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ABSTRACT

Pre-eclampsia is a condition unique to human pregnancy. It is characterized by new-
onset hypertension and widespread endothelial dysfunction. The exact aetiology of
pre-eclampsia is unsolved, but knowledge of its pathophysiology has increased in
recent decades. Currently, pre-eclampsia is considered as a placental disease. One of
the pathogenic mechanisms is thought to be imbalanced angiogenesis in the maternal
circulation. That has been found weeks before the onset of clinical disease and has
been seen to correlate with the severity of the disease. Angiogenic factors have been
widely studied in recent years with the aim of finding a method to predict subsequent
pre-eclampsia, or therapeutic targets. So far, the only curative treatment for pre-

eclampsia remains delivery of the foetus and placenta.

This thesis covers four studies, in all of which we have utilized a2 human cell-
based tissue model to study angiogenic properties of pre-eclampsia. The
vasculogenesis/angiogenesis model was developed in the Finnish Centre for
Alternative Methods (FICAM) which is a centre of expertise for alternative methods
to animal experimentation.

In the first study, we collected maternal blood and umbilical-cord blood samples
from eleven primiparous women with pre-eclampsia and ten primiparous controls
in 2011-2014. Maternal blood samples were taken near delivery and umbilical blood
samples were taken after childbirth. Sera from pre-eclamptic women strongly
inhibited angiogenesis whereas in the control group there was no inhibition.
Umbilical blood samples were inhibitory after both pre-eclampsia and normal
pregnancy, and there was no difference between the groups.

It the second study, we assessed early gestational angiogenic properties and
longitudinal changes in angiogenic capacity of sera from women with healthy and
pre-eclamptic pregnancies by using 7z vitro and immunoassay tests. The study
population consisted of six primiparous women who subsequently developed pre-
eclampsia and six healthy controls. In the first trimester, maternal sera from both
groups had a stimulatory effect on angiogenesis 7 vitro and levels of angiogenic
proteins did not differ between the groups.
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The aim of the third and fourth studies was to elucidate the effects of three
concentrations of metformin (Study III) and pravastatin (Study IV) on angiogenesis
with and without maternal sera. For this we recruited twenty pregnant women in
2017-2018. Maternal serum samples were obtained from women with early-and late-
onset pre-eclampsia, intrauterine growth restriction and healthy pregnancies. At
therapeutic concentrations, neither of the drugs enhanced angiogenesis. In contrast,
metformin at a high concentration had a strong inhibitory effect on angiogenesis in
every group. Pravastatin at the lowest concentrations along with maternal sera from
eatly-onset pre-eclamptic pregnancies had a stimulatory effect on angiogenesis in
some women.

In conclusion, we showed that a human cell-based vasculogenesis/angiogenesis
model can be utilized to study angiogenic properties in pre-eclampsia as well as
interactions between maternal sera and therapeutic agents. In addition, the data
obtained from the 7z vitro assay offer a holistic perspective to the angiogenic capacity
of serum. In contrast to previous studies, which have hypothesized that metformin
and pravastatin therapies restore angiogenic balance in pre-eclampsia, the results of
this study suggest that at therapeutic concentrations neither of these drugs improve
angiogenesis markedly.



TIVISTELMA

Pre-eklampsia on raskauden aikainen sairaus, johon liittyy verenpaineen nousu ja
yleistynyt endoteelin toimintahdiri6. Sitd esiintyy eldinkunnassa ainoastaan ihmisill.
Pre-eklampsian perimmiistd syytd el tdysin tunneta, mutta viime vuosina
tutkimustieto sen tautimekanismeista on huomattavasti lisiantynyt. Nykydan pre-
eklampsiaa pidetddn istukkasairautena. Sen kliinistd taudinkuvaa edeltidd useiden
viikkojen epidtasapaino verisuonikasvua sditelevien tekijoiden vililld ja timidn on
todettu korreloivan sairauden vakavuuteen. Verisuonikasvutekijoitdi on viime
vuosina tutkittu laajasti sekd mahdollisena ennusteellisina tekijéind sairauden
kehittymiselle ettd lddkehoidon kohteena. Toistaiseksi pre-eklampsian ainoa
parantava hoito on synnytys.

Viitoskirja  koostuu  neljasti  osatyOstd, joissa on tutkittu = seerumin
verisuonikasvuominaisuuksia pre-cklampsiassa. Kaikissa osatoissd on kiytetty
thmissoluperiistd kudosviljelymallia. Kdytetty verisuonimalli on kehitetty Tampereen
yliopiston alaisuudessa toimivassa asiantuntijakeskuksessa FICAM:ssa (Finnish
Centre For Alternative Methods), joka on edellikivijd ei-eldinkokeellisten kudos- ja
elinmallien kehityksessa.

Ensimmiiseen osatyohon osallistui 21 naista, joista 11 oli sairastunut pre-
eklampsiaan ja 10 toimi terveend vertailuryhmini. Tutkittavien rekrytointi tapahtui
vuosina 2011-2014. Kaikilta naisilta otettiin ldhelld synnytysajankohtaa seeruminiyte,
ja synnytyksen yhteydessd napanuorasta seerumindytteet. Seeruminaytteista tutkittiin
verisuonikasvuominaisuuksia verisuonimallia hyédyntiden. Tutkimuksessa todettiin
pre-eklampsiaan sairastuneen naisen seerumin estivin verisuonikasvua. Terveilld
vertailuryhmin naisilla vastaavaa 16ydostd ei todettu. Molemmissa ryhmissé sikién
napaseerumi oli verisuonikasvua estivai eikd ryhmien vililld todettu eroa.

Toisessa osatyssi tutkittiin ensimmadiseen osaty6hon osallistuneiden naisten
seerumin  verisuonikasvuominaisuuksia alkuraskaudessa ja siind tapahtuvia
muutoksia  raskauden edetessi. Molemmissa ryhmissi oli kuusi naista.
Verisuonimallin  lisdksi  verisuonikasvuominaisuuksia — tutkittiin ~ méarittimalld
yksittdisten ~ verisuonikasvutekijéiden  pitoisuuksia  seerumissa.  Kaikki

seerumindytteet lisdsivit verisuonten kasvua eikd ryhmien vililli ollut eroa



alkuraskauden naytteissi. My6skddn verisuonikasvutekijéiden mdirissd ei todettu
ryhmien vililld eroa alkuraskaudessa.

