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Summary

Purpose of investigation: The aim of this study was to compare levels of selected angiogenesis-related proteins in intrauterine growth
restriction (IUGR)-compromised and normal placentas at term. Materials and Methods: Stromatal tissue of placental villi of gesta-
tionally matched IUGR patients and controls (both groups of n=32, gestational age between 39+0 and 40+6 gtt) was separated by mi-
crodissection. After separation, placental tissue was homogenised on ice (2°10 min, 2,000 rpm) and centrifuged (2°5 min, 5,000 rpm).
Proteins of supernatant were fractionated by 8% or 10% SDS-PAGE and Tie-1, Tie-2, VEGFR-1, VEGFR-2, and MMP-2 levels were
measured by Western blot using appropriate primary and secondary antibodies. Results: In the IUGR group, compared to the control
group, there was a significantly lower level of Tie-1 (67.1% of controls, p < 0.001), VEGFR-1 (72.4% of controls, p <0.001), VEGFR-
2 (68.5% of controls, p = 0.001), and a significantly higher level of Tie-2 (119% of controls, p = 0.023). MMP-2 was increased in the
TUGR group (127% of controls, p <0.001). Conclusions: Placental levels of Tie-1, Tie-2, VEGFR-1, and VEGFR-2 are altered in preg-
nancies complicated by [IUGR. Compared with that in normal pregnancies, the level of MMP-2 was upregulated. The present authors
speculate that the results of this study represent the angiogenic imbalance observed in IUGR pregnancies; thereby resulting in poor and
disturbed angiogenesis underlying delayed development of the fetus.
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Introduction

The placenta is a unique organ that develops and func-
tions only during pregnancy. The normal development of
the placenta is mastered by angiogenic growth factors. Suc-
cessful placentation depends on the formation of an effi-
cient vascular network established by processes of
vasculogenesis and angiogenesis [1, 2]. Impaired placen-
tation is associated with many pregnancy pathologies, in-
cluding intrauterine growth restriction (IUGR) [3].

IUGR is a severe pregnancy complication, resulting in
birth of a fetus with estimated weight below the 10" per-
centile for its gestational age, and with abdominal circum-
ference below the 2.5" percentile [4]. The IUGR incidence
range is estimated to be 3-10%, with respect to the exam-
ined newborn population, geographic location, and stan-
dard reference growth curves [5]. The imbalance between
pro-angiogenic and anti-angiogenic factors is suggested to
be a key factor in the development of [IUGR [6-8].

The most well-characterised of four ligands of the an-
giopoietin system are angiopoietin 1 (Ang-1) and an-
giopoietin 2 (Ang-2). These are crucial angiogenic growth
factors acting in the later stages of placental angiogenesis
[9, 10]. Their corresponding receptors include tyrosine ki-
nase receptor Tie-2, which is activated by Ang-1 and
blocked by Ang-2 [11, 12], and Tie-1 receptor, often con-
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sidered an orphan receptor [13]. During pregnancy, an-
giopoietins are expressed in placenta even from the first
trimester [9]. Ang-1 promotes endothelial cell survival, en-
dothelial cell migration, and the remodelling of vessels [14,
15], whereas Ang-2, as the natural antagonist of Ang-1, reg-
ulates endothelial cell apoptosis and vessel regression, thus
facilitating vascular endothelial growth factor (VEGF)-in-
duced neovascularization [16]. In general, angiopoietins
seem to act as co-players to the VEGF system and have a
major role in the later stages of angiogenesis [17].

VEGF was one of the first angiogenic factors identified,
and is generally recognised as an important regulator of
both normal and pathological angiogenesis [18, 19]. In
pregnancy, VEGF is expressed by human villous and ex-
travillous trophoblasts, securing there the formation of new
blood vessels by affecting proliferation, migration, and
metabolic activity of trophoblasts [7, 8, 20]. Upon receiv-
ing an angiogenic stimulus, endothelial cells follow the
stimulatory gradient and migrate into a previously avascu-
lar region. The endothelial sprouting involves remodelling
of the extracellular matrix (ECM) by the activity of metal-
loproteinases (MMPs) [21, 22]. MMPs comprise a family
of over 20 human structurally related zinc-dependent en-
dopeptidases, which have broad substrate specificity.
Among MMPs, gelatinases (MMP-2 and -9) are capable of
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degrading denatured collagens and basement membrane
components and remodelling ECM [23, 24]. Several stud-
ies have shown that alterations in MMP expression and ac-
tivity may be associated with [TUGR [25-27].

