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1. Background

A pregnancy rate of approximately 15% per cycle renders the process of human repro-

duction inefficient1. From assisted procreation studies we have learned that fertilization 

is not the major problem as this succeeds in about 70-80%. However, the next phase, the 

implantation, seems to be the biggest challenge. Embryo selection in these procedures 

can somewhat increase the chance of implantation.

	 Controlled ovarian hyperstimulation (COHS), used in assisted procreation, adversely 

affects perinatal outcome. Singleton pregnancies from assisted reproduction have a sig-

nificantly worse outcome (birth weight and gestational age) compared with spontane-

ous singleton pregnancies2 whereas, birth weights of singletons conceived by implant-

ing a cryopreserved embryo tend to be normal or even above average3. The difference 

in these procedures is that embryo transfer of a cryopreserved embryo occurs predomi-

nantly in a natural menstrual cycle, whereas embryo transfer after IVF/ICSI occurs directly 

in an environment that was exposed to COHS.

	 Whether the factor subfertility confounds the association between COHS and a 

worse perinatal outcome is still unclear. However, the fact that neonates born after 

cryopreserved embryo transfer tend to have normal/higher birth weights, suggests that 

subfertility does not influence perinatal outcome. The adverse effect of COHS on perina-

tal outcome may be caused by its negative effect on the endometrium4 and as such on 

the implantation process. An adverse effect on implantation may lead to worse perinatal 

outcome, like low birth weight.

	 Angiogenesis, the formation of new blood vessels from pre-existing ones, is thought 

to play an important role in the process of implantation. In rodents, it was shown that 

stimulation with urinary gonadotrophins (a form of COHS), in contrast to recombinant 

gonadotrophins, negatively affected parameters important in angiogenesis5,6.

2. Human implantation

Implantation is a series of events, which is initiated when the blastocyst starts to inter-

act with its implantation site, leading to placentation. Of all mammalian physiological 

processes, implantation involves very species-specific mechanisms, which make com-

parisons with other species difficult. Therefore research on human implantation has to, 

at least in part, be performed on our own species by designing in vitro assays simulating 

parts of the in vivo process.

	 Normally, implantation occurs intra-uterine, in the endometrium. However, advanced 

ectopic pregnancies have been described, for example on the intestinal mucosa. This 
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shows that the embryo does not solely relies on the endometrium as an implantation 

site but is able to create its own implantation site even extra-uterine.

2.1 Pre-implantation
As most pregnancies develop intra-uterine, the implantation process in the endome-

trium is described here.

	 The endometrium is the mucosa that forms the inner lining of the uterus (Fig. 1). Its 

growth, differentiation and breakdown is cyclical regulated by the ovarian steroids dur-

ing the female’s fertile life span. Every month the 2/3 upper part of the endometrium, 

called the functional endometrium, is shed (menstruation). Subsequently, a new func-

tional layer growths from the basal endometrium under the influence of estradiol during 

the proliferative phase of the cycle. After ovulation, differentiation of the endometrium 

takes place under the influence of progesterone produced by the corpus luteum (Fig. 2). 

Both steroids influence processes directly and indirectly via various factors like growth 

factors and cytokines.

	 Uterine blood supply is facilitated by the uterine arteries, which give rise to arcuate 

arteries. From these arteries arise the radial arteries, which divide at the endo-myome-

trial junction into straight arterioles supplying the basal layer of the endometrium and 

spiral end-arterioles supplying the functional layer (Fig. 1). Arterioles in the basal layer 

Figure 1. The endometrium.
The inner lining of the uterus, the endometrium, is monthly prepared for the implantation and 
placentation of a blastocyst. From the basal layer, which is not shed during menstruation, a new 
functional layer of endometrium develops. Angiogenesis is indispensable for the proliferation and 
differentiation of the epithelial cells and cells in the stromal compartment. Spiral arteries descend 
from stumps in the basal layer and from these arteries a new sub-epithelial capillary complex de-
velops.
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are surrounded by a vascular smooth muscle coat. Smooth muscle and pericytes are re-

duced in the superficial layer and the most superficial vessels consist only of endothelial 

cells7. The vessels form a capillary plexus under the epithelium. Endothelial cells in the 

functional layer show cyclical variation in proliferation, while the endothelial cells in the 

basal layer do not vary with the menstrual cycle8,9.

	 Angiogenesis is required to support the proliferation and differentiation of glan-

dular and surface epithelial cells, and stromal cells, of which the endometrium is com-

posed10,11. Together with the changes in vascular permeability throughout the menstru-

al cycle a transformation of a thin, dense endometrium into a thick, highly edematous 

secretory endometrium takes place12.

	 The morphological changes in the endometrial stroma seen after ovulation can be 

described as pre-decidualization. Decidualization is a reaction of the endometrium to 

support and regulate implantation and pregnancy. Further decidualization only occurs 

in the presence of a pregnancy.

Under normal conditions, when fertilization has occurred, the conceptus travels through 

the oviduct to the uterus proceeding cellular divisions (Fig. 1). Between its 4-8 cell stage 

it becomes transcriptionally active and genes of the conceptus itself start to contribute 

to its development. The metabolic activity and growth of the pre-implanted conceptus is 

stimulated by a number of growth factors for which it has receptors. On its turn the con-

ceptus is able to synthesize several growth factors. These factors likely act as autocrine 

and/or paracrine factors, to promote its development and implantation.

Figure 2. 

Figure 2. The menstrual cycle.
Hormonal, ovarian, and endometrial changes and relations throughout the normal menstrual cycle.
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	 3-4 days after fertilization the conceptus enters the uterine cavity and changes from 

a morula stage (compact 12-16-cell stage) to the blastocyst stage (Fig. 1). The blastocyst 

contains an outer cell layer called trophoblast which surrounds a cavity called the blas-

tocoele. The extra-embryonic tissue is concerned with the nutrition of the embryo and 

gives rise to part of the placenta. The group of centrally located cells, know as the inner 

cell mass, forms the embryo (Fig. 3).

	 When floating freely in the uterine cavity, the blastocyst derives its nourishment from 

the secretions of the uterine glands. However, this source becomes inadequate and im-

plantation in highly vascularized endometrium is necessary for its further survival.

	 Implantation can only take place in a very narrow window of time (48h, 7-10 days 

after ovulation) during the menstrual cycle, the so-called “implantation window”. Dur-

ing this period the endometrial epithelium is receptive to the implanting embryo. Recep-

tive epithelium has specific characteristics that facilitate the conceptus to position and 

adhere for further implantation (apposition). These characteristics are the expression 

of small apical protusions called pinopodes and specific cell adhesion molecules called 

integrins13-15. Before and after the receptive period the endometrium resists attachment 

of the embryo.

	 For the embryo to survive, its early development and transport must be coordinated 

Figure 3. Formation of a blastocyst.
4-5 days after fertilization the embryo has differentiated into two distinct cell types: inner cell mass, 
which will develop into the fetus, and trophoblasts, which will develop into the placenta. In the 
blastocyst a cavity has developed called the blastocoele. Around day 6-9 the conceptus loosens its 
zona pellucida.
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precisely with the changing receptivity of the endometrium. The ovarian steroids play an 

important role in this coordination.

2.2 Attachment
Implantation involves an initial process of attachment which starts around day 6-9 with 

the conceptus loosening its zona pellucida (Fig. 3). During attachment close apposition 

and adherence of the trophoblast cells of the blastocyst to the luminal epithelium of the 

endometrium occurs.

	 Evidence derived from in vitro experiments and animal studies suggests that suc-

cessful implantation and placentation depend on the interaction between the con-

ceptus and endometrium16. Highly localized signals from the conceptus during ap-

position, attachment, and later during invasion enhance further decidualization of 

the endometrium. These processes initiate the development of the maternal part of 

the placenta. Important features of decidualization are an increase in vascular per-

meability causing edema, changes in the extracellular matrix (ECM) composition and 

stromal cell morphology, and angiogenesis. The signaling molecules responsible for 

decidualization are cytokines, growth factors and hormones13,17-25. Some of these sig-

naling molecules and their role(s) are known, others remain unidentified. Studies have 

shown that the human blastocyst produces activin, colony stimulating factor (CSF)-1, 

epidermal growth factor (EGF), interferon (IFN) g, insulin-like growth factor (IGF) I and 

II, interleukin (IL) 1a and -b, IL-6, IL-10, leukemia inhibitory factor (LIF), platelet-de-

rived growth factor (PDGF), transforming growth factor (TGF) a and b, tumor necrosis 

factor (TNF) a, vascular endothelial growth factor (VEGF)-A, and hCG26-33. The elabo-

rate interaction between the conceptus and the mother has two important distinctive 

components. First, the conceptus establishes physical and nutritional contact with the 

maternal endometrium. And second, the conceptus announces its presence to the 

maternal pituitary-ovarian axis by producing hCG; failure to do so would result in the 

regression of the corpus luteum, causing progesterone levels to fall, and subsequent 

loss of the conceptus.

2.3 Invasion
After attachment, controlled invasion takes place. To this end the (syncytio-)trophoblast 

uses various proteolytic enzymes. By eroding the surface epithelium and larger maternal 

vessels the trophoblast cells come into contact with maternal blood. This creates a new 

nutritional source and the basis of placental development (placentation). Decidualiza-

tion of the endometrium proceeds due to trophoblastic growth factors, cytokines and 
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steroids. First trimester human trophoblast produces EGF, IGF-II, placental growth factor 

(PLGF), TGFa, TGFb, TNFa, hCG, estradiol and progesterone26-29,34-41 30-33,42.

	 In these early stages of pregnancy, intact capillaries grow and surround the (syncy-

tio-) trophoblast. These capillaries form a capillary plexus connected to the (syncytio-) 

trophoblast lacunae and constitute the first very simple vascular system supplying the 

embryo. A close relationship between embryonic development and the state of vascu-

larization of the chorionic villi has been demonstrated43. Nevertheless, the maternal cir-

culation to the human placenta is not well established until the beginning of the second 

trimester of pregnancy44. The main nutritional source remain the uterine glands who 

deliver secretions into the intervillous space until 10 weeks of gestation.

	 Implantation is completed two weeks after fertilization. Around this time, the em-

bryo itself synthesizes the hormones required for the continuation of pregnancy and 

becomes therefore independent of the maternal endocrine condition.

	 Flaws early in life, during implantation, may result in pregnancy loss or aberrant fetal 

development, such as intra uterine growth retardation (IUGR), resulting in low birth 

weight. A low birth weight, on its turn, might have serious consequences later in life as 

Barker describes in his hypothesis45,46.

3. Barker hypothesis

In 1989 Barker published the first results from a cohort study of men and women born 

in Hertfordshire which suggested that cardiovascular disease was inversely related with 

birth weight47-49. Since then, this association has been confirmed by others in differ-

ent countries50-54. Individuals who had low birth weight or were thinner at birth show, 

besides the increased rate of coronary heart disease, an increased risk for hypertension, 

(non-insulin-dependent) diabetes, abnormal lipid metabolism, renal disease and coagu-

lation disorders45,55-59. Critics doubted the validity of these studies; they were concerned 

about genetic influences and the influence of socio-economic/environmental confound-

ers on birth weight and cause of death later in life46,46,60-64. Several investigators adjust-

ed for socio-economic/environmental factors and they still found, however less strong, 

an association between birth weight and coronary heart disease. This confirms that 

socio-economic circumstances at birth and in adult life cannot completely explain the 

association51,52,54,65-67.

	 Out of Barker’s observations arose the fetal origin hypothesis or Barker hypothesis, 

which proposes that several diseases in later life originate in utero from the persistence 

of physiological, endocrine and metabolic adaptations generated by the fetus (biologi-

cal programming) when it is undernourished during critical periods of development45. 
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These fetal adaptations may be protective in the short term, but may give rise to overt 

disease later in life. Barker acknowledges that besides the mechanism of programming, 

genetic and environmental factors play a role in this phenomenon68. But, to emphasize 

the role of biological programming, he believes that what appears to be due to socio-

economic or genetic factors may in fact represent a perpetuation of a programming 

influence through several generations (intergenerational programming)68.

	 The underlying biological mechanisms behind the association of low birth weight 

and adult disease have not been explained yet. Recent studies in animals and man try to 

elucidate this relationship. Markedly, in most diseases, which have been described to be 

related to low birth weight, the endothelium is involved. It has been shown that indi-

viduals with low birth weight exhibit endothelial dysfunction already at very young ages 

persisting into childhood and adult life69-75. Smith et al.61 found that mothers, who once 

gave birth to babies with low birth weights, have a higher risk of developing ischemic 

heart diseases later in life. If this condition of endothelial dysfunction already existed 

during the time of implantation it might have led to an inadequate placental formation 

and subsequent IUGR. This suggests that endothelial dysfunction might represent the 

link between low birth weight and diseases later in life.

4. Angiogenesis

In the process of implantation and placentation, angiogenesis is crucial1. It is the result 

of a delicate balance between stimulators and inhibitors. This balance is influenced by 

the interaction of endothelial cells with their ECM, by growth factors and cytokines, and 

by environmental factors such as hypoxia and hormonal status76-82.

	 Several steps are involved in angiogenesis. First the endothelial cells need to be acti-

vated by angiogenic factors. Secondly, the endothelial cells penetrate their basal mem-

brane and subsequently invade and migrate into the underlying ECM. For this purpose 

the cells require proteolytic activity, which they obtain by the expression of proteolytic 

enzymes. Thirdly, the cells proliferate under the influence of angiogenic factors into the 

underlying interstitial matrix and form new capillary structures. Vessel stabilization is 

achieved by interaction with pericytes (larger vessels) and reconstitution of the base-

ment membrane (BM)83,84 (Fig. 4).

4.1 Proteolytic enzymes
Proteolytic enzymes and their inhibitors play an important role in the process of degra-

dation of the BM and ECM and capillary lumen formation85-88. They are expressed by the 
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endothelial cells and act in focal areas at the cell surface, and as such facilitate in a con-

trolled balanced manner cell invasion and migration without loss of the bulk of matrix 

which is needed as structural support84. The proteolytic enzymes can also influence the 

angiogenic process by generating angiogenesis stimulating or inhibiting ECM fragments 

and by the activation or release of growth factors.

	 At least two proteolytic cascades are generally thought to play a major role in cell mi-

gration and invasion, namely the urokinase-type plasminogen activator (u-PA)/plasmin 

cascade and the matrix metalloproteinases (MMPs)78,79,84,89-92.

4.1-1 The urokinase-type plasminogen activator (u-PA)/plasmin cascade

U-PA converts the inactive plasminogen into the broadly-acting serine protease plasmin. 

Plasmin is able to cleave fibrin, to degrade several matrix proteins such as thrombospon-

din and collagens and to activate several MMPs93-96. Like plasmin, u-PA is secreted as an 

inactive single-chain zymogen and can get activated to two-chain u-PA by plasmin or 

kallikrein to obtain proteolytic activity97,98. U-PA is primarily involved in proteolytic pro-

cesses during cell migration and matrix remodeling. Inhibition of two-chain u-PA occurs 

by plasminogen activator inhibitors, of which PAI-1 is the predominant physiological 

inhibitor, secreted, among other cells, by endothelial cells99,100.

Figure 4. Angiogenesis.
Angiogenesis is a balance between stimulating and inhibiting factors. When resting endothelial 
cells in an existing capillary get activated by stimulating angiogenic factors they degrade the base-
ment membrane and extracellular matrix (ECM), by expression of proteolytic enzymes. As such, 
the cells are able to penetrate, invade and migrate into the surrounding interstitium. Subsequently 
these endothelial cells proliferate, elongate and capillaries are formed.
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	 Plasmin(ogen), single-chain u-PA and two-chain u-PA bind with high affinity to their 

cell surface receptors on endothelial cells. Binding of plasmin(ogen) and two-chain u-PA 

accelerates the conversion of single-chain u-PA into two-chain u-PA and u-PA-induced 

plasmin formation101-108. The u-PA receptor (u-PAR) acts both as a site for local pericellu-

lar proteolysis by u-PA and as a clearance receptor for the u-PA:PAI-1 complex which gets 

internalized after binding. After internalization the u-PA:PAI-1 complex is degraded and 

u-PAR is recycled to the cell surface105,109. By this process and on a transcriptional level 

(after stimulation with angiogenic factors) the cell is able to regulate u-PAR density on 

the cell surface and thus u-PA activity110,111. The u-PAR density can also be regulated by 

the cleavage of u-PAR from the cell membrane and as such generating an soluble form 

of u-PAR112-114.

	 The u-PA expression has been observed to be low in resting endothelial cells115,116. 

The expression is induced in the endothelial cells by e.g. angiogenic factors when migra-

tion is induced such is the case during angiogenesis and inflammation90,117,118.

4.1-2 The MMPs

MMPs are a still expanding, tightly regulated family of zinc-requiring enzymes that play 

a role in matrix remodeling and many cell-matrix interactions119. They have been evi-

dently shown to play a role in angiogenesis both in vitro and in vivo84,120-122. MMPs can 

also have an inhibitory effect on angiogenesis by cleaving the u-PA, this way disabling 

its binding to the receptor123. Furthermore, MMPs can inactivate plasminogen or cleave 

plasminogen resulting in the product angiostatin, an angiogenesis inhibitor124-126. In the 

endometrium MMPs are known to play a role in tissue degradation and menstrual bleed-

ing. MMPs have a high affinity for fibronectin, laminins and collagens, which are major 

ECM components of the endometrium (BM and interstitium). Some MMPs (e.g. MT1-

MMP) can, independent of the plasminogen activator pathway, act as a fibrinolysin127.

	 MMPs are either secreted from the cell as latent pro-enzymes or they are membrane 

bound enzymes. Six membrane-type MMPs (MT-MMPs) have been described, 4 trans-

membrane proteins and 2 GPI-anchored ones. The membrane-associated localization of 

MT-MMPs makes them particularly suited to function in pericellular proteolysis128.

	 Growth factors, cytokines, plasmin but also activated MMPs or MT-MMPS can modu-

late the expression and activation of MMPs85,129. Specific inhibitors are the tissue inhibi-

tors of MMPs (TIMPs) and a-macroglobulins. The TIMP family consists of 4 members, 

which differ in expression patterns, regulation and ability to interact specifically with 

latent MMPs130. TIMPs are secreted as soluble proteins (e.g. TIMP-1 and -2) or as proteins 

associated with the matrix components (e.g. TIMP-3)131.

	 The relations between the u-PA/plasmin system, MMPs, and their inhibitors is sche-

matically shown in Figure 5.
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Figure 5. Schematic representation of the relations between the u-PA/plasmin system, MMPs 
and their inhibitors.
Abbreviations: u-PA: urokinase-type plasminogen activator, sc-u-PA: single-chain u-PA, tc-u-PA: 
two-chain u-PA, u-PAR: u-PA receptor, Plg: plasminogen, Plg-R: Plg receptor, PAI: PA inhibitor, MT-
MMP: membrane-type MMP, TIMP: tissue inhibitor of MMP.

Figure 6. Fibrin staining in secretory endometrium.
In vivo the ECM of the endometrium consists of a number of proteins, such as laminin, fibrin, colla-
gen type I, II, IV and VI, fibronectin and heparan sulphate proteogycan. The composition of the ECM 
varies during the cycle, as is shown here on paraffin sections of late-proliferative (A) and secretory 
(B) endometrium of two patients with a Martius Scarlet Blue staining. This staining stains fibrin red, 
collagen blue and erythrocytes yellow. During the secretory phase an increase of fibrin deposition is 
seen in the ECM of the endometrium. Bar = 100 µM. [See appendix: color figures]
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4.2 Extra cellular matrix

In relation to the proteolytic enzymes, the matrix composition also plays an important 

regulatory role in the process of angiogenesis132-134. The composition of the endometrial 

ECM is subject to cyclic changes. Collagen and fibrin, which have been shown to be a 

stimulatory factor for endothelial cells and angiogenesis, are components of the en-

dometrial ECM (Fig. 6)47,135-138,138-140. Fibrinogen deposition in the endometrium likely 

results from increased vascular permeability (probably due to VEGF, see below) which is 

observed during the secretory phase of the cycle and during implantation138,141.

4.3 Angiogenic growth factors

The growth factor, which is generally assumed to play an important role in both physi-

ological and pathological angiogenesis, is VEGF-A. In addition to inducing endothelial 

proliferation, VEGF-A modulates the expression of many genes including proteolytic en-

zymes, it affects endothelial permeability, and it is involved in the maintenance of imma-

ture blood vessels142-145. It is a homodimeric protein with great homology with placental 

derived growth factor and the other members of the VEGF family, VEGF-B, C and D144. 

Four forms arise from alternative splicing of the mRNA from a single gene, coding for the 

proteins of 121, 165, 189 and 206 amino acids (VEGF-A121, VEGF-A165, VEGF-A189, and 

VEGF-A206). The two larger forms, and VEGF-A165 to some extent, apparently stay cell 

bound via proteoglycans. Less frequent splice variants have also been reported, includ-

ing VEGF-A145, VEGF-A183, VEGF-A162 and VEGF-A165b
146.

	 In the human endometrium the epithelial and stromal cells produce VEGF-A, with a 

higher expression in the epithelial cells than in the stroma. The predominant isoforms in 

the human endometrium are VEGF-A121 and VEGF-A165, whereas VEGF-A189 and VEGF-

A145 are only weakly detectable12,147-149. Endometrial macrophages and leukocytes also 

produce VEGF-A148-155. By diffusion into the endometrial interstitium, VEGF-A binds to 

the endometrial endothelial cells. Whether epithelial derived VEGF-A becomes available 

for the endothelial cells is doubtful, as a mainly apical secretion by epithelial cells has 

been described156. A positive correlation between stromal VEGF immunostaining and 

endothelial cell density has been found152.

	 Several studies have reported a cyclic or a steroid-dependent variation in the expres-

sion of VEGF and VEGF receptors in the endometrium12,151,157-164. Furthermore, it has 

been shown that hypoxia, a major driving force for angiogenesis, can regulate the ex-

pression of VEGF80,161,165.

	 Three VEGF-specific tyrosine kinase receptors are known: VEGFR-1 (flt-1), VEGFR-2 

(KDR) and VEGFR-3 (flt-4). Activation of the VEGFR-2 by VEGF results in a mitogenic 

response as well as migration166,167; whereas the VEGFR-1 has been shown to be impor-

tant for cell migration but not mitogenesis167,168. The high affinity receptors VEGFR-1 
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and VEGFR-2 were mainly found on endothelial cells in the endometrium141. Endothelial 

strands, which have not yet formed a lumen, strongly stained for both receptors. Inhibi-

tion of VEGF activity using soluble-VEGFR-1 prevents endometrial maturation169.

	 Whereas VEGF-A has been associated with capillary permeability170 it is suggested 

to be responsible for the increased endometrial microvascular permeability. This idea is 

further supported by a high expression of VEGFR-1 and -2 on capillaries during the mid-

secretory period. During this period subepithelial microvascular complexes and spiral 

arteries are formed and hence the VEGF receptors might be expressed for regulation of 

the microvascular permeability.

	 VEGFR-3 is thought to be involved in lymphangiogenesis and acts in concert with 

VEGFR-2. VEGFR-3 binds VEGF-C and VEGF-D, two gene products of the VEGF family.

5. Ovarian steroids

Markee171 and Abel172 were the first to shown that the ovarian steroids, 17b-estradiol 

and progesterone, are the overall regulators of endometrial angiogenesis. In the men-

strual cycle, angiogenesis is seen during the early proliferative phase as a process of 

post-menstrual repair; during the mid-proliferative phase under the influence of estra-

diol; and during the estradiol and progesterone mediated secretory phase, when the 

coiled arteries grow and an extensive subepithelial capillary network is formed173.

	 17b-estradiol and progesterone can pass through the cell membrane and bind to 

their specific (nuclear) receptors. These receptors can control the activity of target genes 

through direct association with specific DNA sequences known as hormone response 

elements (HREs)174,175. Two estrogen receptors (ERs) are known, ERa and ERb. Both are 

different in that the receptors are derived from different genes and they have their own 

tissue distribution and specific functions. They show similarities in the fact that they 

share a high level of homology in the DNA-binding and ligand-binding domains and that 

both receptors bind estradiol with high affinity176-178. Estrogens may also act via recep-

tors on the cell surface to achieve rapid, non-genomic effects179,180.

	 ERa is suggested to be mainly responsible for the uterotrophic response upon estro-

gen exposure181. The precise physiological function and importance of ERb in the endo-

metrium is still unclear182. ERa knockout mice have a uterus that shows a lack of cell 

proliferation181, and ERb knockout mice demonstrate diminished reproductive capacity 

(small litter size, multiple resorbed fetuses)182. It has been suggested that a role of ERb 

may be antagonizing and/or modulating ERa mediated actions.

	 Progesterone receptor (PR) knockout mice develop an inflammatory response to es-

tradiol in the uterus, with no decidual response181. Estrogen induces ER and PR during 
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the proliferative phase; progesterone has therefore mainly an effect on an estrogen-

primed endometrium181. In addition, progesterone by itself and steroid withdrawal 

down regulate the PR and ER expression183,184.

	 PR reaches highest concentrations around mid-cycle, and ER mid-proliferative, cor-

relating with the plasma peak of estradiol and the maximum mitotic rate of the endo-

metrial cells184,185. The receptors decrease during the secretory phase186.

6. Outline of this thesis

Defects during the process of implantation may lead to pregnancy loss, or aberrant fetal 

development which may give rise to diseases in later life. To increase the “take-home-

baby-rate” in assisted procreation and to be able to prevent possible consequences of 

defective implantation (due to for example COHS?), it is important to understand more 

about the physiological process of implantation. As angiogenesis plays a key role in the 

process of implantation and placentation, and as endothelial (dys-) function might rep-

resent a link in fetal programming (Barker hypothesis), we wanted to elucidate more of 

the processes involved in angiogenesis. Our main focus was the maternal vessels at the 

endometrial implantation site, as these likely form the basis for successful implantation 

and subsequent formation of a healthy environment for the developing fetus.

	 Barker described the relation of low birth weight with diseases in later life in many 

cohort studies done in different countries. We wanted to know whether his hypothesis 

also applied to a case control study among Dutch women. In Chapter 2 we investigated 

the association between low birth weight and myocardial infarction.

	 COHS is widely used in assisted procreation in subfertile couples. It is of interest to 

know whether or not COHS might adversely effect the intra-uterine environment leading 

to a higher risk of low birth weight and/or preterm birth in these patients. We investi-

gated the effect of subfertility and COHS on perinatal outcome. The results are described 

in Chapter 3.

	 Endothelial cells in different organs are heterogeneous. Physiologic processes involv-

ing the endothelium could therefore be best addressed by studies of endothelial cells 

derived from the organ of interest. To learn more about the maternal vasculature at the 

site of implantation, which is most often the endometrium, human endometrial endo-

thelial cells were isolated and examined in an in vitro angiogenesis model consisting of 

a three-dimensional fibrin and/or collagen type I matrix. These studies are described in 

Chapter 4.

	 Several MMPs and MT-MMPs are present in endometrial tissue. However, little in-

formation is available on the expression and role of specific MMPs and MT-MMPs in 
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endometrial endothelial cells and their role in endometrial angiogenesis. The role of 

proteases was studied to obtain more insight in the factors that might act as key regula-

tors in the process of endometrial angiogenesis. The results of these studies are given in 

Chapter  5.

	 Chapter 6 describes a literature search on the influence of steroids on factors impor-

tant in the process of angiogenesis.

	 It is unknown how ovarian steroids exactly regulate the process of endometrial an-

giogenesis. They might exert a direct influence on the endometrial endothelial cells or 

act indirectly via for example the stromal or epithelial cells which are known to express 

the angiogenic factor VEGF. Crucial in this respect is the expression of steroid receptors 

by endometrial cells. As overall regulators of endometrial angiogenesis their influence 

on endometrial endothelial and stromal cells was examined in Chapter 7.

	 The early embryo (blastocyst, trophoblast) expresses several cytokines, growth factors 

and hormones by which it can optimize its own implantation site. These factors might 

induce, directly or indirectly, local angiogenesis at the place of implantation. Chapter 8 

describes studies on the influence of the human embryo on human endometrial endo-

thelial cells.

	 In Chapter 9, the results of the studies are summarized and discussed in a broader 

perspective.
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Background
	

Intrauterine malnutrition, as reflected by birth weight and abnormal thinness at birth, 

has been associated with an increased incidence of risk factors for arterial disease, i.e. 

hypertension, impaired glucose tolerance, diabetes and to a lesser extent hyperlipidemia 

and body fat distribution in adulthood1-10. This observation has become known as the 

‘fetal origins of adult disease’ or ‘Barker hypothesis’, which suggests that several of the 

major diseases of later life, including coronary heart disease, stroke and cardiovascular 

death, originate in impaired intrauterine growth and development11,12. In cohort stud-

ies, Barker13-15 in England and Finland, Rich-Edwards et al.16 as part of the Nurses’ Health 

Study in the USA and Leon et al.17 from Uppsala in Sweden showed an inverse relationship 

between birth weight and the clinical endpoint ischemic heart disease. Leon et al.17 found 

a significant relationship only among male singletons and adjusted their results for ges-

tational age and socioeconomic confounding. The association was not found in a cohort 

study from Gothenburg18. 

	 Our aim was to investigate the association in a case control study among Dutch 

women.

Methods

The RATIO (Risk of Arterial Thrombosis In relation to Oral contraceptives) study is a popu-

lation-based case-control study on myocardial infarction in relation to oral contraceptive 

use among women aged 18 to 49 years in the Netherlands19. An additional standardized 

questionnaire was sent to all 218 patients and 769 controls from whom also blood sam-

ples had been taken for determination of metabolic risk factors (diabetes and hypercho-

lesterolemia). Questions elicited information on birth weight, waist and hip circumference 

and data on the menstrual cycle. For 13 women no current address could be found (12 

patients, 1 control). Four women had died since the index date (2 patients, 2 controls), 

which was the date of the first myocardial infarction for the patients and the midyear for 

the controls. One hundred and fifty two patients (71%) and 568 controls (75%) responded 

to the questionnaire and women were asked to measure their waist and hip circumfer-

ence. Body mass index (BMI) was calculated as body weight (kg) divided by height squared 

(m2). Waist-hip-ratio was calculated as waist circumference divided by hip circumference.

	 Multiple linear and unconditional logistic regression were used to analyze the data. 

Odds ratios for the relationship between birth weight and myocardial infarction were 

calculated and 95% confidence intervals (95%CI) were derived from the models. Birth 

weights were categorized according to quintiles in control women in order to investigate 
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an association between birth weight and the risk of myocardial infarction later in life. 

These were <3000 g, 3000 to 3199 g, 3200 to 3499 g, 3500 to 3883 g, and >3884  g, 

respectively. To determine whether women with a lower birth weight had a higher risk for 

a myocardial infarction, patients were divided in a group with a birth weight equally or 

higher than 2000 g and a group with a birth weight lower 2000 g20. Odds ratios were ad-

justed for age, education level, body mass index, waist-hip ratio, hypertension, diabetes, 

hypercholesterolemia, smoking, and family history of cardiovascular disease, when appro-

priate. Interaction between low birth weight and low education level was investigated by 

computing a dummy variable.

Results

The characteristics of 152 women with myocardial infarction and 568 control women at 

the index date are shown in Table 1. At the moment of completing the questionnaire, 

patients were aged 32-59 years (mean 50), and control women 25-60 years (mean 47). 

The mean body mass index was 25.1 kg/m2 for the patients and 23.4 kg/m2 for control 

women, mean difference 1.76 kg/m2 (95%CI 1.05-2.47), p<0.001. Ninety-seven patients 

(64%) and 415 (73%) controls could give their birth weight. Compared with control wom-

en, patients had a significantly lower mean birth weight (3214 vs. 3370 g, mean difference 

-156.3 g (95%CI -9.5 to -303.1). The odds ratio for myocardial infarction for children with 

a low birth weight (< 2000 g) compared to a birth weight > 2000 g was 2.4 (95%CI 1.0 

to 5.8). After adjustment for putative confounders (age, education level, body mass index, 

waist-hip ratio, hypertension, diabetes, hypercholesterolemia, smoking, and family his-

tory of cardiovascular disease) the odds ratio did not change. Odds ratios for myocardial 

infarction in different categories of birth weight as compared to the reference category 

(birth weight higher than 3884 g) were 1.3 (95%CI 0.5-3.3) for a birth weight 3500 to 

3883 g, 1.4 (95%CI 0.6-3.4) for a birth weight 3200 to 3499 g, 1.7 (95%CI 0.6-5.1) for a 

birth weight 3000 to 3199 g, and 2.3 (95%CI 1.0-5.4) for a birth weight lower than 3000 g 

(Table 2). The risk of myocardial infarction was 6.2 fold increased (95%CI 2.7-13.9) among 

women with low birth weight and a low educational level compared to women with a 

high birth weight and a high educational level (reference category).

Discussion

In this case control study we have found that women with a low birth weight had a 

higher risk of myocardial infarction than women with a higher birth weight. The data 
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Table 2. Odds ratios (95% CI) for myocardial infarction in quintiles of birth weight as com-

pared to the reference category.

Birth weight (g)
Odds Ratio
(95% CI)

> 3884 1*
3500-3883 1.3 (0.5-3.3)
3200-3499 1.4 (0.6-3.4)
3000-3199 1.7 (0.6-3.4)
< 3000 2.3 (1.0-5.4)

* Reference category

Table 1. �Characteristics of patients with a first myocardial infarction and control women.

Characteristic
Patients
(N=152)

Control women
(N=568)

Age – yr (SD) 42.1 (0.5) 38.6 (0.3)

Caucasian ethnicity (%) 142 (93) 538 (95)

Educational level

- Primary school or less (%) 83 (55) 160 (28)

- Secondary school (%) 52 (34) 257 (45)

- Higher education or university (%) 17 (11) 149 (26)

Current smokers (%) 128 (84) 218 (39)

History of hypertension (%) 35 (23) 35 (6)

History of hypercholesterolemia (%) 16 (11) 14 (3)

History of diabetes (%) 8 (5) 7 (1)

Family history of cardiovascular disease (%) 98 (66) 194 (36)

Birth weight -gram 
- Mean (SD)
- Median (range)

3214 (676)
3150 (1500-5010)

3370 (659)
3500 (1500-5800)

Body Mass Index – kg/m2 - Mean (SD) 25.1 (0.4) 23.4 (0.2)

Waist circumference – cm  (SD) 89.5 (13.1) 83.0 (10.2)

Waist/hip ratio (SD) 0.85 (0.006) 0.81 (0.008)

Premenopausal (%) 132 (87) 480 (85)
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confirm the association found in cohort studies13-17 and as such support the ‘fetal ori-

gins of adult disease’ or ‘Barker hypothesis’.

	 A limitation of the study is that we have no information on gestational age. However, 

recently it has been demonstrated that both children who had been born prematurely 

and children who are small for gestational age had a reduction in insulin resistance21,22. 

The self-report of birth weights as well as the rather high percentage of missing values 

for birth weight may also limit the study, but the random events among cases and 

controls cannot explain our results. Socio-economic factors associated with low birth 

weight are also associated to risk factors for arterial disease later in life. As pointed out 

by several others, it will be nearly impossible to disentangle these effects16,17.

	 In the present study we confirmed an interactive effect between low birth weight and 

a low educational level on the risk of myocardial infarction in women. However, when we 

adjusted for age, education level, body mass index, waist-hip ratio, hypertension, diabe-

tes, hypercholesterolemia, smoking, and family history of cardiovascular disease, factors 

of which some may partly been seen as (the result of) socio-economic/environmental and 

genetic factors, we still observed an association between low birth weight and a higher 

risk of myocardial infarction. This is in agreement with others who also found that genetic 

and socio-economic circumstances at birth and in adult life can not completely explain the 

association between low birth weight and disease late in life10,16,17,23-25.

	 Among the proposed underlying biological mechanisms to explain the association 

is impaired endothelial development. Already at very young age, individuals with low 

birth weight exhibit endothelial dysfunction that persists into childhood and adult life, 

suggesting that endothelial dysfunction precedes the development of vascular related 

diseases later in life and represents the link between low birth weight and these dis-

eases26-32. Furthermore, Smith et al.33 found that mothers, who once gave birth to thin 

babies, have a higher risk of developing ischemic heart disease later in life. Therefore, 

these mothers seem to have, just as their children, an impaired endothelial function. If 

the impaired endothelial function is already manifest during the process of implanta-

tion, it might lead to inadequate development of the vasculature in the maternal part 

of the placenta, which enfeebles the function of the placenta resulting in low birth 

weight.