Kolmanteen ja neljinteen osatyohon osallistui 20 raskaana olevaa naista.
Seerumindytteitd kerdttiin neljistd eri potilasryhmistd (varhainen pre-eklampsia,
myohiinen pre-cklampsia, sikion kasvuhidastuma ja terve) vuosina 2017-2018.
Kolmannessa osatyOssd madritettiin metformiinin ja neljinnessid pravastatiinin
vaikutusta verisuonikasvuun kolmella eri lddkepitoisuudella. Terapeuttisilla
pitoisuuksilla  kumpikaan lddke ei merkittivisti vaikuttanut verisuonikasvuun
yksinddn tai yhdessd didin seerumin kanssa. Terapeuttisen annoksen ylittavilld
pitoisuuksilla metformiini esti verisuonikasvua kaikissa ryhmissd. Kahdella
matalimmalla pitoisuudella pravastatiini sen sijaan lisisi seerumin verisuonikasvua
osalla varhaista pre-eklampsiaa sairastavista naisista.

Viitéstyo osoittaa, ettd kiytetty ihmissoluperdinen verisuonimalli soveltuu pre-
eklampsian verisuonikasvuominaisuuksien tutkimiseen. Verisuonimallia kiyttden
saadaan kokonaisvaltainen kisitys tutkittavan aineen verisuonivaikutuksesta, ja malli
soveltuu my6s lidkeaineiden verisuonivaikutusten tutkimiseen. Tédssi tutkimuksessa
madritettiin pravastatiinin ja metformiinin vaikutusta verisuonikasvuun, koska
molemmilla lddkeaineilla on ajateltu olevan korjaava vaikutus pre-eklampsiassa usein
esiintyvddn  verisuonikasvutekijéiden epitasapainoon. Timin  tutkimuksen
perusteella  kumpikaan lddkeaine el merkittdvisti parantanut = seerumin

verisuonikasvuominaisuuksia terapeuttisilla pitoisuuksilla.
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17 INTRODUCTION

Pre-eclampsia complicates 2—8% of all pregnancies worldwide (ACOG Practice
Bulletin, 2020). It is characterized by new-onset hypertension, endothelial
dysfunction and signs of end-organ dysfunction, most often affecting the liver and
kidneys (Steegers et al., 2010). Although most women with pre-eclampsia experience
mild symptoms, it is still one of the leading causes of maternal and foetal morbidity
and even mortality, especially in developing countries (Hutcheon et al., 2011). Pre-
eclampsia has commonly been subclassified into eatly- and late-onset forms (von
Dadelszen et al., 2003). Early-onset pre-eclampsia occurs before 34 weeks of
pregnancy and it is mainly considered as a placental disease, whereas the late-onset
form occurs after 34 weeks and it is more associated with maternal metabolic factors
(Ogge et al., 2011). Although the pathogenic mechanisms behind the disorders may
be different, the endpoint of both forms is multi-organ endothelial dysfunction.
Angiogenesis is a process by which new blood vessels form from existing ones.
It is tightly regulated by pro- and anti-angiogenic molecules. Controlled angiogenesis
is crucial for many physiological conditions as well as for normal pregnancy outcome
(Carmeliet, 2003). Both excess and insufficient angiogenesis contribute to the
pathogenesis of various diseases. Abnormal angiogenesis has been implicated in the
development and spread of malignant tumours decades before the discovery of its
involvement in pre-eclampsia. In the late 1980s Roberts and colleagues hypothesized
that shallow trophoblast invasion in early gestation and subsequent reduction in
placental perfusion lead to placental ischaemia, and release of a damaging factor into
the maternal circulation (Roberts et al., 1989). This factor was later recognized as
soluble fms-like tyrosine kinase 1 (sFlt-1) (Maynard et al., 2003). In 2004 Levine and
colleagues presented evidence that sFlt-1 concentrations begin to increase five weeks
before the onset of clinical pre-eclampsia and the rise in sFt-1 levels is accompanied
by decreases in the circulating concentrations of free placental growth factor (PIGF)
and vascular endothelial growth factor (VEGF) (Levine et al., 2004). The angiogenic
imbalance theory of pre-eclampsia was introduced. Since then, angiogenesis has
been widely studied, first to solve the exact pathophysiology of this “disease of
theories”, and later to find a predictive method or curative treatment for pre-



eclampsia. Despite increasing evidence, the exact pathophysiology of pre-eclampsia
is still unknown, and the only curative treatment remains delivery.

Angiogenesis-related diseases would optimally be studied 7z wivo, and various
animal models of pre-eclampsia have been developed (Sunderland et al., 2011).
However, there is growing evidence that animal and human tissue biochemistry is
more different than has been previously thought, and the results obtained from
animal experiments do not necessarily predict human reactions (Bracken, 2009). In
vitro models offer an alternative method for testing the modulators of angiogenesis.
Recent advances in 2z vitro technologies offer opportunities to improve modelling of
human conditions, and human cell-based 77 vitro models are increasingly being used
in studies of medical disorders and in the development of new therapies (Lopez et
al., 2018).

The main objective of this study was to test the suitability of a human adipose
sttomal cell/human umbilical vein endothelial cell (hASC/HUVEC) 7 vitro model
for evaluating angiogenic properties of maternal and umbilical sera. We were
particularly interested in angiogenic alteration in pre-eclamptic pregnancies, but
additionally we evaluated angiogenesis in cases of intrauterine growth restriction and
in healthy pregnancies. Another major objective was to study the angiogenic effects
of metformin and pravastatin, since they both have been suggested to reverse the
angiogenic balance in pre-eclamptic pregnancies. In addition, in order to assess the
direct effects of these drugs on angiogenesis, we investigated their interaction with

maternal sera from healthy and complicated pregnancies.
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2 REVIEW OF THE LITERATURE