The studies regarding the role of angiogenic factors in
IUGR-compromised pregnancies have usually examined
the circulating levels of angiogenic factors and their re-
spective soluble receptors in maternal serum. Previous
studies that have investigated the placental expression of
angiopoietin and VEGF-family receptors in [UGR preg-
nancies are not numerous, and their results are inconsistent.
Moreover, the studies have usually used rather small sam-
ple sizes and have often not defined whether [IUGR was re-
lated to preeclampsia (PE) or could be classified as
idiopathic. A study by Geva et al. demonstrated that the pla-
cental Tie-2 mRNA expression was not changed in preg-
nancies compromised by PE with ITUGR in the third
trimester [28]. Findings of Kappou ef al. showed a signifi-
cant increase in the placental expression of Tie-2 in PE-
IUGR pregnancies [29]. Semczuk et al. observed higher
mRNA expression for VEGFR-1 and VEGFR-2 genes in
25 TUGR placentas [30]. Vuorela and Halmesmaéki per-
formed immunohistochemical analysis of Tie-1, Tie-2,
VEGFR-1, and VEGFR-2 in five [UGR-compromised pla-
centas that exhibited the highest VEGFR-2 immunoreac-
tivity in placentas with IUGR [31]. Rajakumar et al.
investigated mRNA levels of membrane and soluble VEGF
receptor-1 proteins in normotensive pregnancies compli-
cated by late-onset IUGR, with results indicating no dif-
ference between normal and IUGR placentas [32]. On the
other hand, Helske et al. reported increased placental ex-
pression of VEGFR-1 in placentas with fetal growth re-
striction [33].

The purpose of this study was to examine levels of pla-
cental VEGFR-1, VEGFR-2, Tie-1, Tie-2, and MMP-2 pro-
teins in [UGR-compromised and normal placentas at term.

Materials and Methods

Stromatal tissue of placental villi was obtained from gestation-
ally-matched IUGR patients and controls. The study population
was comprised of placentas from 32 uncomplicated and 32 [UGR
pregnancies of gestational age between 39+0 and 40+6 weeks.
Placentas from twin pregnancies, infants with congenital anom-
alies, and those from pregnancies with maternal complications
such as chronic hypertension or diabetes mellitus were excluded
from the study. The gestational age in days was defined by the
last menstrual period. The group of IUGR-compromised preg-
nancies was defined by the birth weight of newborns below the
10" percentile and by an elevated pulsatility index (PI) in the um-
bilical arteries (> 2 SD). Clinical characteristics of the groups are
shown in Table 1. Written consent was obtained from all subjects
of the study.

Placental samples were collected at delivery from both groups.
The tissue specimens were taken immediately after the extraction
of the placenta from the uterus. Several basal plate biopsy speci-
mens of the maternal-foetal interface (1.5x1.5%1 cm in diameter)
were randomly excised from each placenta in a way that each

sample contained the decidua basalis and villous placenta. Areas
involving calcification or infarcts were avoided. The tissue spec-
imens were immediately frozen at -80°C and stored until pro-
cessing.

The obtained tissue was brought to 0°C and washed in cold nor-
mal saline to eliminate any contaminating blood. Endometrial
stroma was prepared by microdissection under optic control. To
isolate cytosol fractions, the isolated stroma was homogenized in
ten volumes of the homogenization buffer (20.0 mM Tris-HCI,;
2.5 mM EDTA; 50.0 mM NaF; 10.0 mM NayP,0, 1% Triton X-
100; pH 7.4) containing a complete protease inhibitor cocktail for
mammalian tissues (AEBSF - aprotinin, leupeptin, bestatin, pep-
statin A, and E-64) on ice by using a tight teflon-glass homoge-
nizer (310 min at 2,000 rpm). The homogenate was centrifuged
at low-speed at 10,000 g for 2"10 min at 4°C. The resultant su-
pernatant and pellet were subsequently separated. Supernatant was
then collected and snap frozen in liquid nitrogen and stored at —
80°C until use. The concentration of the proteins was determined
by the method of Lowry.