Conclusions

In conclusion, our study shows that a low birth weight (<2000 g) is associated with a 

2.4 fold higher risk of myocardial infarction before the age of 50 as compared with a 

birth weight > 2000 g. Because the risk of cardiovascular disease is known to increase 
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with an increasing number of risk factors, women with a low birth weight should try to 

avoid acquired risk factors, like smoking and obesity. In addition, extra attention should 

be given in detecting diabetes or hypertension at a later stage in life and in detecting 

exaggerated growth during childhood, as these individuals seem most prone to develop 

disease later on in life34-36.

Acknowledgements

This work was supported by the Netherlands Heart Foundation (97-063).



Low birth weight and myocardial infarction

35

References

1. 	 Barker DJ, Osmond C, Golding J, Kuh D, Wadsworth ME: Growth in utero, blood pressure in childhood and 
adult life, and mortality from cardiovascular disease. BMJ 1989,298:564-567.

2. 	 Barker DJ, Bull AR, Osmond C, Simmonds SJ: Fetal and placental size and risk of hypertension in adult life. 
BMJ 1990,301:259-262.

3. 	 Hales CN, Barker DJ, Clark PM, Cox LJ, Fall C, Osmond C, Winter PD: Fetal and infant growth and impaired 
glucose tolerance at age 64. BMJ 1991,303:1019-1022.

4. 	 Barker DJ, Meade TW, Fall CH, Lee A, Osmond C, Phipps K, Stirling Y: Relation of fetal and infant growth to 
plasma fibrinogen and factor VII concentrations in adult life. BMJ 1992,304:148-152.

5. 	 Barker DJ, Hales CN, Fall CH, Osmond C, Phipps K, Clark PM: Type 2 (non-insulin-dependent) diabetes 
mellitus, hypertension and hyperlipidaemia (syndrome X): relation to reduced fetal growth. Diabetologia 
1993,36:62-67.

6. 	 Valdez R, Athens MA, Thompson GH, Bradshaw BS, Stern MP: Birthweight and adult health outcomes in a 
biethnic population in the USA. Diabetologia 1994,37:624-631.

7. 	 McCance DR, Pettitt DJ, Hanson RL, Jacobsson LT, Knowler WC, Bennett PH: Birth weight and non-insulin de-
pendent diabetes: thrifty genotype, thrifty phenotype, or surviving small baby genotype? BMJ 1994,308:942-
945.

8. 	 Whincup P, Cook D, Papacosta O, Walker M: Birth weight and blood pressure: cross sectional and longitudi-
nal relations in childhood. BMJ 1995,311:773-776.

9. 	 Stein CE, Fall CH, Kumaran K, Osmond C, Cox V, Barker DJ: Fetal growth and coronary heart disease in south 
India. Lancet 1996,348:1269-1273.

10. 	 Frankel S, Elwood P, Sweetnam P, Yarnell J, Smith GD: Birthweight, body-mass index in middle age, and 
incident coronary heart disease. Lancet 1996,348:1478-1480.

11. 	 Barker DJ: Fetal origins of coronary heart disease. BMJ 1995,311:171-174.
12. 	 Paneth N, Susser M: Early origin of coronary heart disease (the “Barker hypothesis”). BMJ 1995,310:411-

412.
13. 	 Barker DJ, Winter PD, Osmond C, Margetts B, Simmonds SJ: Weight in infancy and death from ischaemic 

heart disease. Lancet 1989,2:577-580.
14. 	 Osmond C, Barker DJ, Winter PD, Fall CH, Simmonds SJ: Early growth and death from cardiovascular disease 

in women. BMJ 1993,307:1519-1524.
15. 	 Eriksson JG, Forsen T, Tuomilehto J, Winter PD, Osmond C, Barker DJ: Catch-up growth in childhood and 

death from coronary heart disease: longitudinal study. BMJ 1999,318:427-431.
16. 	 Rich-Edwards JW, Stampfer MJ, Manson JE, Rosner B, Hankinson SE, Colditz GA, Willett WC, Hennekens 

CN: Birth weight and risk of cardiovascular disease in a cohort of women followed up since 1976. BMJ 
1997,315:396-400.

17. 	 Leon DA, Lithell HO, Vagero D, Koupilova I, Mohsen R, Berglund L, Lithell UB, McKeigue PM: Reduced fetal 
growth rate and increased risk of death from ischaemic heart disease: cohort study of 15 000 Swedish men 
and women born 1915-29. BMJ 1998,317:241-245.

18. 	 Eriksson M, Tibblin G, Cnattingius S: Low birthweight and ischaemic heart disease. Lancet 1994,343:731.
19. 	 Tanis BC, Van Den Bosch MA, Kemmeren JM, Cats VM, Helmerhorst FM, Algra A, Van Der Graaf Y, Rosendaal 

FR: Oral contraceptives and the risk of myocardial infarction. N Engl J Med 2001,345:1787-1793.
20.	 World Health Organization Low birth weight. A tabulation of available information. WHO Geneva, 1992 

(WHO/MCH/92.2).
21.	 Bazaes RA, Alegria A, Pittaluga E, Avila A, Iniguez G, Mericq V: Determinants of insulin sensitivity and secre-

tion in very-low-birth-weight children. J Clin Endocrinol Metab. 2004,89:267-272.
22.	 Hofman PL, Regan F, Jackson WE, Jefferies C, Knight DB, Robinson EM, Cutfield WS: Premature birth and 

later insulin resistance. N Engl J Med. 2004,351:2179-2186.
23.	 Frankel S, Elwood P, Sweetnam P, Yarnell J, Smith GD: Birthweight, adult risk factors and incident coronary 

heart disease: the Caerphilly Study. Public Health 1996,110:139-143.
24. 	 Barker DJ, Gluckman PD, Godfrey KM, Harding JE, Owens JA, Robinson JS: Fetal nutrition and cardiovascular 

disease in adult life. Lancet 1993,341:938-941.
25. 	 Poulter NR: Birthweights, maternal cardiovascular events, and Barker hypothesis. Lancet 2001,357:1990-

1991.
26. 	 Martin H, Gazelius B, Norman M: Impaired acetylcholine-induced vascular relaxation in low birth weight 

infants: implications for adult hypertension? Pediatr Res 2000,47:457-462.
27. 	 Goh KL, Shore AC, Quinn M, Tooke JE: Impaired microvascular vasodilatory function in 3-month-old infants 

of low birth weight. Diabetes Care 2001,24:1102-1107.



Chapter 2

36

28. 	 Leeson CP, Whincup PH, Cook DG, Donald AE, Papacosta O, Lucas A, Deanfield JE: Flow-mediated dilation 
in 9- to 11-year-old children: the influence of intrauterine and childhood factors. Circulation 1997,96:2233-
2238.

29. 	 Martin H, Hu J, Gennser G, Norman M: Impaired endothelial function and increased carotid stiffness in 9-
year-old children with low birthweight. Circulation 2000,102:2739-2744.

30. 	 Leeson CP, Kattenhorn M, Morley R, Lucas A, Deanfield JE: Impact of low birth weight and cardiovascular risk 
factors on endothelial function in early adult life. Circulation 2001,103:1264-1268.

31. 	 Goodfellow J, Bellamy MF, Gorman ST, Brownlee M, Ramsey MW, Lewis MJ, Davies DP, Henderson AH: Endo-
thelial function is impaired in fit young adults of low birth weight. Cardiovasc Res 1998,40:600-606.

32. 	 McAllister AS, Atkinson AB, Johnston GD, McCance DR: Relationship of endothelial function to birth weight 
in humans. Diabetes Care 1999,22:2061-2066.

33. 	 Smith GC, Pell JP, Walsh D: Pregnancy complications and maternal risk of ischaemic heart disease: a retro-
spective cohort study of 129,290 births. Lancet 2001,357:2002-2006.

34. 	 Oren A, Vos LE, Uiterwaal CS, Gorissen WH, Grobbee DE, Bots ML: Birth weight and carotid intima-me-
dia thickness: new perspectives from the atherosclerosis risk in young adults (ARYA) study. Ann Epidemiol 
2004,14:8-16.

35. 	 Forsen T, Eriksson J, Tuomilehto J, Reunanen A, Osmond C, Barker DJ: The fetal and childhood growth of 
persons who develop type 2 diabetes. Ann Intern Med 2000,133:176-182.

36. 	 Yajnik C: Interactions of perturbations in intrauterine growth and growth during childhood on the risk of 
adult-onset disease. Proc Nutr Soc 2000,59:257-265.



3
DOES SUBFERTILITY explain THE RISK OF POOR 
PERINATAL OUTCOME AFTER IVF AND OVARIAN 

HYPERSTIMULATION?

K. Kapiteijn
C.S. de Bruijn

E. de Boer
A.J.M. de Craen

C.W. Burger
F.E. van Leeuwen
F.M. Helmerhorst

Submitted



Chapter 3

38

Introduction

Singleton pregnancies from assisted conception have a significantly higher risk of (very) 

low birth weight and (very) preterm birth as compared to naturally conceived controls, 

although the prevalence of very low birth weight and very preterm birth is low. Con-

founding factors such as maternal age and parity did not change this outcome1. Fac-

tors as social economic status, sex of the fetus, delivery date and site can probably 

not explain the difference1,2. However, history of subfertility, irrespective of infertility 

treatment, has also been found to be associated with perinatal death in a case-control 

study3. Jackson et al.2 summarized the different trials and advised for future research in 

which treatment biases can be addressed.

	 Poor perinatal outcome was also observed in 263 singletons born of subfertile pa-

tients conceived after only controlled ovarian hyperstimulation (COHS) relative to 5,096 

spontaneously conceived controls delivered in the same hospital and period; no differ-

ence was seen when the comparison was made between COHS and 162 IVF singletons4. 

After stratification for the number of years of involuntary childlessness, Källén et al.5 still 

found a significant increased risk of preterm birth (<37 wks) and of low birth weight 

(<2500 g) in singletons conceived after just COHS as compared to naturally conceived 

singletons. Gaudoin et al.,6 concluded that “infertility” should be added to the list of 

recognized factors associated with low birth weight by comparing 97 singletons whose 

subfertile mothers were treated with COHS & IUI with 35 singletons whose mothers 

were treated with COHS (although with normal reproductive health) as well as artificial 

insemination with donor sperm.

	 In the present study we investigate whether subfertility explains the poor perinatal 

outcome after assisted conception. We used data from a nation-wide historical cohort of 

26,428 women treated for subfertility in the Netherlands between 1980 and 1995 (Klip 

et al.)7. Furthermore we tried to answer the question whether COHS with or without IVF 

adversely affects perinatal outcome.

	 The observation that birth weight of singletons conceived by implanting a cryopre-

served embryo is significantly higher than birth weight after a fresh embryo transfer 

(ET)8,9, suggests that the cryopreservation and thawing procedure might essentially dif-

fer from the IVF and ICSI procedure, in which the embryo(s) are directly and freshly 

transferred to the uterus. Since ET of cryopreserved embryos occurs predominantly in a 

natural cycle, one may hypothesize that COHS it self might influence uterine receptivity. 

Using the same database as mentioned above, we compared the birth weight and pre-

term birth of singletons conceived after transfer of thawed embryos with and without 

COHS.
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Materials and methods

Study population
Data were obtained from an historical nation-wide cohort study (OMEGA study) of 

26,428 women diagnosed with subfertility in all 12 Dutch IVF clinics between 1st of 

January 1980 and 1st of January 1995. Approval of the ethics committees of all insti-

tutions was obtained. Inclusion criteria were at least one year of subfertility10 and an 

age older than 18 years at the time of admission to one of the clinics. Women were 

included in the IVF group when they had completed at least one treatment cycle with 

COHS and IVF before 1st of January 1995 (n=19,840). A group of 6,588 women unex-

posed to COHS, whose subfertility was diagnosed after 1980, was recruited from exist-

ing computerized databases of 4 out of the 12 clinics. All clinics provided a minimal 

data set with names, birth dates and addresses of all eligible women. After tracing of 

the current addresses of all women, they were contacted at their home address and 

were asked to fill in and return a questionnaire, as well as a written informed consent, 

asking each participant for permission for data abstraction from their medical records. 

From the initial 26,428  women, 1,105 women (4.2%) were not approachable for sev-

eral reasons (for more details see Klip et al.7. Of the remaining 25,323 women nearly 

67% agreed to participate in the study11.

	 Some women delivered more than once during the study period. Initially, 

29,148  pregnancies were reported in the returned questionnaires. As described in 

detail by Klip et al.7, 12,148 pregnancies were directly excluded (intrauterine mortal-

ity n=10,815; pregnant at the time of returning questionnaire n=404; missing data 

n=929). This resulted in a total of 17,000 deliveries with a minimal gestational age of 

24 weeks. This group consisted of 9,479 pregnancies following assisted reproductive 

techniques (IVF, ICSI, inseminations and fertility drug use not for IVF/inseminations), 

5,862 pregnancies achieved with only IVF; 2,239 of them were IVF singletons. Eighty 

four singletons were recruited from the group of mothers who were treated with 

COHS (COHS-only). From the 7,521 subfertile controls, 6,343 were singletons with a 

full data set.

	 For the first comparison in this study between the IVF group, the subfertile group 

and the group with only ovarian hyperstimulation as treatment, pregnancies which 

resulted from transfer of frozen embryos were excluded. The remaining “ART deliver-

ies” were divided into two groups. The first group consisted of singleton pregnancies 

which developed after ovarian hyperstimulation with IVF (IVF+COHS; n= 2,239). The 

second group was the control group and consisted of singleton pregnancies among 

women with a history of subfertility who conceived spontaneously (n=6,343). The 
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third group consisted of singleton pregnancies which developed after ovarian hyper-

stimulation without IVF (COHS-only, n=84).

	 From the OMEGA data base, 139 pregnancies were the result of cryo-preserved 

ET. In 66 cases the ET took place after COHS and/or ovulation induction with hCG 

(Stim+Cryo group). In 56 cases, only human choriongonadotrophin (hCG) was admin-

istered and 8 received human menopausal gonadotrophin (hMG) or clomiphene citrate 

alone or in combination with hCG. In 2 cases the specific type of COHS and/or ovulation 

induction was not known. In 73 cases (Stim–Cryo group), the ET was performed in an 

apparently ovulatory cycle or before progesterone administration.

	 In each participating clinic, research assistants specifically trained for data collection 

for the OMEGA study abstracted detailed information from the medical records. For 

each reported child, the questionnaire, completed by the study participants, provided 

detailed information on the maternal characteristics, method of conception, the dura-

tion of gestation in weeks, data of birth, gender and birth weight.

Definitions
Although the National Institute for Clinical Excellence34 defines subfertility as failure 

to conceive after regular unprotected sexual intercourse for 2 years in the absence of 

known reproductive pathology, the definition currently used in the Netherlands during 

the period of the cohort followed the one given in the textbook Clinical gynaecologic 

endocrinology and infertility10: ‘one year unprotected coitus without conception’.

	 Gestational age (duration of pregnancy) at birth in case of IVF pregnancies was de-

termined by adding 14 days to the interval between LH administration and delivery. For 

the control pregnancies, it was calculated as the interval between the first day of the 

last menstrual period and delivery. International definitions were followed for preterm 

(<37 weeks), very preterm (< 32 weeks), low birth weight (<2500 g) and very low birth 

weight (<1500 g).

Statistics
Differences between groups were assessed by t-tests for continuous variables and by 

c-square tests for ordinal variables. Multivariate logistic regression analysis was used to 

determine the odds ratios of (very) low birth weight and (very) preterm birth between 

the groups. Odds ratios were first adjusted for the confounders, maternal age and primi-

parity, and thereafter for each of the following potential confounders: BMI, race, educa-

tion level, smoking, diabetes mellitus and sex of infant. Significance level was set at 5% 

two-tailed. Analyses were performed with SPSS 12.0.
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Results

Complete perinatal data were obtained from 2,239 singleton IVF+COHS pregnancies, 

from 6,343 pregnancies in subfertile controls and from 84 COHS-only pregnancies.

Maternal characteristics (Table I)
In the IVF+COHS group the mean maternal age was significantly higher as compared to 

COHS-only and subfertile controls. The proportion of women with pre-existing diabetes 

mellitus (for which women used medication during pregnancy) was found significantly 

higher in the IVF+COHS group as compared to the subfertile control group (Table Ia). 

The mean BMI was significantly lower and the education level was significantly higher 

in the IVF+COHS group as compared to the control group. In the COHS-only group, 

primiparity was significantly more prevalent as compared to the IVF+COHS group and 

the subfertile controls, whereas there were significantly less women who smoked as 

compared to the IVF+COHS and subfertile control group. To rule out the possibility 

that the women with multiple births influenced our results, we also made a comparison 

(Table  1b) in which we only looked at the first pregnancies of women. No significant 

changes in the maternal characteristics were seen.

Table Ia. Maternal characteristics at the onset of and during pregnancy in IVF+COHS, sub-

fertile control and COHS-only pregnancies. Values are means (±SD) or percentages.

	 IVF+COHS	 Subfertile controls	 COHS-only  
	 (n=2,239)	 (n=6,343)	 (n=84)

Age (years)	   34.2 (  3.7)*)	   30.7 (  6.0)	   31.9 (  4.3)
Height (cm)	 168.8 (  6.5)*)	 168.4 (  6.5)	 168.5 (  5.4)
Weight (kg)	   67.6 (11.2)*)	   68.3 (12.0)	   68.4 (12.7)
BMI1	   23.7 (3.7)*)	   24.1 (  4.1)	   24.1 (  4.2)
Caucasian (%)	   97.9	   97.8	   98.8
Low education level2 (%)	   46.6*)	   50.2	   43.4
Primiparous (%)	   55.1*)	   44.1	   66.7
Smoking3 (%)	   64.1	   65.7	   51.8
Pre-existent DM4(%)	     1.1*)	     0.5	     1.2

1 body mass index (weight (kg) divided by height (m) squared)
2 only primary school
3 during pregnancy
4 diabetes mellitus for which medication was needed also during pregnancy
*) p<0.05, IVF+COHS group versus control group
COHS: controlled ovarian hyperstimulation



Chapter 3

42

Table II. Birth weight and gestational age of singletons conceived after IVF compared with 

naturally conceived singletons of subfertile women

			   IVF+COHS	 Subfertile controls
			   (n=2,239)	 (n=6,343)
					     OR (95%CI)	 ORadj (95% CI)a

Birth weight (g)
	 mean 	 g (SD)	 3,199 (664)*	 3,351 (600)

	           > 2500	 n (%)	 1,955 (87.3)	 5,848 (92.2)	 1	 1
	 1500 – 2500 	 n (%)	 1,223 (10.0)	 1,429 (6.8)	 1.6 (1.3 – 1.8) 	 1.7 (1.4 – 2.0)
	           < 1500	 n (%)	 1,  61 (2.7)	 1,  66 (1.0)	 2.8 (1.9 – 3.9)	 2.7 (1.8 – 4.0)

Gestational age (wks)
	 mean	 wks (SD)	 38.9 (2.5)*	 39.4 (2.2)

	      > 37	 n (%)	 1,972 (88.0)	 5,842 (92.1)	 1	 1
	 32 – 37	 n (%)	 1,218 (  9,8)	 1,428 (6,7)	 1.5 (1.3 – 1.8)	 1.6 (1.3 – 1.9)
	      < 32	 n (%)	 1,  49 (  2.2) 	 1,  73 (1.2)	 2.0 (1.4 – 2.9)	 2.2 (1.5 – 3.3)

* p<0.05
a Adjusted for maternal age and primiparity
COHS: controlled ovarian hyperstimulation

Table Ib. Maternal characteristics at the onset of and during first pregnancy of subfertile 

controls and of women receiving IVF+COHS or COHS-only. Values are means (±SD) or 

percentages.

	 IVF+COHS 	 Subfertile controls	 COHS-only
               	 (n=1,576)	 (n=3,754) 	 (n=68)

Age (years)  	   33.9 (  3.7) 	   29.6 (  5.9)  	   31.2 (  4.1)
Height (cm)    	 169.0 (  7)  	 169.0 (  7) 	 168.0 (  6)
Weight (kg)   	   67.8 (11.2) 	   68.4 (12.1)  	   68.6 (13.7)
BMI1                	   23.8 (  3.8)	   24.0 (  4.1) 	   24.2 (  4.5)
Caucasian (%)      	   97.3  	   97.7   	   98.5
Low education level2 (%) 	   46.8 	   50.6   	   44.2
Primiparous (%) 	   70.4	   68.5 	   77.9
Smoking3 (%)       	   68.3	   57.1 	   80.9
Pre-existent DM4(%)  	     1.0	     0.5      	     1.5

1 body mass index (weight (kg) divided by height (m) squared)
2 only primary school
3 during pregnancy
4 diabetes mellitus for which medication was needed also during pregnancy
COHS: controlled ovarian hyperstimulation
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Perinatal outcome
The mean birth weight and the mean gestational age of the singletons born to the 

IVF+COHS group were significantly lower and shorter, respectively, as compared to 

children born to the subfertile control group (Table II). The ORs for of very preterm 

birth and very low birth weight in the IVF+COHS group in comparison with the sub-

fertile controls were 2.0 and 2.8 respectively, while the ORs of the preterm birth and 

low birth weight groups were increased to a lesser extent: 1.5 and 1.6 respectively. 

Only minor changes in the aforementioned ORs were seen after adjustment for po-

tential confounders (maternal age and primiparity and also BMI, race, education, 

smoking, diabetes mellitus and sex of infant) that may influence birth weight and/or 

gestational age. When we excluded the multiple births of women and only looked at 

their first pregnancies, no material changes in the ORs were seen (data not shown). 

The OR for very low birth weight in the COHS-only group in comparison with the 

subfertile controls was 3.5 (95%CI 1.1-11.4); however after adjustment for maternal 

age and primiparity, the association became slightly weaker (Table IIIa).

	 ORs for preterm birth and low birth weight in the IVF+COHS group compared to 

the COHS-only group were not significantly different (Table IIIb).

Cryopreservation
Complete perinatal data were obtained from 66 singleton pregnancies derived from 

cryopreserved ET after COHS (Stim+Cryo group) and from 73 singleton pregnan-

cies in which the ET was performed in a natural cycle (Stim-Cryo group). When we 

compared maternal characteristics of the Cryo+ and Cryo- group, no significant dif-

ferences were found: mean age 34.1 yr vs 33.8 yr, mean height 168.3 cm vs 167.5 

cm, mean weight 67.7 kg vs 65.2 kg, mean BMI 24.0 vs 23.3, mean % Caucasian 

97.0 vs 98.6, mean % women who enjoyed only primary school 43.9 vs 47.9, mean 

% primiparous women 36.4 vs 41.1, mean % of women who smoked during preg-

nancy 37.9 vs 30.1 and in both groups nobody indicated to suffer from pre-existent 

diabetes mellitus.

	 The group Stim+Cryo treated women did not have a significantly higher risk 

of singleton birth with a low birth weight and/or of preterm delivery as compared 

to when ET had taken place in a natural or progesterone treated cycle (Table IIIc). 

Correction for the already mentioned confounders did not materially change the re-

sults. In the Stim+Cryo group significantly less boys were born (48.5% versus 65.8%, 

p=0.03).
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Table IIIa. Birth weight and gestational age of singletons conceived after controlled ovar-

ian hyperstimulation only compared with naturally conceived singletons of subfertile 

women

			   COHS-only	 Subfertile controls
			    (n=84) 	 (n=6,343)
					     OR (95%CI)	 ORadj (95% CI)a

Birth weight (g)
	  mean	 g (SD)	 3,226 (597)	 3,351 (600)

	           > 2500	 n (%)	 76 (90.5)	 5,848 (92.2) 	 1	 1
	 1500 – 2500	 n (%)	   5 (  6.0)	 1,429 (  6.8)	 0.9 (0.4 – 2.2)	 0.9 (0.4 – 2.2)
	           < 1500 	 n (%)	   3 (  3.5) 	 1,  66 (  1.0)	 3.5 (1.1 – 11.4)	3.1 (0.9 – 10.2)

Gestational age (wks)
	 mean	 wks (SD)	 39.6 (2.3)	 39.4 (2.2)

	      > 37	 n (%) 	 79 (94.0)	 5,842 (92.1) 	 1   	 1
	 32 – 37	 n (%)	   3 (  3.6)	 1,428 (  6.7)	 0.5 (0.2 – 1.7) 	 0.5 (0.2 – 1.7)
	      < 32	 n (%)	   2 (  2.4)	 1,  73 (  1.2)	 2.0 (0.5 – 8.4)	 1.9 (0.5 – 8.0)

a Adjusted for maternal age and primiparity

COHS: controlled ovarian hyperstimulation

Table IIIb. Birth weight and gestational age of singletons conceived after controlled ovar-

ian hyperstimulation and IVF compared with singletons conceived after controlled ovarian 

hyperstimulation alone

			   IVF+COHS	 COHS-only
			   (n=2,239) 	 (n=84)
					     OR (95%CI)	 ORadj (95% CI)a

Birth weight (g)
	  mean	 g (SD)	 3,199 (664)	 3,226 (597)

	           > 2500	 n (%)	 1,955 (87.3)	 76 (90.5)	 1 	 1
	 1500 – 2500	 n (%)	 1,223 (10.0)	   5 (  6.0) 	 1.7 (0.7 – 4.3) 	 1.7 (0.7 – 4.4)
	           < 1500	 n (%)	 1,  61 (  2.7)	   3 (  3.5)	 0.8 (0.2 – 2.6) 	 0.8 (0.3 – 2.7)

Gestational age (wks)
	 mean	 wks (SD)	 38.9 (2.5)     	 39.6 (2.3)

	      > 37 	 n (%)	 1,972 (88.0) 	 79 (94.0) 	 1	 1
	 32 – 37 	 n (%)	 1,218 (  9.8)	   3 (  3.6)	 2.9 (0.9 – 9.3)	 2.7 (0.9 – 8.7)
	      < 32 	 n (%)	 1,  49 (  2.2) 	   2 (  2.4)	 1.0 (0.2 – 4.1)	 0.9 (0.2 – 3.8)

a Adjusted for maternal age and primiparity
COHS: controlled ovarian hyperstimulation
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Table IIIc. Birth weight and gestational age of singleton pregnancies after ET of thawed 

embryo’s in a treated cycle (Stim+Cryo) versus an untreated cycle (Stim-Cryo)

			   Stim+Cryo	 Stim-Cryo
			   (n=66)  	 (n=73)

					     OR (95%CI)	 ORadj (95% CI)a

Birth weight (g)
	  mean	 g (SD)	 3,396 (621)	 3,319 (641)

	           > 2500	 n (%) 	 62 (93.9)	 67 (91.8)	 1  	 1
  	 1500 – 2500	 n (%)	   3 (  4.6)  	   5 (  6.8) 	 0.7 (0.2 – 2.9)  	0.7 (0.2 –2.9)
	           < 1500 	 n (%) 	   1 (  1.5)   	   1 (  1.4)   	 1.1 (0.1 – 16.7)	1.0 (0.1 – 16.7)

Gestational age (wks)
	 mean	 wks (SD)	 39.2 (2.3)  	 39.2 (2.1)

	      > 37	 n (%)	 59 (89.4)	 68 (93.1) 	 1 	 1
	 32 – 37 	 n (%)    	   6 (  9.1)    	   4 (  5.5) 	 1.7 (0.5 – 6.3) 	 1.7 (0.5 – 6.3)
	      < 32 	 n (%)  	   1 (  1.5)     	   1 (  1.4) 	 1.2 (0.1 – 20.0)	1.1 (0.1 – 16.7)

Sex of infant
    	 male  	 (%)    	 48.5*)    	 65.8

* p<0.05
a Adjusted for maternal age and primiparity
COHS: controlled ovarian hyperstimulation

Discussion

In this large database of Dutch IVF clinics, singleton IVF pregnancies have significantly 

worse perinatal outcomes than spontaneously conceived pregnancies in subfertile wom-

en. The risk is more pronounced for very preterm and very low birth weight than for 

preterm and low birth weight. The estimates did not materially change after adjustment 

for maternal age, primiparity, or other potential confounders.

	 Randomization is the proper way to evaluate the effect of treatment for subfertility 

on the perinatal outcome12; however, it is difficult and unethical2 to conduct. Alter-

native methodological approaches have been followed with different outcomes. In a 

population-based case-control study, Draper et al.3 showed that history of subfertility, 

irrespective of treatment, increased the risk of perinatal death, while Basso and Olsen13 

found that the odds of neonatal (and not intra-uterine) death among firstborn single-

tons was significantly increased in the group of non-treated mothers with >12 months 

of subfecundity, relative to mothers who became pregnant within 3 months. McElrath 

et al.14, using logistic regression models, found the risk of very low birth weight among 
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subfertile, non-treated women to be 1.4 (95% CI 1.1-1.9) and among subfertile, treated 

women 2.6 (95% CI 2.1-3.2) compared to a national US control group gathered in 1988. 

Both estimates were slightly lower, but still significantly increased when they were ad-

justed for effects of multiple gestation, maternal age and a history of miscarriage.

	 Another approach is to compare different treatments among subfertile couples, with 

the difficulty of the difference in treatment. Olivennes et al.4 found no difference in the 

prevalence of (very) preterm and (very) low birth weight among 162 IVF and 263 COHS 

singletons, Bonduelle et al.15 showed the same results among 1499 ICSI and 1556 IVF 

singletons. However, the analysis of Ombelet et al.16 showed only a significantly higher 

risk of preterm birth among 3974 IVF singletons relative to 1655 ICSI singletons. The au-

thors hypothesize that the indication for ICSI is predominantly a male factor. Remarkable 

is that the two latter studies have been conducted in the relatively circumscriptive, Dutch 

speaking part of Belgium. The Ombelet study16 gathered all deliveries in Flanders in the 

period 1997-2003, whereas the Bonduelle study15 collected the data of one reproductive 

centre in the period 1991-1999 for ICSI and 1983-1999 for IVF. Part of these data has 

been included in the Ombelet study16. An explanation for the difference has not been 

offered by Ombelet et al.16 In the Wang study17 preterm birth was significantly more 

often observed in the high technology group (IVF, ICSI, GIFT) than in the low technology 

group (IUI, donor insemination), with ORs of 2.39 and 1.50, respectively, compared to 

naturally conceived controls. Two similar studies comparing IVF with IUI singletons18,19 

found no differences in the prevalence of preterm birth and low birth weight.

	 Our study might suffer from some information bias through the use of a mailed 

questionnaire to collect perinatal outcome and might be limited by not taking into ac-

count pregnancy complications, fetal malformations and a history of previous preg-

nancy loss, factors that may be associated with adverse pregnancy outcome. However 

it is unlikely that the IVF+COHS group would report systematically different from the 

subfertile controls. Therefore we conclude, also based on the data from the above men-

tioned literature that subfertility might explain part of the association between assisted 

conception and poor perinatal outcome of singletons, but that still there remains an 

important effect of assisted reproduction it self.

	 Is the controlled ovarian hyperstimulation, as part of the assisted technology meth-

ods, the culprit or the technique itself as suggested by Olivennes et al.4? In our study 

the risk estimates comparing singletons conceived after COHS & IVF versus singletons 

conceived after COHS only did not differ significantly. Preterm birth and low weight birth 

were more likely to occur among singletons conceived by transfer of fresh embryos, 

relative to those conceived by with transfer of frozen embryos, as reported by Wang et 

al.9 in a retrospective cohort study of Australian data of infants conceived through as-

sisted reproduction. We are not informed in their study whether the transfer of thawed 
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embryo(s) was performed in a natural or stimulated cycle. Unfortunately, in our study we 

were not able to test the hypothesis that COHS prior to embryo transfer affects uterine 

receptivity due to the small number of patients in this database. As female-factor sub-

fertility increased the likelihood of preterm birth and low birth weight significantly more 

than male-factor subfertility, Wang et al.9 suggested that uterine receptivity might offer 

us an biological plausibility for the phenomenon, however no difference in prevalence 

of preterm birth and low birth weight among singletons were seen born after ICSI, rep-

resenting the male subfertility factor15,16.

	 If ovarian stimulation by itself has a negative effect on the pregnancy outcome it may 

influence oocyte/embryo quality, resulting in impaired implantation and embryonic/fetal 

development20. Other studies suggest that ovarian stimulation is rather associated with 

an unbalanced endometrium and/or oviductal environment21,22,23,24. Supra-physiologic 

concentrations of estradiol and progesterone during ovarian stimulation may modulate 

growth factors, cell adhesion molecule profiles, steroid receptors and expression of pi-

nopodes in the endometrium25,26,28, influencing endometrial receptivity25,27,28.

	 Sibug et al.29,30 suggested that the effect of ovarian stimulation on pregnancy out-

come might be explained by the modulation of vascular endothelial growth factor (VEGF) 

affecting angiogenesis during implantation and placentation31,32,33.

		 In conclusion, our study shows that the association between assisted conception and 

poor perinatal outcome can not be explained by subfertility.
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Introduction

Human reproduction depends on the rapid cyclical development of a receptive maternal 

environment necessary for implantation and placentation. Indispensable for this physi-

ological process is angiogenesis, the forming of new blood vessels. It is required for 

supporting the proliferation and differentiation of glandular and surface epithelial cells 

and stromal cells, of which the endometrium is mainly composed1.

	 Studies have indicated that there are three successive episodes of physiological ang-

iogenesis in the endometrium during the menstrual cycle2. The first episode can be seen 

as post-menstrual repair and occurs during the early proliferative phase, the second epi-

sode takes place during the mid-proliferative phase under the influence of estradiol, and 

the third occurs during the estradiol- and progesterone-mediated secretory phase, when 

the coiled arteries grow. Together with the changes in vascular permeability throughout 

the menstrual cycle a transformation of a thin, dense endometrium into a thick, highly 

edematous secretory endometrium takes place3.

	 Regulation of the outgrowth of new vessels is the result of a delicate balance be-

tween stimulators and inhibitors and involves several steps. After stimulation of the en-

dothelial cells by angiogenic factors, the basement membrane is degraded by proteolytic 

enzymes, in particular matrix-degrading metalloproteinases (MMPs) and enzymes of the 

plasminogen activator system4. The cells will then invade, migrate and proliferate under 

the influence of angiogenic factors into the underlying interstitial matrix and will form 

new capillary structures5,6. It has been suggested that angiogenesis in the endometrium 

may occur by a process of elongation and expansion of pre-existing vessels7, a process 

that differs from the traditional concept of angiogenesis5,6. 

	 It is generally assumed that urokinase-type plasminogen activator (u‑PA) and its in-

hibitor, the plasminogen activator inhibitor  I  (PAI-1), are involved in regulation of the 

first steps of angiogenesis, i.e. local proteolytic remodeling of matrix proteins and mi-

gration of endothelial cells6,8,9. U‑PA converts plasminogen into the broadly acting serine 

protease plasmin, which, in turn, is able to both degrade matrix proteins and activate 

several MMPs10-12. 

	 Studies have shown organ-specific characteristics among microvascular endothelial 

cells13. Physiology and pathology involving the endothelium could therefore be best ad-

dressed by studies of endothelial cells of the affected organ. As the endometrium is 

a tissue unique for its cyclic destruction and rapid regeneration of blood vessels, the 

angiogenic behavior of its endothelial cells is expected to differ from that of endothelial 

cells in other tissues (e.g. human microvascular foreskin endothelial cells (hFMVEC)). To 

date, only a few reports describe the isolation and characterization of endothelial cells of 

the endometrium14-16. These isolated human endometrial microvascular endothelial cells 
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(hEMVEC) express estradiol and progesterone receptors and display an enhanced expres-

sion of the VEGF receptor type 2 (VEGFR-2)14. Furthermore, the expression of extracellular 

matrix proteins elastin, collagens and fibronectin by hEMVEC was not detectable, where-

as endothelial cells from the human umbilical vein (HUVEC) do express these proteins15. 

	 The aim of this study was to examine the growth characteristics of hEMVEC and to 

study the fibrinolytic capacity of these cells and their ability to form capillary-like tubular 

structures in a three-dimensional (3-D) fibrin matrix. A comparison was made with hFM-

VEC and HUVEC.