2.1 Angiogenesis and vasculogenesis

Vasculogenesis and angiogenesis are two distinct mechanisms of blood-vessel
formation (Risau, 1997). In human fetoplacental development, vasculogenesis starts
at 21 and continues until 32 days post conception (Charnock-Jones et al., 2004).
During vasculogenesis undifferentiated mesodermal cells are recruited to form
primitive vascular networks during embryogenesis, and it occurs in parallel with the
formation of blood cells (hematopoiesis) (Schmidt et al., 2007). Hemangioblastic
stem cells give rise to angioblasts that are the progenitors of endothelial cells. VEFG
is the major regulator controlling the differentiation and behaviour of endothelial
cells during embryonic development, but particularly during the first steps of
vasculogenesis also fibroblast growth factor (FGF) is important mediator
(Charnock-Jones et al., 2004). Previously, vasculogenesis was thought to be limited
to embryonic development, but currently it is known that bone marrow-derived
progenitor cell-mediated vasculogenesis also exists in adults (Tepper et al., 2005).
Angiogenesis is defined as a process of creating new blood vessels from pre-
existing vasculature (Flamme et al., 1997). Angiogenesis is involved in many
physiological and pathological conditions, as presented in Table 1 (Carmeliet, 2003)
(Salajegheh, 2016). It is an essential process in growth and development of the
embryo and placenta, and it plays a central role in wound healing, the menstrual cycle
and tissue repair (ID’Alessio et al., 2015). Tumour angiogenesis is defined as
proliferation of a network of blood vessels which supply a tumour with nutrients
and oxygen for growth and spread (Kerbel, 2008). Therefore, inhibition of
angiogenesis is an important target in cancer therapy (Jayson et al, 2016).
Uncontrolled angiogenesis is also involved in other (non-malignant diseases) such as
rheumatoid arthritis and psoriasis (Szekanecz & Koch, 2007). A new and interesting
field in the treatment of cancer and other diseases is control of angiogenesis, i.c.
normalization of the vasculature (Goel et al., 2011) (Carmeliet & Collen, 2000).



2.1.1  Mechanism and regulation of angiogenesis

There are two types of angiogenesis; sprouting and intussusceptive (Potente et al.,
2011). Sprouting angiogenesis is more understood than intussusceptive angiogenesis
since it has been recognized earlier and it is easier to visualize (Adair & Montani,
2010) (Mentzer & Konerding, 2014). The stages of sprouting are 1) dissolution of
basement membrane, 2) proliferation of endothelial cells (ECs) into surrounding
matrix, 3) migration of ECs toward the angiogenic stimulus, 4) reorganization of
ECs to form tubules, 5) interconnection with other sprouts and 6) vessel stabilization
(Potente et al,, 2011) (Eilken & Adams, 2010) (Adair & Montani, 2010). Sprouting
angiogenesis is initiated by hypoxia. Intussusceptive angiogenesis, also known as
splitting angiogenesis, is the formation of a new blood vessel by splitting a single
vessel into two. The splitting happens when two opposing capillary walls establish a
zone of contact in the capillary lumen. The endothelial junctions are reorganized, the
basement membrane perforated and capillaries are divided by tissue pillars into two
vessels (Nowak-Sliwinska et al., 2018). Since intussusceptive angiogenesis is an
intravascular process, it is not visualized by conventional light microscope. The basic
principles of intussusceptive angiogenesis are well described, but the exact cellular
and molecular mechanisms are not yet characterized (Nowak-Sliwinska et al., 2018).
Intussusceptive angiogenesis is considered to be a fast and effective mechanism
compared with sprouting angiogenesis (Adair & Montani, 2010).

Angiogenesis is a complex and tightly coordinated process that is regulated by
stimulatory and inhibitory molecules. The balance between pro- and anti-angiogenic
factors is important because both excessive formation of blood vessels and their
insufficient development can lead to adverse consequences (Matsumoto & Claesson-
Welsh, 2001). Members of the vascular endothelial growth factor (VEGF) family are
the most important inducers of angiogenesis. The VEGF family includes VEGFE A,
B, C, D, and placental growth factor (PIGF) (Holmes & Zachary, 2005). VEGFs are
produced in response to hypoxia mainly by endothelial cells. They bind to three
tyrosine kinase receptors on the cell surface. These receptors are called vascular
endothelial growth factor receptors (VEGFR1-3) or alternatively fms-like tyrosine
kinase (Flt-1-3) receptors (Matsumoto & Claesson-Welsh, 2001)(Fig. 1). PIGF is an
important pro-angiogenic factor in placental formation and in early embryonic
development (De Falco, 2012). The main sources of PIGF are placental trophoblasts,
and its level in the maternal circulation increases along with gestation, reaching a
peak at 29-32 weeks (Levine et al., 2004). PIGF binds to Flt-1 with higher affinity
compared with VEFG-A or VEGF-B (De Falco, 2012). Besides VEFGs, other
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molecules also stimulate angiogenesis, such as fibroblast growth factor, angiopoietin,
tumour necrosis factor-alpha and interleukin 8 (Ucuzian et al., 2010) (Koch et al,,
1992). Soluble fms-like tyrosine kinase-1 (sFlt-1) is a circulating anti-angiogenic
protein which is a splice variant of the Flt-1 receptor lacking the transmembrane
domain. Its main source is the placenta, but it is additionally produced by endothelial
cells and monocytes. It has anti-angiogenic activity as it binds free VEGF and PIGF
and prevents them from binding to transmembrane receptors (Stepan et al.,
2004)(Fig. 1). Recently sFlt-1 has been extensively studied in association with pre-
eclampsia, but it is also an important regulator of blood-vessel formation in
embryogenesis (Ambati et al., 2006). Overall, angiogenic factors do not simply
control angiogenesis, they also maintain normal endothelial structure and function.
Soluble endoglin (sEng) is an anti-angiogenic glycoprotein that binds circulating
transforming growth factor beta (TGF-8). Endoglin is expressed in vascular
endothelial cells and placental trophoblasts (Venkatesha et al., 2000).
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Figure 1. Immunofluorescence image of enhanced tubule formation (angiogenesis) and simplified
illustration of disrupted angiogenic balance in pre-eclampsia. NO, nitric oxide; ROS,
reactive oxidative species; ET-1, endothelin 1. Immunofluorescence image obtained from
Outi Huttala.



