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1. Re s u lt s  o f  t h e  s t u d ie s

In Chapter 2 we demonstrated that women with a low birth weight had a higher risk of 

my oc ardial infarc tion than women with a normal birth weight. In Chapter 3  we fou nd 

that singleton IV F  pregnanc ies had signifi c antly  worse perinatal ou tc omes than sponta-

neou sly  c onc eiv ed pregnanc ies in su bfertile women.

In Chapters 4  - 8  the isolation of hu man endometrial mic rov asc u lar endothelial c ells 

(hE M V E C) is desc ribed together with their high angiogenic  c apac ity , whic h was likely  

du e to their high response to V E G F -A  and their high ex pression of u -P A . B esides the u -P A /

plasmin sy stem, M M P s, in partic u lar M T 3 -M M P , c ontribu ted to hE M V E C tu be formation. 

F u rthermore, we demonstrated that hu man endometrial stromal c ells (hE S C) ex pressed 

E R , E R  and P R  and responded to the ov arian steroids by  an inc rease in V E G F -A  ex pres-

sion. In c ontrast, hE M V E C ex pressed only  E R  and showed at best a marginal angiogenic  

response to E 2. H E M V E C c u ltu red in c lose c ontac t with hE S C su rv iv ed better, probably  

du e to parac rine V E G F  produ c tion by  hE S C.

T he data presented in Chapter 8  demonstrate that c onditioned media of hu man 

embry os c ontained V E G F -A  and stimu lated in  v itro  endometrial angiogenesis, an effec t 

whic h was c ou nterac ted by  sV E G F R -1 . A mong the fac tors ex pressed by  hu man embry -

onic  tissu e, V E G F -A  was obv iou sly  the most potent in stimu lating hE M V E C proliferation 

and tu be formation.

W ith these resu lts we elu c idate more of the proc esses inv olv ed in angiogenesis, 

whic h was ou r main goal.

2 . F r o m  c lin ic a l q u e s t io n s  t o  im p la n t a t io n  a n d  
a n g io g e n e s is

O u r c linic al stu dies c onfi rm the “ B arker hy pothesis”  that low birth weight is a seri-

ou s risk fac tor for c ardio-v asc u lar disease in later life and, fu rthermore, indic ate that 

c ontrolled ov arian hy perstimu lation (CO H S ) in assisted proc reation is related with low 

birth weight. In order to prev ent fetal growth retardation, whic h might be indu c ed by  

assisted proc reation, we mu st u nderstand more abou t the mec hanisms inv olv ed.

F or a healthy  fetal dev elopment, an optimal env ironment needs to be c reated ear-

ly  in life, du ring the proc ess of implantation. W hen the implantation site is loc ated in 

the u teru s, the preparations for an optimal env ironment already  start before fertiliz a-

tion, du ring the proliferativ e and sec retory  phase of the menstru al c y c le. O ptimaliz a-

tion of the implantation site is su bseq u ently  established by  the embry o itself, whic h 

interac ts with its implantation site. A lso in an u nprepared ex tra-u terine 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-147 0 ) 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-147 0 , 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 fl ow resistance is associated with unexplained recurrent miscar-

riages9.

- morphological studies10 ,11 show poor placental vascular development in intra uter-

ine growth retardation (IU GR).

- 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. N evertheless, we believe that our in vitro model 

reflects the in vivo situation adequately.

3.2 T he role of M M P ’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 b y  the ov arian 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 ER  at 

higher passages. From our results, an indirect regulation of endometrial angiogenesis by 

the ovarian steroids appears most likely. K rikun 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 betw een embryo and endometrium; the role of V EGF

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 ER -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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