Materials and methods

Materials
Penicillin/streptomycin, L-glutamine and medium 199 (M199) with or without phe-

nol red, and supplemented with 20 mM HEPES was obtained from BioWhittaker (Ver 

viers, Belgium); new born calf serum (NBCS) and collagenase type II was obtained from 

Life Technologies (Grand Island, NY). Tissue culture plastics came from Costar/Corning 

(Cambridge, MA) and Falcon (Becton Dickinson, Bedford, MA). A crude preparation of 

endothelial cell growth factor (ECGF) was prepared from bovine hypothalamus as de-

scribed by Maciag et al.17 Human serum was obtained from a local blood bank and was 

prepared from fresh blood from 10-20 healthy donors, pooled and stored at 4°C. It was 

heat-inactivated before use. Heparin and thrombin was obtained from Leo Pharmaceu-

tics Products (Weesp, the Netherlands). Human fibrinogen came from Chromogenics AB 

(Mölndal, Sweden). Dr. H. Metzner and Dr. G. Seemann (Aventis Behring, Marburg, Ger-

many) generously provided factor XIII (Fibrogammin-P). Fibronectin was a gift from Dr. J. 

van Mourik (Sanquin, Amsterdam, The Netherlands). In addition, the mouse antihuman 

CD31 antibodies (clone CLB-HEC/75) and human serum albumin (HSA) was obtained 

from Sanquin (Amsterdam, The Netherlands). Recombinant human vascular endothelial 

growth factor (VEGF-A) and human placenta growth factor-2 (PlGF-2) were commercially 

obtained from RELIATech (Braunschweig, Germany) and tumor necrosis factor-a (TNFa), 

containing 2.45 x 107 U/mg protein and less than 40 ng lipopolysacharide/mg protein, a 

gift from Dr. J. Travernier (Biogent, Gent, Belgium). Recombinant human basic fibroblast 

growth factor (bFGF) was purchased from PeproTech (Rocky Hill, NJ). Tosyl-activated 

Dynabeads M450 and goat antimouse IgG coated Dynabeads were from Dynal AS (Oslo, 

Norway). Ulex europaeus agglutinin-1 (UEA-1) was from Sigma Chemical Co. (St. Louis, 

USA), and UEA-1 conjugated with fluorescein isothiocyanate (UEA-1-FITC) was from Vec-

tor Laboratories (Burlingame, CA). Monoclonal antibodies (mAbs) against cytokeratin  8 

(mAb M20) and cytokeratin 18 (mAb M9) were gifts from Dr. G. van Muijen (Dept. Pa-
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thology, Academic Hospital Nijmegen, The Netherlands), and the u-PA receptor-blocking 

mAb H-2 from Dr. U. Weidle (Boehringer Mannheim, Penzberg, Germany)18. Rabbit poly-

clonal anti-u-PA antibodies were prepared in our laboratory. Mouse mAb against smooth 

muscle cell actin was purchased from Progen Biotechnik GmbH (Heidelberg, Germany). 

Rabbit antihuman Von Willebrand Factor (vWF) antibodies, FITC-conjugated swine anti-

rabbit Ig, FITC-conjugated rabbit antimouse Ig and horseradish peroxidase (HRP)-conju-

gated goat antirabbit Ig came from Dako Immunoglobulins (Glostrup, Denmark). The 

rabbit polyclonal antibodies specific for u-PA were prepared in our laboratory19.

Complementary DNA (cDNA) probes
The following cDNA fragments were used as probes in the hybridization experiments: 

a 1.02 kb fragment of the human u-PA cDNA20, a 1.2 kb PstI fragment of rat glyceral-

dehyde-3-phosphate dehydrogenase (GAPDH) cDNA (provided by Dr. R Offringa, Leiden 

University, Leiden, The Netherlands), a 1.05 kb fragment of the human VEGFR-1 cDNA21, 

and a 1.4 kb fragment of the human VEGFR-2 cDNA22.

Cell culture
HUVEC and hFMVEC were isolated and characterized as previously described23,24. The 

HUVEC and hFMVEC were cultured on fibronectin- or gelatin-coated dishes in M199 

supplemented with 20 mM HEPES (pH 7.3), 10% human serum, 10% heat-inactivated 

NBCS, 150 mg/mL ECGF, 5 U/mL heparin, 100 IU/mL penicillin and 100 mg/mL streptomy-

cin (i.e. culture medium). HEMVEC were isolated from endometrial tissue as described 

below and maintained in the above-described culture medium supplemented with 10% 

human serum and 5 ng/mL VEGF-A (i.e. hEMVEC culture medium). Cells were cultured 

on fibronectin-coated wells at 5% CO2/95% air until confluence was reached and were 

subsequently detached with 0.05% trypsin/0.025% ethylenediamine tetraacetate (EDTA) 

and transferred into fibronectin-coated or gelatin-coated dishes at a split ratio of 1:3. 

Fresh medium was given three times a week, twice at 2-day intervals and once after a 

weekend interval. All of the experiments described below were performed in M199 and 

20% human serum with HUVEC between passage 1-3, hFMVEC between passage 9-11, 

and hEMVEC between passage 3-7, respectively.

Isolation and purification of hEMVEC
Endometrial tissue was obtained from pre-menopausal women who had had their uteri 

removed for benign pathology. All of the patients gave their informed consent according 
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to the guidelines of the Medical Ethical Review Boards of the Leiden University Medical 

Center (Leiden, The Netherlands), Bronovo Hospital (The Hague, The Netherlands), and 

St. Franciscus Gasthuis (Rotterdam, The Netherlands). After removal of the uterus, the 

endometrial tissue was scraped off and stored into ice-cold storage buffer (140 mM 

NaCl, 4 mM KCl, 11 mM D-glucose, 10 mM HEPES and 100 IU/mL penicillin and 0.10 mg/

mL streptomycin, pH 7.3) at 4°C overnight. The endometrium was minced and incubated 

in M199/penicillin/streptomycin containing 0.2% collagenase type II at 37°C for two h. 

Adding the same amount of culture medium stopped the reaction, and all remaining 

tissue was dissolved by powerful resuspension, resulting in a homogenous solution. 

After centrifugation (1200 rpm for 5 min at room temperature) the pellet obtained was 

resuspended in culture medium, and transferred into a fibronectin-coated culture dish. 

Two to four h later, the nonadhered cells were removed, and the adherent cells were 

cultured in hEMVEC culture medium. 

	 The primary heterogeneous cell population was grown until near confluence before 

selection of the endothelial cells using UEA-1-coated Dynabeads. After detachment us-

ing trypsin and centrifugation, the cells were resuspended in M199 containing 0.1% 

HSA with the UEA-1-coated beads (20 beads / target cell). A 15- to 30-min end-over-end 

rotation was performed at 4°C before the cells that bound to the beads were selected 

by the use of a magnet (Dynal). The positively selected cell population was cultured 

in hEMVEC culture medium until confluence and then further isolated using mouse 

antihuman CD31 antibodies and goat antimouse IgG-coated Dynabeads. Trypsinized 

cells were incubated with antihuman CD31 antibodies (2 µg/mL in M199/0.1% HSA) 

for 30 min and kept on ice while being stirred occasionally. The nonbound antibodies 

were washed away with M199/0.1% HSA before the addition of the goat antimouse 

IgG-coated Dynabeads. After 15-30 min of incubation with the beads at 4°C, the cells 

were separated by the use of a magnet. After this selection the CD31-positive cells 

were cultured in hEMVEC culture medium in fibronectin-coated culture dishes till con-

fluence.

	 The isolation procedure with anti-CD31 antibodies and antimouse Dynabeads was 

repeated until a homogeneous culture of endometrial endothelial cells was obtained (as 

determined after immunofluorescent characterization; see below). 

Characterization of the isolated hEMVEC
Immunofluorescent characterization of the hEMVEC was performed on cell monolayers 

that had been cultured on special optics 96-wells black plates with an ultra-thin clear 

bottom (Costar/Corning). After washing with M199 containing penicillin/streptomycin, 

the cells were fixated by the addition of 80% (vol/vol) acetone or 4% formaldehyde for 
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10 min. The cells were washed with PBS before they were incubated for 30 min with 

various primary monoclonal or polyclonal antibodies diluted in PBS and 0.3% HSA (PBS/

HSA). The control wells were incubated with PBS/HSA only. After washing with PBS/HSA, 

the cells were incubated with the appropriate second antibody, either FITC-labeled rab-

bit antimouse (50 µg/mL in PBS/HSA) or FITC-labeled swine antirabbit IgG (20 µg/mL in 

PBS/HSA).

Incorporation of [3H]thymidine
Incorporation of [3H]thymidine in DNA was determined as the measurement of endothe-

lial cell proliferation. Confluent cultures of endothelial cells were detached by trypsin/

EDTA solution and allowed to adhere and spread at a density of 104 cells/cm2 on gel-

atin-coated dishes in M199-HEPES medium supplemented with 10% heat-inactivated 

NBCS and penicillin/streptomycin for 18 h. Then the cells were stimulated with bFGF, 

VEGF-A, or PlGF-2. After an incubation period of 42 h, a tracer amount of [3H]thymidine 

(0.5  µCi/2 cm2 well, added in a 10 µL volume) was added to the wells and the cells were 

incubated for another 6-h period. Subsequently, the cells were washed with PBS and fix-

ated with 100% methanol, 3H-labeled DNA was precipitated in 5% trichloroacetic-acid, 

and the cells were dissolved in 0.5 mL (0.3 mol/L) NaOH and counted in a liquid scintil-

lation counter. The stimulation index was calculated as follows:

			        (dpmstimulated condition) – (dpmbackground)
Stimulation index= 
			          (dpmcontrol condition) – (dpmbackground)

Determination of specific u-PA binding
Determination of specific u-PA binding was determined as previously described by Kroon 

et al.25 In short, cells were incubated for 10 min on ice with 50 mmol/L glycine/HCl buffer 

(pH 3.0) to remove receptor-bound endogenous u-PA. Subsequently, the cells were in-

cubated on ice with 8 nmol/L 125I-labeled diisopropylfluorophosphate-treated (DIP)-u-PA 

in endothelial-cell conditioned medium (M199 supplemented with 1% human serum 

albumin, conditioned for 24 h) for 3 h. After the incubation period, unbound ligand was 

removed by extensive washing with ice-cold M199. Cell-bound ligand was solubilized 

with 0.3 mol/L NaOH, and the radioactivity was determined in a g-counter (Cobra Auto g, 

Packard, Meriden, CT). Specific binding was calculated by the subtraction of nonspecific 

binding from the total binding.
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Northern blotting
Total ribonucleic acid (RNA) from hFMVEC and hEMVEC (30 cm2/condition) was iso-

lated 8 and 24 h after stimulation using the isothiocyanate/phenol acid extraction 

method described by Chomczynski et al.26 The RNA was dissolved in formamide, and 

the concentration was determined spectrophotometrically. Equal amounts (7.5 µg) of 

RNA were separated on a formaldehyde/agarose gel. Subsequently, the separated RNA 

was transferred to a Hybond-N membrane through capillary force according to the 

instructions of the manufacturer (Amersham Pharmacia Biotech, Arlington Heights, 

IL). Hybridization was performed in 7% (wt/vol) SDS, 1 mmol/L EDTA, and 0.5 mol/L 

NaH2PO4/Na2HPO4 buffer (pH 7.2) overnight at 63°C with 25 ng of probe labeled with a 

random primer (Megaprime kit, Amersham Pharmacia Biotech). Thereafter the Hybond 

membrane was washed twice for 20 min each time with 2x SSC/1% SDS (wt/vol) and 

three times with 1x SSC/1% SDS (SSC contains 0.15 mol/L NaCl, 0.015 mol/L sodium 

citrate). Finally, the filters were exposed to a phosphoimager screen and analyzed using 

a computer.

Enzyme-linked immunosorbent assays
U-PA, tissue-type PA (t-PA), and PAI-1 antigen determinations were performed using 

commercially available immunoassay kits: u-PA EIA HS Taurus (Leiden, The Netherlands); 

Thrombonostika t‑PA (Organon-Teknika, Turnhout, Belgium), and IMULYSE PAI-1 (Bio

pool, Umea, Sweden).

Immunohistochemistry
Human endometrial tissues were embedded in paraffin and cut in sections of 4 µm. 

The cross-sections were prewashed in PBS containing 1% NaN3 and 0.3% H2O2 solu-

tion. Subsequently, they were incubated for 15 min in a block buffer (5% BSA in PBS) 

to reduce background staining. After three wash steps in PBS, the polyclonal anti-u-

PA antibody was added (0.01 µg/mL in PBS supplemented with 0.05 % Tween-20 and 

0.1% BSA), followed by an overnight incubation at 4°C. The next day, the sections were 

washed in PBS, horseradish peroxidase-conjugated goat antirabbit Ig (1:1,000 in PBS 

supplemented with 1% BSA) was added, and the sections were incubated for 1 h at 

37°C. Thereafter the sections were washed, and the peroxidase activity was developed 

with diaminobenzidine. The sections were counterstained with Mayer’s haematoxylin 

and mounted in malinol.
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In vitro angiogenesis model
Human fibrin matrices were prepared by the addition of 0.1 U/mL thrombin to a mixture 

of 2.5 U/mL factor XIII (final concentrations), 2 mg fibrinogen, 2 mg sodium citrate, 0.8 

mg NaCl, and 3 µg plasminogen/mL M199 medium. Three hundred microliters of this 

mixture were added to the wells of 48-wells (1 cm2) plates. After clotting at 37°C, the 

fibrin matrices were soaked with M199 supplemented with 10% human serum and 10% 

NBCS for 2 h at 37°C to inactivate the thrombin. 

	 Type I collagen was solubilized by stirring adult rat tail tendons for 48 h at 4°C in a 

sterile 1:1,000 (vol/vol) acetic solution (300 mL for 1 g collagen). The resulting solution 

was extensively dialyzed against 1:10,000 (vol/vol) acetic acid and stored at 4°C27. For 

the collagen gels, 8 volumes of rat tail collagen type I were mixed with 1 volume of 10x 

M199 and 1 volume of 2% (wt/vol) Na2CO3 (mixture pH 7.4). Three hundred-microliter 

aliquots were added to each well and allowed to gel at 37°C in the absence of CO2. 

	 Highly confluent hFMVEC and hEMVEC were detached, seeded in a split ratio of 

1.25:1 and 2.5:1, respectively, on the surface of the fibrin or type I collagen matrices, 

and cultured for 24 h in M199 medium without indicator supplemented with 20% hu-

man serum, 10% NBCS, and penicillin/streptomycin. Then the endothelial cells were cul-

tured with the mediators indicated for 3-7 days. The culture medium was collected and 

replaced every 2 or 3 days. Invading cells and the formation of tubular structures of 

endothelial cells in the 3-D fibrin or collagen matrix were analyzed by phase contrast 

microscopy.

Statistics
Data for three experiments per well are expressed as the mean ± SEM, and data for 

duplicate experiments per well are expressed as the mean, with the range between the 

error bars. Statistical analyses of the data (paired-samples t tests) were calculated using 

the statistic program SPSS (version 10.0, SPSS, Inc., Chicago, IL).

Results

Isolation and characterization of human endothelial cells from endo
metrium tissue
HEMVEC were isolated by repeated selection of UEA-1 and CD31-positive cells by means 

of lectin- or antibody-coated magnetic beads. After two to four rounds of selection, all 

growing cells were characterized as endothelial cells on the basis of the expression of the 

classical endothelial markers CD31 and vWF and the capacity to bind UEA-1 (Fig. 1). In 
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addition, the cells were negative when stained with antibodies recognizing the epithelial 

cell markers cytokeratin 8 and 18 and smooth muscle cell actin (data not shown). 

In the first instance the isolated hEMVEC were cultured in the presence of high level of 

serum (20% inactivated human serum and 10% NBCS) and the addition of a crude ECGF 

preparation on gelatin- or fibronectin-coated culture dishes. This high level of human se-

rum was essential for the maintenance of hEMVEC in culture. Lower amounts of human se-

rum (<20%) resulted in the death of the hEMVEC. Later, after the evaluation of the growth 

characteristics (see below), the hEMVEC were grown in M199 supplemented with the indi-

cated amount of serum and the combination of 150 µg/mL ECGF and 5 ng/mL VEGF-A. The 

hEMVEC could be maintained until passage 6-15, varying between the different isolations.   

	 Using the method described, we succeeded in isolating 13 different hEMVEC 

isolations in 33 attempts. The phase of the menstrual cycle of the women who un-

derwent hysterectomy did not influence the success rate. We succeeded in isolat-

ing hEMVEC from proliferative phase tissue as well as from secretory tissue. We 

Figure 1. Characterization of hEMVEC.
HEMVEC (passage 5) were cultured to confluence and immunostained as described in Materials and 
Methods. A, Phase-contrast photomicrograph; B-D, indirect immunofluorescent staining of vWF 
antigen (B) and CD31 antigen (C) or UEA-1-FITC (D) binding.
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Figure 2. VEGF-A-induced hEMVEC proliferation.
Nonconfluent hEMVEC (A) and hFMVEC (B) were cultured for 48 h in the absence or presence of 
increasing amount of VEGF-A (p), bFGF (l), or PlGF-2 (o) in M199 supplemented with 10% NBCS. 
After 48 h, a tracer amount of [3H]thymidine was added to the medium, the incubation was con-
tinued in the same medium for another 6 h, and [3H]thymidine incorporation was determined as 
described in Materials and Methods. The data are expressed as mean ± SEM of triplicate wells and 
are representative of four experiments performed with different hEMVEC isolations.
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never succeeded in isolating hEMVEC from menstruation phase endometrium. Prob-

ably the amount of tissue, especially that obtained from the thin (basal) endome-

trial layer toward the end of the menstruation, was too little to isolate hEMVEC. 

Growth characteristics of hEMVEC
The growth characteristics of hEMVEC were compared with those of hFMVEC. HFMVEC 

(as well as HUVEC, data not shown) were stimulated to proliferate by the addition of 

bFGF and VEGF-A. These types of human EC react better to bFGF compared with VEGF-A, 

as determined by the incorporation of 3[H]-thymidine (Fig. 2B). The overall stimulation 

indexes for HUVEC were 10.9 ± 1.2 and 5.3 ± 0.8 induced by 2.5 ng/mL bFGF and 6.25 

ng/mL VEGF-A, respectively (p=0.00004; n=16), and those for hFMVEC were 12.1 ± 2.0 

and. 3.9 ± 0.5 (p=0.006; n=11). In contrast, VEGF-A was more potent in stimulating 

hEMVEC to proliferate compared with bFGF (Fig. 2A). The mean stimulation index of 

hEMVEC was 16.8 ± 4.8 using 2.5 ng/mL bFGF and 30.0 ± 8.3 using 6.25 ng/mL VEGF-

A (p=017; n=7, performed with hEMVEC from four different donors). The stimulation 

index for hEMVEC was higher than those of HUVEC and hFMVEC due to the lower pro-

liferative capacity of the hEMVEC under control condition (only in the presence of 10% 

NBCS). Neither hEMVEC nor hFMVEC responded to PlGF-2 (Fig. 2).

	 The enhanced responsiveness of hEMVEC to VEGF-A was probably due to an en-

hanced basal expression of the messenger RNA (mRNA) of VEGFR-2 (Fig. 3). Densitomet-

ric analysis of the blots revealed a 2.4 fold increase in VEGFR-2 mRNA in hEMVEC com-

pared with hFMVEC. The expression of VEGFR-1 mRNA was very low and comparable in 

the different endothelial cell types (data not shown). 

Production of plasminogen activators and expression of u-PAR by 
hEMVEC
Compared with other types of humane endothelial cells, unstimulated hEMVEC produced 

considerably more u-PA. In 24 h, they accumulated 33.8 ± 6.9 ng/105 cells (n=5) com-

pared with 0.1 ± 0.1 in HUVEC (n=4, data not shown). This was not due to a difference 

in reuptake of u-PA:PAI-1 complexes by the cellular u-PA receptor, because after blockade 

of the u-PA/u-PAR interaction by monoclonal antibody H-2, the levels of u-PA antigen were 

43.2 ± 7.0 (Table 1) and 6.2 ± 2.3 ng/105 cells for hEMVEC and HFMVEC (data not shown), 

respectively. The overall production of u-PA by hEMVEC was enhanced by 1.3-, 1.5- and 

1.8-fold after a 24-h incubation with bFGF, VEGF-A or their combination (Table  1). TNFa 

further enhanced the production of u-PA antigen by hEMVEC. The relatively high u-PA pro-

duction by hEMVEC compared with hFMVEC was also found at the mRNA level (Fig. 3).
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Figure 3. Expression of u-PA, and VEGFR-2 mRNA in hEMVEC.
Confluent (passage 6) hEMVEC and (passage 11) hFMVEC, cultured on fibronectin-coated wells, 
were stimulated with or without bFGF (10 ng/mL), VEGF-A (100 ng/mL), or TNFa (10 ng/mL). Total 
RNA was isolated at 24 h and analyzed by Northern blotting for u-PA and VEGFR-2 mRNA. Equal 
loading was checked by hybridization with a glyceraldehydes-3-phosphate dehydrogenase mRNA. 
This experiment was performed with two different hEMVEC isolations with similar results.

Table 1. Production of u-PA, t-PA, and PAI-1 by hEMVEC

	                                    u-PA (ng/105 cells)	 t-PA (ng/105 cells)	 PAI-1 (ng/105 cells)
Addition

	 - anti-u-PAR mAb	 + anti-u-PAR mAb	 - anti-u-PAR mAb	 - anti-u-PAR mAb

None	 33.8 ± 6.9*	 43.2 ± 7.0*	 1.3 ± 0.2*	 186 ± 42*
bFGF	 39.1 ± 7.5*	 54.9 ± 7.7*	 1.5 ± 0.3*	 209 ± 43*
VEGF-A	 38.8 ± 7.9*	 *64.2 ± 10.1*	 2.3 ± 0.4*	 218 ± 50*
bFGF/VEGF-A	 45.8 ± 12.3	 *78.5 ± 11.2*	 2.2 ± 0.3*	 196 ± 56*
TNFa	 91.6 ± 9.8*	 nd	 1.5 ± 0.3*	 249 ± 40*
bFGF/TNFa	 77.4 ± 8.1*	 nd	 1.4 ± 0.5*	 282 ± 58*

HEMVEC were cultured on gelatin-coated wells till confluence in hEMVEC culture medium and preincubated 
with M199 supplemented with 20% human serum for 24 h. Then the hEMVEC were stimulated with 10 ng/mL 
bFGF, 100 ng/mL VEGF-A, 10 ng/mL TNFa, or the combination of these mediators in M199 plus 20% human 
serum. After 24 h, supernatants were collected, and the cells were counted. The u-PA, t-PA, and PAI-1 amounts 
were determined by ELISA as described in Materials and Methods. The data are expressed as the mean ± SEM 
of 5 experiments/isolations in nanograms per 24 h/105 cells. ND, not done. 
* p < 0.05 compared to control (no addition).
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	 The overall production of t-PA and PAI-1 antigens was 1.3 ± 0.2 and 186 ± 42 ng/105 

cells, respectively. The production of t-PA antigen was increased by VEGF-A, whereas PAI-

1 antigen was enhanced by TNFa (Table 1). 

	 Binding of [125I]DIP-u-PA to cellular u-PA receptor on hEMVEC and hFMVEC revealed 

comparable binding of u-PA to its receptor and a similar increase induced by VEGF-A, 

bFGF and simultaneous addition of bFGF/VEGF-A, bFGF/TNFa or VEGF/TNFa (Fig. 4). The 

average basal u-PA binding to hEMVEC was 4.2 ± 1.4 (n=3) fmol/105 cells, whereas that 

to hFMVEC was 3.3 ± 0.8 fmol/105 cells (triplicate wells, n=1, Fig. 4B). 

	 These data indicate that hEMVEC produce very high amounts of u-PA compared with 

other types of human endothelial cells, whereas their expression and regulation of other 

fibrinolytic regulators, i.e. u-PAR, t-PA and PAI-1, are similar to those of other human 

endothelial cell types.

Immunolocalization of u-PA in human endometrium tissue samples
To compare the high amount of u-PA accumulation in vitro with the in vivo situation, sec-

tions of endometrium and myometrium were studied. Immunostaining for u-PA was found 

on the vessels of the endometrium and myometrium (Fig. 5) and in the stroma of the 

endometrium, whereas surface and glandular epithelial cells were negative for the u-PA 

antigen (Fig. 5). A negative staining procedure (the same staining procedure but without 

the primary antibody) showed no staining of the vessels and stroma (data not shown).

In vitro capillary-like tube formation by hEMVEC in 3-D fibrin matrices
Subsequently, we evaluated the ability of hEMVEC to form capillary-like tubular struc-

tures in an in vitro angiogenesis assay, consisting of human endothelial cells cultured on 

3-D fibrin matrices28. As we had previously found, hFMVEC form capillary-like tubular 

structures when stimulated with the combination of VEGF-A (or bFGF) and TNFa after a 

culture period of 7 days (Fig. 6E)28,29. The addition of growth factor alone did not result 

in the formation of tube-like structures, but induced holes in the monolayer of endothe-

lial cells due to uncontrolled lysis of the fibrin matrix (Fig. 6D)29. When hEMVEC were 

cultured on top of the fibrin matrix in the presence of 20% human serum, they began 

forming capillary-like tubes within 3 days (Fig. 6A). This spontaneous tube formation 

was enhanced by the addition of VEGF-A (Fig. 6B). Further enhancement and stabiliza-

tion of the tube-like structures were seen when the growth factors were added in com-

bination with TNFa (data not shown). Maximal induction of the formation of tube-like 

structures by hEMVEC was seen on days 2-3, whereas those formed by hFMVEC were 

maximal on days 7-10. The extent of tube formation was markedly inhibited by polyclo-
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siderable levels of u-PA (up to 1 ng/105 cells) (28, 39, 41).
However, production of u-PA by activated hFMVEC and
HUVEC is still a magnitude lower than basal or TNF�-stim-
ulated u-PA production by hEMVEC. In contrast to that by
hFMVEC (28), u-PA production by hEMVEC increased after
addition of the angiogenic growth factors bFGF, VEGF-A, or
the combination of these mediators with TNF�. The high
expression of u-PA by hEMVEC in vitro was confirmed by
immunohistochemical staining of endometrial tissue ob-
tained from healthy premenopausal women. The endothelial
cells of the vessels in the myometrium as well as the vessels
of the endometrium in vivo showed expression of the u-PA
antigen. In normal human tissue the expression of endothe-
lium-associated u-PA is hardly detectable, but there is an
increase in endothelial cell expression of u-PA detectable in
inflamed tissues, such as during appendicitis (42) and tumor

FIG. 4. u-PA binding to hEMVEC and hFMVEC. hEMVEC and hFM-
VEC were preincubated for 24 h in M199 supplemented with 20%
human serum with or without bFGF (10 ng/mL), VEGF-A (100 ng/
mL), TNF� (10 ng/mL), or the combination of these mediators. Sub-
sequently, the cells were cooled on ice, and the specific binding of
[125I]DIP-u-PA was determined in triplicate wells as described in
Materials and Methods. A, Data for u-PA binding to hEMVEC ex-
pressed as the mean � SEM in femtomoles per 105 cells of three
independent experiments performed in triplicate wells. B, A repre-
sentative experiment showing u-PA binding to hFMVEC. The binding
is expressed as the mean � SEM in femtomoles per 105 cells of triplicate
wells.

FIG. 5. Expression of u-PA in blood vessels in human secretory phase
endometrial tissue. Immunohistochemistry was performed with la-
beled antibody to u-PA on paraffin sections of human endometrium,
as described in Materials and Methods. A, Brown staining shows
accumulation of u-PA in the stromal endometrium; the surface and
glandular epithelium are negative for the u-PA antigen (�20 mag-
nification). The rectangle area is enlarged in B. B and C, Black arrows
indicate examples of positive endothelial cells, and a white arrowhead
indicate positive stromal cells (�200 magnification). The same results
were obtained using proliferative phase endometrium.
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Figure 4. u-PA binding to hEMVEC and hFMVEC.
HEMVEC and hFMVEC were preincubated for 24 h in M199 supplemented with 20% human serum 
with or without bFGF (10 ng/mL), VEGF-A (100 ng/mL), TNFa (10 ng/mL), or the combination of 
these mediators. Subsequently, the cells were cooled on ice, and the specific binding of [125I]DIP-
u-PA was determined in triplicate wells as described in Materials and Methods. A, Data for u-PA 
binding to hEMVEC expressed as mean ± SEM in femtomoles per 105 cells of three independent 
experiments performed in triplicate wells. B, A representative experiment showing u-PA binding to 
hFMVEC. The binding is expressed as mean ± SEM in femtomoles per 105 cells of triplicate wells.
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Figure 5. Expression of u-PA in blood vessels in human secretory phase endometrial tissue.
Immunohistochemistry was performed with labeled antibody to u-PA on paraffin sections of hu-
man endometrium, as described in Materials and Methods. A, Brown staining shows accumulation 
of u-PA in the stromal endometrium; the surface and glandular epithelium are negative for the u-
PA antigen (20x magnification). The rectangle area is enlarged in B. B and C, Black arrows indicate 
examples of positive endothelial cells, and a white arrowhead indicate positive stromal cells (200x 
magnification). The same results were obtained using proliferative phase endometrium. [See ap-
pendix: color figures]
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Figure 6. Enhanced capillary-like tube formation by hEMVEC.
HEMVEC (passage 7) were cultured on top of a 3-D fibrin matrix in M199 supplemented with 20% 
human serum and 10% NBCS and stimulated without (A) or with 10 ng/mL VEGF-A (B). After 2 days 
of culture, nonphase contrast views were taken, which show in both panels growth of capillary-like 
tube structures. In contrast, hFMVEC (passage 11) stimulated without (C) or with 25 ng/mL VEGF-
A (D) cultured for 6 days show no capillary-like tube structures. E, hFMVEC cultured on fibrin for 
6  days in the presence of the combination of 25 ng/mL VEGF-A and 1 ng/mL TNFa. The data are 
representative of four different hEMVEC isolations.
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nal anti-u-PA antibodies under both unstimulated as well as VEGF-A-stimulated (71.2 

±  5.3%; n=4) conditions. 

	 A similar increased angiogenic capacity of the hEMVEC was observed when hEM-

VEC were cultured on top of rat tail collagen type I matrices. Under our culture condi-

tions, unstimulated hFMVEC did not or hardly invaded the collagen matrix, which was 

slightly enhanced by addition of the combination of bFGF or VEGF-A and TNFa (data not 

shown). However, those few hFMVEC that were able to invade the matrix did not form 

tube-like structures with lumens surrounded by endothelial cells, but formed sprouts 

at or just beneath the collagen surface45. HEMVEC displayed an increased invasion and 

sprout formation in the collagen matrix that was increased by the addition of VEGF-A 

alone. However, sprouts of this type of human endothelial cells did not contain clear lu-

men-like structures (data not shown). 

Discussion

Here we describe the isolation and characterization of hEMVEC from various donors. 

These endothelial cells displayed an enhanced responsiveness to VEGF-A compared with 

hFMVEC due to an enhanced expression of VEGFR-2. In addition, hEMVEC are more ang-

iogenic when cultured in the presence of 20% human serum on top of a 3-D fibrin matrix 

or 3-D collagen matrix compared with hFMVEC. The hEMVEC formed tube-like structures 

within 2-4 days that were enhanced by the addition of VEGF-A alone. This in contrast to 

hFMVEC, which had to be stimulated with the combination of VEGF-A and TNFa for a 

period of 7 days to form tubes. The enhanced angiogenic behavior of the hEMVEC was 

probably due to an increase in expression of u-PA, facilitating an enhanced proteolytic 

capacity to the hEMVEC.

	 Overt angiogenesis takes place in the endometrium throughout the reproductive life 

of the female during each menstrual cycle. Therefore, the endothelial cells of the en-

dometrium must be able to respond quickly to changes in steroids and environmental 

conditions and to angiogenic mediators to form a new vascular bed to allow proper 

implantation and placentation. To study the process of angiogenesis in the endometrium 

we isolated hEMVEC using a standard isolation procedure of endothelial cells consisting 

of a digestion of the endometrial tissue and selection of endothelial cells using UEA-1 or 

anti-CD31-coated magnetic beads. HEMVEC were difficult to maintain in culture. Only in 

the presence of 20% human serum and VEGF-A (and/or ECGF) were the cells were able to 

proliferate and to be passed up to passages 6-15. The sensitivity of the cells to the culture 

condition may be a reflection of the in vivo situation, where rapid apoptosis of the cells 

in the endometrium starts in the secretory phase and peaks in the menstrual phase30. 
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	 The family of the VEGF growth factors is thought to play an important role in the 

process of angiogenesis31,32. Both the expression of VEGF3,33,34 and the specific VEGF 

receptors VEGFR-1 and VEGFR-2 are found in the endometrium during the three stages 

of the menstrual cycle35,36. In particular, the expression of VEGFR-2 on the vessels was 

increased during the proliferative phase35. Cultured hEMVEC also display enhanced 

expression of VEGFR-2 compared with hFMVEC or HUVEC, whereas the expression of 

VEGFR-1 is comparable among these EC types. As it is generally accepted that VEGF-A-

induced endothelial proliferation is mediated via VEGFR-237,38, the enhanced expression 

of this VEGFR may be an explanation for why hEMVEC are more reactive toward VEGF-A 

than to bFGF compared with hFMVEC. These data are in accordance with recently pub-

lished data by Iruela-Arispe et al.14, who also showed that hEMVEC expressed increased 

levels of VEGFR-2 and an increased proliferation in response to VEGF-A.

	 Most striking was the finding of the relative high u-PA expression by hEMVEC, where-

as the levels of the other compounds of the plasminogen system, t-PA and PAI-1, were 

not significantly enhanced compared with those in hFMVEC or HUVEC28,39. The average 

u-PA binding to the u-PAR was also similar (4.2 ± 1.4 (n=3) fmol/105 cells vs. 6.4 ± 

3.2 (n=17)28, and 2.6 ± 1.8 (n=8)28 fmol/105 cells for hEMVEC, HUVEC, and hFMVEC, 

respectively). Under basal conditions, hFMVEC do not express such high levels of u-PA 

(0.2 ± 0.1 ng/105 cells; n=9)28,40. Only when stimulated with the inflammatory media-

tor TNFa, but not with VEGF-A or bFGF, do both hFMVEC and HUVEC start to secrete 

considerable levels of u-PA (up to 1 ng/105 cells)28,39,41. However, production of u-PA 

by activated hFMVEC and HUVEC is still a magnitude lower than basal or TNFa-stimu-

lated u-PA production by hEMVEC. In contrast to that by hFMVEC28, u-PA production 

by hEMVEC increased after addition of the angiogenic growth factors bFGF, VEGF-A, 

or the combination of these mediators with TNFa. The high expression of u-PA by the 

hEMVEC in vitro was confirmed by immunohistochemical staining of endometrial tissue 

obtained from healthy premenopausal women. The endothelial cells of the vessels in 

the myometrium as well as the vessels of the endometrium in vivo showed expression 

of the u-PA antigen. In normal human tissue the expression of endothelium-associated 

u-PA is hardly detectable, but there is an increase in endothelial cell expression of u-PA 

detectable in inflamed tissues, such as during appendicitis42, and tumor angiogenesis43, 

in atherosclerotic vessels44, and in vessels in atherosclerotic plaques25.

	 Simultaneously with the enhanced u-PA expression, hEMVEC displayed an enhanced 

capacity to form tube-like structures in 3-D fibrin matrices and sprout formation in colla-

gen matrices compared to hFMVEC. The formation of tube-like structures of hFMVEC in 

fibrin matrices depends on u-PAR-localized u-PA activity25 and occurs only after stimula-

tion of the cells with the combination of a growth factor (either bFGF or VEGF-A) and the 

inflammatory mediator TNFa28, which is a potent stimulator of the production of u-PA 
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by human EC. It is possible that the spontaneous tube formation by the hEMVEC may 

be due to a response of the hEMVEC (mediated via, for instance, the increased VEGFR-2 

expression) to growth factors in human serum in combination with the enhanced basal 

u-PA expression, as shown by the inhibition of tube formation after the addition of neu-

tralizing anti-u-PA antibodies. The enhanced u-PA/plasmin activity, which is also able to 

activate several MMPs, such as MMP-1, MMP-3, and MMP-9 in vitro10-12, may provide 

endothelial cells in the endometrium with enhanced angiogenic capacity, as shown in 

vivo.