Table 1. Physiological and pathological conditions of angiogenesis.
(Carmeliet et al. 2003, Salajegheh 2016)

Physiological Pathological (increased/decreased angiogenesis)
Embryogenesis Tumour growth and metastasis (increased)
Formation of placenta Diabetic retinopathy (increased)

Wound healing Haemangioma (increased)

Fracture repair Rheumatoid arthritis (increased)

Regeneration of endometrium Atherosclerosis (increased)

after menstruation Gastric ulcerations (decreased)

Crohn’s disease (increased)
Psoriasis (increased)

2.1.2  Vascular homeostasis and endothelial function

The vascular system has a crucial role in ensuring that oxygen and nutrients reach
every organ and tissue, and waste products are removed. Vascular endothelium, the
innermost layer of the blood vessel (tunica intima), is located at the interface between
blood and surrounding tissues. The middle layer (tunica media) contains smooth
muscle and it comprises the contractile part of the vessel wall, and the outmost layer
(tunica adventitia) is made of connective tissue (Pugsley & Tabrizchi, 2000).
Although the general structure of blood vessels is maintained throughout the body,
each organ has unique demands on the vasculature. Vascular homeostasis is the
balance between vascular injury and vascular repair. Healthy state of vascular system
is maintained by constant adjustment of several biochemical and physiological
pathways (Bondareva & Sheikh, 2020). Vascular endothelium maintains vessel
stability and proper function and it is the most important regulator of vascular
homeostasis. Endothelial cells release substances controlling vascular relaxation and
contraction as well as enzymes controlling blood clotting, immune function,
inflammatory processes and platelet adhesion (Pearson, 2000). Normal endothelial
function is essential for vascular system to respond varying demands of the tissues.
Endothelial dysfunction is characterized by imbalanced vascular tone, elevated levels
of reactive oxygen species (ROS) and proinflammatory factors consequently leading
to disruption of endothelial permeability (Deanfield et al,, 2007). Endothelial
dysfunction has been mostly studied in connection with cardiovascular diseases, and
it is known to precede the development of atherosclerosis (Rajendran et al., 2013).
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However, it is also associated with several other diseases and pathological states such
as pre-eclampsia, diabetes and septic shock (Chambers et al., 2001) (Tabit et al., 2010)
(Lee & Slutsky, 2010). There is little data on endothelial function in normal
pregnancy, but reduced peripheral vascular resistance in middle gestation is thought
to be mediated by endothelium-dependent factors such as nitric oxide synthesis.
There is evidence that in normal pregnancy vascular flow mediated dilatation
increases until 32 weeks of gestation, with a fall at 36 weeks (Quinton et al., 2007).

2.1.3  Invitro models as research tools

In vitro (within the glass) studies are performed outside of a living organism whereas
in vivo (within the living) refers to work that is performed in a living organism
including animal models and human clinical trials. Angiogenesis can be assessed
through both 2z vive and 7n vitro methods.

Animal models have played an important role in many medical advances, and
continue to be an essential part of medical research (Matthews, 2008). However, the
3Rs principles (replacement, reduction, refinement) were launched as eatly as in the
late 1950s (Russell, 1995). Following 3R guidance, whenever possible the use of
animals should be 1) replaced by alternative methods, 2) fewer animals should be
used to obtain sufficient data to answer the research hypothesis, and 3) procedures
should be modified to minimize pain and distress of an animal used in science (Aske
& Waugh, 2017). Although animal tests have improved our understanding of human
disease and the biological effects of many substances, they also have several
limitations (Bracken, 2009). Animal data does not always predict the human
response, since animal species have different metabolic pathways that can lead to
variation in efficacy and toxicity of a tested drug, for example (Schmidt et al., 2010).
The most well-known failure of animal testing concerns thalidomide. Preclinical tests
in animals did not show signs of teratogenic risk, but maternal exposure to
thalidomide caused severe birth defects (Vargesson, 2015). The teratogenic effects
of thalidomide were later associated with its anti-angiogenic properties (Franks et al.,
2004). To study angiogenesis, various animal models have been created. In
comparison with zz vitro models, they are considered to be more expansive and
complex to apply (Staton et al., 2009).

In vitro tests are commonly used in the detection of toxic properties of drugs and
chemicals. However, recent advances in zz vitro technologies offer opportunities to

improve modelling of human conditions, and human cell-based 7# vitro models are



increasingly being used in studies of medical disorders and development of new
therapies (Roggen, 2011). Following EU legislation there is growing pressure to
replace animal-based testing with alternative methods. This has led to the
development of novel microphysiological systems such as organs-on-chips, tissue-
chips and 3D modelling that can express human-specific interactions between drugs
and organs (Hammad, 2013) (Wu et al., 2020). Even though there have been great
advances in zz vitro technologies, we are still far from full replacement of animal
experiments by 7z vitro systems (Adler et al., 2011). The challenges in 7 vitro methods
include difficulties in capturing interaction between different cell types, changes in
up/down regulation of genes when primary cells are isolated from their normal
microenvironment, and difficulties in extrapolating results from zz vitro to in vive
(Ghallab, 2013). In medical research, at least for now, iz vitro methods should not be
considered to be substitutes for animal models; rather, they should be used as
adjuncts to animal experiments. For example, in the development of therapies for
cartilage-defect repair, both 2 vitro and 7n vivo methods are utilized. In vitro testing
provides information about safety, but in order to assess regenerative capabilities,
and immune responses associated with implantation, the use of animal models is
necessary (Moran et al., 20106).

2.2 Angiogenesis in uncomplicated pregnancy

Vasculogenesis and angiogenesis are involved in every step of placental
development. During the first and second weeks after fertilization the blastocyst
forms an inner and outer cell mass. The placenta develops from the outer cell mass,
the trophectoderm, which subsequently differentiates into syncytiotrophoblast
(STB) and cytotrophoblast cells (Torry et al., 2007). Implantation takes place eight
to nine days after conception. Adequate uterine vascularity at the implantation site
is needed for successful attachment of the embryo to the uterine wall, and it has been
hypothesized that embryo-derived factors mediate these vascular changes in the
decidua (Torry et al., 2007). Following implantation, trophoblasts invade the
decidualized endometrium and migrate into maternal spiral arteries. Early placental
development is initiated in a hypoxic environment, and it is a highly regulated process
with a predominance of pro-angiogenic biomarkers such as PIGF and VEGF
(Reynolds et al., 2010). These factors are not secreted only by endothelial cells, but
also by the trophoblast. Angiogenesis in the placenta requires proliferation,
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migration and differentiation of endothelial cells in the same manner as it occurs in
any other organ (Kaufmann et al., 2004). Both sprouting and intussusceptive
angiogenesis have been described in the placenta, the former occurring before 24
weeks of gestation and the latter after that (Chen & Zheng, 2014). Although
angiogenesis is particularly important in the first weeks of pregnancy, it continues to
occur throughout gestation as the placental vasculature further expands. The major
source of angiogenic biomarkers is the trophoblasts, although they are also secreted
from other cells. The balance between pro- and anti-angiogenic biomarkers changes
with advancing gestational age. At the end of pregnancy, maternal sera have a more
anti-angiogenic nature than in early gestation, but the alteration in angiogenic balance
is less pronounced than in pregnancies complicated by pre-eclampsia (Levine et al.,
2004). Since angiogenic biomarkers are mainly produced in the placenta, rapidly after
delivery levels of angiogenic biomarkers normalize to resemble the non-pregnant

state.