The sample containing 25 pg of protein was solubilized in
Laemmli buffer (50 mM Tris/HCI, pH 8.0, 6% (w/v) dithiothre-
itol, 5% (w/v) SDS, 0.005% (w/v) Bromphenol Blue). The pro-
teins were resolved by standard SDS-PAGE (8% gels for Tie-1,
Tie-2, VEGFR-1 and VEGFR-2, and 10% gels for MMP-2). The
electrophoresis was run at 200 V for one hour, using a mini pro-
tean II gel kit. Proteins were then transferred to a nitrocellulose
membrane using a wet apparatus. The membrane was blocked for
one hour in 5% fat-free milk in PBST buffer (PBS containing
0.05% (v/v) Tween 20) at room temperature. Subsequently, the
membrane was incubated for two hours at room temperature with
appropriate primary antibody in 1% fat-free milk in PBS-T buffer
at room temperature. The following primary antibodies were used:
against Tie-1 (sc-365257, 1:1000), against Tie-2 (sc-9026,
1:1000), against VEGFR-1 (D-2, sc-271789, 1:1000), VEGFR-2
(D-8, 5¢-393163, 1:1000), and against MMP-2 (sc-10736, 1:500).
After the primary antibody was removed, the blot was washed for
3710 min in PBS-T buffer. Subsequently, the membrane was in-
cubated with appropriate secondary antibody (1:15 000-20 000) in
1% fat-free milk PBS-T buffer for one hour at room temperature.
After removing the secondary antibody, the membrane was ex-
tensively washed three times for ten minutes in PBS-T buffer and
the blot was visualized by ECL.

The expression levels of proteins were analysed and quantified
by scanning densitometry. Blots were scanned for quantification
of band intensity. The expression level corresponded to the num-
ber of black pixels scanned of each band. The results were ex-
pressed as optical density (OD) in arbitrary units. Statistical
analysis was performed using the SigmaStat 3.5 program. The un-
paired t-test was used. For categorical variables, a Chi-square test
was performed. When indicated, a non-parametric Mann-Whit-
ney Rank Sum Test for continuous variables was used for the
group comparisons. P-values less than 0.05 were considered sta-
tistically significant.

Results

The present study sample included 32 normotensive
pregnancies complicated by [UGR and 32 normotensive
controls. The characteristics of the study groups are shown
in Table 1. Birth weight at delivery and placental mass dif-
fered (p < 0.001) between the analysed groups, while no
statistical differences were found regarding maternal age,
gestational age at delivery, and child gender.
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Table 1. — Characteristics of the study sample.

Table 2. — Comparison of Tie-1, Tie-2, VEGFR-I,

IUGR Control p-value VEGFR-2, and MMP-2 expression levels in control and

Cases (n) 32 32 IUGR placentas.

Maternal age (years) 30.3+4.3 30.9+4.5 0.571 IUGR (% of Controls) p-value
Gestational age at 2734+7.1 2751479 0423 Tel 67.1 <0.001
delivery (days) Tie-2 119 0.023
Birth weight (g) 2415.04276.6 3138.8£1054 <0.001  VEGFR] 4 20.001
Child gender (male, %) 50.9+0.5 52.7+0.5 0.852* VEGFR-2 68.5 0.001
Placental weight (grams) 375.0+£102.0  546.9+44.5 <0.001 MMP-2 127 <0.001

Data are presented as mean + SD or percentage. * Chi-square test for cate-
gorical variables. A non-parametric Mann-Whitney Rank Sum Test for contin-
uous variables was used for the group comparisons.