	 In conclusion, we show that human endometrium-derived endothelial cells display 

an enhanced proteolytic capacity and an enhanced angiogenic capacity. These data pro-

vide us with a better understanding of the regulation, production, and physiological 

responses of the vasculature in the endometrium and may lead to new insight into pa-

thology during pregnancy, which may be related to diseases later in life and therapeutic 

strategies in the future. 
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Introduction

In the adult, angiogenesis plays a role in many pathological conditions, such as the 

growth of solid tumors, diabetic retinopathy, rheumatoid arthritis, and wound heal-

ing1,2. Physiological angiogenesis during adulthood is limited to the female reproduc-

tive tissue, namely in the ovary and endometrium. Endometrial angiogenesis plays a 

role in endometrial remodeling during the menstrual cycle and after conception during 

the implantation of the embryo3,4,5. Angiogenesis is initiated by a shift in the balance 

between pro-angiogenic and anti-angiogenic factors6,7. It involves the sprouting of 

new capillary-like structures from existing vasculature and may involve blood-born cells 

that intussuscepts in and around the new vascular structures2. These newly formed 

tubes are subsequently stabilized, often by interaction with pericytes. While the gen-

eral mechanisms of angiogenesis are probably rather similar in various tissues, the in-

dividual players, such as growth factors, integrins and proteases, may vary in different 

tissues. Endothelial cells from different tissues and vessel types have specific proper-

ties8, many of which are conserved in vitro8,9,10. We previously observed that different 

types of human microvascular endothelial cells (hMVEC) have different requirements 

for proliferation and capillary tube formation in vitro. While endometrial MVEC (hEM-

VEC) are highly sensitive to VEGF-A and form capillary tubules after exposure to VEGF-

A9, foreskin MVEC (hFMVEC) are more sensitive to bFGF and only form capillary tubes 

in a fibrin matrix after simultaneous exposure to bFGF or VEGF-A and the inflammatory 

cytokine TNFa11,12.

	 Among the various processes that regulate angiogenesis, the generation of proteo-

lytic activity is thought to be pivotal in the regulation of cell migration and capillary tube 

formation13. Key regulators of pericellular proteolysis and capillary-like tubule forma-

tion by endothelial cells are cell-bound urokinase-type plasminogen activator (u-PA) and 

plasmin as well as matrix metalloproteinases (MMPs)5,11-20. Initial data on the formation 

of tubular structures by hEMVEC indicated that cell-bound u-PA and plasmin contribute 

to this process9. In addition to the u-PA/plasmin cascade, the rapidly expanding family 

of MMPs21 plays an important role in cell migration and invasion, and in angiogenesis 

in vivo19,22,23. MMPs are widely expressed in the endometrium and play a role in tis-

sue degradation and menstrual bleeding24. Furthermore, a number of them are also 

detected during the proliferative and early secretory phase25, which suggests a role in 

endometrial remodeling and angiogenesis26,27. However, the exact role of MMPs in en-

dometrial angiogenesis in vivo and tube formation by hEMVEC in vitro is unknown.

	 Membrane-type MMPs (MT-MMPs) have been suggested to play a key role in angio-

genesis, in addition to the gelatinases MMP-2 and -9.17,28,29 The membrane-associated 

localization of membrane-type MMPs makes this group of MMPs particularly suited to 
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function in pericellular proteolysis17. Six MT-MMPs have been described: four transmem-

brane proteins and two GPI-anchored ones. Recently, MT1-MMP (MMP-14) received 

considerable attention as being involved in endothelial cell migration and invasion14-16. 

MT1-MMP contributes to angiogenesis by its capacity to degrade ECM components, 

thereby promoting cell migration, invasion and possibly the bioavailability of growth 

factors. Furthermore, it activates pro-MMP-2 (via the TIMP-2-MT1-MMP complex), pro-

MMP-13, and avb3-integrin, an important integrin in angiogenesis14,29-31. MT1-MMP as 

well as MMP-2 are able to stimulate angiogenesis32,33. In hFMVEC, MT1-MMP becomes 

a key factor in capillary tube formation when collagen is present in the fibrinous ma-

trix16,17. MT2-MMP (MMP-15) and MT3-MMP (MMP-16) are also involved in cell migra-

tion and invasion, depending on the cell type17,34. Their overexpression in endothelial 

cells can induce capillary-tube formation, similar to MT1-MMP28. MT1-MMP and MT2-

MMP are present in endometrial tissue during various stages of the menstrual cycle; 

MT3-MMP mRNA is increased during the proliferative phase of the endometrium35-38. 

It is generally believed that these MMPs also play a role in endometrial angiogenesis39, 

but except for the expression and immunolocalization of specific MMPs in endometrial 

tissue little information is available.

	 The activity of MMPs and MT-MMPs is regulated by activation of the pro-enzymes 

and by specific inhibitors, the tissue inhibitors of MMPs (TIMPs) and a-macroglobulins. 

The TIMP family consists of 4 members, which differ in expression patterns, regulation 

and ability to interact specifically with latent MMPs and members of the related metal-

loproteinases of the ADAMs and TACE group40. TIMP-1 is secreted as a soluble protein 

and has a general inhibiting activity on many MMPs, but does not inhibit MT1-MMP. 

TIMP-3 is associated with the matrix components and has a similar inhibitory spectrum, 

but also inhibits MT1-MMP41. Furthermore, TIMP-3 can induce apoptosis in various cell 

types40.

	 In this study we report on the expression of MMPs and MT-MMPs by hEMVEC and 

the requirement of these proteases for capillary-like tube formation by these cells. By 

overexpressing TIMP-1 and TIMP-3 we could demonstrate that different MMPs act as key 

regulators for tube formation by hEMVEC and hFMVEC.

Materials and methods

Materials
Penicillin/streptomycin, L-glutamine and tissue culture medium 199 (M199) with 20 

mM HEPES with or without phenol red were obtained from BioWhittaker (Verviers, 

Belgium). Newborn calf serum (NBCS) was obtained from Life Technologies (Grand Is-



Chapter 5

76

land, NY, USA). Human serum (HS), prepared from fresh blood from 10-20 healthy 

donors, was obtained from a local blood bank and was pooled and stored at 4°C. NBCS 

and HS were heat-inactivated before use. Pyrogen-free human serum albumin (HSA) 

was obtained from Sanquin (Amsterdam, The Netherlands). Tissue culture plastics and 

microtiter plates were obtained from Costar/Corning (Cambridge, MA, USA) and Fal-

con® (Becton Dickinson (BD) Biosciences), Bedford, MA, USA). A crude preparation of 

endothelial cell growth factor (ECGF) was prepared from bovine brain as described by 

Maciag et al42. Heparin and thrombin were obtained from Leo Pharmaceutics Prod-

ucts (Weesp, the Netherlands). Human fibrinogen was obtained from Chromogenics 

AB (Mölndal, Sweden). Dr. H. Metzner and Dr. G. Seeman (Aventis Behring GmbH, 

Marburg, Germany) generously provided factor XIII. Fibronectin was a gift from Dr. J. 

van Mourik (Sanquin, Amsterdam, The Netherlands). Rat tail collagen type-I was ob-

tained from BD Biosciences. Human recombinant vascular endothelial growth factor-A 

(VEGF-A) was obtained from RELIATech (Braunschweig, Germany) and tumor necrosis 

factor alpha (TNFa) was a gift from Dr. J. Travernier (Biogent, Gent, Belgium). Phor-

bol 12-myristate 13-acetate (PMA) was obtained from Sigma Chemical Co. (St. Louis, 

MO, USA). Adenoviral vectors containing LacZ, TIMP-1 and TIMP-3 were previously de-

scribed43-45. Aprotinin was purchased from Pentapharm Ltd (Basel, Switzerland). BB94 

(Batimastat) was a kind gift from Dr. E.A. Bone (British Biotech, Oxford, UK). Rabbit-

anti-human polyclonal antibodies against u-PA, MMP-9 and MT1-MMP were produced 

and characterized in our laboratory11, 16, 46, 47. Mouse-anti-human monoclonal anti-

body against MT3-MMP was obtained from Oncogene Research Products (IM50L, Bos-

ton, USA), biotinylated horse anti mouse antibody from Vector (BA-2000, Burlingame, 

UK), avidin-biotin complex from DakoCytomation (Glostrup, Denmark) and NovaRED 

from Vector (Burlingame, UK). Human recombinant MT1-MMP (pro-domain-catalytic 

domain-hemopexin domain) was purchased from Chemicon (Temecula, CA, USA) and 

recombinant pro-MMP-9 from Invitek (Berlin, Germany). PBS/T concentrate was ob-

tained from Organon Teknika (Boxtel, Holland). GAPDH control reagents (VIC-labeled) 

were purchased from Applied Biosystems (Nieuwerkerk aan de IJssel, The Netherlands). 

For western blotting, protease inhibitors from Roche Diagnostics (Almere, The Nether-

lands), Immobilon-P polyvinylidene fluoride transfer membranes from Milipore (Bed-

ford, USA), skim milk powder from Merck (Amsterdam, The Netherlands), goat anti-b-

actin antibody (sc-1615) and horseradish peroxidase-conjugated secondary antibodies 

from Santa Cruz (Heerhugowaard, The Netherlands) were used. The Super Signal West 

Dura Extended Duration Substrate purchased from Pierce (St. Augustin, Germany) and 

the luminescent image workstation from Roche Diagnostics (Almere, The Netherlands) 

were used for visualization.
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Cells
Human endometrial microvascular endothelial cells (hEMVEC) were isolated, cultured 

and characterized as previously described in detail9. In short, endometrial tissue was 

obtained from pre-menopausal women who underwent uterus extirpation for benign 

pathology. The tissue was collected according to the guidelines of the Institutional Re-

view Board and informed consent was obtained from each patient. Endometrial tissue 

was scraped from the uterus and stored overnight at 4°C. The following day, tissue was 

minced and cells extracted using 0.2% collagenase. The primary heterogeneous culture 

was purified by repeated selections using anti-CD31 and anti-IgG-coated Dynabeads. Af-

ter purification of the culture, the endothelial cells were characterized as being positive 

for CD31 and von Willebrand factor and negative for cytokeratin-18 and a-smooth mus-

cle actin. HEMVEC were maintained in hEMVEC culture medium: M199 without phenol-

red supplemented with 20 mM HEPES (pH 7.3), 20% HS, 10% NBCS, 150 mg/mL ECGF, 5 

U/mL heparin, 100 IU/mL penicillin and 100 mg/mL streptomycin. The cells were cultured 

on fibronectin-coated dishes under humidified 5% CO2 / 95% air atmosphere. VEGF-A (5 

ng/mL) was added to the culture medium of the primary isolates to facilitate the initial 

growth of the endothelial cells. Endometrial tissues were obtained from all phases of 

the menstrual cycle, as determined by histological dating according to Noyes et al48, and 

hEMVEC from different stages showed comparable functions in vitro.

	 Human foreskin microvascular endothelial cells (hFMVEC) were isolated, character-

ized and cultured as previously described10,49.

In vitro capillary-like tube formation assay
Human fibrin matrices were prepared as described before9. For the collagen gels, 7 vol-

umes of rat tail collagen type-I (3 mg/mL) were mixed with 1 volume of 10×M199 with 

phenol red and 2 volumes of 2% (w/v) Na2CO3 (final pH 7.4). 300ml Aliquots were added 

to each well of a 48-wells plate and allowed to gelate at 37°C in the absence of CO2.

	 Confluent hEMVEC were detached and seeded at a split ratio of 2:1 on top of the 

fibrin and/or collagen matrices and cultured for 24 h hEMVEC culture medium without 

ECGF and heparin. Subsequently, the endothelial cells were cultured with the mediators 

indicated for 2 - 5 days. Invading cells and the formation of capillary-like structures of 

endothelial cells in the three-dimensional fibrin and/or collagen matrix were analyzed by 

phase contrast microscopy. The total length of the structures formed was measured in 

6  randomly chosen microscopic fields (7.3 mm2/field) by computer-equipped Optimas 

image analysis software (Bioscan, Demons, WA) connected to a monochrome CCD cam-

era (MX5) and expressed as mm/cm2 7,24.
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Gelatin zymography
Gelatinolytic activities of MMPs secreted by hEMVEC were analyzed by zymography 

on gelatin-containing polyacrylamide gels as described50. Using this technique both 

active and latent species can be visualized. Samples were applied to a 10% (w/v) acry-

lamide gel co-polymerized with 0.2% (w/v) gelatin. After electrophoresis the gels were 

washed three times for 10 min in 50 mmol/L Tris/HCl, pH 8.0, containing 5 mmol/L 

CaCl2, 1mmol/L ZnCl2 and 2.5% (w/v) Triton X-100 to remove the SDS, followed by three 

washes of 5  min in 50 mmol/L Tris/HCl, pH 8.0, containing 5 mmol/L CaCl2, 1mmol/L 

ZnCl2 and incubated overnight at 37ºC. The gels were stained with Coomassie Brilliant 

Blue R-250.

Immunohistochemistry
Immunohistochemical staining of MT3-MMP was performed in paraffin-embedded sec-

tions of human endometrium. Sections were deparaffinized and endogenous peroxidase 

was quenched with 3% H2O2 in 100% methanol. To prevent aspecific binding, sections 

were incubated with 5% bovine serum albumin for 15 minutes. The primary monoclonal 

mouse anti-MT3-MMP antibody (1 mg/ml in 1% bovine serum albumin in phosphate 

buffered saline [BSA/PBS]) was applied overnight at 4ºC, followed by a one hour incuba-

tion with a biotinylated secondary horse anti mouse antibody (5 mg/ml in 1% BSA/PBS). 

Streptavidin-horseradish peroxidase conjugate was used to obtain red staining of the 

antigens. Specificity of the immunohistochemical reaction was verified by omission of 

the first antibody as wells as using normal mouse serum in stead of the first antibody. 

Sections were counterstained with Mauer hematoxylin.

Western blotting
Total cellular extracts were prepared in the presence of protease inhibitors and ap-

plied to SDS-PAGE electrophoresis essentially as described51. After proteins were blot-

ted onto Immobilon-P polyvinylidene fluoride transfer membranes, the blots were 

blocked with 5% (w/v) skim milk powder diluted in 20 mM Tris (pH 7.4), 55 mM NaCl, 

and 0.1% (v/v) Tween-20. Then, blots were incubated with a mouse anti-MT3-MMP 

antibody or a goat anti-b-actin antibody followed by horseradish peroxidase-conju-

gated secondary antibodies. All antibodies were diluted in 20 mM Tris (pH 7.4), 55 

mM NaCl, 0.1% (v/v) Tween-20, and 5% (w/w) bovine serum. The Super Signal West 

Dura Extended Duration Substrate and the luminescent image workstation were used 

for visualization.
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RNA Isolation and real-time RT-PCR 
Total RNA from hEMVEC and hFMVEC was isolated as described by Chomczynski and 

Sacchi52. RNA was quantified by measuring its absorbance using a spectrophotometer 

and considered of good quality when the OD260/OD280 ratio ranged between 1-8-2.0. 

Reverse transcription (RT) was carried out in 20 ml volumes using random primers and a 

cDNA synthesis kit purchased from Promega. MMP and MT-MMP expression was quanti-

fied using real-time PCR according to the Taqman method of Applied Biosystems (Perkin 

Elmer) using a forward and reverse primer combined with a specific (6-carboxy-fluo-

rescein/6-carboxy-tetramethyl-rhodamine [FAM/TAMRA]) double-labeled probe. The fol-

lowing sequences were used for MT3-MMP (MMP-16): forward primer, 5’-GGC TCG TGT 

GGG AAA TGG TA-3’; reverse primer, 5’-AGA ACT CTT CCC CCT CAA GTG-3’; and probe, 

5’-ACA GCT GGC TCT ACT TCC CCA TGG C-3’. Primers and probes for MT1-MMP were 

described previously (16). All data were controlled for quantity of RNA input by perform-

ing measurements on the endogenous reference gene GAPDH (VIC-labeled) as follows. 

For each RNA sample, a difference in Ct values (dCT) was calculated for each mRNA by 

taking the mean Ct of duplicate wells and subtracting the mean Ct of the duplicate wells 

for the reference RNA GAPDH measured in the same RT reaction. All RT reactions were 

carried out in quadruplicate. As positive controls were used: cDNA of human endome-

trial stromal cells for MMP-12, cDNA of HT1080 cells for MMP-13 and ds cDNA encoding 

for MMP-3, MMP-7 and MMP-8.

Adenoviral gene transfer of TIMP-1 and TIMP-3 to hEMVEC and 
hFMVEC
Replication-deficient adenoviral vectors (E1-deleted, transcriptional control via the CMV 

promoter) encoding human TIMP-1 (AdTIMP-1), human TIMP-3 (AdTIMP-3) and a b-ga-

lactosidase-encoding adenoviral vector (AdLacZ), as a control, were used for the experi-

ments43. Confluent hEMVEC and hFMVEC were washed twice with M199 supplemented 

with 0.1% HSA to remove human serum components, subsequently the hEMVEC were 

incubated with the adenoviral constructs in M199 containing 0.1% HSA for 2 hours. Af-

ter transduction the medium was replaced with hEMVEC culture medium without VEGF-

A. 24 h later the cells were seeded on top of a three-dimensional fibrin/fibrin-collagen 

matrix and stimulation was started 6 h after seeding.

TIMP-1 ELISA and MMP Bioactivity Assays 
TIMP-1 antigen was assayed by enzyme-linked immunosorbent assay (ELISA; R&D Sys-

tems, Oxon, United Kingdom). MT1-MMP and MMP-9 activity were determined by MMP 
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Figure 1. Capillary-like tube formation by hEMVEC in a fibrin or collagen matrix depends on 
u-PA and MMP activities. 
HEMVEC were cultured on top of a three-dimensional fibrin matrix (A,C,D) or 50-50% fibrin/col-
lagen-type-1 matrix (B,E) and stimulated with VEGF-A (10 ng/mL). A and B: Micrographs taken after 
4 days of culturing; insets in A and B show details of capillary-like structures. Bar = 300 mm, Bar 
insets = 100 mm. C: Cross section perpendicular to the matrix surface and stained with Hematoxy-
lin-Phloxine-Safran (bar = 50 mm). D and E: hEMVEC were cultured with 10 ng/mL VEGF-A (control) 
in the absence or presence of polyclonal anti-u-PA (auPA, 100 mg/mL), BB94 (5 mg/mL) or a combina-
tion of BB94 and anti-u-PA. After 3-5 days of culturing, mean tube length was measured by image 
analysis. The data in panel D are expressed as a percentage of VEGF-A-induced tube formation 
±SEM of 6 independent experiments of duplicate wells performed with 3 different hEMVEC isola-
tions. Panel E represents 3 experiments. *: p<0.05 vs. control, #: p<0.05 vs. auPA. [See appendix: 
color figures]
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activity assays (Biotrak; Amersham, Biosciences, Buckingshamshire, UK) as previously in-

dicated16,46. Selective TIMP-3 activity over that of TIMP-1 was assayed by determination 

of active MT1-MMP in extracts of hEMVEC transduced with AdLacZ, AdTIMP-1, and AdT-

IMP-3. Inhibition of MMP-9 activity by TIMP-1 and TIMP-3 was determined by addition 

of serial dilutions of 48-hour conditioned media of hEMVEC transduced with AdLacZ, 

AdTIMP-1, and AdTIMP-3 to APMA activated recombinant pro-MMP-9.

Statistics
Experiments were performed with duplicate wells and expressed as mean ± SEM. For 

statistical evaluation the analysis of variance (ANOVA) was used, followed by a modified 

t-test according to Bonferroni. Statistical significance was accepted at p < 0.05.

Results

Capillary-like tube formation by hEMVEC is inhibited by collagen 
type-I
Three-dimensional matrices were prepared consisting of pure fibrin, collagen or mix-

tures of fibrin and collagen. As previously reported9, hEMVEC form spontaneously cap-

illary-like tubular structures in a fibrin matrix, a process that is markedly enhanced by 

VEGF-A (Fig. 1A, C). When hEMVEC were seeded on top of matrices containing 0-50% 

type-I collagen homogeneously mixed with fibrin, a concentration-dependent decrease 

in the extent of tube formation was seen. In a mixed collagen-fibrin matrix (50/50), the 

decrease was 55±4% under basal conditions (n = 3, not shown) and 53±2% in the 

presence of VEGF-A (Fig.  1B) as compared to the tube formation in a pure fibrin matrix 

(Fig.  1A). In a pure collagen type-I matrix, capillary-like structure formation by hEMVEC 

was hardly detectable, even after stimulation with VEGF-A (data not shown).

U-PA/plasmin and MMPs are involved in tube formation by hEM-
VEC in matrices composed of fibrin and/or collagen
To establish the involvement of u-PA/plasmin and MMPs in the formation of capillary-

like structures by hEMVEC, u-PA-blocking antibodies, the plasmin inhibitor aprotinin, 

or the broadly acting metalloproteinase inhibitor BB94 were used (Fig.  1C and D). The 

VEGF-A-enhanced tube formation in a fibrin matrix was reduced by 55±11% by u-PA-

blocking antibodies (Fig.  1D), and by 54±7% by the plasmin inhibitor aprotinin (data 

not shown). In a matrix consisting of an equal mixture of fibrin and collagen anti-u-PA 
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Table 1. Analysis of MT-MMP mRNA expression in VEGF-A-stimulated hEMVEC and hFM-

VEC. 

		  Human Endometrial MVEC	 Human Foreskin MVEC
		  CT	 dCT	 CT	 dCT

Transmembrane MT-MMPs	 MT1-MMP 	 27.8 ± 0.4	   9.0 ± 0.4	 27.3 ± 0.9 	   8.4 ± 0.4
	 MT2-MMP 	 33.7 ± 1.2	 14.1 ± 1.2	 35.9 ± 1.6	 16.6 ± 1.3
	 MT3-MMP 	 26.4 ± 0.2	   7.4 ± 0.4*	 27.8 ± 0.8	   9.1 ± 0.4 
	 MT6-MMP 	 36.3 ± 1.0	 17.7 ± 0.8	 34.5 ± 1.1	 15.6 ± 1.8
GPI-anchored MT-MMPs	 MT4-MMP 	 26.9 ± 0.2	   7.3 ± 0.3*	 30.2 ± 1.2	 10.6 ± 0.6
	 MT5-MMP  	 31.6 ± 0.3	 12.8 ± 0.3	 33.8 ± 2.1	 14.6 ± 1.4

Confluent hEMVEC and hFMVEC were stimulated with 10 ng/ml VEGF-A for 24 hours. After stimulation, RNA was 
isolated and cDNA was synthesized as described. Real-time RT-PCR for MT-MMP/GAPDH pairs were performed as 
described and expressed as the number of cycles (CT ± SEM). The housekeeping gene GAPDH was used to cor-
rect for the total mRNA content of the samples. The dCT values were calculated as the difference in number of 
cycles required for the PCR reaction to enter logarithmic phase and expressed as dCT ± SEM. The gene expression 
of MT3-MMP and MT4-MMP mRNA was significantly higher in hEMVEC compared to the expression in hFMVEC 
(*: p<0.01). The gene expression of the other MT-MMPs was comparable between the two cell types.

Figure 2. HEMVEC express various MMPs and MT-MMPs.
HEMVEC were cultured for 24 h in M199 supplemented with 0.5% HSA (A) or 20% HS (B,C) and 
were not stimulated (control) or stimulated with TNFa (2.5 ng/mL), VEGF-A (10 ng/mL) or PMA (10-8 
M), as indicated. A: Gelatin zymography of 24 h conditioned medium. (M = ladder) B: MT1-MMP 
activity in cell lysates (mean ± range of two experiments performed in duplicate wells with two 
different isolations; detection limit of the assay 0.2 ng/mL). C: Western blot of MT3-MMP in 24 h 
conditioned medium.  D and E: Immunohistochemical analysis of MT3-MMP in endometrial tissue 
shows the presence of MT3-MMP in endothelial cells (D, arrows) and myometrium (E, stars). Similar 
results were obtained in the tissue of three other donors. [See appendix: color figures]
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antibodies reduced tube formation only by 17±0% (Fig.  1E). The inhibiting effect of 

BB94 was increased by adding collagen, since tube formation in pure fibrin was inhib-

ited by 31±5% and in collagen-fibrin matrices by 64±3%. An almost complete inhibition 

(84±6% and 82±2%, respectively) of capillary-like structure formation was seen after 

the simultaneous addition of BB94 and anti-u-PA antibodies (Fig.  1D and E).

HEMVEC express various MMPs and MT-MMPs
To study which MMPs are expressed by hEMVEC, real-time RT-PCR was used to assess the 

expression and regulation of MMP mRNA levels in hEMVEC. Real-time RT-PCR revealed 

that hEMVEC expressed considerable amounts of MMP-1, MMP-2, MT1-MMP, MT3-MMP 

and MT4-MMP mRNAs (i.e. less than 30 cycles and dCT< 9) under basal as well as VEGF-

A-stimulated conditions. The data for the MT-MMPs are given in Table 1. HFMVEC had 

a similar expression pattern as hEMVEC, except for MMP-1, which was poorly expressed 

by hFMVEC under basal conditions (not shown), and MT3-MMP and MT4-MMP, which 

were expressed to a higher degree in hEMVEC (Table 1). Under basal and VEGF-A-stimu-

lated conditions hEMVEC expressed relatively small amounts of MMP-9 (mean CT = 35.3 

±  1.5  cycles; mean dCT 14.4 ± 1.3 (± SEM)) and MT2-, MT5- and MT6-MMP (Table 1). 

The MMP-9 mRNA expression increased markedly when the cells were stimulated with 

10-8 M phorbol ester PMA (mean CT 27.4 ± 1.0; dCT 8.4 ± 0.7 (± SEM)). No mRNA of 

MMP-3, MMP-7, MMP-8, MMP-12 and MMP-13 was detected in hEMVEC. Positive con-

trols resulted in abundant signals: ds cDNA encoding for MMP-3, MMP-7 and MMP-8, 

cDNA of human endometrial stromal cells for MMP-12, and cDNA of HT1080 cells for 

MMP-13.

	 The expression of active MMPs was confirmed by gelatin zymography and activity 

assays. Gelatin zymography of serum-free hEMVEC-conditioned media (24 h) showed ex-

pression of latent MMP-2 (72 kDa) and a 55kDa band that represents MMP-1 or MMP-3. 

From the mRNA data we assume that the 55kDa band represents MMP-1 rather than 

MMP-3. Stimulation with 10-8 M PMA induced MMP-9 (92kDa) protein synthesis and 

activation of MMP-2 (64 kDa, Fig.  2A). The presence of MT1-MMP was demonstrated 

by activity assay (Fig.  2B). Both VEGF-A and TNFa exposure doubled the activity of MT1-

MMP, while phorbol ester caused a dramatic increase in MT1-MMP activity in hEMVEC 

(Fig.  2B). The presence of MT3-MMP protein was confirmed by Western blotting. The 

production of MT3-MMP was not affected by TNFa and increased slightly after VEGF-A 

exposure (Fig.  2C). MT3-MMP was detectable in endothelial cells of proliferative hu-

man endometrial tissue, as well as in endometrial epithelial cells and myometrial cells 

(Fig.  2D and E).
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Adenoviral gene transfer of both TIMP-1 and TIMP-3 impairs VEGF-
A-induced tube formation by hEMVEC
As the general metalloproteinase inhibitor BB94 inhibited tube formation by hEMVEC, 

the effects of TIMP-1 and TIMP-3, two physiological tissue inhibitors of MMPs, on this 

process were studied. HEMVEC were infected for 2 h with replication-deficient ade-

noviruses expressing human TIMP-1 (AdTIMP-1), TIMP-3 (AdTIMP-3) or a control LacZ 

(AdLacZ). Transduction of hEMVEC with AdTIMP-1 caused a concentration-dependent 

increase in TIMP-1 antigen production, while AdLacZ or AdTIMP-3 did not affect TIMP-1 

production (Fig.  3A). To verify whether the overexpressed TIMP-1 and -3 were functional 

and active, their effects on MT1-MMP and MMP-9 activity were analyzed. In contrast to 

cell extracts of AdLacZ- or AdTIMP-1-transduced-hEMVEC, in which MT1-MMP remained 

active, MT1-MMP activity was completely inhibited in cell extracts of AdTIMP-3-trans-

duced-hEMVEC (Fig.  3B). AdTIMP-1- and AdTIMP-3-transduced hEMVEC inhibited exog-

enous active MMP-9 comparably (Fig.  3C).

	 Previous studies on HUVEC and hFMVEC have shown that TIMP-3 was a more potent 

inhibitor of capillary-tube formation than TIMP-115,16,53. Unexpectedly, in hEMVEC both 

TIMP-1 and TIMP-3 overexpression inhibited VEGF-A-induced tube formation, to an ex-

Figure 3. HEMVEC overexpress active TIMP-1 and –3 antigen after transduction.
Confluent hEMVEC were transduced with 1.25×106, 2.5×106 and 1.0×108 pfu/mL AdLacZ, AdT-
IMP-1 or AdTIMP-3 as described in the Methods section. After 2 h the medium was removed and the 
cells were incubated for 6 h with hEMVEC culture medium and incubated for 48 h in M199 supple-
mented with 0.5 % HSA, 10 ng/mL VEGF-A with or without PMA (10-8 M). A: TIMP-1 levels were de-
termined in the hEMVEC-conditioned medium by ELISA following the manufacturers’ descriptions. 
B: MT1-MMP activity in the lysates of PMA-stimulated transduced hEMVEC was inhibited by TIMP-3 
and not by TIMP-1. MT1-MMP activity was analyzed as indicated in the Methods section. C: The abil-
ity of TIMP-1 and TIMP-3 to inhibit MMP-9 activity was measured in 100- (black bars) and 25-fold 
(grey bars) dilutions of the conditioned media of hEMVEC overexpressing TIMP-1 or TIMP-3. 
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Figure 4. Both TIMP-1 and TIMP-3 inhibit capillary-like tube formation by hEMVEC. 
HEMVEC were transduced with 2.5×106 pfu/mL AdLacZ, AdTIMP-1 and AdTIMP-3 and were cul-
tured on top of a three-dimensional fibrin matrix or a fibrin-10% collagen matrix and stimulated 
with VEGF-A (10 ng/mL) with or without BB94 (5 mg/mL). A: Phase contrast micrographs after 3 
days of culturing showing tube formation in the fibrin matrix, Bar = 300 mm. B: Mean tube length 
was measured and expressed as a percentage of the tube formation by the AdLacZ-transduced cells 
± SEM/range of 5 (fibrin matrix, black bars) and 2 (fibrin-collagen matrix, striped bars) independent 
experiments performed in duplicate wells. The mean tube length of the AdLacZ-transduced hEM-
VEC was 239±13 mm/cm2 on the fibrin-collagen matrix. * p<0.03 vs LacZ transduced cells.
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tent similar as BB94 (Fig.  4A and B). This was found both in fibrin and in fibrin-collagen 

matrices (Fig.  4B). No apparent cell death or morphological changes were observed 

either in the AdTIMP-1- or AdTIMP-3-transduced hEMVEC.

Comparison of the effect of TIMP-1 and TIMP-3 overexpression on 
tube formation by hEMVEC and hFMVEC
Because of the lack of effect of TIMP-1 on tube formation in our previous experiments 

with VEGF/TNFa-stimulated hFMVEC16, we compared the effects of TIMP-1 and TIMP-3 

overexpression on capillary-like tube formation by hEMVEC and hFMVEC under identi-

∗ ∗ ∗
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Figure 5. TIMP-1 inhibits capillary-like tube formation by hEMVEC but not by hFMVEC. 
HEMVEC and hFMVEC were transduced with 2.5×106 pfu/mL AdLacZ, AdTIMP-1 and AdTIMP-3. 
Subsequently the cells were cultured on top of a three-dimensional fibrin matrix or a fibrin-10% 
collagen matrix in M199 supplemented with 10% HS and 10% NBCS and stimulated with VEGF-A 
(10 ng/mL) and TNFa (10 ng/mL) with or without BB94 (5 mg/mL).  Mean tube length was measured 
and expressed as a percentage of the tube formation by the AdLacZ-transduced cells ± SEM/range 
of 2-3 independent experiments performed in duplicate or triplicate wells (fibrin matrix; black bars, 
fibrin-collagen matrix; striped bars). The mean tube length of the AdLacZ-transduced hEMVEC was 
270±80 mm/cm2 on the fibrin matrix and 266±83 mm/cm2 on the fibrin-collagen matrix, * p<0.05 
vs. LacZ transduced cells.
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cal culture conditions. Both cells types were grown on a fibrin-10% collagen matrix 

and stimulated by the simultaneous addition of VEGF and TNFa, which is required to 

induce tubules by hFMVEC11. Like in VEGF-stimulated hEMVEC, both TIMP-1 and TIMP-3 

reduced capillary-like tube formation in VEGF/TNFa-stimulated hEMVEC to the same ex-

tent as BB94 (Fig.  5, striped bars). In contrast, only TIMP-3 inhibited tube formation by 

hFMVEC to a significant extent. Similar data were obtained with fibrin matrices (Fig.  5, 

black bars). No significant cell detachment was observed in the AdTIMP-1- or AdTIMP-

3-transduced hFMVEC and hEMVEC grown on the fibrin matrix, neither under control 

conditions nor in cells stimulated with VEGF/TNFa or TNFa alone (data not shown). This 

indicates that the overexpression of TIMP-1 or TIMP-3 did not induce a visible degree of 

apoptosis or cell death under our experimental conditions.

Inhibition of MT3-MMP reduces tube formation by hEMVEC
The inhibition of tube formation by both TIMP-1 and TIMP-3 overexpression indicates that 

MMPs other than MT1-MMP play a role in the regulation of tube formation by hEMVEC. 

To obtain evidence for the involvement of MT3-MMP in the regulation of this process, 

tube formation by hEMVEC was induced in the presence of anti-MT3-MMP IgG. Inhibi-

tion of MT3-MMP significantly reduced the VEGF-A-enhanced capillary-like tube forma-

tion by hEMVEC, while non-specific anti-FITC IgG had no effect (Fig.  6). The inhibition of 

VEGF-enhanced tube formation by MT3-MMP IgG was 48.8% of the inhibition achieved 

by BB94, suggesting that other metalloproteinases may contribute additionally.

Discussion

The present study demonstrates that both the u-PA/plasmin system and MMPs con-

tribute to the invasion and tubular structure formation by endothelial cells in a 3D-fi-

brin-collagen matrix. Since TIMP-1 and TIMP-3 overexpression reduced capillary-like tube 

formation by hEMVEC to the same extent, not primarily MT1-MMP, but other MMPs 

play a regulatory role in this process in hEMVEC. Major MMPs expressed by hEMVEC 

were MMP-1, MMP-2, MT1-MMP (MMP-14) MT3-MMP (MMP-16) and MT4-MMP (MMP-

17) under basal and VEGF-A-stimulated conditions. Our data suggest that MT3-MMP 

is involved in the regulation of tube formation by hEMVEC, because tube formation by 

hEMVEC was inhibited of by anti-MT3-MMP IgG in vitro (Fig.  6), and MT3-MMP was 

encountered in endothelial cells of proliferative endometrium in vivo (Fig.  2).

	 Our data on the expression of MMPs by hEMVEC in vitro are in agreement with ob-

servations reported from immunohistochemical studies in endometrial tissue sections. 
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Freitas et al.54 found MMP-1, MMP-2, MMP-3 and MMP-9 in endometrial vascular struc-

tures, which might include endothelial cells. MMP-2 was demonstrated in newly formed 

capillary strands54. Skinner et al.55 only found MMP-9 on endometrial endothelial cells 

after exposure to high progestagen levels. MT1-MMP was detected at low levels on en-

dothelial cells in proliferative and secretory endometrium36,37. MT2-MMP was observed 

at a constant low level throughout the menstrual cycle35,36. In addition, TIMP-1, -2, and 

-3 were demonstrated in endometrial endothelial cells by in situ hybridization26,37,56. 