2.3  Disturbed angiogenesis in pregnancy

2.3.1  Pre-eclampsia

Pre-eclampsia is a hypertensive disorder of pregnancy in which genetic,
immunological and angiogenic factors interact (Lokki et al., 2017) (Ahn et al., 2011)
(Levine & Karumanchi, 2005). Current definition of pre-eclampsia by the American
College of Obstetricians and Gynecologists (ACOG) (ACOG Practice Bulletin,
2020) and by the International Society for the Study of Hypertension in Pregnancy
(ISSHP) (Tranquilli et al., 2014) is presented in Table 2. In Finland, the 10t edition
of International Statistical Classification of Diseases and Related Health Problems
(ICD) is used for classification of hypertensive disorders in pregnancy (WHO, n.d.).
The World Health Organization has already published the 11t version of 1CD, but
it comes into effect not until in 2022. The classification of hypertensive disorders in
pregnancy in ICD-10 and ICD-11 is presented in Table 3. Pre-eclampsia affects
approximately 2-8% of pregnancies and remains one of the major causes of maternal
and neonatal morbidity worldwide (Khan et al., 2006) (Duley, 2009). Although
several medical conditions, such as chronic hypertension, diabetes, renal diseases and
obesity, are known to increase the risk of pre-eclampsia, prediction and prevention
of the disease is still challenging (Burton et al., 2019) (Maynard & Karumanchi,



2011). Low-dose acetylsalicylic acid and calcium supplementation in women with a
low-calcium diet have proven to work as preventive measure in high risk pregnancies
(Roberge et al., 2013) (Hofmeyr et al., 2018), but most cases of pre-eclampsia occur
in healthy nulliparous women. Pre-eclampsia is generally divided into two main
subtypes, early- and late-onset pre-eclampsia. Late-onset pre-eclampsia occurs after
34 weeks, and has been considered to be a ‘maternal’ disease due to its association
with maternal metabolic factors (Lisonkova & Joseph, 2013). It is the most frequent
form of pre-eclampsia, and usually a less severe disease than the eatly-onset form.
Early-onset pre-eclampsia occurs before 34 weeks, and it is associated with a
substantial risk of intrauterine growth restriction (Steegers et al., 2010). It is regarded
as ‘placental’” pre-eclampsia as it appears to be caused by placental dysfunction as a
result of deficient placentation in early pregnancy (Phipps et al., 2019). Multi-organ
endothelial dysfunction, due to disturbed angiogenesis and systemic vascular
inflammation, is the endpoint of both forms of pre-eclampsia, although the
pathogenic mechanisms behind the disorders may be different (van der Merwe et
al., 2010). Previously, pre-eclampsia was considered to be a pregnancy-limited
disease that resolves at birth. The pathogenesis of pre-eclampsia is still not
completely understood. However, it is known that pre-eclampsia is a more
multidimensional disease than was thought earlier, and it seems to affect long-term
health of both mother and offspring (Lykke et al., 2009) (Kajantie et al., 2009). A
history of pre-eclampsia, especially recurrent or the early-onset form of the disease,
is recognized as an independent risk factor of cardiovascular disease (Mosca et al.,
2011) (Staff et al., 2016). It has been suggested that pre-eclampsia can worsen pre-
existing cardiovascular risk factors or even induce a de novo risk (Staff et al., 2016).
Despite increasing understanding of the pathophysiology of the disease, there is still
no effective prevention or curative treatment of pre-eclampsia apart from delivery.
New management strategies are directed to reverse or arrest the pathological
processes of pre-eclampsia or to prevent its occurrence (El-Sayed, 2017). One of the
main targets is to restore angiogenic balance and thus maintain normal endothelial
function (Armaly et al., 2018).
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Table 2. Diagnostic criteria of pre-eclampsia by ISSHP and ACOG

ISSHP (2014)

Hypertension developing after 20th weeks of gestation and the coexistence of one or more of the
following new-onset conditions:

1. Proteinuria
2. Other maternal organ dysfunction:
- renal insufficiency (creatinine =90 umol/L)
- liver involvement (elevated transaminases and/or severe right-upper quadrant or epigastric pain)
- neurological complications (examples include eclampsia, altered mental status, blindness, stroke,
clonus, severe headaches, persistent visual scotomata)
- haematological complications (thrombocytopenia, DIC, haemolysis)
3. Uteroplacental dysfunction
- foetal growth restriction

Hypertension is defined as systolic blood pressure =140 and/or diastolic blood pressure 290 mmHg.
DIC, disseminated intravascular coagulation.

ACOG (2017)

Hypertension occurring on two occasions at least 4 hours apart after 20 weeks of gestation in a woman
whose blood pressure has previously been normal, and the coexistence of one of the following
conditions:

1. Proteinuria

2. Thrombocytopenia: Platelet count less than 100,000/uL

3. Renal Insufficiency: Serum creatinine concentration greater than 1.1 mg/dL or a doubling of
the serum creatinine concentration in the absence of other renal disease.

4. Impaired liver function: Elevated blood levels of liver enzymes to twice normal concentrations

5. Pulmonary oedema

6. Cerebral or visual symptoms

Hypertension is defined as systolic blood pressure =140 mmHg or diastolic blood pressure 290 mmHg or
systolic blood pressure 2160 mmHg or diastolic blood pressure 2110 mmHg confirmed within a short interval.



Table 3. Classification of hypertensive disorders in pregnancy (ICD-10 and ICD-11)

ICD-10

Oedema, proteinuria and hypertensive disorders in pregnancy, childbirth and the puerperium

010
o1
012
013
014

015
016

Pre-existing hypertension

Pre-eclampsia superimposed on chronic hypertension
Gestational (pregnancy-induced) oedema and proteinuria without hypertension
Gestational (pregnancy-induced) hypertension
Pre-eclampsia

014.0 Mild to moderate pre-eclampsia

014.1 Severe pre-eclampsia

014.2 HELLP syndrome

014.9 Pre-eclampsia, unspecified

Eclampsia

Unspecified maternal hypertension

HELLP, haemolysis, elevated levels of liver enzymes and low platelet count

ICD-11

Oedema, proteinuria and hypertensive disorders in pregnancy, childbirth and the puerperium

JA20

JA21

JA22
JA23

JA24

JA25

JA2Z

Pre-existing hypertension
BP (>140/90 mmHg) prior to the 20th week of pregnancy, or persisting >12 weeks postpartum.

