,3,5-triyl) trisphenol (PPT); after raloxifene
(Ralox); after genistein (Gen).  

a b
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Raloxifene stimulates basal NO release in animal and cell culture models [176, 178]. These 
findings may explain a decrease in pressure-induced myogenic tone after prolonged incubation 
with raloxifene in arteries from our post-menopausal women (see Figure 13). It has also been 
shown that Raloxifene attenuates intimal thickening in animal models in response to arterial 
injury and prevents migration of vascular smooth muscle cells in culture [249, 250]. Recently, 
however, it has been demonstrated that flow-mediated dilatation in brachial artery in healthy 
post-menopausal women was unaffected by prolonged treatment with raloxifene [251]. This is in 
line with our observation in small subcutaneous arteries where raloxifene did not stimulate flow-
mediated response. It is therefore unlikely to suggest that treatment alternatives including 
raloxifene would be of importance for endothelial protection in healthy post-menopausal women. 
A long-term, ongoing randomized prevention trial to determine whether raloxifene lowers the 
risk of cardiovascular events in post-menopausal women should give more information on this 
issue [175]. 

The lower incidence of CVD in Asian countries has been related to phytoestrogens 
consumption. Therapy with genistein increases plasma nitrites/nitrates levels and decreases 
plasma ET-1 levels in post-menopausal women [182]. The therapy may also up-regulate eNOS 
activity [252]. In addition, Genistein produces acute NO-dependent dilation of human forearm 
vasculature with similar potency as 17β-E2 [253]. Daily administration of genistein increased 
FMD of the brachial artery after 6 months of therapy [182] and one year of genistein therapy 
improved FMD in post-menopausal women to a similar extent as estrogen/progestin regimen 
[253]. These observations were made on peripheral conduit arteries in post-menopausal woman 
but have important implications on the possible vascular protective effects of genistein on other 
vascular beds, e.g. subcutaneous resistance circulation. In contrast, several studies have reported 

Figure 13. For the simplicity we present pressure-induced mygenic tone developed in response to changes in
intraluminal pressure of 60 mmHg, 80 mmHg and 100 mmHg under different experimental conditions (solid vs
crosshatched bars) in different arteries: physiological salt solution (PSS) versus 4,4',4''-(4-Propyl-[1H]-pyrazole-
1,3,5-triyl) trisphenol (PPT , 0.01 µmol/L, n=6, * p < 0.05); PSS versus raloxifene (Ralox, 0.05 µmol/L, n=10, *
p = 0.05); PSS versus genistein (GEN, 0.01 µmol/L, n=6). 
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that short-term (2 weeks) oral isoflavone supplements or soy supplementation containing 
primarily genistein and daidzein for 3 month had no effects on FMD in healthy menopausal 
women [254, 255]. Accordingly, in our in vitro study prolonged incubation with genistein had no 
overall influence on resistance artery parameters (see Figures 12-13). It is therefore questionable 
to suggest that genistein could be introduced as an alternative to improve resistance artery 
function in healthy pots-menopausal women.  

On the other hand, it has been demonstrated that dietary soy protein supplement 
significantly reduces blood pressure and improves LDL/HDL cholesterol ratio and triglycerides 
in healthy post-menopausal women [169, 170, 254]. It might be anticipated therefore that 
phytoestrogens may play a role in the prevention of cardiovascular disease by primarily 
improving lipid profiles rather then having direct influence on the arterial function. More 

research is needed to specify the mechanisms of action of these compounds in hyperlipidemic 
and hypertensive populations, before public health recommendations can be made. New SERMs 
with pronounced selective ER-α or ER-β activities [164] might be a powerful tool to investigate 
vascular effects, since it has been suggested that ER-β can modulate ER-α activity in a response-
specific and dose-dependent manner [256]. More knowledge regarding SERMs and their effects 
on cardiovascular events will emerge from ongoing trials. 
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Future perspectives  

Our studies in isolated small arteries provided important evidence for endothelial dysfunction 
present in the maternal circulation during pregnancy complicated by PE and in women after 
menopause. The evidence of vascular malfunctions present in this thesis enforces the role of 
resistance circulation as a primary target for injury and protection. At present, there is no 
screening method that accurately predicts preeclampsia and currently considered or newly 
discovered potential predictive markers for this disorder are of critical importance. We have also 
substantiated our knowledge about the physiological impact of the naturally occurring female 
hormone 17β-E2 and currently available SERMs on resistance artery function that is of 
fundamental importance for woman’s cardiovascular health.  
 