Recently Goffin et al. also reported the presence of MMP-19 mRNA in endometrial tissue 

throughout the cycle and the mRNAs of MMP-7, MMP-26 and MT3-MMP in this tissue 

during the proliferative phase of the cycle35. However, no information on their expres-

sion by specific cells is currently available.

	 Within the large group of MMPs the MT-MMPs attract specific attention, because of 

their membrane localization that enables them to regulate localized proteolytic activi-

ties directly at the cell-matrix interaction sites. Hotary et al showed that overexpression 

of the transmembrane MT1-MMP, MT2-MMP or MT3-MMP induced endothelial invasion 

and tube formation in fibrin, while the GPI-anchored MT4-MMP was unable to do so28. 

MT1-MMP and MT3-MMP are involved in the migration and invasion of various mesen-

α α

∗

∗

Figure 6. Inhibition of MT3-MMP reduces tube formation by hEMVEC.
HEMVEC were cultured on top of a three-dimensional fibrin matrix in M199 supplemented with 
10% HS and 10% NBCS. Cells were cultured under control conditions in the presence of 0,5 ng/ml 
VEGF or stimulated with VEGF-A (10 ng/mL), VEGF-A (10 ng/mL) and anti-FITC IgG (25 mg/ml), VEGF-
A (10 ng/mL) and anti MT3-MMP IgG (25 mg/ml) or VEGF-A (10 ng/mL) and BB94 (5 mg/mL). Mean 
tube length was measured and expressed as the mean tube length ± SEM/range of 2 experiments 
performed in duplicate wells. * p<0.02 vs VEGF stimulated hEMVEC; p<0,05 vs VEGF /anti FITC IgG 
treated hEMVEC.



MT3-MMP in endometrial angiogenesis

89

chymal cells, such as fibroblasts and smooth muscle cells57, while other cells, such as leu-

kocytes and trophoblasts, use MT2-MMP58,59. Our data indicate that human endometrial 

endothelial cells in vitro largely express MT1-MMP, MT3-MMP and MT4-MMP while only 

tiny amounts of MT2- and MT5-MMP mRNA are present. Previous studies on HUVEC and 

hFMVEC14-16,28,53 indicated that invasion and tube formation of endothelial cells was 

inhibited by TIMP-3 and not by TIMP-1, suggesting that MT1-MMP has a dominant role 

among the MMPs in regulating endothelial migration and invasion. The present data 

confirm our previous data for hFMVEC, but also show consistently that both TIMP-1 and 

TIMP-3 inhibited tube formation by endometrial endothelial cells. Although these data 

do not exclude the involvement of MT1-MMP, they strongly suggest that other MMPs 

than MT1-MMP may contribute more dominantly to endometrial angiogenesis.

	 The expression of MMP-1 differed markedly between hEMVEC and hFMVEC, however 

a role for MMP-1 is less likely since MMP-1 is only upregulated in the secretory phase 

of the menstrual cycle and not in the proliferative phase. However, data on cell-specific 

expression are required before definitive conclusions can be drawn. A second possible 

explanation of the comparable inhibition by TIMP-1 and TIMP-3 might be that MT1-MMP 

acts in concert with other MMPs, in particular MMP-2, and that inhibition of the other 

MMPs is rate-limiting. However, the comparable expressions of MMP-2 and MT1-MMP 

in hEMVEC and hFMVEC do not favor this suggestion. Finally, a more likely candidate 

may be MT3-MMP, which like MT1-MMP can contribute potently to angiogenesis in a 

fibrinous matrix28. The recent finding that the expression of MT3-MMP mRNA is elevated 

in endometrial tissue during the proliferative phase of the menstrual cycle suggests such 

a role35. Furthermore, our data on the relative expressions of MT3-MMP mRNAs in hEM-

VEC and hFMVEC, the presence of MT3-MMP protein on endometrial endothelial cells 

and the inhibition of capillary tube formation by inhibiting MT3-MMP are strongly in 

favor of a contribution of MT3-MMP in capillary-like tube formation by hEMVEC.

	 To summarize, MMPs contribute to in vitro capillary tube formation by human en-

dometrial endothelial cells. Whereas capillary tube formation by hFMVEC depends largely 

on MT1-MMP, the described data for hEMVEC suggest that other MMPs than MT1–MMP, 

in particular MT3-MMP, play an important role in tube formation by human endometrial 

endothelial cells.
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Cyclic regulation of angiogenesis in the endometrium

The cyclic remodeling of the endometrium results in a receptive endometrium, essen-

tial for successful implantation and placentation. Angiogenesis (Fig. 1) is needed to 

support the proliferation and differentiation of endometrial cells after menstruation9. 

The menstrual cycle consists of three consecutive phases: the proliferative phase, the 

secretory phase and the menstruation (Fig. 2). Angiogenesis occurs during post-men-

strual repair and the subsequent thickening of the endometrial tissue. The post-men-

strual repair process occurs during the early proliferative phase. The subsequent epi-

sode of angiogenesis takes place during the mid-proliferative phase and contributes, 

in interaction with other tissue cells, to further thickening of the endometrium under 

the influence of increasing estrogen concentrations. Further adaptation of the newly-

formed vessels, including enlargement of the vascular structures, proceeds during the 

early secretory phase10. As a result, spiral (coiled) arteries and a subepithelial capillary 

complex are developed in the endometrium11. During the late secretory and menstrual 

phase little angiogenic activity is observed12.

	 The spiral arteries, which are highly sensitive to ovarian steroids, maintain the 

blood supply of the functional layer of the endometrium (Fig. 3)13. The functional 

endometrium is shed during menstruation due to the fall in steroid level14. The blood 

supply to the basal layer of the endometrium is via the basal (straight) arteries, which 

are considered to be insensitive to steroidal stimulation15. The basal layer gives rise 

to a new functional layer: new arteries form from arterial stumps left over after men-

struation. Endometrial cellular growth and differentiation combined with changes in 

vascular permeability transform a dense, thin endometrium into a highly edematous, 

thick endometrium16.

	 Markee13 was the first to demonstrate the steroidal regulation of endometrial 

angiogenesis. Endometrium was transplanted into the anterior chamber of a rhesus 

monkey eye and endometrial angiogenic activity was found to parallel the changes 

in the uterus. Later, Abel17 observed rapid cyclic vascularisation of human endome-

trial explants that were transplanted to the hamster cheek pouch. In both models, 

the extent of vascularisation and incidence of bleeding were influenced by ovarian 

steroids. 

	 Endothelial cells of the endometrium appear to be highly angiogenic, as can be con-

cluded from studies in our own laboratory and from studies by others which showed 

that endometrial tissue induced an angiogenic response in the chorioallantoic mem-

brane (CAM) assay. In contrast, endothelial cells from most other benign tissues did not 

easily show angiogenic activity18. Therefore the endometrium is pre-eminently suited 

for studying the effects of steroids on the process of angiogenesis.
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Figure 1. In mature (non-growing) capillaries the vessel wall is composed of an endothelial cell 
lining and a basement membrane, in which pericytes (blue) usually are present. Angiogenic fac-
tors (p) bind to endothelial cell receptors and initiate angiogenesis. When the endothelial cells are 
stimulated by angiogenic growth factors, they secrete proteolytic enzymes like metallo protein-
ases (MMPs) and enzymes of the plasminogen activator (PA) system, which degrade the basement 
membrane surrounding the vessel. The junctions between endothelial cells are loosened, the cells 
migrate through the space created, and the newly formed sprouts migrate and proliferate. [See 
appendix: color figures]

Figure 2. The endometrium undergoes cycles of rapid growth, remodeling, differentiation and 
angiogenesis, directly or indirectly in response to changes in ovarian steroids. After menstruation 
increased angiogenesis takes place as a process of post-menstrual repair. During the mid-prolifera-
tive phase and early secretory phase further thickening of the endometrium is supported by ang-
iogenesis. As a result elongated, coiled spiral arteries and a subepithelial capillary complex can be 
seen at the end of the early secretory phase. In the absence of pregnancy, progesterone declines, 
coincident with breakdown of the functionalis layer, which is expelled with the menstrual flow. 
Estradiol rises at the end of menstruation, coincident with a new cycle of tissue renewal originating 
from the intact basal layer.
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Figure 3. After menstruation from the basal endometrium a new functional endometrium grows. 
The basal arteries give rise to new blood vessels, which will form spiral arteries and a subepithelial 
capillary complex. Together with stromal and epithelial growth and differentiation, and increased 
vascular permeability, an edematous, thick receptive endometrium is prepared for implantation. 
[See appendix: color figures]

Figure 4. Steroid (S) binding to steroid receptor (SR) initiates a sequence of events including dimeri-
zation and binding to DNA sequences, termed hormone response elements (HRE), in the regulatory 
regions of target genes. The ligand-receptor complex recruits other proteins to the transcriptional 
complex which act with SR as co-activators or co-repressors of transcription. It is likely that ligand 
induced conformational changes in the SR influence protein-protein interactions in the transcrip-
tional complex by altering the relative orientation of the independent transcriptional activations 
domain (AF). 
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Steroids
Steroid hormones are small lipid-soluble molecules with a structure derived from cho-

lesterol. The steroid hormones include the sex steroids (estrogens, progestagens and 

androgens; Table 1), glucocorticoids, mineralocorticoids, cholecalciferol, and derivatives. 

The sex steroids promote sexual function (reproduction) and are responsible for the 

development of the male and female sexual characteristics. The male sex steroids (an-

drogens, especially testosterone) are produced in the Leydig interstitial cells of the testes 

and in small amounts also in the ovary and the adrenal cortex. The female sex-hormones 

estradiol and progesterone are produced in the ovary, the placenta and in small amounts 

also in the adrenal cortex. Estradiol and progesterone have an important role in the cy-

clic alterations of the endometrium.

Steroid receptors
Steroids can pass through the cell membrane and bind to specific (nuclear) receptors. 

The steroid hormone receptors belong to a large superfamily of ligand-regulated nuclear 

receptors, which share a common structural and functional organization with distinct 

domains19. Nuclear receptors can control the activity of target genes through direct as-

sociation with specific DNA sequences known as hormone response elements (HREs)20,21. 

The nuclear receptors bind mainly as dimers to the HRE and each monomer interacts 

with a half-site sequence within the HRE. Receptor-binding specificity is determined by 

the primary nucleotide sequence, but also by orientation (palindromic or direct repeats) 

and spacing between the two half sites of the HRE. After binding to DNA, the receptor 

is thought to interact with co-activators, co-repressors and other transcription factors 

that link the receptor to components of the basal transcriptional machinery, including 

RNA polymerase II (Fig.  4). 

	 Two estrogen receptors (ERs) are known, ERa and ERb. The two ERs are derived from 

different genes, and appear to have unique tissue distribution and their own sets of 

specific functions22,23. The human ERb shows homology to ERa especially in the central 

DNA-binding domain, less in the ligand-binding domain, with only minimum homology 

in the amino-terminal domain, which has a transactivating function.

	 It is becoming increasingly clear that the classical model of ER action, i.e. ligand-acti-

vated ERs interact as homodimers with high-affinity estrogen response elements (EREs) 

within target gene promoters, is too simple. ERa and ERb can also interact with DNA 

sites that do not contain EREs, for example the activator protein-1 site24. Also, ERa can 

modulate gene expression via complexing of the transcription factors NF-IL6 and NFkB25. 

Furthermore, estrogens may also act via receptors on the cell surface to achieve rapid, 

non-genomic effects26,27. These recent discoveries of several new regulatory mechanisms 
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Table 1. Sex steroids.

Androgens	 Progestagens	 Estrogens

5a-Dihydrotestosterone* 	 Progesterone*	 17b-Estradiol*
Testosterone	 17a-Hydroxyprogesterone	 Estradiol
Androstenedione	 20a-Dihydroprogesterone	 Estrone
Dehydroepiandrosterone	

*Most effective endogenous steroid at binding and activating its receptor.

Table 2. Relative antiangiogenic potency of steroids.

Compound	 Percent potency

Tetrahydrocortisol	 100
17a-Hydroxyprogesterone	 56
Hydrocortisone	 51
11a-Epihydrocortisol	 14
Cotexolone	 12
Corticosterone	 12
Desoxycorticosterone	 8
Testosterone	 3
Estrone	 2
Progesterone	 0
Pregnelone	 0
Cholesterol	 0

Relative antiangiogenic potency of steroids and related compounds in the CAM-assay (J. Folkman and D.E. 
Ingber 1987)

are probably only a fraction of the many different ways in which ERs can alter cellular 

functioning.

	 Progesterone receptor isoforms A and B (PRA, PRB) are the two principal mediators 

of the biological activities of progesterone in humans and many other vertebrate spe-

cies. The A- and B- isoforms arise from a single gene and are identical except for the 

extended N-terminus of B-receptors. Evidence is accumulating that the two isoforms 

differ extensively in function, suggesting that their ratio of expression may control pro-

gesterone responsiveness in target cells21,28. 

	 Only in recent literature has a distinction been made between ERa and ERb and PRA 

and PRB. Consequently, in discussing the older literature we will use the terms ER and PR 

without specifying which isoform(s) is (are) involved.
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	 In the endometrium epithelial and stromal cells express ERs and PRs29-33. The higher 

uterine expression of ERa as compared to ERb may suggest that ERa is responsible for 

mediating the uterotropic response upon estrogen exposure34. ERa knockout mice have 

a uterus that shows a lack of cell proliferation35 while ERb knockout mice show dimin-

ished reproductive capacity (small litter size, multiple resorbed fetuses)36. ERb seems to 

act as a modulator of ERa-mediated gene transcription in the uterus (anti-uterothropic); 

furthermore ERb is responsible for the down-regulation of PR in the luminal epithe-

lium36. PR knockout mice show an inflammatory response to estradiol in the uterus, 

with no specific differentiation of the endometrial cells (decidual response)35. The ex-

pression of the ERs and PRs within stromal and epithelial cells varies during the course 

of the menstrual cycle30,37. Estrogen induces ER and PR during the proliferative phase; 

progesterone has therefore mainly an effect on an estrogen-primed endometrium35. In 

addition, progesterone by itself and steroid withdrawal downregulate the PR and ER 

expression31,38. PR reaches highest concentrations around mid-cycle, and ER around the 

mid-proliferative phase, correlating with the plasma peak of estradiol and the maximum 

mitotic rate of the endometrial cells38,39. The receptors decrease during the secretory 

phase40. During the late secretory phase, PR disappears from the glandular epithelial 

cells, but not from the stromal cells37,38. 

	 Contradictory results have been reported on the expression of ER and PR in endome-

trial endothelial cells: Iruela-Arispe et al.41 were able to detect ER and PR in endothelial 

cells, whereas Kohnen et al.32 were not. Therefore, it remains to be established whether 

the effects of estrogens and progestagens on angiogenesis are directly on endothelial 

cells or indirectly via cytokines derived from estrogen- or progestagen-activated stroma 

or epithelial cells. 

The role of angiogenic growth factors in the endometrium and 
their regulation by steroids
Polypeptide growth factors are recognized as key regulators of cell proliferation, differ-

entiation and angiogenesis. Several angiogenic factors are synthesized in the endometri-

um42,43. Only those angiogenic factors that have been found (or suggested) to respond 

to ovarian steroids in the endometrium are discussed. These factors include vascular 

endothelial growth factor (VEGF), fibroblast growth factors (FGFs), epidermal growth 

factor (EGF), insulin-like growth factors (IGFs), transforming growth factor a (TGFa), 

transforming growth factor b (TGFb), tumor necrosis factor a (TNFa), thymidine phos-

phorylase, adrenomedullin and erythropoietin (Epo). 

	 Endometrial angiogenesis depends on locally produced growth factors and cytokines, 

which act in a paracrine way on endothelial cells. It has been generally assumed that 



Chapter 6

100

these angiogenic growth factors are under steroidal control on the basis of the cyclic var-

iation of these factors, their receptors and regulatory proteins18,44 and the in vivo modu-

lation of these factors by steroids in endometrial tissue45. The angiogenic growth factors 

exert their action by affecting endothelial proliferation and migration/invasion. The latter 

process depends on the interaction of endothelial cells with their extracellelular matrix, 

which is controlled by the expression of integrins and matrix-degrading proteases, in 

particular the plasminogen activator/plasmin system and matrix-degrading metallopro-

teinases (MMPs). Ample evidence has been provided that the expression of these matrix 

degrading proteases is under the control of steroids in the endometrium42,46-51.

Steroids stimulate paracrine VEGF production 

A major angiogenic stimulus is the endothelial cell mitogen VEGF. In addition to in-

ducing endothelial proliferation, it modulates the expression of many genes including 

proteases, it affects endothelial permeability, and it is involved in the maintenance of 

immature blood vessels9,52. Various cell types in the endometrium express VEGF, while 

estradiol and progesterone appear to regulate its expression. VEGF expression is an im-

portant target for estrogens and progestagens in the regulation of angiogenesis in the 

endometrium.

	 In the human endometrium, the glandular epithelium and stromal cells produce VEGF, 

with a higher expression in the glands than in the stroma53-56. Stromal macrophages 

and leucocytes may also be an important source of VEGF57,58. VEGF diffuses into the in-

terstitial tissue and binds to capillaries and spiral arteries. The predominant endometrial 

isoforms of VEGF are the diffusible VEGF121 and VEGF165, whereas the VEGF189 and a 

VEGF145 isoforms are only weakly detectable16,54,56,59. Several studies have reported a cy-

clic or a steroid-dependent variation in the expression of VEGF and VEGF receptors in the 

endometrium and in isolated endometrial stromal cells16,29,55,60-65. This expression pat-

tern, mainly seen in the endometrial stroma, appears to run parallel to the proliferation of 

blood vessels, i.e. the highest in the proliferative and early secretory phase54,65, although 

contradictory results has been described66. VEGF expression by epithelial cells increased 

in the secretory and menstrual phase54,66. However, it is uncertain whether this VEGF is 

available for endometrial microvessels, or excreted via the glands into the uterine lumen.

	 VEGF may be an early response gene for estradiol since two sequences have been 

identified as being homologous to the estrogen response element. These two elements 

bind both ERa and ERb specifically, mutations abolish receptor binding, ERa- and ERb-

specific antibodies interact with complexes formed with the corresponding receptor 

subtypes and transcriptional activity is blocked by the anti-estrogen ICI 182,780. There 

may be also non-genomic steroid effects, explaining the rapid effects observed67-69. Pro-

gesterone response elements have not been described64.
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	 Direct proof of the regulation of VEGF production by estradiol and progesterone was 

given in a number of in vivo and in vitro experiments. Both estradiol and progesterone 

stimulated VEGF expression in the rat and ewe uterus32,62-64,70-72, at least partly due to 

an increased VEGF transcription64,71. The addition of estradiol and/or a progestagen 

(methoxyprogesterone acetate (MPA) or progesterone) to isolated stromal or epithelial 

cells from the human endometrium also increased VEGF mRNA expression significant-

ly29,59,61,62;66. In human stromal cells, the exposure to estradiol was accompanied by an 

increased VEGF secretion into the conditioned medium59. An increase in VEGF mRNA 

was further seen in an endometrial carcinoma cell line after estradiol treatment54. The 

anti-estrogens tamoxifen and nafoxidine have been reported to induce VEGF-A mRNA 

expression in rodents71. These anti-estrogens act in a tissue-specific manner and act as 

estrogen agonists in the endometrial cells studied. ICI 182,780, thought to be a more 

general anti-estrogen16,73, and mifepristone, a progesterone receptor antagonist66, both 

blocked the VEGF-A expression.

	 The high-affinity receptors VEGFR-1 and VEGFR-2 were mainly found on endothelial 

cells in the endometrium74. Endothelial strands, which had not formed a lumen, were 

strongly stained for both receptors. Rogers et al.55 found the receptors expressed at 

low levels throughout the cycle with an increase in the menstrual phase. Inhibition of 

VEGF activity using soluble-VEGFR-1 prevents endometrial maturation75. No information 

is presently available on the steroid regulation of VEGF receptors.

	 The overall picture that emerges from the VEGF studies is that VEGF expression, 

especially by the stromal cells, is likely to be under the control of both estrogens and 

progestagens. It seems that VEGF takes care of the formation of the subepithelial capil-

lary complex during the proliferative phase and the further growth of the spiral arteries 

in the secretory phase as can be concluded from the immunostaining on these vessels.

Effect of steroids on bFGF synthesis

Fibroblast growth factor-2 (basic FGF, bFGF) regulates the proliferation and differentia-

tion of many cell types76,77, and is known to stimulate different steps of the angiogen-

esis process, including endothelial migration, proliferation and invasion, the produc-

tion of plasminogen activation factors (u-PA and u-PAR) and the induction of a2b1, an 

integrin with adherent potencies for extra-cellular matrix components76,78-81. In the 

human endometrium bFGF was found to be present at levels higher than those found 

in other tissues82,83. Staining for bFGF was seen in epithelial cells and stromal cells, in 

basement membranes and smooth muscle cells of medium-sized blood vessels and in 

endothelial cells and the basal lamina of capillaries77,84,85. Its homoloque FGF-1 (acidic 

FGF) was also found in the human endometrium84. bFGF and its receptor increased 

specifically in the stromal compartment in the proliferative phase and decreased in 
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the secretory phase85,86. FGF receptor-1 was detected on endothelial cells throughout 

the cycle85.

	 Estradiol has been found to stimulate bFGF production and excretion by isolated hu-

man endometrial stromal cells (fibroblasts) and by endometrial adenocarcinoma cells, 

whereas progesterone inhibited the estradiol-induced increase in bFGF synthesis but did 

not affect basal bFGF synthesis87,88. Furthermore, estradiol up-regulated bFGF expression 

in the human, rat and ewe uterus89 as reviewed elsewhere55,72. In addition, the timing 

of the increased expression of bFGF, as well as that of VEGF, preceded the microvascular 

growth in ewe uteri90.

	 These data suggest that bFGF may be involved in the physiological and tumor ang-

iogenesis of the endometrium and that, similarly to VEGF, with which bFGF acts syner-

gistically4, the endometrial stroma seems most sensitive to steroidal regulation of bFGF 

expression. However, the importance of bFGF in endometrial angiogenesis has been 

disputed by others83,84. 

Tumor necrosis factor a (TNFa)

TNFa is a pleiotropic cytokine that exerts a variety of effects in the endometrium, one 

of which might be angiogenesis. In vivo, TNFa induced capillary blood vessel forma-

tion in the rat cornea and the developing chick chorioallantoic membrane at very low 

doses91. In vitro, TNFa induced capillary-like structures by bovine adrenal capillary en-

dothelial cells grown on type-1 collagen gels91. In human endothelial cells TNFa acted 

in concert with angiogenic growth factors, such as VEGF and bFGF, and stimulated 

their angiogenic effect. TNFa had an important stimulatory effect on angiogenesis in 

this way4. However, TNFa alone did not induce the formation of capillary-like struc-

tures.

	 The expression of TNFa and its receptors in the endometrium was markedly af-

fected by the menstrual cycle92-96. TNFa was expressed in the endometrium mainly 

in epithelial cells and further in stromal cells, immunocompetent cells and vascular 

cells94,95. The menstrual cycle-dependency of TNFa in the endometrium, although not 

always confirmed by all the different studies, suggests that this cytokine is subject to 

regulation by steroids. Consistently with this suggestion, Tabibzadeh93 found three 

half-palindromic estrogen response elements in the promoter region of the TNFa 

gene. Studies on ovariectomized and hormone-substituted mice showed that uterine 

TNFa mRNA expression is stimulated by estradiol and progesterone96. Progesterone 

and estradiol caused an increase in TNFa production in cells prepared from the prolif-

erative endometrium97. In addition, its peak expression in the proliferative phase and 

in the early- to mid-secretory phase suggests that TNFa may contribute to endometrial 

angiogenesis.
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Other angiogenic growth factors in the endometrium
Yasuda et al.98 showed estradiol-dependent Erythropoietin (Epo) production in the 

mouse uterus both in vitro and in vivo, suggesting cycle-dependent fluctuation of Epo 

concentrations in the uterine tissue. The induction of the expression of Epo was rapid 

(similar to that seen with VEGF) after administration of estradiol. The uterine endothelial 

cells were positive for the Epo-receptor98,99, which had a low ligand affinity compared 

with the receptors on erythroid precursor cells. Epo stimulated migration, proliferation 

and angiogenesis of endothelial cells in vitro99,100. The fact that Epo plays a role in en-

dometrial angiogenesis was underpinned by the finding that intra-uterine injection of 

Epo stimulated angiogenesis in the mouse endometrium98.

	 Other growth factors that induce angiogenesis in classical angiogenesis models are 

encountered in the endometrium and are under cyclic control. As such it is likely that 

they are directly or indirectly affected by sex hormones, but this relationship remains to 

be elucidated. Thymidine phosphorylase (PD-ECGF) and adrenomedullin have recently 

been reviewed by Oehler30. In addition, epidermal growth factor (EGF)35,101,102, trans-

forming growth factors-a and -b (TGFa, TGFb)61,103-105, and insulin-like growth factors 

(IGF-I, IGF-II)106,107 are found in the endometrium, where they probably act as paracrine 

factors. 

Cell-matrix interactions and pericellular proteolysis
An important function of the angiogenic growth factors is to induce endothelial pro-

liferation and thus to increase the mass of available endothelial cells. In addition, the 

process of angiogenesis involves a number of subsequent and mutually interacting 

steps. First, the endothelial cells have to penetrate their own basal membrane, to mi-

grate, and to invade in the underlying interstitial tissue. This migration is accompanied 

by endothelial proliferation. Subsequently, the endothelial cells reorganize into tubular 

structures and acquire a new basal membrane. Finally the vascular structures become 

connected with the flowing blood and the new vascular structures become stabilized 

by interaction with pericytes and paracrine factors (see Fig. 1). Cell-matrix interaction 

is an important factor in the maintenance of healthy blood vessels and is subject to al-

terations during migration and invasion of cells. Cell receptors, in particular integrins, 

and cell-bound matrix remodeling proteases are involved in this process. In addition 

to their effects on cell migration and invasion, these matrix-degrading proteases are 

also involved in the degradation of the basal membrane and in lumen formation. 

These proteolytic activities are mainly exerted by the plasminogen activator (PA)/ plas-

min system and the family of matrix-degrading metalloproteinases (MMPs). They are 

regulated by their expression and the expression of their inhibitors and cellular recep-
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tors. It is of interest to note that the expression of many of these proteins is under the 

control of estrogens and progestagens. It is likely that these proteases show partial 

redundancy with respect to their function in cell migration and tissue remodeling. 

This explains why deletion of a single protease, such as urokinase-type plasminogen 

activator (u-PA)108, plasminogen109 or PA inhibitor type-1 (PAI-1)110 does not gravely 

interfere with fertility in mice.

 

Plasminogen activator/plasmin system

The plasminogen activator/plasmin system is a protease cascade, in which plasmino-

gen activators (PAs), viz. tissue-type PA (t-PA) and urokinase-type PA (u-PA), activate 

the plasma protein plasminogen. The subsequently generated plasmin is a broadly 

acting protease involved primarily in fibrin degradation (fibrinolysis) but also able to 

degrade matrix proteins directly and to activate several pro-MMPs. Studies in vitro and 

in specific in vivo models have shown the importance of the PA/plasmin system in an-

giogenesis111,112. In particular, in a fibrin matrix the formation of capillary-like tubular 

structures is completely dependent on the cell-bound u-PA and plasmin activities5. The 

ingrowth of such tubular structures was strongly inhibited by testosterone, partly by 

estradiol and 2-methoxyestradiol but not by progesterone7. The effect of testosterone 

appeared to be related to the expression of u-PA by microvascular endothelial cells7. 

Because these experiments were done with male (foreskin) microvascular endothelial 

cells, it is possible that the effects of estradiol and progesterone have been underes-

timated. 

	 The endometrium releases t-PA and u-PA as well as their inhibitor PAI-146,48,113. 

U-PA and u-PA receptor (protein and mRNA) are found in endometrial stromal cells114 

and endothelial cells114,141. Casslen et al. however found that epithelial cells also 

produce u-PA46. The maximum release of u-PA from endometrial tissue was during 

the late proliferative phase115. While estradiol did not affect u-PA expression in en-

dometrial tissue cultures and in isolated stromal cells, addition of progesterone, after 

priming with estrogen, resulted in a reduced secretion of u-PA46,47. The release of 

u-PA by cultured endometrial epithelial cells was not influenced by these steroids46. 

In the secretory phase a lower u-PA activity was seen47, which could be related to a 

reduced u-PA activity in endometrial tissue and stromal cell cultures after stimulation 

with progesterone. The reduced u-PA activity may be caused by an increased expres-

sion of PAI-1 in both tissue and stromal cell culture, after the addition of progester-

one48,49. The increased number of u-PA receptors in the secretory phase116, which was 

demonstrated in the cultured stromal cells after adding progesterone, may facilitate 

the removal of u-PA:PAI-1 complexes and thus keep new receptors available for u-PA 

interaction5. 
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	 Despite an interesting co-expression of PAs and PAI-1 with early developmental 

processes, mice that lack u-PA108, plasminogen109 or PAI-1110 have a normal develop-

ment and are fertile. Therefore, the cell-bound u-PA and plasmin-dependency of ang-

iogenesis is probably conditional, i.e. it occurs only under specific conditions, such as 

in fibrin-rich wound matrices. Even in such conditions a rescue system exists. Hiraoka 

et al.117 recently demonstrated that in plasminogen-deficient conditions, MMP activity 

could serve as a fibinolysin and substitute for plasmin activity in fibrinolysis and ang-

iogenesis in the mouse.

MMPs

MMps are a highly regulated family of enzymes, which together can degrade most 

components of the extracellular matrix. They play a role in the menstrual bleeding, tis-

sue degradation, and reorganization and repair within the endometrium.

	 MMPs are expressed in the endometrium in cell-type and cycle-specific patterns, con-

sistent with regulation by steroid hormones118. One may suggest that the MMPs, which 

are present in the late secretory phase and during menstruation, play a role in the tissue 

degradation leading to the breakdown of the endometrium119,120. The MMPs, which are 

abundant in the proliferative and early secretory phase, might play a role in the endome-

trial growth, remodeling and angiogenesis. However, no direct proof has been given yet 

regarding their involvement in endometrial angiogenesis and little is known about their 

regulation by steroids in the proliferative and early secretory phase. 

	 MMP-1, MMP-2, MMP-7 and MMP-11 were expressed in the proliferative phase, 

while MMP-3 and MMP-9 were occasionally present118,121. MMP-2 showed staining in 

the stromal cells and vessels121, MMP-9 expression was seen in leucocytes and spiral 

arteries and in the early secretory phase in the epithelium121, while MMP-1 and MMP-3 

were present in vascular structures121. MMP-7 and MMP-11 appeared restricted to the 

epithelium and stromal cells, respectively118. In isolated stromal cells progesterone in-

hibited the expression of pro-MMP-7, pro-MMP-11 and pro-MMP-351. There is relative-

ly little cyclical variability of the specific tissue inhibitors of metalloproteinases (TIMPs) 

TIMP-1 and TIMP-2: both were strongly expressed in endometrial vessels throughout 

the cycle121. 

Inhibitors of angiogenesis
Because angiogenesis plays an important role in physiological and pathological proc-

esses, stimulation and inhibition of angiogenesis could hold a potential therapeutic 

application. While angiogenesis is stimulated by the application of angiogenic growth 

factors, inhibition of angiogenesis can be achieved both by naturally occurring angio-
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genesis inhibitors and by exogenously applied compounds. Among naturally occurring 

anti-angiogenic factors are thrombospondin-133, platelet factor-4, interferons, vascular 

endothelial growth inhibitor and 2-methoxyestradiol122. In addition, anti-angiogenic 

products can be formed by proteolysis of natural proteins, such as angiostatin (pep-

tide derived from plasminogen)123 and endostatin (fragment of type XVIII collagen)124. 

Pharmacological inhibitors comprise amongst others thalidomide125, AGM-1470, a fu-

magillin derivative126, VEGF receptor antagonists, inhibitors of MMPs127 and the amino 

terminal fragment of u-PA128.

Thrombospondin-1 (TSP-1)

TSP-1 has been reported to inhibit angiogenesis in vivo and in vitro129,130. TSP-1 was 

predominantly found in the basement membranes of glands, in small blood vessels and 

capillaries and diffusely in the stroma of the functional, secretory endometrium33. Its 

expression seems to coincide with the suppression of angiogenesis.

	 TSP-1 expression and secretion appeared to be stimulated in isolated endometrial 

stromal cells by progesterone and not by estradiol, with the effect being blocked by 

anti-progestin33. In the human TSP-1 gene two progesterone-responsive elements were 

found in the promoter33,131. It remains to be seen whether these sites are functional and 

responsible for progesterone-induced effects.

Angiostatic steroids 

Angiostatic behavior has been reported for some steroids, whether or not in the pres-

ence of heparin or heparin derivatives7,8,132-135. Angiogenesis inhibition by steroids was 

said to be caused by the dissolution of the basement membrane in regressing capillaries, 

by decreasing endothelial cell proteolytic capacity and/or by disrupting microtubules in 

endothelial cells7,8,122,136. When combined with heparin the inhibition was independent 

of the anticoagulant activity of heparin. Also, the glucocorticoid and mineralocorticoid 

activity of the steroids did not play a role132. 

	 Table 2 shows several steroids that inhibit angiogenesis in combination with 

heparin, together with their anti-angiogenic potency8. Testosterone, dexamethasone, 

methoxyestradiol, cortisol, 17a-hydroxyprogesterone, medroxyprogesterone acetate, 

androstenedione and tetrahydro S also exert inhibitory effects on angiogenesis in vit-

ro in the absence of heparin 7,122,135,137,138. The effect of methoxyestradiol was also 

demonstrated in vivo122,135,138. Jaggers et al.137, using very high concentrations of 

estradiol, found a complete inhibition of angiogenesis in a rat aorta explant assay. 

Reports on effects of estradiol and progesterone on angiogenesis are conflicting, but 

most studies agree that neither estradiol nor progesterone appears to have intrinsic 

angiogenic activity8,132,139.
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Conclusion & perspectives

From the preceding data pictures emerges in which estrogens and progestagens act on 

endometrial cells, in particular stromal and epithelial cells, and induce paracrine factors 

that stimulate angiogenesis in the endometrial vessels. Whether these steroids also act 

directly on endometrial endothelial cells remains uncertain. The data provide insight into 

the molecular mechanisms underlying the original finding of Markee of steroidal regula-

tion of endometrial angiogenesis. The paracrine interaction between endometrial cells 

may also explain why it has been difficult to demonstrate in cultured cells in vitro the 

obvious effects of steroids on the endometrium seen in vivo. The interaction between 

different tissue cell types appears to be essential for observing the effect of the steroids. 

In addition to the paracine regulation or the production of angiogenic growth factors 

by steroids, the endothelial response is also influenced by other, non-steroid regulators, 

such as growth factors/cytokines, prostaglandins, and hypoxia. The elucidation of the 

various interactions between endometrial cells upon challenge by steroids and other 

factors will clarify how steroids act on endometrial angiogenesis.

	 Insight into the regulation of angiogenesis in the endometrium by steroids might 

contribute to the understanding of the effects of steroids and their derivatives on ang-

iogenesis in tumors. Many of the angiogenic factors discussed have also been shown to 

play an important role in tumor angiogenesis. In tumors that are affected by steroids, 

such as breast cancer, angiogenesis might very well be regulated by steroidally-induced 

angiogenic factors. These factors may act in addition to the direct effect of the steroids 

on the tumor cells themselves. Knowledge of the factors important in regulating tumor 

angiogenesis by steroids, and understanding in greater detail the cell-specific expression 

of steroid receptors and coactivator proteins involved in the induction of gene expres-

sion by these steroids may lead to a more effective treatment of cancer with fewer side-

effects. In this respect one not only has to take into account tumor-specific expression 

of receptors and related proteins, but also organ-specific characteristics of endothelial 

cells140. Understanding the mechanisms involved in the local action of specific steroids 

may provide a rational approach for inducing or inhibiting angiogenesis by steroids or 

(anti-)steroid derivatives.
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Introduction

Angiogenesis is essential for tissue repair and the recovery of endometrial tissue dur-

ing the menstrual cycle. It also plays a crucial role in the successful implantation of 

the embryo and its growth. Inadequate endometrial angiogenesis is likely involved in 

implantation failure and defective placentation, which may have a great impact on a 

patient’s quality of life and pregnancy outcome1-3. As such, it is important to gain a 

better understanding of the process of endometrial angiogenesis.