Comparison of protein levels quantified by Western blots
revealed differences in all studied protein between the
IUGR and control groups. The results are summarised in
Table 2. The authors found that expression levels of Tie-1
(Figure 1a, Table 2) and both VEGF receptors (Figure 1c
and 1d, Table 2) were significantly decreased in the [IUGR
group. Comparison revealed increased expression of Tie-2
in samples from IUGR placentas compared to the control
group (Figure 1b, Table 2). The same trend was found for
MMP-2, with 127% of expression level of the control
group (Figure le, Table 2).

Discussion

The broadly accepted pathophysiological concept for
ITUGR-compromised pregnancies implies an imbalance of
angiogenic factors and their impaired cooperation. The
present findings demonstrate that in pregnancies compli-
cated with IUGR, placental VEGFR-1, VEGFR-2, and Tie-
1 levels were decreased, whereas there was an increase in
the levels of Tie-2 and MMP-2.

Previous studies have shown that angiopoetic factors play
a key role in a number of endothelial and non-endothelial
events during placentation. However, literary data still give
an inconsistent and sometimes contradictory picture of pla-
cental levels of angiopoetic factors in pregnancies with im-
paired placentation. The studies regarding the role of
angiogenic factors in placentas of IUGR-compromised
pregnancies have usually examined their respective mRNA
expression [28-30, 32, 34], and just a few studies have in-
vestigated the placental levels of angiopoetic factors in
IUGR pregnancies by Western blot [33] or immunohisto-
chemistry [31, 33].

The present authors have demonstrated that levels of pla-
cental VEGFR-1, VEGFR-2, and Tie-1 tend to be lower in
normotensive IUGR pregnancies at term. These findings
differ somewhat with those of several studies. In a Western
blot study by Helske et al., VEGFR-1 but not the other re-
ceptors showed increased expression in placental syncy-
tiotrophoblasts from 50% of patients with compromised
pregnancies. Levels of other receptors remained unchanged
[33]. In their immunohistochemistry study, Vuorela and

Halmesmaki described decreased VEGFR-1 immunoreac-
tivity in the myometrial vascular smooth muscle cells of
women with [IUGR. However, they observed the strongest
VEGFR-2 immunoreactivity in the [IUGR myometrial cells
[31]. On the other hand, Zhou ef al. showed by immuno-
histochemistry and Western blotting, decreased cytotro-
phoblast VEGF-A and VEGFR-1 levels in PE pregnancies.
Decreased levels of VEGFR-1 were counterbalanced with
increased levels of soluble receptor form sFlt-1, which is a
hallmark of compromised pregnancies [35]. As it is well
known that sFIt-1 directly attenuates VEGFR-2 expression
[36], decreased levels of VEGFR-1 in the present study can
also be linked with an expected sFlt-1 increase, and thus
with a VEGFR-2 decrease in turn. The supposed phenom-
enon of that inverse action acts through heterodimerization
of sFIt-1 with VEGFR-2 and subsequent inhibition of
VEGFR-2 expression [36].

Studies dealing with placental mRNA expression usu-
ally depict different levels of angiogenic factors and their
respective receptors in comparison with [UGR-compro-
mised pregnancies. Semczuk et al. observed higher mRNA
expression for VEGFR-1 and VEGFR-2 genes in 25 [TUGR
placentas [30]. On the other hand, Andraweera et al. con-
cluded that the level of placental mRNA of the VEGF fam-
ily of angiogenic growth factors is reduced in small for
gestational age infants [34]. Moreover, Rajakumar ef al. in-
vestigated mRNA levels of membrane and soluble VEGF
receptor-1 proteins in normotensive pregnancies compli-
cated by late-onset intrauterine growth restriction, with re-
sults indicating no difference between normal and ITUGR
placentas [32]. However, results obtained by Western blot-
ting and mRNA expression should be compared with max-
imal caution. A gene’s mRNA level does not necessarily
predict its protein level, and correlation of expression lev-
els can vary from poor to moderate [37]. Nevertheless, the
present authors suggest that their results’ discrepancy with
broadly comparable Western blot or immunohistochemistry
studies was likely due to possible heterogeneity of exam-
ined placental tissue among studies.