Pre-eclampsia superimposed on chronic hypertension
BP (>140/290mmHg) developing >20 weeks of gestation in the presence of either proteinuria

or thrombocytopenia, elevated creatinine or liver transaminases, or neurological conditions
or fetal growth restriction in a female diagnosed with pre-existing hypertension

Gestational oedema or proteinuria without hypertension

Gestational hypertension

Hypertension (>140mmHg and/or 290mmHg) >20 weeks gestation or <1 week postpartum
Pre-eclampsia

Same as JA21, but without week limit or pre-existing hypertension

Eclampsia
Seizure or convulsions during pregnancy or the puerperium that are often associated with high
BP, anxiety, epigastric pain, severe headache, blurred vision, proteinuria, and oedema

Unspecified residual category

BP, blood pressure
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2.3.1.1  Pre-eclampsia and angiogenesis in early gestation

Pre-eclampsia, especially its early-onset form, is considered as a two-stage disorder
in which the first stage takes place during early placental development
(Chaiworapongsa et al., 2014)- The role of vasculogenesis in the pathogenesis of pre-
eclampsia is unknown. In the first weeks of pregnancy remodelling of the spiral
arteries begins, when vascular smooth muscle and endothelial cells lining the vessels
are replaced by cytotrophoblast. This converts the normally narrow and rigid uterine
vessels into dilated structures which lose their susceptibility to vasoconstriction (Fig.
2) (Lyall, 2005). In pregnancies destined to develop pre-eclampsia, reduced
cytotrophoblast invasion prevents appropriate spiral artery remodelling, leading to
impaired placentation (Chaiworapongsa et al, 2014) (Brosens et al., 2011).
Angiogenic proteins have been widely studied in early gestation in order to identify
women destined to develop pre-eclampsia later on (McElrath et al., 2012) (Myers et
al., 2013). Investigations concerning combinations of angiogenic proteins, other
biomarkers and uterine artery Doppler measurements have resulted in better
performance than single biomarkers in the prediction of pre-eclampsia (Kenny et al.,
2014) (Akolekar et al., 2013). Generally speaking, risk assessment of pre-eclampsia is
still challenging, and use of algorithms that combine maternal factors and biomarkers
are of poor prognostic value, especially in identifying women who will develop late-
onset pre-eclampsia (Chaiworapongsa et al., 2014) (Myers et al., 2013). The predictive
performance of angiogenic biomarkers for identifying women at risk of developing
pre-eclampsia increases with advancing gestational age, and when trying to predict

carly rather than late-onset disease (Kusanovic et al., 2009).



High Low

resistance resistance — Placental villi

blood flow blood flow Syncytiotrophoblast layer
nnnnnno% etele ®lel % o -

Decidua
[" Extravillous trophoblast

— Myometrium

No pregnancy Pre-eclampsia Normal pregnancy

Figure 2. Uterine spiral artery remodelling in pre-eclampsia and normal pregnancy. Modified from
Bell E., Nature reviews immunology 2004 (Bell, 2004).

2.3.1.2  Angiogenesis and clinical presentation of pre-eclampsia

In 1989 Roberts and colleagues proposed that pre-eclampsia represents a maternal
endothelial disorder. They hypothesized that shallow trophoblast invasion and
subsequent reduction in placental perfusion leads to placental ischaemia, and release
of a damaging factor(s) into the maternal circulation. The unknown circulating factor
was hypothesized to cause endothelial dysfunction and activation of the coagulation
cascade, blood pressure abnormalities, and loss of fluid from the intravascular space
(Roberts et al., 1989). More than a decade later, this factor was recognized as a
soluble fms-like tyrosine kinase 1 (sFlt-1) (Maynard et al., 2003), and soon after that
the angiogenic imbalance theory of pre-eclampsia was presented (Fig. 3) (Levine et
al., 2004). Currently, it is known that sFlt-1 concentrations begin to increase
approximately five weeks before the onset of clinical pre-eclampsia. The increase in
sPt-1 levels is accompanied by decreases in circulating free PIGF and VEGF
concentrations (Maynard & Karumanchi, 2011). In pregnancies destined to develop
pre-eclampsia, a low level of PIGF has been documented as eatly as several weeks
before symptomatic disease (Romero et al., 2008). The decrease in free PIGF levels
is mainly a consequence of an increased amount of sFlt-1 in the maternal circulation,
but there is also evidence of reduced placental secretion as the STB reduces the
expression of the PIGF mRNA under hypoxic conditions (Shore et al., 1997)
(Redman & Staff, 2015). The key part of the placenta is the inner part of the villi, the
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STB layer, which is in contact with maternal blood. The increasing demand for blood
flow with advancing pregnancy leads to inadequate uteroplacental perfusion.
Subsequent hypoxia and oxidative stress cause dysfunction in STB cells that
stimulates release of multiple vasoactive factors (Redman & Staff, 2015). As a result,
widespread damage to the maternal vascular endothelium occurs, and clinical
symptoms of pre-eclampsia appear (Maynard et al., 2003). The second stage of pre-
eclampsia is regarded as a clinical manifestation of the disease (Steegers et al., 2010).
Alterations in levels of angiogenic proteins has been observed to correlate with
disease severity and eatlier onset of pre-eclampsia (Rana et al., 2012). Use of the ratio
of sFlt-1/PIGF has been suggested as a potential predictive method to identify or
rule out pre-eclampsia (Stepan et al., 2015). A ratio greater than 85 is associated with
adverse outcomes and imminent delivery within two weeks in cases of early-onset
pre-eclampsia, whereas a cut-off value of 38 is appropriate for ruling out pre-
eclampsia (Stepan et al., 2015) (Caillon et al., 2018).

Another anti-angiogenic protein, soluble endoglin, is expressed in the STB and
on the surface of endothelial cells. Soluble endoglin levels increase markedly,
beginning two to three months before the onset of pre-eclampsia, and the levels
correlate with disease severity (Levine et al., 2006) (Leanos-Miranda et al., 2019).