	 The process of angiogenesis is under the control of angiogenic growth factors and 

hormones4,5. The ovarian steroids are main regulators of endometrial angiogenesis 

as already shown in early experiments by Markee and Abel6,7. Although many studies 

have indicated the involvement of these hormones in endometrial angiogenesis, the 

mechanisms by which 17b-estradiol (E2) and progesterone act are still not well under-

stood8-11. So far it is unclear whether the steroids directly influence the endometrial 

endothelium or whether they regulate endometrial angiogenesis indirectly via activa-

tion of other endometrial cells.

	 It is generally thought that the regulation of biological responses to estrogens 

and progesterone is mediated via the interaction of these hormones with their cor-

responding nuclear receptors; estrogen receptor-alpha (ERa), -beta (ERb) and the pro-

gesterone receptor (PR). Bound to their receptors these hormones form a complex in 

the nucleus of the cell that binds to estrogen or progesterone response elements (EREs 

and PREs) in the promoter regions of many genes. This results in an altered expression 

of these genes. In addition ERs on the surface of endothelial cells participate in the 

rapid regulation of the vascular tone12. The existence of various splicing variants of 

the PR and ERs, which may have different transactivation properties in vivo, further 

adds to the complex regulation by the ovarian hormones13-17. Several studies reported 

on the expression of these receptors in endometrial cells in vivo and in vitro, but their 

conclusions have not been equivocal16,18-21.

	 Mediators by which steroid hormones might influence the endometrial angiogenic 

process are locally produced angiogenic growth factors and cytokines. These factors 

affect endothelial proliferation, invasion and migration, which all play a role in angio-

genesis. VEGF-A, in particular, is a potent mediator in the endometrium, as it is able to 

influence all these processes1,19,20,22. In the human endometrium VEGF-A is produced 

by epithelial cells, stromal cells and stromal leukocytes23-25. Steroid hormones may 

also affect angiogenesis by modulating factors that are involved in the local proteo-

lytic remodeling of matrix proteins important for the invasion and migration of the 

endothelial cells, such as matrix metalloproteinases, urokinase (u‑PA) and their inhibi-

tors4,22.
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	 Endothelial cells from various tissues display organ-specific characteristics, which 

at least in part are retained in culture26. Therefore, endometrial angiogenesis is prefer-

ably studied with hEMVEC. As few other investigators, we have been able to isolate, 

culture and characterize hEMVEC20,22,27,28. In the present study we have examined the 

influence of E2 and progesterone on hEMVEC and human stromal cells (hESC). This 

was done in order to get a better understanding of the steroidal regulation of endo-

metrial angiogenesis and the mutual role of the hEMVEC and hESC in this process.

Materials and Methods

Materials
Medium 199 (M199) without phenol-red, and supplemented with 20 mM HEPES was 

obtained from BioWhittaker (Verviers, Belgium); newborn calf serum (NBCS) and human 

serum as previously described22,29. For experiments with steroids, charcoal-treated sera 

were used. Tissue-culture plastics, endothelial cell growth factor (ECGF), human bFGF, 

heparin, TNFa, thrombin, human fibrinogen, factor XIII and fibronectin were obtained 

as previously indicated22,29. Human recombinant VEGF-A was purchased from RELIATech 

(Braunschweig, Germany). E2 (E-2758) and progesterone (P-8783) were purchased from 

Sigma (St Louis, USA) and ICI 182.780, a potent and specific anti-estrogen30, (Faslodex 

(TM), fulvestrant) was from AstraZeneca (Alderley Park, UK). Stock solutions of steroids 

and ICI 182.780 (10mmol/L) were prepared in DMSO and stored at -20°C; further dilu-

tions were made in M199 without phenol red with 0.1% pyrogen-free human serum 

albumin (HSA), and finally in incubation medium immediately before the start of an 

experiment. Oligonucleotides used for RT-PCR were obtained from Biosource Europe SA 

(Nivelles, Belgium).

Cell culture
HEMVEC were isolated from endometrial tissue as previously described and main-

tained in M199 without phenol-red supplemented with 20 mM HEPES (pH 7.3), 20% 

human serum, 10% heat-inactivated NBCS, 150 mg/mL ECGF, 5 ng/mL VEGF-A, 5 U/mL 

heparin, 100 IU/mL penicillin and 100 mg/mL streptomycin (= hEMVEC culture me-

dium)22.

	 HESC were isolated from the primary heterogeneous cell population, which was 

obtained after the endometrial tissue was minced, incubated in collagenase and trans-

ferred into a culture dish. After 2-4 hours the non-adhered and CD31-negative cells 

(hESC and epithelial cells), were transferred and cultured in hEMVEC medium with 
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10% human serum and without VEGF-A in gelatin-coated dishes. Endometrial epi-

thelial cells were quickly lost upon serial passage in culture. HESC were characterized 

as fibroblasts by immunofluorescence staining with anti-human fibroblast (ITK diag-

nostics, Uithoorn, The Netherlands). The cells were negative for the endothelial cell 

markers CD31 and von Willebrand Factor. Very few cells (<1%) at low passage number 

stained positive for the epithelial cell markers cytokeratine-8 and -18 or smooth-mus-

cle actin (data not shown).

	 Cells were cultured on fibronectin-coated or gelatin-coated wells at 5% CO2 / 95% 

air until confluence and subcultured with a split ratio of 1:3. The medium was re-

newed at 2-3 day intervals.

Immunohistochemistry
Human endometrial tissue specimens were embedded in paraffin and cut into 4 mm 

sections. After deparaffinization and blocking with 0.3% H2O2-methanol, the sections 

were washed in PBS. For antigen retrieval they were cooked in citrate buffer (0.01M, 

pH 6.0) in a microwave for 10 min. Subsequently they were washed and incubated for 

15 min in a “block”-buffer (5% bovine serum albumin (BSA) in PBS) to reduce back-

ground staining. Then the specific steroid receptor antibody (ERa: DAKO 1D5, ERb: 

Serotech MCA1974, PR: ABR PR-AT 4.14) was added (diluted in 1 % BSA/PBS), followed 

by an overnight incubation at 4oC. The next day, after three washes in PBS, the sec-

tions were incubated with biotine-conjugated horse-anti-mouse Ig (1:300 in PBS-1% 

BSA) for 1 h at room temperature. After additional washing and amplification with 

Avidine Biotin Complex, the sections were stained with NOVA-RED for 10 min. They 

were counterstained with Mayers’ haematoxylin.

RNA Isolation and RT-PCR
Total RNA from hEMVEC and hESC (30 cm2/condition) was isolated as described by 

Chomczynski and Sacchi 31. cDNA was synthesized from 1 mg total RNA with 0.5 mg 

oligo dT primer and 15 U AMV Reverse Transcriptase (Promega, Madison). PCR ampli-

fication of 1 mL cDNA was performed on a Robocycler (Stratagene) in 40 mL reaction 

mixtures containing 4mL 10x PCR buffer, 25 mM of each dNTP, 10 pmol of each primer, 

and 0.2 mL of Taq polymerase (Amersham Pharmacia Biotech Inc, Piscataway). The fol-

lowing cycling conditions were used: 94°C for 4 min; 35 cycles of 94°C for 1 min, 60°C 

(ERb) and 67°C (ERa, PR) for 1 min, and 72°C for 1 min; followed by 72°C for 7 min. 

After 35  cycles the PCR was stopped and amplification products were evaluated by 

1% agarose gel electrophoresis.
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Oligonucleotide primers
The following primer sequences were used in the RT-PCR to detect receptor mRNA: for 

the ERa mRNA: sense 5’-TGATGGGGAGGGCAGGGGTGAAGTG-3’ and antisense 5’-TAG-

GCGGTGGGCGTCCAGCATCTCC-3’32. For the ERb mRNA: set X; sense 5’-TTGTGCGGAGA-

CAGAGAAGTGC-3’ and antisense 5’-GGAATTGAGCAGGATCATGGCC-3’33. For the ERb 

also another set of primers was designed which amplified part of the C-terminal region, 

set Y: sense 5’-CATGATCCTGCTCAATTCCA-3’ and antisense 5’-CTTGTTACTCGCATGCCT-

GA-3’. For the PR mRNA: sense 5’-GTGGGCGTTCCAAATGAAAGCCAAG-3’ and antisense 

5’-AATTCAACACTCAGTGCCCGGGACT-3’32. For b-actin mRNA: sense 5’-AAGATGACCCA-

GATCATGTTTGAG-3’ and antisense 5’-AGGAGGAGCAATGATCTTGATCTT-3’.

Cell proliferation
Incorporation of 3H-thymidine in DNA was determined as a measurement of endothelial 

and stromal cell proliferation as previously indicated22.

In vitro angiogenesis assay
Human fibrin and collagen matrices were prepared as previously described22,29. Highly 

confluent hEMVEC were detached and seeded in a split ratio of 2:1 on the surface of 

the fibrin or collagen matrices and cultured for 24 h in M199 medium without indicator 

supplemented with 20% human serum, 10% NBCS, and penicillin/streptomycin. Subse-

quently hEMVEC were stimulated with the mediators indicated for 3-4 days to form cap-

illary-like tubules. The culture medium with additions was renewed every day, because 

of the high turnover rate of E2 and progesterone. The formation of tubular structures by 

hEMVEC in the three-dimensional matrix was quantified by non-phase contrast micros-

copy as previously given22,29.

Assays
U-PA and PAI-1 were assayed by EIA as previously indicated22. VEGF antigen was deter-

mined by VEGF ELISA (R&D system, Minneapolis, USA). 

Statistical analysis
The data are expressed as the mean ± SEM/range. Statistical evaluations of the data 

were performed using the Paired-Sample T-test after the control conditions were set at 

a 100%. p < 0.05 was considered statistically significant.
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Figure 1. Expression of ERa, ERb and PR in human endometrial tissue.
Immunohistochemistry was performed with labeled antibodies to ERa, ERb and PR on paraffin sec-
tions of human endometrium, as described in the methods section. Panel A and B; brown staining 
shows ERa in the epithelium and in the stromal compartment, the endothelium is negative for the 
ERa. C and D; endometrial stroma, epithelium and endothelium show positive staining for ERb. E 
and F; PR staining is seen in the epithelium and in the stroma, the endothelium stains negative for 
the PR. G and H; von Willebrand and CD31 staining were used to indicate the endothelial cells in the 
endometrium. Black arrow heads indicate an example of positive endothelial cells, and black arrows 
indicate negative endothelial cells. [See appendix: color figures]
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Results

HEMVEC express ERb, hESC express ERa, ERb and PR
Immunohistochemical staining and RT-PCR analysis were performed to detect the ex-

pression of steroid receptors by hEMVEC and hESC. Endometrial tissue showed specific 

staining for the ERb on endothelial cells and in the remaining stromal compartment. The 

stromal compartment also stained positive for the PR and ERa. The surface and glandu-

lar epithelium was highly positive for ERa and PR and also contained ERb (Fig. 1).

	 Subsequently, we investigated the presence of ERs and PR in hEMVEC in vitro. Be-

cause the purification of hEMVEC includes several passages, the cells were evaluated 

from 5 passages onward. No notable ERa or PR mRNA was detected in hEMVEC from 

passages 5 to 14 of 4 different donors (Fig. 2A and E). In contrast, ERb mRNA was clearly 

expressed in hEMVEC at passages 5 to 14 (cells from 2 different donors) (Fig. 2C); ERb 

was detected by both primer sets X and Y (not shown). The ERb remained expressed 

during serial passage of hEMVEC. In one of the 4 isolations a very weak signal for PR was 

shown in a higher passage (not shown).

	 In hESC the ERa was expressed in 2 (passages 4 and 6) out of 3 isolations from differ-

ent donors. The hESC isolation that did not express the ERa was at passage 5 (Fig. 2A). 

HESC lost their expression of ERa above passage 5-6 (Fig. 2B). Unexpectedly, hESC, from 

passages 4 to 6 of 3 different donors, did not express ERb when primer set X was used. 

However, when we used a different primer set, that amplified part of the C-terminal re-

gion of ERb (primer set Y), ERb mRNA was detected in hESC, suggesting an alternatively 

spliced ERb (Fig. 2D). 

Ovarian steroids and proliferation of hEMVEC and hESC 
Increasing amounts of E2 (10-10-10-7M) and progesterone (10-8-10-6M) were tested for 

their effect of hEMVEC proliferation under basal conditions (contains 0.75 ng/mL VEGF 

for hEMVEC maintenance) and in the presence of 6.25 ng/mL VEGF-A. E2 had no effect 

on the basal and VEGF-A enhanced proliferation of hEMVEC (Fig. 3A). Progesterone did 

also not affect the basal and VEGF-A-mediated proliferation of hEMVEC (Fig. 3B).

	 The effects of E2 and progesterone were subsequently evaluated in hESC in control 

medium (without additional growth factors) and in the presence of bFGF, which en-

hances hESC proliferation. A slight non-significant increase in basal proliferation of hESC 

was observed after 48 h incubation with high concentrations of E2 only. This effect was 

absent when these cells were also stimulated by bFGF (Fig.  3C). Progesterone did not 

alter the proliferation of hESC either under control conditions, or in the presence of bFGF 

(Fig. 3D).
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Figure 2.
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Figure 2. Expression of ERa, ERb and PR in endometrial cells as determined by RT-PCR.
HEMVEC and hESC were cultured till confluence on fibronectin- or gelatine-coated dishes in (hEM-
VEC) culture medium. RNA was isolated from these cells and cDNA was synthesized as described 
in Material and Methods. PCR amplification was performed with primers for ERa (panel A, B), ERb 
(panel C, D) and PR (panel E) as described. The expected length of the amplified DNA fragment of 
the ERa is 832 bp, of the ERb 541 bp (C) and 208 bp (D) and of the PR 737 bp. As a positive control 
for the expression of all three receptors, RNA isolated from T47D cells (human breast cancer cell 
line) was used. To check the quality of cDNA, primers specific to the human b-actin gene (panel F) 
were used; the expected length of the amplified DNA fragment was 647 bp. As negative control for 
the PCR reaction 1 mL of H2O was used. Data were obtained with endometrial cells from different 
donors. Lane 1: hESC passage 4, lane 2: hESC passage 5, lane 3: hEMVEC passage 5, lane 4: hEM-
VEC passage 8, lane 5: hESC passage 1, lane 6: hESC passage 2, lane 7: hESC passage 3, +: positive 
control, -: negative control, M: molecular weight marker, E2: hESC under E2 stimulated conditions.
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Figure 3.
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Figure 3. Effects of estradiol and progesterone on hEMVEC and hESC proliferation.
A,B: Non-confluent hEMVEC (passages 4 to 9 of 3 different donors) were cultured for 48 h in the 
presence of increasing amount of daily added E2 (A) or progesterone (B) in M199 without phenol-
red supplemented with 10% charcoal-treated NBCS and 0.75 ng/mL VEGF-A (-p-) or 6.25 ng.mL 
VEGF-A (-s-) . After 42 h, tracer amount of 3H-thymidine was added to the medium and the incu-
bation continued in the same medium for another 6 h and 3H-thymidine incorporation was deter-
mined as described23. The data are expressed as a percentage of the control and represent mean ± 
SEM of 9 (E2), 6 (P), 4 (E2-or P+VEGF-A-) independent experiments performed in duplicate wells.
C,D: Non-confluent hESC, from passages 2 and 3 of 4 different donors, were cultured for 48 h in 
the absence or presence of an increasing amount of E2 added daily (panel C) or progesterone (panel 
D) either in combination with (-�-) or without (-�-) bFGF (2.5 ng/mL) in M199 without phenol-red 
supplemented with 10% charcoal-treated NBCS. 3H-thymidine incorporation was assayed as given 
under A,B. The data are expressed as a percentage of the control and represent mean ± SEM/range 
of 4-5 (in the absence of bFGF) and 2-3 (in the presence of bFGF) independent experiments per-
formed in duplicate wells.
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Figure 4.
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Figure 4. Effect of VEGF-A and ovarian steroids on capillary tube formation by hEMVEC.
A-D: Nonphase contrast views were taken which show growth of capillary-like tube structures in all 
panels. Panel A; control situation, panel B; stimulation with 10 ng/mL VEGF-A, panel C; stimulated 
with E2 (10-7M) and panel D; stimulation with progesterone (10-6M). Bar = 300 mM.
E,F: hEMVEC, from passages 5-9 of 4 different donors, were cultured on top of a three-dimensional 
fibrin matrix in M199 supplemented with 20% human serum and 10% NBCS and stimulated with 
increasing amounts of E2 (panel E) or progesterone (panel F) in the presence (-s-) or absence (-p-) 
of VEGF-A (10ng/mL). After 2-5 days of culturing, mean tube length was measured by image analy-
sis as described and expressed as mean tube length as a percentage of the control ± SEM/range of 
5 (absence of VEGF-A) or 2 (presence of VEGF-A) independent experiments performed in duplicate 
wells (* differs significantly, p<0.05, from 0 M condition).
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Effect of VEGF-A, estradiol and progesterone on capillary-like tube 
formation 
To evaluate whether ovarian hormones directly affected endothelial tube formation, we 

used an in vitro model, in which hEMVEC were cultured on top of a 3D-fibrin matrix29. 

Under basal conditions a limited number of hEMVEC invade the fibrin matrix and form 

tubular structures (fig. 4A). The presence of VEGF-A markedly enhanced the extent of 

capillary tube formation by hEMVEC (Fig. 4B, E). This increase amounted 3.8 ± 0.8-fold 

(11 independent experiments with hEMVEC from 4 different donors). The stimulation of 

capillary-like tube formation was completely prevented by the addition of VEGF-recep-

tor-2/KDR blocking monoclonal antibodies (not shown).

Subsequently, the influence of increasing amounts of E2 and/or progesterone on in vi-

tro angiogenesis of hEMVEC was studied. A slight increase in tube formation was vis-

ible when hEMVEC were stimulated with E2, which was borderline significant at 10-7M 

(135±13%, p=0.034) and 10-6M (148±13%, p=0.046, Fig. 4C,E). The minor stimulation 

by 10-7M E2 was completely inhibited by the addition of ICI 182.780 (not shown). Pro-

gesterone had no effect on tube formation (Fig. 4D, F). The amounts of u-PA and PAI-1 

produced by the tube forming endothelial cultures were not significantly altered (not 

shown).

	 Various concentrations of E2 or progesterone had no effect on VEGF-A-enhanced tube 

formation (Fig.  4E, F). Similarly, no effect on tube formation was seen, when E2 (10-7M) 

and progesterone (10-6M) were simultaneously added, (not shown). When hEMVEC were 

cultured on collagen type-I matrices, E2 (10-8M) and/or progesterone (10-8, 10-7M), both 

with and without VEGF-A, had no significant effect on tube formation (not shown).

Estradiol and progesterone enhance VEGF-A production by hESC
A more distinct effect of E2 and progesterone on endometrial angiogenesis might occur 

indirectly via activation of other endometrial cells that are in close contact with hEMVEC, 

in particular hESC. The presence of functional ER and PR in hESC was verified by measur-

ing the IL-6 production in non-stimulated and IL-1b-stimulated hESC (0.014 ng/ml and 

25 ng/mL IL-6, respectively). Both in non- and IL-1b-stimulated hESC, E2 and progester-

one (10-11-10-8M) reduced IL-6 production (Fig. 5). 

	 Because hEMVEC responded well to VEGF-A, we evaluated whether E2 and/or pro-

gesterone induced VEGF-A production by hESC. Increasing amounts of E2 stimulated 

the VEGF-A production 10- to 29-fold (Fig. 6). ICI 182,780 blocked this effect by 50%. 

Increasing amounts of progesterone stimulated the VEGF-A production 9- to 15-fold. 

Progesterone did not further enhance the E2-increased VEGF-A production (Fig. 6).
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Figure 5. Effect of ovarian steroids on IL-6 production by hESC.
HESC were incubated for 20 h in the presence of the indicated concentrations of steroid hormones 
in 0.25 ml/cm2 M199 medium (phenol-free) supplemented with 10% bovine charcoal-treated se-
rum and 10% human charcoal-treated serum. After 1 h 125 pg/ml hr-IL-1b was added to part of 
the wells (right panel). After the 20 h incubation period IL-6 was determined in the conditioned 
medium by ELISA. Hatched bars, E2; closed bars, progesterone; open bars (none and 10-9 M), E2 
plus progesterone. Note the difference in scale of the two panels. The data (mean ± range) are 
given for a representative experiment. Similar data were obtained with hESC cultures derived from 
another donor.
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Figure 6. Estradiol and progesterone stimulate VEGF-A expression by hESC.
Confluent hESC on gelatin-coated wells were preincubated with M199 without phenol-red supple-
mented with 10% charcoal-treated NBCS for 24 h and subsequently stimulated with increasing 
amounts of E2 or progesterone, or 10 nM E2 plus 10 mM ICI 182.780 (ICI was added 1 h before E2 
was spiked) or the combination of 10 nM E2 and 1 mM progesterone in M199 without phenol-red 
supplemented with 10% charcoal-treated NBCS. After 24 h E2 and progesterone were spiked in the 
medium. After 48 h, supernatants were collected. VEGF-A was determined in 48 h conditioned me-
dium by ELISA. The data are expressed as mean ± range of duplicate wells and are representative 
of two experiments performed with hESC from different donors.
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Interaction between hESC and hEMVEC
In the absence of VEGF, hEMVEC showed discontinuities in their monolayer due to cell 

detachment. Addition of VEGF-A prevented hEMVEC cell death, and induced the main-

tenance of intact monolayers by the hEMVEC. When hEMVEC and hESC were co-cul-

tured separated from each other by a porous filter, the monolayers of these hEMVEC 

maintained the characteristic regular cobblestone pattern even in the absence of VEGF 

(Fig. 7).This suggests that hESC provide factors, including VEGF-A, that stimulate the 

maintenance of hEMVEC.

Discussion

In this study we have shown that hESC expressed ERa, ERb and PR and responded to the 

ovarian steroids by an increase in VEGF-A expression. HEMVEC express ERb and show 

only a marginal angiogenic response to E2. HEMVEC cultured in close contact with hESC 

survived better, probably due to paracrine VEGF production by hESC.

The occurrence of ER and PR in endometrial cells
In endometrial tissue, ERa, ERb and PR were detected in endometrial epithelial cells, 

stromal cells and ERb and PR in (perivascular) smooth muscle cells18,34-39. In the epithe-

lial cells, and less clearly in the stromal cells, the receptors reflected a cycle-depended 

expression pattern18,24,34,37-39. Endothelial cells showed specific staining for the ERb 

but no staining for ERa or PR, which is in agreement with previous reports18,37,38. Only 

Figure 7. HESC and VEGF contribute to maintenance of hEMVEC monolayers.
Cultures of hEMVEC and hESC were detached and seeded on the surface of a filter (hEMVEC) or 
dish (hESC) of a transwellTM system (Costar). The next day the hEMVEC-covered filters were trans-
ferred into the wells in which hESC had been grown or wells without cells (control). To half of the 
control conditions VEGF-A (10 ng/mL) was added. HEMVEC were immunostained for CD 31 (green) 
and F-actin was visualized by rhodamine-falloidin (red). HEMVEC monolayers remained intact in 
co-culture, but showed holes in control cells. The addition of VEGF-A improved the quality of the 
monolayers. [See appendix: color figures]
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Lecce et al. detected, although only occasionally, both ERb and ERa in endometrial 

endothelial cells and an up-regulation of ERb during the late secretory phase38.

	 In cultured hESC we detected ERa, ERb and PR mRNA expression. The ERb expression 

was less prominent than that of ERa, in agreement with previous observations38,40,41. 

Interestingly, the ERb could only be detected in hESC by the primer set that amplified 

part of the C-terminal region of ERb. HESC lost their ERa upon serial passage under 

these culture conditions. It is likely that the single hESC isolation, that did not express 

the ERa, had already lost its ability to express the ERa. The expression of PR appeared 

to be less dependent on the passage number of the hESC.

	 Cultured hEMVEC expressed ERb, in accordance with in vivo studies18,21,38. Iruela-

Arispe et al. reported the presence of ER on hEMVEC19,20. As these authors made no 

distinction between ERa and b, the ER detected may well have been ERb. Because 

different splicing variants of ERa have been described caution should be taken to con-

clude definitively on the absence of ERa in endothelial cells15,16. However, none of the 

presently known splicing variants could be detected in hEMVEC in our experimental 

conditions. 

	 The precise physiological function and importance of ERb in the endometrium, as 

well as in other organs, is still unclear42. It has been shown that in the human uterus ERb 

is less abundant compared to ERa. ERb-knockout mice were fertile but showed small 

litter size, likely due to impaired ovarian function, and multiple resorbed fetuses42,43. 

Furthermore, it has been suggested that a role of ERb may be antagonizing and/or 

modulating ERa-mediated actions. Examples of this are the exaggerated induction of 

VEGF by E2 via ERa in ERb-knockout mice and the absence of the physiological down-

regulation of PR in the luminal epithelium by E2 via ERa in ERb-knockout mice42,44. 

When both ERa and ERb are co-expressed, they can form homo-or heterodimers and it 

seems that ERb preferentially forms heterodimers when ERa is present45,46.

	 Krikun et al.21 found, in addition to ERb, also PR mRNA in hEMVEC. However, they 

could not confirm the presence of PR immunohistochemically. We detected PR mRNA 

in only one hEMVEC isolation, although to a very minor extent. In the present and 

other immunohistochemical studies PR could not be detected in endometrial endothe-

lial cells18,37. The faint PCR signal for PR mRNA may reflect a minor contamination of 

the culture with hESC that has escaped our inspection, or indicate that the cells, when 

at a higher passage, undergo some kind of decidualization, a condition in which endo-

thelial cells have been described as expressing PR and reacting to ovarian steroids47,48. 

Iruela-Arispe et al. detected PR on hEMVEC, in addition to ER, although the levels of 

PR were significantly lower than those displayed by stromal cells19,20,49. These authors 

reported that only a subpopulation of endothelial cells in normal endometrium stained 

positive for PR19.
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The effects of E2 and progesterone on hEMVEC
E2 and progesterone did not affect the proliferation of hEMVEC to a biologically sig-

nificant level in our study. Iruela-Arispe et al. reported a stimulatory effect of E2 and an 

inhibitory effect of progesterone on comparable cells, but only in the presence of high 

concentrations of VEGF-A and bFGF20. Peek et al., who examined decidual endothelial 

cells, found an increased proliferation upon exposure to E2; a lower dose of E2 and a 

high dose of progesterone inhibited proliferation48. A positive proliferative response to 

E2 was described for hUVEC, but other investigators were unable to confirm this50-52. On 

the contrary, hESC responded well to estrogens. In agreement with Irwin et al., we found 

that hESC showed a slight, though not significant, proliferative response to E2
53. When 

our study was completed, Kayisli et al. reported that both E2 and progesterone stimu-

lated hEMVEC proliferation, albeit to a limited extent, and tube formation in a collagen 

matrix54. However, their finding that the hEMVEC responded to 10-12 M progesterone is 

difficult to explain in the light of their own finding that these cells did not express PR. 

Taken together, our data and those by other investigators indicate that the effect of E2 

and progesterone on hEMVEC is absent or very small as compared to the effect of these 

ovarian hormones on hESC.

	 The meaning of the observed minor effect of E2 on in vitro angiogenesis by hEMVEC 

is doubtful. This effect was only very small compared to the effect seen after stimula-

tion with VEGF-A22. Estrogens can rapidly up-regulate VEGF expression in endometrial 

stromal and epithelial cells by the direct transcriptional action of the ER. VEGF has been 

shown to be responsive to E2 and progesterone23,41,55,56. Functional DNA sequences, 

called estrogen response elements (ERE), have been identified in the VEGF gene that 

functions as a classical enhancer for both ERa and ERb. Although the ERE can bind both 

ERs, it might exhibit a more selective response to ERa57,58. Also progestins have a direct 

effect on VEGF gene transcription as analysis of the sequence of the VEGF promoter re-

vealed three functional progesterone response elements (PREs) and full VEGF promoter 

activation required all three. Although PR-mediated transcriptional regulation of the 

VEGF-promoter appeared to be complex and could not be localized to confined PRE 

sequences, other response-element motifs are thus likely to play a contributory role59.

	 When the hEMVEC were co-cultured with hESC, improved survival of hEMVEC was 

seen. This is probably due to the local generation of VEGF, which resembles the in vivo 

situation, in which a positive correlation between stromal VEGF immunostaining and 

endothelial cell density was found24. Other (angiogenic) factors, such as PDGF and bFGF, 

may be involved as well, as hEMVEC survived better in co-culture than after sole addi-

tion of VEGF-A. The epithelial cells of the endometrium also express VEGF-A. Albrecht 

et al. found that myometrial endothelial cells in co-culture with endometrial epithelial 

cells formed more tube-like structures than with stromal cells56. However, it remains un-
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certain to what extent the VEGF-A produced by these cells is available to the endothelial 

cells, as a mainly apical secretion has been described60.

	 To summarize, this study indicates that hEMVEC proliferation and in vitro angiogen-

esis is not much influenced by the ovarian steroids despite ERb expression in these cells. 

Ovarian steroids stimulate hESC to produce VEGF-A, a factor to which hEMVEC highly 

respond. These findings suggest that E2 and progesterone are indirect regulators of en-

dometrial angiogenesis.
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Introduction

Successful implantation and subsequent placentation depend on the interaction between 

a receptive decidualized endometrium and an intrusive blastocyst. Angiogenesis plays 

a major role in the formation of a receptive endometrium and an adequate functioning 

of the placenta.

	 When the blastocyst enters the uterine cavity, its survival depends on endometrial 

secretion. After attachment and invasion, it is fed and oxygenated by the decidualized 

endometrium.

	 Maternal blood supply, via an extensive endometrial vascular network, to the embryo 

is indispensable for further growth. In the peri-implantation period, local enhancement 

of angiogenesis is necessary to support further differentiation of the endometrium, 

ultimately leading to the formation of the maternal part of the placenta. The stimulus 

for this process might very well come from the implanting blastocyst itself, which in this 

way optimizes its implantation site1. Inadequate angiogenesis in the peri-implantation 

phase may lead to a less receptive endometrium. This can result in implantation failure 

or aberrant placental formation, which in turn may affect the pregnancy outcome, 

as demonstrated in morphological studies demonstrating poor placental vascular 

development in intrauterine growth restriction2.

	 Before the embryo and the endometrium can make physical contact, an interaction 

by signaling molecules must have been established3. The exact nature of this interaction 

is not fully resolved yet. It is unknown whether the blastocyst is able to induce the 

angiogenic process in the endometrium directly or indirectly via the epithelial or stromal 

cells4-7. Following penetration of the epithelial lining, the embryo has to establish a closer 

contact with endothelial cells. A direct regulation of angiogenesis by the blastocyst/early 

trophoblast might be possible during that phase of implantation.

	 The production of cytokines and hormones varies at specific stages of embryonic 

differentiation. Human blastocysts produce activin, colony stimulating factor (CSF)-1, 

epidermal growth factor (EGF), interferon (IFN) γ, insulin-like growth factor (IGF) I and II, 

interleukin (IL) 1α and -β, IL-6, IL-10, leukemia inhibitory factor (LIF), platelet-derived growth 

factor (PDGF), transforming growth factor (TGF) α and β, tumor necrosis factor (TNF) α, 

vascular endothelial growth factor (VEGF)-A, and hCG, whereas human first trimester 

trophoblasts produce EGF, IGF-II, placental growth factor (PLGF), TGFα and β, TNFα, and 

hCG. These molecules may enable the implanting embryo to induce angiogenesis locally 

at the implantation site. Among these factors, VEGF-A is known to be a highly specific 

mitogen for endothelial cells8. It induces angiogenesis and increases the permeability of 

blood vessels9.

	 Here we have investigated the influence of the embryo on endometrial angiogenesis 
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by evaluating the effect of conditioned medium from human embryos (IVF culture 

medium) on isolated human endometrial microvascular endothelial cells (hEMVEC) in 

an in vitro angiogenesis model, which we have previously characterized10. Furthermore, 

individual recombinant cytokines, known to be expressed by the human embryo and 

first trimester trophoblast, together with hCG were tested on hEMVEC to determine 

which factors are involved in inducing angiogenesis at the time of implantation.

Materials and methods

Materials
Penicillin/streptomycin, L-glutamine and medium 199 (M199) with and without phenol 

red and supplemented with 20 mmol/L HEPES was obtained from BioWhittaker (Verviers, 

Belgium); Newborn calf serum (NBCS) was obtained from Life Technologies (Grand 

Island, NY, USA). Human serum (HS) was obtained from a local blood bank and was 

prepared from fresh blood from 10-20 healthy donors, pooled and stored at 4°C; it was 

heat-inactivated before use. Human serum albumin (HSA) was obtained from Sanquin 

(Amsterdam, The Netherlands). Tissue culture plastics and microtiter plates came 

from Costar/Corning (Cambridge, MA) and Falcon (Becton Dickinson, Bedford, MA). A 

crude preparation of endothelial cell growth factor (ECGF) was prepared from bovine 

hypothalamus as described by Maciag et al11. Heparin and thrombin were obtained 

from Leo Pharmaceutics Products (Weesp, the Netherlands). Human fibrinogen was 

purchased from Chromogenics (Mölndal, Sweden). Dr. H. Metzner and Dr. G. Seeman 

(Aventis Behring, Marburg, Germany) generously provided factor XIII. Fibronectin was 

a gift from Dr. J. van Mourik (CLB, Amsterdam, The Netherlands). Human recombinant 

VEGF-A and PLGF were purchased from RELIATech (Braunschweig, Germany); soluble 

VEGF receptor  1 (sVEGFR-1) was a generous gift from Dr. H.A. Weich (GBF, Braunschweig, 

Germany). Tumor necrosis factor α was a gift from Dr. J. Travernier (Gent, Belgium). 

Recombinant human basic fibroblast growth factor (bFGF) was purchased from 

PeproTech (Rocky Hill, NJ). Recombinant human activin was obtained from Dr. Pawson 

via the National Hormone and Pituitary Program, The National Institute of Diabetes 

and Digestive and Kidney disease, The National Institute of Child Health and Human 

Development, and the US Department of Agriculture (Bethessa, MD). Recombinant 

human EGF, human CSF, IFNγ, IGF-I and –II, IL-1α, -1β, -6 and -10 and TGFα and -β were 

commercially obtained from PrepoTech (Rocky Hill, NJ). Human chorionic gonadotrophin 

(Pregnyl) was obtained from Organon (Oss, The Netherlands). Recombinant human LIF 

was purchased from Chemicon International (Temecula, CA) and PDGF B/B from Roche 

(Mannheim, Germany).



Chapter 8

138

Human embryo conditioned medium
The study was conducted according to the guidelines of the Institutional Review Board, 

and informed consent was obtained from each patient. The IVF culture media used in 

our experiments were obtained from the IVF Department of the Reinier de Graaf Group 

(Diaconessenhuis, Voorburg, The Netherlands) and the Infertility Centre from the Gent 

University Hospital (Gent, Belgium). The media were collected during a period of 1 

and 2 years. Early stage human embryos obtained after oocyte pick-up and IVF were 

cultured in media until embryo transfer. The culture media used were: GPO medium (for 

the exact compounds see Rijnders et al 199812), Complete P-1 and Complete Blastocyst 

Irvine media (Irvine Scientific, Santa Ana, Ca) and Earle’s medium supplemented 

with 0.08% (w/v) HSA, penicillin G (8 mg/L), sodium pyruvate (0.10 g/L), and sodium 

bicarbonate (2.1 g/L).

	 Early stage human embryos produce and accumulate mediators in the medium 

in which they are cultured. Pool A, B and C consisted of medium in which 12, 40 

and 79 embryos (2-8 cell stage) were cultured originating from 7, 10 and 17 patients 

respectively. Pool D consisted of medium from 90 blastocysts originating from an 

unknown number of patients.

	 Earle’s medium or GPO medium (pool A, B and C) were refreshed after one or three 

days respectively. The Irvine medium (pool D) was changed on day 3 from Complete-

1 Irvine medium to Complete Blastocyst Irvine medium. No data are available on the 

success rate of implantation of these embryos.