The present results showed an increase in the levels of
Tie-2 and MMP-2. Once again, regarding Tie-2 levels, sim-
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ilar heterogeneity exists among the few published studies.
Vuorela and Halmesmaki reported stable Tie-2 immunore-
activity between [IUGR and control groups [31]. A study by
Geva ef al. also demonstrated that placental Tie-2 mRNA
expression was not changed in pregnancies compromised
by PE with IUGR in the third trimester [28]. On the other
hand, Kappou et al. showed a significant increase in the
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Figure 1. — Western blot analysis of Tie-1, Tie-2, VEGFR-1,
VEGFR-2, and MMP-2 proteins in normal and IUGR pregnan-
cies. Decreased levels of Tie-1 (A), VEGFR-1 (C), and VEGFR-
2 (D) in IUGR-compromised pregnancies are observed, whereas
levels of Tie-2 (B) and MMP-2 (E) tend to be higher. Only the
typical results of three samples from each patient-control pair in
each Western blot figure are presented. All the values in graphs are
mean + S.E.M. from pooled data of the entire study group, aris-
ing from two independent experiments for three samples per each
patient and control. P < 0.05 was considered significant.

placental expression of Tie-2 in PE and IUGR pregnancies.
The changes were more significant in pregnancies further
complicated with [UGR than in PE [29]. In a longitudinal
study by Bolin ef al., the authors demonstrated upregulation
of Ang-2, a naturally occurring disruptor of embryonic vas-
cular development mediated by Tie-2, in maternal serum
of PE pregnancies during the whole gestation [38]. Those
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particular observations are in accord with the present find-
ings; however, the direct comparison of this data with pre-
viously published findings is difficult, due to the diversity
of methods and tissue used. Nevertheless, Ang-2 is sup-
posed to act as the dynamic up-regulator of the Ang-Tie2
axis in numerous diseases including inflammation [39, 40].
In a recent study, induced vascular inflammation in preg-
nant mice resulted in [IUGR and even intrauterine fetal
death [41]. One can speculate that increased Ang-2 levels,
mirroring increased Tie-2 levels, reflect unrecognised vas-
cular inflammation in the present [UGR placenta samples.

The number of studies depicting alterations in placental
MMP expression and activity associated with [UGR is even
more limited [25-27, 42]. By using methods of Western
blotting and immunohistochemistry, Zhu et al. studied lev-
els of MMPs in the pathogenesis of PE and fetal growth re-
striction. They showed that the expression of MMP-2 was
downregulated in villous tissues of PE and IUGR cases
[42]. Merchant ef al. examined MMP-2 activity in explants
from IUGR pregnancies compared with normal pregnan-
cies, by zymography, and found reduced MMP-2 activity in
explants cultured in 20% oxygen [27]. In contrast, the zy-
mographic and ELISA results of Mckirdy and Marks
showed no significant difference in MMP-2, MMP-9 or
TIMP-2 levels in placentas of [IUGR pregnancies [25]. No
significant differences were also found between activity of
total MMP-2 and total MMP-9 in first trimester placental
bed biopsies of IUGR-complicated and uncomplicated
pregnancies [26]. The present findings described the in-
crease in MMP-2 level. MMPs are recognised for their key
role in inflammation, repair, and remodelling processes
[43]. As MMPs are induced in inflammation, in connection
with higher Tie-2 levels discussed above, and as one pos-
sible explanation, the present authors postulate that in-
creased MMP-2 levels in this IUGR group are related to
unrecognised vascular inflammation.

Conclusion

In summary, the present authors have demonstrated lower
levels of VEGFR-1, VEGFR-2, and Tie-1 proteins and in-
creased levels of Tie-2 and MMP-2 in [UGR-compromised
placentas. This study provides additional Western blot ex-
tension of insight into the disrupted balance between an-
giogenic and antiangiogenic factors in the etiology of
IUGR. The present data support the solid evidence of in-
sufficient uteroplacental perfusion resulting in IUGR. The
present authors further hypothesise that impaired expres-
sion of angiogenic factors can also, to some degree, repre-
sent a response to specific placental inflammation.
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