During normal pregnancy the levels of PIGF rises until the beginning of the third
trimester when it peaks at around 29-32 weeks and declines thereafter (Levine &
Karumanchi, 2005). The placenta also produces increasing amounts of sFlt-1 and
sEng toward the end of normotensive pregnancies, but significantly higher amounts
are produced from hypoxic placentas in those pregnancies affected by pre-eclampsia
(Levine & Karumanchi, 2005). It has been postulated that elevated levels of anti-
angiogenic factors are not biomarkers of pre-eclampsia but of STB cellular stress, as
their levels also increase in healthy pregnancies toward term, reflecting restricted
placental capacity (Redman & Staff, 2015).

Altogether, several biochemical markers have been studied in the context of pre-
eclampsia. Summary of most studied angiogenic biomarkers and their mechanism is
presented in Table 4.
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Figure 3. Mean concentrations of sFlt-1 and PIGF in pre-eclampsia and healthy pregnancy. Modified
from nested case-control study of Levine et al., N Eng J Med 2004.

Table 4. Mechanism of stimulatory and inhibitory angiogenic biomarkers that have been
associated with pre-eclampsia (Levine et al. 2004, Thissier-Levy 2013, Karakus et al.
2016, Adu-Gyamfi et al. 2019, Jiang et al 2021)

Angiogenic biomarker Mechanism

Stimulatory

VEGF/PIGF Stimulation of proliferation, migration and sprouting of ECs. Regulation of permeability of ECs
TNF-o Induction and enhancement the expression of pro-angiogenic molecules such as VEGF and IL-8 in ECs
ANG-1 Mediation of migration, adhesion and survival of ECs

ANG-2 Context-dependent impact on angiogenesis.

FGF Stimulation of proliferation and migration of ECs and remodeling extracellular matrix

PDGF Induction of recruitment of perivascular cells

Inhibitory

sFlt-1 VEGF and PIGF binding, and subsequently blocking their angiogenic effect on VEGFR

sEng Pro-angiogenic molecule TGF-beta binding, and subsequently decreasing its levels in circulation
Endostatin Suppression of EC adhesion, migration and proliferation

Angiostatin Suppression of EC adhesion, migration and proliferation

Vasostatin Suppression of EC adhesion

EC, endothelial cell; VEGF, vascular endothelial growth factor; PIGF, placental growth factor; TNF-a, tumour necrosis factor alpha; IL-8; interleukin-8;
Ang1 and 2, angiopoietin 1 and 2; FGF, fibroblast growth factor; PDGF, platelet-derived growth factor; sFlt-1, soluble fms-like tyrosine kinase-1;
sEng, soluble endoglin
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2.3.1.3  Angiogenesis after pre-eclamptic pregnancy

Delivery of the placenta ends the production of sFlt-1 and sEng, and by 48 hours
postpartum the anti-angiogenic effect in maternal serum has ceased (Maynard et al.,
2003). However, it has been observed that the clearance rates of sFlt-1 is much
longer in women with pre-eclampsia compared with healthy women (Powers et al.,
2005). The authors speculate that the slower decrease could be due to either slower
excretion or a continued higher rate of production of sFlt-1. The normal mechanism
by which sFlt-1 is cleared from the body may be disrupted or there is another source
of sFlt-1 production in women with pre-eclampsia. Although resolution of the anti-
angiogenic environment begins shortly after birth, recovery from endothelial damage
occurs over a longer time period (Weissgerber et al.,, 2016). Persistent vascular
dysfunction has been observed in the eatly postpartum period (Blaauw et al., 2005)
as well as years after pre-eclamptic pregnancy (Aykas et al., 2015) (Henriques et al.,
2014). Women who have had early-onset pre-eclampsia have an eightfold higher risk
of death from cardiovascular disease compared with women who not had pre-
eclampsia and whose pregnancies have continued to term (Irgens et al., 2001). Pre-
eclampsia and cardiovascular disease share several pathological findings such as
hypertension, endothelial dysfunction, inflammation and oxidative stress (Lisowska
et al., 2018). Pre-existing vascular endothelial dysfunction is currently viewed as a
key common factor shared between pre-eclampsia and pre-eclampsia-related

cardiovascular disease.

2.3.14  Angiogenesis and offspring

Data concerning angiogenic biomarkers in infants born to mothers with pre-
eclampsia is scarce and limited only to preterm neonates. Hentges and colleagues
reported that sFlt-1 levels are higher and those of VEGF lower in blood samples
collected within 72 hours after birth from preterm neonates born to mothers with
pre-eclampsia versus healthy pregnancies (Hentges et al., 2015). Comparable results
have been published in connection with full-term neonates who have suffered from
intrauterine growth restriction (IUGR), since sFlt-1 levels have been observed to be
higher at the first and fourth postnatal day in comparison with appropriate-for-
gestational-age infants (Boutsikou et al., 2006). Angiogenic biomarkers in umbilical



blood might reflect the angiogenic profile in the foetal circulation, and they have
been evaluated in the association with postnatal growth and pre-eclampsia (Voller et
al., 2014) (Staff et al., 2005). Nevertheless, umbilical blood has not been investigated
to the same extent as maternal sera. In a preterm birth study, cord-blood VEGF
levels were positively correlated, and those of sFlt-1 negatively correlated with both
absolute birth weight and birth weight for gestational age percentiles (Voller et al.,
2014). The association between angiogenic biomarkers in umbilical blood and pre-
eclampsia remains unclear (Sezer et al., 2012) (Staff et al., 2005). Some investigators
have reported elevated levels of sFlt-1, and decreased levels of PIGF, whereas others
have not found any differences compared with normal pregnancies (Tsao et al.,
2005) (Paredes et al., 2017) (Staff et al., 2005).

Davis and colleagues reported that offspring of mothers with pre-eclampsia had
increased blood pressure in childhood and in eatly adulthood (Davis et al., 2012). A
recent systemic review concerning the association between hypertensive disorders
of pregnancy and cardiometabolic outcomes in childhood, revealed higher blood
pressure in children exposed to pregnancy-induced hypertension, but not in children
exposed to pre-eclampsia (Jansen et al., 2019). Children born to women with pre-
eclampsia have noticed to have disturbed endothelial function in both the pulmonary
and systemic circulation (Jayet et al., 2010) (Kvehaugen et al., 2011). However, in
both studies a possible confounding factor was restricted foetal growth, since an

adverse intrauterine environment is associated with disturbed metabolism in

childhood (Barker et al., 1993) (Gluckman et al., 2008).