	 Other materials used have been specified in the methods described or in the related 

references mentioned.

Cell culture
Human endometrial microvascular endothelial cells (hEMVEC) were isolated from 

endometrial tissue (collected according to the guidelines of the Institutional Review 

Board and informed consent was obtained from each patient) as previously described10 

and maintained in indicator-free M199 supplemented with 20 mM HEPES (pH 7.3), 

20% human serum, 10% heat-inactivated NBCS, 150 µg/mL ECGF, 5 ng/mL VEGF-A, 5 

U/mL heparin, 100 IU/mL penicillin, and 100 mg/mL streptomycin (= hEMVEC culture 

medium). HEMVEC were cultured on fibronectin-coated wells at 5% CO2 / 95% air until 

confluence was reached and were subsequently detached with 0.05% trypsin / 0.025% 

EDTA and transferred into coated dishes at a split ratio of 1:3. Fresh medium was 

given three times a week with twice a two day interval and once a three day interval 

(weekend).
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Incorporation of 3H-thymidine
Incorporation of 3H-thymidine into DNA was determined as the measurement of 

endothelial cell proliferation. Confluent cultures of endothelial cells (passages 5 to 9 of 

three different donors) were detached by trypsin/EDTA solution and allowed to adhere 

and spread at a density of 104 cells per cm2 on fibronectin-coated dishes in indicator-

free M199-HEPES supplemented with 10% heat-inactivated and charcoal-treated 

NBCS, penicillin/streptomycin and 0.75 ng/mL VEGF-A for 18 h. The 0.75 ng/mL VEGF-

A was added as a maintenance factor to prevent hEMVEC death under these control 

culture conditions. Then the cells were stimulated with conditioned medium, increasing 

concentrations of cytokines or hCG in the presence or absence of extra 6.25 ng/mL VEGF-

A, as indicated in the text. After a total incubation period of 42 h, 3H-thymidine was 

added and the cells were incubated for another 6 h period. Subsequently, the 3H-labeled 

DNA was precipitated and counted in a liquid scintillation counter and the stimulation 

index was calculated as previously described10.

In vitro angiogenesis model
Human fibrin matrices were prepared as described by Koolwijk et al10. Confluent hEMVEC 

(passages 6 to11 of two different donors) were detached and seeded in a split ratio of 

2:1 on the surface of the fibrin matrices and cultured for 24 h in indicator-free M199 

medium supplemented with 20% human serum, 10% NBCS, and penicillin/streptomycin. 

Then the endothelial cells were cultured with the mediators indicated for 2 - 5 days. 

Invading cells and the formation of capillary-like structures of endothelial cells in the 

three-dimensional fibrin matrix were analyzed by phase contrast microscopy; the total 

length of the tube-like structures was measured as described by Kroon et al13.

Enzyme-Linked Immunosorbent Assays (ELISA)
The VEGF-A antigen determinations were performed by the commercially available 

DuoSet ELISA Development Kit for human VEGF-A (R&D system, Minneapolis, MN), which 

recognizes VEGF-A165 and VEGF-A121. Human recombinant VEGF-A165 (R&D systems) was 

used as a standard.

Statistics
The data are expressed as the mean ± SD/SEM or range. Statistical evaluations of the 

data were performed using the paired t test and Wilcoxon rank test after the control 

conditions were set at a 100%. p < 0.05 was considered statistically significant.
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Results

Early stage embryo conditioned medium enhances hEMVEC 
proliferation and tube formation
We have used conditioned IVF culture medium of pool A to evaluate the effect of cytokines 

and other mediators produced by early stage human embryos on hEMVEC proliferation 

and the media of pools B, C and the blastocysts derived pool D on in vitro angiogenesis.

	 An increase in hEMVEC proliferation was observed when hEMVEC were stimulated 

with pool A. When 5% of the conditioned media was added, a maximum stimulation 

was observed, although this increase was not significant as compared with the control 

condition (with 0.75 ng/mL VEGF-A as maintenance factor, data not shown). When 5% of 

non-conditioned culture media was added, no effect on hEMVEC proliferation was seen.

	 Pools B, C and D independently induced an increase in tube formation by hEMVEC 

when these cells were stimulated with 2.5-10% of the conditioned media (Fig. 1). The 

Figure 1. Conditioned medium of early stage embryos stimulate in vitro hEMVEC tube 
formation.
Phase-contrast pictures were taken of hEMVEC cultured on top of a three-dimensional fibrin 
matrix under control conditions (A), after stimulation with VEGF-A (10 ng/mL, B), 5% (v/v) control 
IVF medium (C), or 5% (v/v) pooled conditioned medium (D). The number of tubular structures 
(examples indicated by arrows) increased after stimulation with VEGF-A or 5% pooled conditioned 
medium. Bar = 500 µM.
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results of the three pools were taken together for statistical analysis. Quantification 

of the tube formation revealed that the effect was significant when 2.5-10% of the 

conditioned medium was used and showed an increase of 150%, 151% and 135% when 

2.5%, 5%, and 10%, respectively, of the conditioned medium was used (control set 

at 100%)(Fig. 2A). At higher concentrations (20%) the ingrowth of vascular structures 

declined. The nonconditioned IVF culture medium (control) had no effect on tube 

formation (Fig. 2A).

	 To test whether the enhancement of tube formation was due to expression of VEGF-A 

by the early stage embryos, sVEGFR-1 was added to the pools. Soluble VEGFR-1 captures 

VEGF-A and prevents its binding to cellular receptors. The presence of sVEGFR-1 completely 

prevented VEGF-A-induced tube formation under our standard conditions. Addition of 

Figure 2. Conditioned medium of embryos stimulate in vitro hEMVEC tube formation, an 
effect which is VEGF-A-mediated.
A. HEMVEC, from passage 5-10 of one donor, were cultured on top of a three-dimensional fibrin matrix 
and stimulated with 2.5%, 5%, 10%, and 20% (v/v) of pooled medium (pool B,C, or D; p with solid line). 
As control, the cells were stimulated with 2.5%, 5%, and 10%, and 20% (v/v) of the IVF culture medium 
in which no embryos were grown (� with dotted line) or 10 ng/ml VEGF (solid bars). After 3-5 days of 
culturing, mean tube length was measured. The data are expressed as a percentage of the control and 
represent mean ± SEM of four independent experiments performed in duplicate wells. * = p < 0.05 
compared to control condition. The mean tube length of the controls was 63.4 mm/cm2.
B. Addition of 0.5 µg/mL sVEGFR-1 to control (M199 supplemented with 10% NBCS and 20% HS) and 
VEGF-A stimulated conditions, inhibited the amount of capillary-like structures formed. The enhanced 
formation of capillary-like structures by hEMVEC after stimulation with 10% (v/v) embryo culture medium 
was also reduced by sVEGFR-1. Mean tube length was measured and expressed as a percentage of the 
control ± range. Hatched bars: without sVEGFR-1, solid bars: with sVEGFR-1. The mean tube length of 
the controls was 77.4 mm/cm2. The experiments were performed in duplicate wells.
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sVEGFR-1 inhibited the tube formation that was enhanced by pool C (Fig.  2B). Similar 

results were obtained with pool B and D (data not shown). This suggests that early stage 

embryos are able to express VEGF-A to such a level that it was involved in the stimulation 

of tube formation by hEMVEC.

	 To confirm the presence of VEGF-A in the conditioned medium of day 2-3 and 

blastocyst-stage embryos, VEGF-A concentrations in the media of pool B, C and D were 

assayed by ELISA. In the pooled media B, C and D, 10,700 pg/mL, 5200 pg/mL and 14 pg/

mL VEGF-A antigen was detected respectively. The control medium of the pooled media 

B and C, in which no embryos were grown, contained 70 pg/mL of VEGF-A, whereas no 

VEGF-A antigen was detectable in the control medium of pool D.

Effect of cytokines and hCG produced by the early embryo and 
first trimester trophoblast on hEMVEC proliferation
Because conditioned medium of early embryos was able to induce hEMVEC proliferation 

and tube formation, the question arose which factors produced by the human embryo 

could be held responsible for these effects. As such, recombinant cytokines and hCG, 

known to be expressed by the human embryo and first trimester trophoblast, were 

tested on hEMVEC proliferation and tube formation, both in the absence or presence of 

6.25 ng/mL VEGF-A.

	 VEGF-A was a potent stimulator of hEMVEC proliferation, as measured by 3H-

thymidine incorporation10 and confirmed by an increase in cell number (determined at 

48h; data not shown).

	 Under control conditions (with 0.75 ng/mL VEGF-A as maintenance factor), IL-1α 

and activin (only the highest concentration) significantly inhibited hEMVEC proliferation, 

whereas all the other tested cytokines (EGF, LIF, CSF-1, IFNγ, IGF-I, IGF-II, IL-1β, IL-6, IL-

10, PDGF, TGFα, TGFβ, PLGF and hCG) did not have a significant effect. Only incubation 

with increasing concentrations of IL-1α had a significant inhibitory effect on hEMVEC 

proliferation induced by 6.25 ng/mL VEGF-A (data not shown).

	 Cell death in hEMVEC cultures was caused by TNFα, at concentrations of 1 and 

2.5  ng/mL, but addition of 6.25 ng/mL VEGF-A prevented the TNFα-induced cell death 

(data not shown).

Effect of cytokines and hCG produced by the early embryo and 
first trimester trophoblast on in vitro angiogenesis by hEMVEC
Subsequently, the effect of factors expressed by the human embryo and first trimester 

trophoblast on in vitro angiogenesis by hEMVEC was studied in the absence or presence 

of VEGF-A.
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	 In the absence of VEGF-A, EGF significantly stimulated tube formation concentration 

dependently. However, in combination with VEGF-A no additive effect of EGF was 

observed (Fig. 3C). Similarly to their inhibitory effect on hEMVEC proliferation, high 

concentrations of activin (Fig. 3B), IL-1α (Fig. 3A) and IL-1β (not shown) significantly 

inhibited the amount of tubes formed. Interestingly, LIF (1 and 10 ng/mL) significantly 

stimulated the VEGF-A-enhanced tube formation but did not alter basal tube formation 

0 1 10 50
IL-1  (ng/mL)

0

100

200

300

tu
be

 fo
rm

at
io

n 
(%

 o
f c

on
tr

ol
) 

*

0 1 10 50
Activin (ng/mL)

0

100

200

300

tu
be

 fo
rm

at
io

n 
(%

 o
f c

on
tr

ol
) 

*

0 1 10 50
EGF (ng/mL)

0

100

200

300

tu
be

 fo
rm

at
io

n 
(%

 o
f c

on
tr

ol
) 

*
*

*

0 1 10 50
LIF (ng/mL)

0

100

200

300

tu
be

 fo
rm

at
io

n 
(%

 o
f c

on
tr

ol
) ** **

Figure 3, Kapiteijn et al. 

A B 

C D 

28

Figure 3. The influence of recombinant cytokines and hCG on the formation of capillary-like 
structures by hEMVEC.
HEMVEC were cultured on top of a three-dimensional fibrin matrix in M199 supplemented with 
20% human serum and 10% NBCS and stimulated with increasing amounts of different cytokines 
and hCG in the absence (solid line) or presence (dotted line) of VEGF-A (10 ng/mL). After 2-5 days 
of culturing, mean tube length was measured by image analysis as described and expressed as a 
percentage of the control ± range of two independent experiments performed in duplicate wells. * = 
p < 0.05 compared to control condition, ** = p < 0.05 compared to VEGF-stimulated condition.
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(Fig. 3D). Interleukin-10, TGFβ, PLGF, hCG, CSF-1, IFNγ, IGF-I/-II, IL-6, PDGF, and TGFα in 

the indicated concentrations had no effect on tube formation (data not shown).

Discussion

The data presented here demonstrate that conditioned media of human embryos 

contained VEGF-A and stimulated in vitro endometrial angiogenesis, an effect 

counteracted by sVEGFR-1. The VEGF-A was the most potent mediator in stimulating 

hEMVEC proliferation and tube formation among the known mediators expressed by 

the human embryo and first trimester trophoblast, of which LIF could increase the VEGF-

mediated tube formation.

	 Adequate interaction between embryo and endometrium is essential for successful 

implantation and placentation. The embryo locally prepares the endometrium for its 

nidation by producing various mediators3,14-17. Previously, Sakkas et al.18 described that 

the human blastocyst directly induces changes in endometrial epithelial cells. Therefore 

it was suggested that the human embryo might also directly affect the endometrial 

endothelium, thus regulating endometrial angiogenesis, an important factor in the 

preparation process19. Studies in rats support the hypothesis that angiogenesis at the 

implantation site is a localized process controlled by the embryo, whereas angiogenesis, 

which occurs in the entire endometrium is maternally controlled20,21. Our data indicate 

that the human embryo is able to produce detectable concentrations of active VEGF-A 

and thus to stimulate local angiogenesis in the endometrium during the peri-implantation 

phase.

	 Krüssel et al22,23 previously demonstrated that human embryos from the 10-cell up 

to the blastocyst stage were able to express mRNA, encoding for four different isoforms 

of VEGF-A (121, 145, 165, and 189). Relatively highly expressed were isoforms 121 

and 165, which are both secreted VEGF-A isoforms. However, they were not able to 

detect VEGF-A protein in the embryo culture medium, presumably because it was below 

the detection limit of the ELISA, which only detected VEGF-A 165. The ELISA we used 

detected both the 121 and 165 isoform. Furthermore, Krüssel et al. used a larger volume 

of conditioned medium per embryo (50 µL vs. 10-30 µL in our experiments).

	 The human embryos in our study were the only source of VEGF-A production, because 

little or no VEGF-A protein could be detected in the control IVF medium in which no 

embryos were cultured. After 24 (pool A to C) or 72 (pool D) h of culture the medium was 

changed. This eliminates other potential sources of cytokine production (by granulosa 

cells, cumulus cells and sperm cells). Krüssel et al.22,24 almost ruled out the possibility of 

paternal contamination by using embryos, which resulted from intracytoplasmic sperm 
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injection. They found that unfertilized oocytes did not express VEGF-A mRNA, which 

proved that the VEGF-A mRNA was truly embryonic23.

	 The amount of VEGF-A detected by ELISA varied in the pools. This could not be 

explained only by the difference in numbers of embryos from which the pools were 

derived. Differences in the culture media used in pools A to C on the one hand and pool 

D on the other, differences in embryonic stage and viability, or reuptake of VEGF-A by 

the blastocyst itself25 may contribute to and explain the phenomenon.

	 It should be noted that the proliferation and outgrowth of tubular structures was 

reduced at high concentrations of embryo-conditioned medium. It is plausible that in 

addition to the stimulatory VEGF-A, also angiogenesis-inhibiting compounds also are 

present, which only become effective at relatively high concentrations and point to a 

delicate balance between angiogenesis-stimulating and -inhibiting factors which strictly 

control angiogenesis.

	 Heterozygous and homozygous deletion of the VEGF-A gene in mouse embryos resulted 

in embryonic mortality at midgestation and in impaired placental development due to 

abnormal formation of intra- and extraembryonic vessels26-28. This further underlines the 

importance of VEGF-A. However, the embryo might also produce other mediators which are 

able to induce or enhance angiogenesis at the site of implantation. Such cytokines derived 

from the human embryo may act directly on angiogenesis or may affect angiogenesis 

indirectly by inducing VEGF-A (e.g. IL1β, hCG29,30), or its receptors in endometrial cells.

	 One other candidate mediator that, in the presence of VEGF, might be involved in 

angiogenesis at the site of implantation is LIF. In our studies LIF had an indirect effect on 

angiogenesis. It increased the VEGF-mediated tube formation, whereas LIF by itself did 

not have an effect.

	 In vivo, it has been shown that LIF was able to induce angiogenesis in the rabbit 

cornea31 and that female mice lacking a functional LIF gene are fertile but their 

blastocysts fail to implant and their uteri were found to be poorly vascularized32,33. 

However, in vitro, inconsistent effects of LIF on endothelial cells are described. Leukemia 

inhibitor factor, either or not in the presence of an angiogenic factor, was found to 

inhibit34-36 or stimulate31,37 endothelial cell proliferation and tube formation. Also on the 

influence of LIF on the proteolytic potential of endothelial cells, an important phase in 

angiogenesis, opposite results were found29,31,34. These discrepancies can be attributed 

to the biological versatility of LIF which depends on cell species and origin.

	 Although the embryo only produces small amounts of angiogenic factors, locally high 

concentrations are reached owing to close contact between the embryo and maternal 

blood vessels. Together with the increased sensitivity of the endometrial endothelium 

to angiogenic factors at the time of implantation, the embryo might very well cause an 

increased angiogenic response at the implantation site.
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	 In conclusion, VEGF-A has been recognized as an important mediator in the process 

of endometrial angiogenesis during the menstrual cycle10,38,39. The results of this study 

support a crucial role for embryonic VEGF-A in the process of angiogenesis during the 

peri-implantation phase. By the expression of VEGF-A, the embryo enables itself to 

induce angiogenesis directly at its implantation site, and as such creates an environment 

necessary for its survival and growth.

	 In contrast to tumor angiogenesis, endometrial angiogenesis at the time of 

implantation and placentation seems to be strictly orchestrated. Further studies should 

focus on the exact nature of the interactions between the human embryo and the 

endometrium regarding angiogenesis in the peri-implantation phase and during the 

formation of placenta, and on the role of defective angiogenesis in implantation failure, 

which affects the outcome of gestation.
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1. Results of the studies

In Chapter 2 we demonstrated that women with a low birth weight had a higher risk of 

myocardial infarction than women with a normal birth weight. In Chapter 3 we found 

that singleton IVF pregnancies had significantly worse perinatal outcomes than sponta-

neously conceived pregnancies in subfertile women.

	 In Chapters 4 - 8 the isolation of human endometrial microvascular endothelial cells 

(hEMVEC) is described together with their high angiogenic capacity, which was likely 

due to their high response to VEGF-A and their high expression of u-PA. Besides the u-PA/

plasmin system, MMPs, in particular MT3-MMP, contributed to hEMVEC tube formation. 

Furthermore, we demonstrated that human endometrial stromal cells (hESC) expressed 

ERa, ERb and PR and responded to the ovarian steroids by an increase in VEGF-A expres-

sion. In contrast, hEMVEC expressed only ERb and showed at best a marginal angiogenic 

response to E2. HEMVEC cultured in close contact with hESC survived better, probably 

due to paracrine VEGF production by hESC.

	 The data presented in Chapter 8 demonstrate that conditioned media of human 

embryos contained VEGF-A and stimulated in vitro endometrial angiogenesis, an effect 

which was counteracted by sVEGFR-1. Among the factors expressed by human embry-

onic tissue, VEGF-A was obviously the most potent in stimulating hEMVEC proliferation 

and tube formation.

	 With these results we elucidate more of the processes involved in angiogenesis, 

which was our main goal.

2. �From clinical questions to implantation and 
angiogenesis�

Our clinical studies confirm the “Barker hypothesis” that low birth weight is a seri-

ous risk factor for cardio-vascular disease in later life and, furthermore, indicate that 

controlled ovarian hyperstimulation (COHS) in assisted procreation is related with low 

birth weight. In order to prevent fetal growth retardation, which might be induced by 

assisted procreation, we must understand more about the mechanisms involved.

	 For a healthy fetal development, an optimal environment needs to be created ear-

ly in life, during the process of implantation. When the implantation site is located in 

the uterus, the preparations for an optimal environment already start before fertiliza-

tion, during the proliferative and secretory phase of the menstrual cycle. Optimaliza-

tion of the implantation site is subsequently established by the embryo itself, which 

interacts with its implantation site. Also in an unprepared extra-uterine milieu the 
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embryo is able to accommodate its implantation site as proven by advanced ectopic 

pregnancies.

	 Angiogenesis is considered to be one of the most critical adaptive changes during 

implantation and placentation. It is essential to establish the vascular structures involved 

in maternal-fetal exchange. Adaptation of the maternal vasculature to the rising needs 

of the embryo and fetus occurs, in addition to angiogenesis, through vasodilation, in-

creased permeability, and maturation1-3. Although direct embryonic contact with the 

maternal circulation is not well established until the beginning of the second trimester 

of pregnancy4, an extensive vascular network needs to be established to support the en-

dometrial cells (e.g. the epithelial cells) that supply the embryo with nutrition until then. 

Furthermore, the extending vascular network is necessary for the process of decidualiza-

tion and placentation. Contact between the embryo and the maternal circulation that 

occurs too early might lead to pregnancy loss, as excessive entry of maternal blood at a 

very early stage inside the developing embryonic placenta results in oxidative stress and 

subsequent degeneration of villous tissue59,60.

	 Several studies, both in rodents and in the human, elucidate the importance of a well 

established endometrial vasculature in implantation;

1) 	 In rodents:

	 - �administration of an angiogenesis inhibitor (AGM-1470) to pregnant mice resulted 

in complete failure of embryonic growth due to interference with, among others, 

decidualization and placental development. When non-pregnant mice were treated 

with AGM-1470, inhibition of endometrial maturation was observed5.

	 - �Sibug et al.6 showed that COHS, more specifically urinary gonadotrophins, nega-

tively affects angiogenic factors (VEGF and VEGF-R expression) in the mouse uterus 

during implantation. This led to a delay in embryo implantation and smaller size of 

the implantation site, which might be caused by the decrease in angiogenic factors 

as other studies have shown that the number of implantation sites was significantly 

reduced after VEGF antibody treatment7,8.

2) 	 In the human:

	 - �uterine perfusion appears to be involved in human endometrial receptivity as a high 

intra-uterine blood flow resistance is associated with unexplained recurrent miscar-

riages9.

	 - �morphological studies10,11 show poor placental vascular development in intra uter-

ine growth retardation (IUGR).

	 - �inadequate transformation of the maternal vasculature is associated with early 

pregnancy loss, and a higher perinatal morbidity and mortality caused by preterm 

delivery, pre-eclampsia, and/or intra-uterine growth restriction12-22.
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3. Endometrial angiogenesis

Most of the findings in Chapter 4 - 8 are the result of in vitro experiments. They provide 

us with more knowledge about the regulation, production and physiological responses 

of the endometrial vasculature. But can we transpose these results to the in vivo situa-

tion?

3.1 Endometrial endothelial cells

Endothelial cells are heterogeneous and differ in structure, function, antigen composi-

tion, metabolic properties and response to growth factors. In this way, the cells can 

adapt to different (micro-) environmental needs. The endometrial vasculature enhances 

during preimplantation (proliferative and secretory phase), decidualization, implanta-

tion, and placentation23,24. For this purpose, the endometrial endothelial cells must be 

able to react adequately to angiogenic factors in order to prepare the endometrium for 

implantation and placentation. Endometrial endothelial cells in culture obviously dem-

onstrated rapid responses, particularly when compared with endothelial cells originating 

from other tissues.

	 VEGF plays an important role in a variety of angiogenic processes25. Hence, it was 

to be expected that the endometrial endothelial cells are highly sensitive to VEGF as 

well. What did surprise us was, beside the fact that the cells already formed tubes un-

der control conditions, the huge enhancement of tube formation after the addition of 

VEGF. This could be explained by the high expression of VEGFR-2 on these cells. In vivo, 

the presence of VEGF and its receptors in the human endometrium is manifest26-30. The 

sub-epithelial-capillary plexus in the endometrium, with which the embryo comes into 

first contact during implantation, consists of endothelial cells that are not associated 

with pericytes or a vascular smooth muscle cells. It was shown that such endothelial 

cells are more susceptible to variations in local levels of VEGF and undergo apoptosis 

(programmed cell death) upon withdrawal of VEGF more readily than endothelial cells 

that were stabilized by contact with pericytes or smooth muscle cells31.

	 An explanation for the rapid ingrowth in the 3-D fibrin matrix is the relative high 

expression of u-PA by hEMVEC. A relatively high u-PA expression was found in vivo as 

well.

	 HEMVEC displayed their enhanced angiogenic capacity in vitro in 3-D fibrin and col-

lagen matrices. The endometrial ECM consists of several proteins, among which col-

lagens, and its composition and fibrin contents vary during the menstrual cycle. The in 

vitro angiogenesis model that we used in our experiments has its limitations, as it only 
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consists of fibrin (which is actually a model for wound healing), collagen or a combina-

tion of both. It would be desirable to mimic the cyclic changes of the matrix as occur in 

vivo, but this will be extremely difficult. Nevertheless, we believe that our in vitro model 

reflects the in vivo situation adequately.

3.2 The role of MMP’s in endometrial angiogenesis

To be able to respond quickly to an angiogenic stimulant, the endometrial endothelial 

cells need adequate proteolytic enzymes for pericellular proteolysis, as this is essential 

in endothelial cell migration, invasion and tube formation. The endometrial endothelial 

cells make use of both the u-PA/plasmin system and the MMP’s for this purpose. The 

expression of MMPs by human endometrial endothelial cells in vitro was in accordance 

with the observations found in vivo32-36. Apparently, the endothelial cells maintain this 

ability when brought into culture and therefore our results may apply to the in vivo situ-

ation.

	 The experiments with TIMP-1 and 3, which are also expressed by the endothelial cells 

in vivo32,36,37, proved that human endometrial endothelial cells express a quite unique 

pattern of (MT-)MMP’s compared with endothelial cell originating from other tissues38-41. 

Our results suggest an important role for MT3-MMP in endometrial endothelial cell tube 

formation which may apply for the in vivo situation as well, as an increase in MT3-MMP 

is found in endometrium in the proliferative phase of the menstrual cycle, during which 

angiogenesis definitely takes place34.

	 In combination with the high expression of u-PA, these results might further explain 

the specific angiogenic behavior of the endometrial endothelial cells compared to other 

endothelial cells. It is very likely that the unique environmental cyclic changes in the 

endometrium (the ECM) challenge the cells to adjust and express specific proteolytic 

enzymes necessary for angiogenesis, tissue desquamation and repair.

3.3 Regulation by the ovarian steroids

Development of the endometrium to a receptive state is primarily dependent on the 

coordinated effects of the ovarian steroids. Therefore it is to be expected that angiogen-

esis, essential in this process, should also be controlled by an overall regulation of these 

steroids.

	 Experiments with steroids require adequate precautions, as steroids, due to their 

structure, pass the cell membrane very easily and have a high turnover rate. We tried to 
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approach the in vivo situation as much as possible by creating a steroid free environ-

ment (charcoal-treated serum) and adding the steroids in the experiments daily to main-

tain a steady steroid concentration available for the cells.

	 In our in vitro and in vivo experiments we found that the endometrial cells do not 

loose their steroid receptors when kept in culture, except for hESC, which lost ERa at 

higher passages. From our results, an indirect regulation of endometrial angiogenesis by 

the ovarian steroids appears most likely. Krikun et al.42 found no effects of E2 or proges-

terone on endometrial endothelial expression of angiogenic factors, which supports the 

idea of an indirect action of the steroids on endometrial angiogenesis.

	 The endometrial stromal cells, which are not defined in most studies, but which we 

have identified by immunocytological staining as fibroblasts, appear to play an impor-

tant role as intermediate cells between the ovarian steroids and the endothelial cells. 

Other studies support this role for stromal cells. Matsui et al.23 demonstrated that VEGF 

production by endometrial stromal cells increases in association with decidualization 

of the cells, a process first induced by steroids. Nayak et al.43, studying the Rhesus Ma-

caque, found that the midproliferative peak in stromal VEGF expression, which did not 

occur in the absence of estradiol, coincided with the peak in endothelial cell proliferation 

and that VEGF expression in the stroma, not in the epithelium, was significantly corre-

lated with vascular proliferation. They also doubted whether epithelium derived VEGF 

plays a role in endometrial angiogenesis. In the endometrial stroma, other cell types are 

present in addition to the stromal cells we have characterized. These include granulo-

cytes, neutrophils and natural killer cells. These leucocytes may also act as intermediate 

cells between the ovarian steroids and the endothelial cells, as these cells produce VEGF, 

come in contact with the endothelial cells, and are attracted to the endometrium via 

chemokines. The expression of these chemokines is induced by ovarian steroids28,44-46.

	 Nayak et al.43 suggested that progesterone, besides stimulating VEGF expression, 

plays a role in vascular remodeling during implantation and early pregnancy. In our in 

vitro experiments we found no indication for this phenomenon, as we did not see mor-

phological differences in tube formation after stimulation with progesterone compared 

with estradiol or control conditions

3.4 Interaction between embryo and endometrium; the role of VEGF

Adequate interaction and synchronization between the developing embryo and the en-

dometrium is essential for successful implantation and placentation. In animal studies it 

was shown that the endometrial vasculature undergoes expansion during preimplanta-

tion stages and, even more prominently, after implantation24,47. This suggests that the 
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embryo itself is responsible for further enhancement of angiogenesis at its implantation 

site. Already during the pre-implantation phase, before there is any physical contact be-

tween the embryo and endometrium, pregnancy-related endometrial vascular changes 

are seen throughout the whole endometrium. When the embryo approaches the endo-

metrium, more localized changes occur48,49.

	 Inadequate vascular transformation can have embryonic and/or maternal causes. 

Cross et al.50 observed an inadequate vascular transformation in pregnancies in which 

the trophoblast failed to invade. Impaired early stage vascular remodeling in case of an 

ectopic pregnancy suggests that there could be primary maternal causes51.

	 In agreement with our findings, several studies indicate that the embryo prepares 

its implantation site by stimulating local angiogenesis via the production of VEGF-A. 

Das et al.47 showed in their rabbit studies a pronounced in situ hybridization signal of 

VEGF transcripts present in the trophoblast that attached and invaded the endome-

trium. Furthermore, they detected high levels of VEGF receptor-2 (VEGFR-2) mRNAs on 

blood vessels during implantation. More indications that VEGF plays a crucial role dur-

ing this phase are given by the study of Vuorela et al.52, who examined cases of recur-

rent miscarriage and found a diminished expression of VEGF in trophoblastic tissue and 

a weaker expression of its receptors in maternal decidual endothelium. Furthermore, 

Krussel et al.53 showed that the VEGF gene is one of the earliest genes activated during 

human preimplantation embryo development.

	 Soluble VEGFR-1 (flt-1), important in modulating the actions of VEGF in angiogen-

esis, is secreted by the placenta and expected to function as a VEGF antagonist. He et 

al.54 demonstrated in mice that an increase in the ratio of VEGF to sVEGFR-1 results in 

an increase in the number of resorption sites. High concentrations of VEGF can harm 

to the process of angiogenesis during implantation. This emphasizes that a balance in 

angiogenesis promoters and inhibitors is crucial in angiogenesis.

	 Taken together, it is very likely that VEGF plays a key role in the interaction between 

the embryo and the endometrium at the time of implantation. The way it is expressed 

strongly suggests that it is involved in angiogenesis on both maternal and fetal sides of 

the placenta12. And as the embryo appears to be able to stimulate local angiogenesis 

in the endometrium, it might very well stimulate angiogenesis in ectopic sites, thereby 

preparing an alternative implantation site.

4. Future research and clinical implications

Knowing all this, one questions how we can relate and intervene our results to the physi-

ological and moreover, the pathological in vivo situation.
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	 To widen our view concerning the physiological situation, one could further opti-

mize the in vitro model and study the factors involved in extended detail. To this end, in 

future research one might use a three dimensional angiogenesis model consisting of a 

mixture of endometrial ECM components, and further elucidate the role of MT(3)-MMP 

and the ERb-mediated signaling pathway in the process of endometrial angiogenesis. 

Furthermore, one might seek for other angiogenic factors which might be up regulated 

in endometrial cells by ovarian or pregnancy induced hormones.

	 In pathological processes in which in endometrial angiogenesis is involved, one 

would like to be able to therapeutically intervene, this way improving perinatal out-

come by optimizing the implantation site and fetal intrauterine environment. Important 

additional information could be obtained from tissue samples of failed implantations 

(spontaneous abortions) and of abortus provocatus. In these cases, the determination of 

angiogenic factors in tissue samples of decidua basalis compared with decidua parietalis 

and secretory endometrium might enhance our understanding in the role of (disrupted) 

angiogenesis at this time and why it should contribute to the failure of implantation.

	 Moreover, studying the influence of the human blastocyst and its signaling factors 

on other types of endothelium and stromal cells, like those of the mesothelium could 

deepen our insight into ectopic implantation. More research is necessary to determine 

which additional early embryonic factors are able to control the process of angiogenesis. 

A comparison between the factors produced by embryo’s which, in retrospect, did and 

did not implant could be of interest and might be beneficial for IVF/ICSI strategies in the 

future.

	 One way of optimizing the embryo implantation site in case of IVF/ICSI seems to 

be embryo transfer in a natural cycle. So far, the direct effect of COHS on endometrial 

angiogenesis was studied in animals but not in humans. It would be informative to test 

different COHS in our in vitro angiogenesis model and determine whether this might 

negatively influence the endometrial environment.

5. Conclusions

Endometrial vascular maladaptation prior and during implantation may lead to serious 

complications (pregnancy loss, IUGR, pre-term delivery, pre-eclampsia) which may have 

consequences during pregnancy, perinatally, but also later in the neonates’ life. The con-

sequences in later life often appear to be related to an endothelial dysfunction, which 

is in agreement with our findings. This endothelial dysfunction appears to exist already 

at a young age55-57. Endometrial vascular maladaptation has an embryonic cause, a ma-

ternal cause or a combination of both. A less well developed embryo might be impaired 
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in signaling the endometrial endothelial cells leading to inadequate adaptation of the 

vessels. On the other side, (pre-existing) maternal endothelial dysfunction may also lead 

to defective maternal vascular remodeling. Such endothelial dysfunction might be either 

autogenously (e.g. in diabetes, auto-immune diseases, pre-eclampsia?) or caused by 

exogenous factors (e.g. smoking, COHS?)51,58. We have shown that COHS adversely af-

fects pregnancy outcome, whether COHS negatively affects the endometrial vasculature 

needs further study.

	 The experiments have shown that the isolated human endometrial endothelial cells 

display a high angiogenic capacity, which is further enhanced upon exposition to VEGF-

A. The u-PA/plasmin system and MT3-MMP play an important in this process and the 

ovarian steroids overall regulate this process indirectly, via the endometrial stromal cells. 

During implantation, the embryo takes over as the main (local) regulator by inducing 

angiogenesis locally at its implantation site through the expression of VEGF. With the 

results described in this thesis, we provide more insight in the (patho-)physiology of 

endometrial angiogenesis, and in the role of the embryo in these phenomena.
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Summary

In Chapter 1, the background is given of the studies in which it is hypothesized that 

negative effects prior or during implantation may lead to aberrant placenta develop-

ment and/or fetal development, which may give rise to diseases later in life. Maternal 

angiogenesis, the formation of new blood vessels from pre-existing ones, plays a key 

role in the process of implantation and placentation, whereas endothelial (dys)function 

might represent a link to fetal programming.

	 The first part of this thesis consists of two epidemiological studies which refer to 

the abovementioned. The main part of this thesis is about the process of endometrial 

angiogenesis in relation to implantation en placentation.

	 In the development towards a successful outcome of human procreation, implanta-

tion seems to be a highly inefficient process. Assisted procreation may compensate for 

the inefficiency to some extent. This compensation can be reached by selection of gam-

etes and embryos and the induction of, regrettably, multiple pregnancy. For selection 

of the best oocytes, controlled ovarian hyperstimulation (COHS) is required. However, it 

adversely affects perinatal outcome in some cases and might do this by exerting a nega-

tive influence on the implantation process. The Barker hypothesis proposes that several 

diseases later in life are related to low birth weight, which is the result of intra-uterine 

undernourishment. The underlying biological mechanisms behind the association of low 

birth weight and adult disease have not been explained yet: endothelial dysfunction 

might play a role in this association.

	 An important function of the endothelium is angiogenesis. The different phases of 

angiogenesis are described in Chapter 1. The angiogenic capacity of endothelial cells de-

pends largely on the ability to degrade and remodel its extracellular matrix. Two known 

main proteolytic enzymes systems are involved in this process: the urokinase-type plas-

minogen activator (u-PA)/plasmin cascade and the matrix-metalloproteinase (MMP) sys-

tem. Vascular endothelial growth factor-A (VEGF-A), which was detected in endometri-

um in in vivo studies, is the growth factor that is generally assumed to play a stimulating 

role in angiogenesis. The ovarian steroids have the overall orchestration of endometrial 

angiogenesis. However, whether they exert their influence directly on the endothelium is 

unclear.