Contemporary demographic trends, including increased maternal age per se, fewer pregnancies 
and decreasing birthrate, widespread usage of hormonal contraceptives [257, 258] may 
negatively influence women’s cardiovascular health. Retrospective analyses clearly indicate a 
relationship between PE and an increased risk for CVD after menopause [3-5]. It shows that the 
consequences of endothelial dysfunction in PE affects women’s cardiovascular health even in 
reproductive age [16] and necessitate us to consider measures for earlier cardiovascular 
protection. The outcome of human pregnancy will influence not only the mother’s but also the 
offspring’s later cardiovascular health.  
 
Although large observational trials have failed to substantiate the role for combined HRT for 
prevention of CVD after menopause, the role for 17β-E2 supplementation as a powerful tool for 
improving vascular function in post-menopausal women is still undefeated and implies that the 
individual's unique personal need and risk profile must be assessed to offer optimal therapeutic 
alternatives. Our observations further emphasize the necessity to find endothelial-selective 
SERMs with ideal vasculo-protective properties and without side effects on women’s health and 
life quality. Future research may yield better insights into the processes that occur in the vascular 
wall and may provide novel means to modulate cardiovascular health.  
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General conclusions 

 
1. Microparticles from women with PE in contrast to those obtained from normal pregnant 

women cause endothelial dysfunction in isolated myometrial arteries from normal 
pregnant women, whilst other preeclamptic plasma constituents protects the endothelium 
from this effect. Microparticles might be considered as a candidate for the unknown 
circulating factor/s, involved in the development of endothelial dysfunction in PE. 

 
2. VEGF impaires BK-mediated dilatation and enhances basal tone possibly through the 

ET-1- related pathway in the resistance vasculature from normal pregnant women. In 
addition, it also increases permeability similar to that obtained in arteries from women 
with preeclampsia. This might indicate a potential role for VEGF in the development of 
endothelial dysfunction in pregnancy. Ang-1 inhibited the VEGF- induced vascular 
leakage and may be beneficial from a preventive and/or therapeutic point of view in the 
management of PE. It should be of importance to evaluate the biological role of sflt-1 in 
the maternal circulation in normal pregnancy and PE in order to improve our knowledge 
about the contribution of VEGF to the pathogenesis of this disorder.  

 
3. 17β-E improves endothelial function through up-regulation of flow-mediated dilatation 

and reduction of pressure-induced myogenic tone in resistance myometrial arteries from 
women with PE. These effects are NO mediated and suggest a possible role for estrogens 
in improving uteroplacental blood flow in PE. Treatment alternatives with estrogenic-
like compounds with particular selectivity on endothelial ER-α might be of interest to 
improve endothelial function in PE.  

 
4. Functional and morphological evidence for impaired endothelial function obtained in 

isolated subcutaneous resistance arteries from healthy post-menopausal women indicates 
that these women are at an increased risk to develop cardiovascular complications. ER-α 
is a predominant mediator of the beneficial effects of 17β-E2 on resistance artery 
function in vitro, since only PPT but not raloxifene or genistein reproduced the effect.  

 
5. Oral administration of E2 had beneficial effects on flow-mediated responses and 

endothelial morphology. Combined HRT improved flow-mediated dilatation, plasma 
lipid composition and reduced pressure-induced myogenic tone. However, MPA alone 
had no effect on any of the parameters studied in isolated subcutaneous arteries from 
healthy post-menopausal women. HRT based on E2 alone or in combination with MPA 
may be beneficial for resistance artery function in healthy post-menopausal women. 
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