Most studies in which the Barker hypothesis is challenged, are cohort studies carried out 

in different countries. In Chapter 2, we performed a case-control study amongst Dutch 

women, in whom an association between low birth weight and myocardial infarction 

later in life was investigated.

	 A nationwide population-based case-control study was used. The study included 
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152  patients with a first myocardial infarction before the age of 50 years and 568 con-

trol women who had not had a myocardial infarction. Patients and their controls were 

matched for age, calendar year of the index event, and area of residence.

	 The results showed that birth weight in the patient group was significantly lower 

than in control women (3214 g vs. 3370 g, mean difference 156.3 g (95%CI -9.5 to 

-303.1 g). The odds ratio (OR) for myocardial infarction in patients with a birth weight 

lower than 3000 gram (20th percentile in controls) as compared to higher than 3000 g, 

was 1.7 (95%CI 1.1-2.7). The OR for myocardial infarction in patients with a low birth 

weight (<2000 g) as compared to a birth weight > 2000 g, was 2.4 (95%CI 1.0-5.8). 

Both these outcomes did not change after adjustment for putative confounders (age, 

education level, body mass index, waist-hip ratio, hypertension, diabetes, hypercholes-

terolemia, smoking, and family history of cardiovascular disease).

	 The conclusion of this study was that low birth weight is associated with an increased 

risk of myocardial infarction before the age of 50 years in Dutch women. As such, these 

results support the Barker hypothesis.

In Chapter 3, our primary objective was to investigate whether subfertility explains poor 

perinatal outcome after assisted conception. A secondary objective was to test the hy-

pothesis that ovarian hyperstimulation, rather than the IVF procedure itself, may influ-

ence the perinatal outcome.

	 For this purpose, data of a Dutch population-based historical cohort of 26,428 wom-

en treated for subfertility was used. We compared perinatal outcome of singletons con-

ceived after COHS and IVF (IVF+COHS; n=2,239) with perinatal outcome of singletons 

in subfertile women who conceived spontaneously (subfertile controls; n=6,343) and in 

women who only received COHS (COHS-only, n=84). Furthermore, we compared perina-

tal outcome of singletons conceived after transfer of thawed embryos with (Stim+Cryo; 

n=66) and without COHS (Stim–Cryo; n=73).

	 The OR for very low birth weight (<1500 g) was 2.8 (95% confidence interval (CI) 

1.9-3.9) in the IVF+COHS group as compared to the subfertile control group. The ORs 

for low birth weight (<2500 g), very preterm birth (<32 weeks) and for preterm birth 

(<37 weeks) were 1.6 (95%CI 1.3-1.8), 2.0 (95%CI 1.4-2.9) and 1.5 (95%CI 1.3-1.8), 

respectively. Adjustment for confounders did not change these risk estimates. The dif-

ference in risk between the COHS-only group and the subfertile group was significant 

only for very low birth weight (OR 3.5; 95%CI 1.1-11.4), but the association became 

weaker after adjustment for maternal age and primiparity (OR 3.1 (95%CI 1.0-10.2). No 

significant difference in perinatal outcome was found between the group of children 

conceived after embryo transfer of thawed embryos either in a cycle with ovarian stimu-

lation / ovulation induction (Stim+Cryo) or in a spontaneous cycle (Stim–Cryo).
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	 In conclusion, the association between assisted conception and poor perinatal out-

come could not be explained by subfertility in this study. 

The following two chapters focus on the establishment of an optimal intra-uterine envi-

ronment of which the basis is formed by a well functioning, receptive endometrium with 

angiogenesis as the most important factor in this process.

	 In Chapter 4, the isolation and (angiogenic) characterization of human endometrial 

microvascular endothelial cells (hEMVEC) derived from premenopausal endometrium is 

described.

	 Unlike human foreskin microvascular endothelial cells (hFMVEC), which proliferated 

better upon stimulation by basic fibroblast growth factor (bFGF), hEMVEC were much 

more sensitive to VEGF-A stimulation. This is probably due to enhanced VEGF receptor 2 

expression. In addition, hEMVEC displayed an enhanced expression of u-PA as compared 

to hFMVEC. No differences were found in tissue-type PA, PA inhibitor-1, and u-PA recep-

tor expression. The high in vitro expression of u-PA by hEMVEC was also found in vivo, 

in tissue sections.

	 HEMVEC formed capillary-like structures when cultured in 20% human serum on 

top of three-dimensional (3D) fibrin matrices. VEGF-A and bFGF increased this tube for-

mation. This was in contrast to hFMVEC, which formed tubes only after simultaneous 

stimulation by a growth factor and tumor necrosis factor-a. The high basal level of u-PA 

contributed to and may explain the high angiogenic properties of hEMVEC (in vitro).

	 In Chapter 5, we further investigated the proteolytic properties of hEMVEC as this 

might explain their typical angiogenic behavior. We studied the expression of proteases 

by hEMVEC and their involvement in the formation of capillary tubes, and compared 

these requirements with those of hFMVEC.

	 Inhibition of urokinase and MMPs both reduced tube formation in a fibrin or fi-

brin/collagen matrix. Cultured hEMVEC expressed various MMP mRNAs and proteins; 

in particular, MMP-1, MMP-2, MT1-, MT3- and MT4-MMPs. MT3- and MT4-MMP mRNA 

levels were significantly higher in hEMVEC than in hFMVEC. Other MT-MMP mRNAs 

and MMP-9 were hardly detectable. Immunohistochemical analysis confirmed the pres-

ence of MT3-MMP in endothelial cells of endometrial tissue. Overexpression of TIMP-1 

or TIMP-3 by adenoviral transduction of hEMVEC reduced tube formation to the same 

extent, whereas only TIMP-3 was able to inhibit tube formation by hFMVEC. Tube forma-

tion by hEMVEC was partly inhibited by the presence of anti-MT-3-MMP antibodies.

	 Thus, in contrast to tube formation by hFMVEC, which largely depends on MT1-MMP, 

capillary-like tube formation by hEMVEC is, at least partly, regulated by MT3-MMP.

Sex-steroid hormones affect angiogenesis in the endometrium during the menstrual 
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cycle. Little information has been available regarding the exact mechanisms by which 

these steroids exert their function on the process of angiogenesis.

	 In Chapter 6, a survey is given on factors important for endometrial angiogenesis 

that have been found (or suggested) to respond to ovarian steroids. These factors in-

clude VEGF, fibroblast growth factors (FGFs), tumor necrosis factor a (TNF-a), erythro-

poietin (Epo) and trombospondin-1 (TSP-1). In addition, the influence of steroids on the 

expression of matrix-degrading proteases, in particular the u-PA/plasmin system and 

MMPs, are reviewed.

Since it was not clear whether the ovarian steroids regulate endometrial angiogenesis di-

rectly or indirectly via adjacent cells, the influence of 17b-estradiol (E2) and progesterone 

on hEMVEC and human endometrial stromal cells (hESC) was examined.

	 The results, as described in Chapter 7, show that hEMVEC express estrogen receptor 

(ER)b, whereas hESC express ERa, ERb (detected at its C-terminal part) and progesterone 

receptor (PR). This was revealed by immunohistochemical staining of steroid receptors 

and RT-PCR. Functional ER and PR activities were confirmed by the abilities of E2 and 

progesterone (10-11-10-8M) to reduce IL-6 production. The addition of E2 and progester-

one had no significant effect on basal and VEGFA-enhanced proliferation of hEMVEC. 

The formation of capillary tubular structures was evaluated with hEMVEC grown on a 

3D-fibrin matrix. Basal tube formation was enhanced 3.8-fold by VEGF-A. E2 and proges-

terone had no significant effect, neither under the basal conditions nor in the presence 

of VEGF-A. However, both progesterone and E2 stimulated VEGF-A production by hESC 

9- to 29-fold. Furthermore, co-culture of hESC with hEMVEC improved the maintenance 

of hEMVEC.

	 In conclusion, ovarian steroids did not have a major effect on proliferation and tube 

formation by hEMVEC, although they express ERb. However, E2 and progesterone stimu-

late VEGF-A production by hESC markedly. It is proposed that ovarian steroids have an 

indirect effect on regulation of endometrial angiogenesis.

In Chapter 8, we studied the direct influence of the human embryo on in vitro endome-

trial angiogenesis. Conditioned media (CM) of human embryos were used to stimulate 

hEMVEC grown in an in vitro angiogenesis model.

	 It was shown that CM of human embryos, containing significant amounts of VEGF-

A as determined by enzyme-linked immunosorbent assay (ELISA), caused an increase in 

hEMVEC tube formation. This effect was prevented by soluble VEGFR-1, which quenches 

VEGF-A activity. Recombinant EGF, alone and leukemia inhibitory factor in combination 

with VEGF-A, stimulated hEMVEC tube formation. None of the other tested recombinant 

mediators, which have been described to be produced by the early embryo/trophoblast 
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(interleukin (IL) 10, transforming growth factor (TGF) b, placental growth factor (PLGF), 

hCG, colony-stimulating factor 1, interferon-g, insulin-like growth factor I and II, IL-6, 

platelet-derived growth factor, and TGFa), had an effect on tube formation by hEMVEC.

	 For the first time, it was shown that the human embryo is able to stimulate in vitro 

endometrial angiogenesis at the time of implantation. This process was shown to be 

mediated by VEGF-A.

In Chapter 9, the results of the studies are summarized and discussed in a broader per-

spective. In short, vascular maladaptation prior and during implantation may lead to 

serious complications during pregnancy, perinatally, but also later in life (Barker hypoth-

esis). The consequences later in life often appear to be related to endothelial dysfunc-

tion, which is in agreement with our results. Furthermore, we have shown that COHS 

adversely affects pregnancy outcome. Whether COHS negatively affects the endometrial 

vasculature needs further study.

	 The experiments have shown that the isolated human endometrial endothelial cells 

display a high angiogenic capacity, which is further enhanced by exposition to VEGF-A. 

The u-PA/plasmin system and MT3-MMP play an important role in this process and the 

ovarian steroids overall regulate this process indirectly via the endometrial stromal cells. 

During implantation, the embryo takes over as the main (local) regulator by inducing 

angiogenesis at its implantation site through the expression of VEGF. With the results 

described in this thesis, we provide more insight in the (patho)physiology of endometrial 

angiogenesis and in the role of the embryo in this process.
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Samenvatting

Tijdens de innesteling (implantatie) vindt er communicatie over en weer plaatst tus-

sen het embryo en de implantatieplaats (endometrium; baarmoederslijmvlies). Als deze 

communicatie, welke plaats vindt door middel van biochemische signalen, niet goed 

verloopt, kan dit leiden tot een verstoorde implantatie en moederkoekvorming (pla-

centatie). Dit kan een miskraam tot gevolg hebben, maar ook een verstoorde foetale 

ontwikkeling, leidend tot intra-uteriene groeivertraging.

	 Barker stelt in zijn hypothese ‘fetal origins of adult disease’ dat een laag geboor-

tegewicht, veroorzaakt door intra-uteriene ondervoeding, gerelateerd is aan het meer 

voorkomen van bepaalde (voornamelijk hart -en vaat-) ziekten op latere leeftijd.

	 Een goed verlopend implantatieproces is dus van groot belang. Angiogenese, de vor-

ming van nieuwe bloedvaatjes uit reeds bestaande bloedvaatjes, aan de maternale zijde 

van de placenta, speelt een essentiële rol tijdens de implantatie en placentatie. Endo-

theelcellen bekleden de binnenzijde van bloedvaten. Een verstoorde endotheelfunctie, 

met dientengevolge een verstoorde angiogenese, zou mogelijk een rol kunnen spelen bij 

“fetal programming” (Barker hypothese).

	 In dit proefschrift worden in het eerste deel twee epidemiologische studies beschre-

ven die betrekking hebben op de Barker hypothese. Het andere deel van het proefschrift 

bestrijkt het onderzoek naar het proces van angiogenese.

In Hoofdstuk 1 wordt de achtergrond gegeven van de Barker hypothese en van het 

proces van implantatie en angiogenese. In de voortplanting van de mens blijkt het pro-

ces van implantatie zeer inefficiënt te zijn. Geassisteerde conceptie kan dit enigszins 

beïnvloeden door selectie van gameten en embryo’s, maar mede ook, door iatrogene 

meerlingzwangerschappen. Gecontroleerde ovariële hyperstimulatie (COHS) is nodig 

voor selectie van de beste oöcyten. Daarnaast kan COHS, mogelijk via zijn invloed op 

de implantatie, de perinatale uitkomst negatief beïnvloeden. Er zijn nog geen duidelijke 

biologische mechanismen bekend die de associatie tussen implantatie, geboortegewicht 

en ziekten op latere leeftijd kunnen verklaren. Een verstoorde endotheelfunctie kan hier-

bij een rol spelen.

	 Een belangrijke functie van endotheelcellen is angiogenese. De verschillende fases 

van angiogenese worden beschreven in Hoofdstuk 1. De angiogene capaciteit van de en-

dotheelcellen hangt grotendeels samen met hun vermogen tot het degraderen en her-

schikken van hun extracellulaire matrix. Twee belangrijke proteolytische systemen spelen 

hierbij een belangrijke rol: het urokinase-type plasminogeen activator (u-PA)/plasmine 

systeem en het matrix-metalloproteinase (MMP) systeem. Een groeifactor die in in vivo 

studies is aangetoond in het endometrium, is “vascular endothelial growth factor-A” 
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(VEGF-A). Van VEGF-A is bekend dat deze een stimulerende rol in de angiogenese heeft. 

De ovariële steroïden besturen het proces van angiogenese in het endometrium, maar 

of zij een directe invloed uitoefenen op het endotheel is onbekend.

De meeste studies waarin de Barker hypothese is getest, betreffen cohort studies die 

zijn uitgevoerd in verschillende landen. In Hoofdstuk 2 beschrijven wij een case-control 

studie met vrouwen, waarin de associatie tussen een laag geboortegewicht en een myo-

cardinfarct op latere leeftijd wordt beschreven.

	 De case-control studie is gedaan in een Nederlandse populatie. Honderdtweeënvijf-

tig patiënten met een eerste myocardinfarct voor hun 50e levensjaar en 568 controle 

vrouwen die nog nooit een myocardinfarct hadden gehad, werden bestudeerd. Patiën-

ten en hun controles werden gematched voor leeftijd, index datum en postcode.

	 De resultaten laten zien dat het geboortegewicht van de vrouwen in de patiënten-

groep significant lager was dan in de controle groep (3214 g vs. 3370 g, gemiddeld ver-

schil 156,3 g (95% betrouwbaarheidsinterval (BI) -9,5 tot -303,1 g). De odds ratio (OR) 

voor een myocardinfarct in de geboortegewicht groep < 3000 g (20e percentiel in de 

controle groep), vergeleken met de geboortegewicht groep > 3000 g, was 1,7 (95%BI 

1,1-2,7). De OR voor het krijgen van een myocardinfarct voor vrouwen met een geboor-

tegewicht < 2000 g ten opzichte van een geboortegewicht > 2000 g, was 2,4 (95%BI 

1,0-5,8). Deze resultaten veranderden niet na correctie voor eventueel verstorende fac-

toren (leeftijd, opleiding, “body mass index”, middel-heup ratio, hypertensie, diabetes, 

hypercholesterolemie, roken en een positieve familie anamnese voor cardiovasculaire 

aandoeningen).

	 De conclusie van de studie was dat een laag geboortegewicht geassocieerd is met 

een toegenomen risico op een myocardinfarct voor het 50e levensjaar in Nederlandse 

vrouwen. Deze bevindingen zijn in overeenstemming met de hypothese van Barker.

Bij geassisteerde conceptie, waarbij men gebruik maakt van COHS eventueel in combinatie 

met IVF of ICSI, is gebleken dat de perinatale uitkomsten slechter zijn. Dit uit zich in lagere 

geboortegewichten en/of vroeggeboorten (partus prematurus). In Hoofdstuk  3 hebben 

we ten eerste onderzocht of subfertiliteit, gedefinieerd als het uitblijven van een zwanger-

schap na één jaar regelmatig onbeschermde coïtus, de slechtere perinatale uitkomst kan 

verklaren na geassisteerde conceptie. Ten tweede hebben we gekeken of ovariële hypersti-

mulatie, en niet zozeer de IVF procedure zelf, de perinatale uitkomst beïnvloedt.

	 Hiervoor hebben we data gebruikt uit een Nederlandse retrospectieve cohort studie 

bestaande uit 26.428 vrouwen die onder controle waren in verband met subfertiliteit. We 

hebben de perinatale uitkomsten (geboortegewicht en partus prematurus) van eenlingen 

die geboren waren na het gebruik van COHS en IVF (“IVF+COHS”; n=2.239) vergeleken 
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met perinatale uitkomsten in een groep van subfertiele vrouwen die uiteindelijk spontaan 

zwanger waren geworden (“subfertile controls”; n=6.343) en een groep vrouwen die 

zwanger waren geworden na het gebruik van alleen COHS (“COHS-only”, n=84). Verder 

hebben we de perinatale uitkomsten bestudeerd tussen eenlingzwangerschappen, die 

ontstaan zijn na het terugplaatsen van een ontdooid embryo in een met COHS gestimu-

leerde (“Stim+Cryo”; n=66), en ongestimuleerde cyclus (“Stim–Cryo”; n=73).

	 De OR van zeer laag geboortegewicht (< 1500 g) was 2,8 (95%BI 1,9-3,9) ten op-

zichte van de “IVF+COHS” groep, vergeleken met de “subfertile control” groep. De OR’s 

voor laag geboortegewicht (<2500 g), zeer preterme geboorte (<32 weken) en pre-

terme geboorte (<37 weken) waren achtereenvolgens 1,6 (95%BI 1,3-1,8), 2,0 (95%BI 

1,4-2,9) en 1,5 (95%BI 1,3-1,8). Correctie voor mogelijke verstorende factoren deed deze 

resultaten niet veranderen. Er was een significant verschil in risico op een zeer laag ge-

boortegewicht tussen de “COHS-only” groep en de “subfertile” groep (OR 3,5; 95%BI 

1,1-11,4). Na correctie voor maternale leeftijd en primipariteit werd het risico minder 

(OR 3,1 (95%BI 1,0-10,2). In de groepen met ovariële stimulatie/ovulatie inductie ge-

stimuleerde cyclus (“Stim+Cryo”) of ongestimuleerde spontane cyclus (“Stim–Cryo”), 

werden geen significante verschillen gevonden in geboortegewicht en voorkomen van 

een partus prematurus.

	 Concluderend, de slechtere perinatale uitkomsten na geassisteerde conceptie kun-

nen niet verklaard worden door de factor subfertiliteit.

	 De volgende twee hoofdstukken richten zich op het creëren van een optimale intra-

uteriene omgeving voor het embryo. Angiogenese is essentieel voor een goed functio-

nerend en receptief endometrium.

	 In Hoofdstuk 4 wordt de isolatie en (angiogene) karakterisering van humane en-

dometriale microvasculaire endotheelcellen (hEMVEC), afkomstig uit premenopauzaal 

endometrium, beschreven.

	 In tegenstelling tot humane voorhuid microvasculaire endotheelcellen (hFMVEC), die 

het beste prolifereren na stimulatie met “basic fibroblast growth factor” (bFGF), reageer-

den hEMVEC veel beter op stimulatie met VEGF-A. Dit is waarschijnlijk te verklaren door 

de verhoogde expressie van VEGF receptor 2 op hEMVEC. Een ander verschil met hFM-

VEC was dat hEMVEC het “urokinase type plasminogeen activator” (u-PA) in veel hogere 

mate uitscheidden. Er werden geen verschillen gevonden in expressie van “tissue-type 

PA”, “PA inhibitor-1” en u-PA receptor. De hoge u-PA expressie door hEMVEC in vitro kon 

ook worden aangetoond in vivo in endometrium coupes.

	 Als we hEMVEC lieten groeien op een drie-dimensionale (3D) fibrine matrix in de aan-

wezigheid van 20% humaan serum, vormden zij spontaan capillair-achtige structuren 
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(verder “vaatjes” te noemen). VEGF-A en bFGF zorgden voor verdere stimulatie van deze 

vaatvorming. Dit in tegenstelling tot bij hFMVEC, waarbij pas vaatjes werden gevormd 

nadat de cellen gestimuleerd waren met een groeifactor en “tumor necrosis factor-a”. 

De hoge basale u-PA expressie zal zeker bijgedragen hebben aan de sterke angiogene 

eigenschappen van hEMVEC (in vitro).

In Hoofdstuk 5 zijn we verder ingegaan op de proteolytische eigenschappen van hEM-

VEC, aangezien dit hun typische angiogene gedrag kan verklaren. We hebben gekeken 

naar de expressie van verschillende proteasen door hEMVEC en hun rol in de vaatvor-

ming. De resultaten van hEMVEC hebben we vergeleken met die van hFMVEC.

		 Blokkade van u-PA en/of MMP’s remde de vaatvorming in een fibrine en fibrine/

collageen matrix. Gekweekte hEMVEC brachten verschillende MMP mRNA’s en eiwitten 

tot expressie. Duidelijk tot expressie kwamen: MMP-1, MMP-2, MT1-, MT3- en MT4-

MMP’s. De hoeveelheid MT3- en MT4-MMP mRNA was significant hoger in hEMVEC dan 

in hFMVEC. MT2-, MT5-, MT6-MMP en MMP-9 mRNAs, waren nauwelijks detecteerbaar. 

Immunohistochemische analyse bevestigde de aanwezigheid van MT3-MMP in endo-

theelcellen in het endometrium. Overexpressie van TIMP-1 en TIMP-3 door adenovirale 

transductie gaf een identieke remming van de vaatvorming door hEMVEC, terwijl alleen 

TIMP-3 in staat was om de vaatvorming door hFMVEC te remmen. Vaatvorming door 

hEMVEC kon deels worden geremd door toevoegen van anti-MT-3-MMP antilichamen.

	 Dus, in tegenstelling tot de vaatvorming door hFMVEC, die grotendeels afhankelijk is 

van MT1-MMP, wordt de vaatvorming door hEMVEC, in ieder geval gedeeltelijk, geregu-

leerd door MT3-MMP.

Ovariële steroïden beïnvloeden de angiogenese in het endometrium tijdens de menstru-

ele cyclus. Er is weinig bekend over de manier waarop de steroïden hun invloed uitoefe-

nen op het proces van angiogenese.

	 In Hoofdstuk 6 wordt een overzicht gegeven van de factoren die de angiogenese in 

het endometrium stimuleren of remmen en die onder invloed staan van steroïden. Deze 

factoren zijn: VEGF, fibroblast growth factors (FGFs), tumor necrosis factor a (TNF-a ), 

erythropoietine (Epo) en trombospondine-1 (TSP-1). Daarnaast wordt de invloed van 

de steroïden op de expressie van matrix-afbrekende proteasen, zoals het u-PA/plasmine 

systeem en de MMP’s, beschreven.

Het was tot voor kort nog onduidelijk of de ovariële steroïden direct danwel indirect (via 

andere endometriale cellen) de angiogenese in het endometrium reguleren. Om dit te 

onderzoeken werd in hoofdstuk 7 de invloed van 17b-oestradiol (E2) en progesteron op 

hEMVEC en humane endometriale stromale cellen (hESC) onderzocht.
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	 De resultaten laten zien dat hEMVEC oestrogeen receptor (ER) b tot expressie bren-

gen, terwijl hESC ERa, ERb en progesteron receptor (PR) tot expressie brengen. Dit kon 

worden aangetoond door middel van immunohistochemische kleuring van de stero-

ïdreceptoren en RT-PCR. Dat de ER en PR op de cellen ook functioneel actief waren, 

werd bevestigd doordat zowel E2 als progesteron (10-11-10-8M), de interleukine-6 (IL-6) 

productie deden verminderen. Het toevoegen van E2 en progesteron aan hEMVEC had 

geen significant effect op de basale en VEGF-A-geïnduceerde proliferatie. Tevens werd 

de invloed van steroïden op de vaatvorming door hEMVEC op een 3D-fibrine matrix 

onderzocht. De basale vaatvorming nam met een factor 3.8 toe indien VEGF-A was toe-

gevoegd. E2 en progesteron hadden geen significant effect; niet onder basale condities, 

maar ook niet in combinatie met VEGF-A. Echter, zowel progesteron als E2 stimuleerden 

de VEGF-A productie (9- tot 29-voudig) door hESC. Tevens viel op dat als hEMVEC in co-

culture met werd gebracht met hESC, de conditie van hEMVEC werden verbeterd.

	 Concluderend, de ovariële steroïden hadden geen grote invloed op de proliferatie en 

vaatvorming door hEMVEC, ondanks dat ze ERb tot expressie brengen. E2 en progeste-

ron stimuleerden de VEGF-A productie door hESC wel evident. Aldus lijkt een indirecte 

regulatie van de endometriale angiogenese door ovariële steroïden aannemelijk.

In Hoofdstuk 8 hebben we de directe invloed van het humane embryo op de in vitro 

endometriale angiogenese onderzocht. In een in vitro angiogenese model werd gecon-

ditioneerd medium (CM) van humane embryo’s gebruikt om hEMVEC te stimuleren.

	 Het CM van humane embryo’s bleek significante hoeveelheden VEGF-A te bevatten, 

hetgeen kon worden aangetoond met behulp van “enzyme-linked immunosorbent as-

say” (ELISA). Dit veroorzaakte een toename in vaatvorming door hEMVEC. Dit effect werd 

tegengegaan door “soluble VEGFR-1”, dat VEGF wegvangt. Recombinant “epidermal 

growth factor” (EGF) alleen en “leukemia inhibitory factor” (LIF) in combinatie met VEGF-

A, stimuleerden vaatvorming door hEMVEC. Andere geteste recombinant factoren waren 

“interleukin (IL) 10”, “transforming growth factor“ (TGF) b, “placental growth factor“ 

(PLGF), hCG, “colony-stimulating factor 1“,“interferon-g“,“insulin-like growth factor I en 

II”, IL-6, “platelet-derived growth factor“ en TGFa. Van deze factoren is beschreven dat zij 

geproduceerd worden door het vroege embryo en/of eerste trimester trofoblast. Echter, 

deze factoren hadden in onze studie geen effect op de vaatvorming door hEMVEC.

Voor het eerst werd in deze studie aangetoond dat het humane embryo, door de expres-

sie van VEGF-A, in staat is om in vitro endometriale angiogenese te stimuleren.

In Hoofdstuk 9 zijn de resultaten van de verschillende studies samengevat en bedis-

cussieerd. Een verstoorde vasculaire ontwikkeling voorafgaand aan en tijdens de im-

plantatie, kan leiden tot ernstige complicaties met gevolgen voor de vrucht tijdens de 



Chapter 10

172

graviditeit, voor de neonaat perinataal, maar mogelijk ook later in het kind zijn/haar 

leven. De aandoeningen die later in het leven optreden blijken vaak gerelateerd te zijn 

aan het disfunctioneren van het endotheel. Dit komt overeen met onze bevindingen. 

We hebben laten zien dat COHS de perinatale uitkomst negatief beïnvloed. Of dit komt 

doordat COHS een negatieve invloed uitoefent op de endometriale vaten moet verder 

onderzocht worden.

	 De experimenten laten zien dat geïsoleerde humane endometriale endotheelcel-

len grote angiogene capaciteiten hebben, vooral wanneer ze blootgesteld worden aan 

VEGF-A. Het u-PA/plasmine en het MT3-MMP systeem spelen een belangrijke rol in de 

endometriale angiogenese waarvan de ovariële steroïden de aanvoerders zijn. E2 en pro-

gesteron reguleren het proces indirect via de endometriale stromacellen. Tijdens de im-

plantatie neemt het embryo de aanvoerdersrol over door de angiogenese ter plaatse van 

zijn implantatie te stimuleren door de expressie van VEGF.

	 De resultaten beschreven in dit proefschrift geven ons meer inzicht in de 

(patho)fysiologie van de angiogenese in het endometrium en de rol van het embryo 

hierin.
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bFGF	 	 basic fibroblast growth factor

BM	 	 basal membrane

BMI	 	 body mass index

CM	 	 conditioned medium

COHS	 	 controlled ovarian hyperstimulation

CSF-1		  colony stimulating factor

DNA	 	 deoxyribonucleic acid

E2		  17b-estradiol

ECM	 	 extracellular matrix

ECGF	 	 endothelial cell growth factor

EGF	 	 epidermal growth factor

ELISA	 	 enzyme-linked immunosorbent assay

Epo	 	 erythropoietin

ER		  estrogen receptor

ERE		  estrogen response elements

ET		  embryo transfer

GAPDH		  glyceraldehyde-3-phosphate dehydrogenase

hCG	 	 human chorionic gonadotropin

hEMVEC	 human endometrial microvascular endothelial cells

hESC	 	 human endometrial stromal cells

hFMVEC		 human foreskin microvascular endothelial cells

HRE		  hormone response elements

HS		  human serum

HSA	 	 human serum albumin

hUVEC		  human umbilical cord endothelial cells

IFN		  interferon

IGF		  insulin-like growth factor

IL	 	 interleukin

IVF		  in vitro fertilization

ICSI		  intracytoplasmic sperm injection

IUGR	 	 intra uterine growth retardation

LIF	 	 leukemia inhibitory factor

MPA		  methoxyprogesterone acetate

MMP		  matrix metalloproteinase

MT-MMP	 membrane-type MMP

NBCS		  new born calf serum

OR		  odds ratio

PAI		  plasminogen activator inhibitor
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PE		  pre-eclampsia

Plg	 	 plasminogen

Plg-R	 	 plasminogen receptor

PLGF		  placental growth factor

PDGF	 	 platelet-derived growth factor

PR		  progesterone receptor

PRE		  progesterone response elements

RNA		  ribonucleic acid

RT-PCR		  reverse transcriptase polymerase chain reaction

sVEGFR		  soluble vascular endothelial growth factor receptor

TGF		  transforming growth factor

TIMP		  tissue inhibitor of matrix metalloproteinase

TNF		  tumor necrosis factor

u-PA		  urokinase-type plasminogen activator

u-PAR		  urokinase-type plasminogen receptor

sc-u-PA		  single-chain urokinase-type plasminogen

tc-u-PA		  two-chain urokinase-type plasminogen

t-PA	 	 tissue-type plasminogen activator

TSP		  thrombospondin

VEGF	 	 vascular endothelial growth factor

VEGFR		  vascular endothelial growth factor receptor
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Chapter 1, page 17
Figure 6. Fibrin staining in secretory endometrium.
In vivo the ECM of the endometrium consists of a number of proteins, such as laminin, fibrin, colla-
gen type I, II, IV and VI, fibronectin and heparan sulphate proteogycan. The composition of the ECM 
varies during the cycle, as is shown here on paraffin sections of late-proliferative (A) and secretory 
(B) endometrium of two patients with a Martius Scarlet Blue staining. This staining stains fibrin red, 
collagen blue and erythrocytes yellow. During the secretory phase an increase of fibrin deposition 
is seen in the ECM of the endometrium. Bar = 100 µM.
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Chapter 4, page 65
Figure 5. Expression of u-PA in blood vessels in human secretory phase endometrial tissue.
Immunohistochemistry was performed with labeled antibody to u-PA on paraffin sections of hu-
man endometrium, as described in Materials and Methods. A, Brown staining shows accumulation 
of u-PA in the stromal endometrium; the surface and glandular epithelium are negative for the u-
PA antigen (20x magnification). The rectangle area is enlarged in B. B and C, Black arrows indicate 
examples of positive endothelial cells, and a white arrowhead indicate positive stromal cells (200x 
magnification). The same results were obtained using proliferative phase endometrium. 
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Chapter 5, page 80
Figure 1. Capillary-like tube formation by hEMVEC in a fibrin or collagen matrix depends on 
u-PA and MMP activities. 
HEMVEC were cultured on top of a three-dimensional fibrin matrix (A,C,D) or 50-50% fibrin/col-
lagen-type-1 matrix (B,E) and stimulated with VEGF-A (10 ng/mL). A and B: Micrographs taken after 
4 days of culturing; insets in A and B show details of capillary-like structures. Bar = 300 mm, Bar 
insets = 100 mm. C: Cross section perpendicular to the matrix surface and stained with Hematoxy-
lin-Phloxine-Safran (bar = 50 mm). D and E: hEMVEC were cultured with 10 ng/mL VEGF-A (control) 
in the absence or presence of polyclonal anti-u-PA (auPA, 100 mg/mL), BB94 (5 mg/mL) or a combina-
tion of BB94 and anti-u-PA. After 3-5 days of culturing, mean tube length was measured by image 
analysis. The data in panel D are expressed as a percentage of VEGF-A-induced tube formation 
±SEM of 6 independent experiments of duplicate wells performed with 3 different hEMVEC isola-
tions. Panel E represents 3 experiments. *: p<0.05 vs. control, #: p<0.05 vs. auPA.
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Chapter 5, page 82
Figure 2. HEMVEC express various MMPs and MT-MMPs.
HEMVEC were cultured for 24 h in M199 supplemented with 0.5% HSA (A) or 20% HS (B,C) and 
were not stimulated (control) or stimulated with TNFa (2.5 ng/mL), VEGF-A (10 ng/mL) or PMA (10-8 
M), as indicated. A: Gelatin zymography of 24 h conditioned medium. (M = ladder) B: MT1-MMP 
activity in cell lysates (mean ± range of two experiments performed in duplicate wells with two 
different isolations; detection limit of the assay 0.2 ng/mL). C: Western blot of MT3-MMP in 24 h 
conditioned medium.  D and E: Immunohistochemical analysis of MT3-MMP in endometrial tissue 
shows the presence of MT3-MMP in endothelial cells (D, arrows) and myometrium (E, stars). Similar 
results were obtained in the tissue of three other donors.
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Chapter 6, page 95
Figure 1. In mature (non-growing) capillaries the vessel wall is composed of an endothelial cell 
lining and a basement membrane, in which pericytes (blue) usually are present. Angiogenic fac-
tors (p) bind to endothelial cell receptors and initiate angiogenesis. When the endothelial cells are 
stimulated by angiogenic growth factors, they secrete proteolytic enzymes like metallo protein-
ases (MMPs) and enzymes of the plasminogen activator (PA) system, which degrade the basement 
membrane surrounding the vessel. The junctions between endothelial cells are loosened, the cells 
migrate through the space created, and the newly formed sprouts migrate and proliferate.]

Chapter 6, page 96
Figure 3. After menstruation from the basal endometrium a new functional endometrium grows. 
The basal arteries give rise to new blood vessels, which will form spiral arteries and a subepithelial 
capillary complex. Together with stromal and epithelial growth and differentiation, and increased 
vascular permeability, an edematous, thick receptive endometrium is prepared for implantation.
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Chapter 7, page 120
Figure 1. Expression of ERa, ERb and PR in human endometrial tissue.
Immunohistochemistry was performed with labeled antibodies to ERa, ERb and PR on paraffin sec-
tions of human endometrium, as described in the methods section. Panel A and B; brown staining 
shows ERa in the epithelium and in the stromal compartment, the endothelium is negative for the 
ERa. C and D; endometrial stroma, epithelium and endothelium show positive staining for ERb. E 
and F; PR staining is seen in the epithelium and in the stroma, the endothelium stains negative for 
the PR. G and H; von Willebrand and CD31 staining were used to indicate the endothelial cells in the 
endometrium. Black arrow heads indicate an example of positive endothelial cells, and black arrows 
indicate negative endothelial cells.
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Chapter 7, page 127
Figure 7. HESC and VEGF contribute to maintenance of hEMVEC monolayers.
Cultures of hEMVEC and hESC were detached and seeded on the surface of a filter (hEMVEC) or 
dish (hESC) of a transwellTM system (Costar). The next day the hEMVEC-covered filters were trans-
ferred into the wells in which hESC had been grown or wells without cells (control). To half of the 
control conditions VEGF-A (10 ng/mL) was added. HEMVEC were immunostained for CD 31 (green) 
and F-actin was visualized by rhodamine-falloidin (red). HEMVEC monolayers remained intact in 
co-culture, but showed holes in control cells. The addition of VEGF-A improved the quality of the 
monolayers. [See appendix: color figures]