2.3.2 Intrauterine growth restriction

Pre-eclampsia and intrauterine growth restriction (IUGR) share many clinical and
pathophysiological features (Maynard & Karumanchi, 2011). IUGR is a common
complication of early-onset pre-eclampsia, whereas in late-onset disease, growth of
the foetus is generally normal. The placental bed of women with pre-eclampsia
associated with IUGR is similar to that which has been described in women with
pre-eclampsia. It is characterized by non-transformed spiral arteries and acute
atherosis (Brosens et al., 2011). It is unknown why some women with placental
insufficiency manifest pre-eclampsia, whereas others have IUGR without pre-
eclampsia (Maynard & Karumanchi, 2011). Results concerning angiogenic factors in

TUGR pregnancy are inconsistent: some investigators have reported changes in sFlt-
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1, sEng, and PIGF similar to those seen in pre-eclampsia (Crispi et al., 2006)
(Laskowska et al., 2012), whereas others have not found such changes or have

reported less-pronounced alterations in angiogenic factors (Romero et al., 2008)
(Jeyabalan et al., 2008).

2.4  Pharmacological agents modulating angiogenesis

Drugs that modulate angiogenesis are in clinical use in oncology and ophthalmology.
Angiogenesis is exaggerated both in tumour growth and metastasis as well as in
retinal neovascularization. Therefore, the focus of the treatments of these diseases is
on inhibition of angiogenesis, not on stimulation. The most well-known of these
anti-angiogenic drugs is bevacizumab, which targets VEGF-A (Yoo & Kwon, 2013).
After Levine and colleagues published the finding of changed angiogenic balance in
pre-eclampsia in 2004 (Levine et al., 2004), therapeutic studies have mainly been
focused on restoring normal angiogenesis. However, there are also other research
directions such as those concerning therapies that improve endothelial dysfunction
and attenuate generalized vasoconstriction. Genetic variation in pre-eclampsia is a
growing area of investigation, and there is a publication on RNA therapy targeted on
suppression of placental overexpression of sFlt-1 (Roberge et al., 2013).

Thadhani and colleagues investigated apheresis as an optional procedure in the
management of pre-eclampsia since an excess amount of sFlt-1 in the maternal
circulation is likely to be one of the major drivers of the disease. Apheresis is
commonly used in the treatment of familial hypercholesterolaemia, including during
gestation, but in the context of pre-eclampsia it is used to remove excess sFlt-1 from
the maternal circulation. In a small cohort study, apheresis therapy extended the
duration of pregnancy by eight to 15 days compared with a delay of three days in an
untreated comparison group. No adverse effects were reported (Thadhani et al.,
2016). However, the results must be interpreted with caution since the reduction in
sFlt-1 levels was short-lived and repeated treatments were needed to maintain
reduced concentrations (Easterling, 2010).

Studies in animal models of pre-eclampsia have investigated VEGF-therapy (Li
et al., 2007) (Gilbert et al., 2010). It attenuates hypertension and proteinuria, but
there is also evidence of VEGF toxicity at high doses. There are reports of oedema
formation and heart abnormalities, which might be a result of increased vascular
permeability (Miquerol et al., 2000). Another potential therapeutic option to correct



the angiogenic imbalance in pre-eclampsia is PIGF therapy. In animal models of pre-
eclampsia, recombinant human PIGF therapy has resulted in reduced levels of free
sFlt-1 and decreased blood pressure (Spradley et al., 2016) (Makris et al., 2016).
Although toxic effects have not been reported, there are still several uncertainties
concerning the therapy such as timing and duration of exposure and the
concentration to which PIGF should be restored (Eppler et al., 2002) (Chau et al.,
2017).

The pharmaceutical agents that are considered to affect angiogenesis in pre-
eclampsia, and whose use has proceeded to preclinical and clinical studies are
pravastatin, metformin and esomeprazole. In addition, sildenafil citrate has been
investigated in several studies, but its pharmacological effect is targeted on
vasodilatation rather than restoration of angiogenic balance. In this study pravastatin
and metformin are included.

241  Metformin

2411 Pharmacodynamic properties and therapeutic indications of metformin

Metformin is a synthetic biguanide. It is a hydrophilic base, and its passive diffusion
through the cell membrane is low. It does not bind to plasma proteins, and the mean
oral bioavailability is 55 = 16%. It is absorbed predominantly from the small intestine
through several transporters. The elimination half-life of metformin is approximately
five hours (Graham et al., 2011). Metformin lowers both basal and postprandial
plasma glucose levels. It suppresses excessive hepatic glucose production, through a
reduction in gluconeogenesis (Gong et al., 2012). Metformin increases glucose intake
in peripheral tissues, and decreases intestinal absorption of glucose.

Metformin is an oral antidiabetic drug. The labelled indication for metformin use
is a management of type 2 diabetes mellitus when hyperglycaemia cannot be
managed with diet and exercise alone (Inzucchi et al., 2012). It can be used in
monotherapy or in combination with other types of antidiabetic medication.
Metformin is used as an “off label” medication in prevention of type 2 diabetes in
patients with impaired glucose tolerance, in treatment of gestational diabetes (Farrar
et al,, 2017) and in a second-line therapy for menstrual irregularities in women with
polycystic ovary syndrome (PCOS) (Creanga et al., 2008).
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24.1.2 Metformin use in pregnancy

Metformin is commonly used during pregnancy in the treatment of type 2 and
gestational diabetes. Metformin is less expensive and easier to administer than insulin
and it is associated with less weight gain and fewer severe hypoglycaemic events
(Lindsay & Loeken, 2017). However, many women undergoing metformin therapy
require supplemental insulin treatment (Rowan et al., 2008). Metformin crosses the
placenta, and the foetus is exposed to concentrations from negligible to as high as
maternal plasma concentrations (Eyal et al., 2010). An increased risk of birth defects
or adverse foetal or neonatal outcome has not been observed (Cassina et al., 2014),
but there is evidence of increased weight of offspring in childhood after metformin
therapy during pregnancy (van Weelden et al., 2018). Also, in a Finnish randomized
controlled trial it was found that children exposed to metformin during pregnancy
were heavier and taller at 18 months than those exposed to insulin, but there were
no differences in cognitive skills between the groups (Ijas et al., 2015).

24.1.3 Metformin and pre-eclampsia

De Leo and colleagues reported that gestational hypertension was less common in
women with PCOS using metformin throughout pregnancy compared to normal
pregnant controls (De Leo et al., 2011). Meta-analysis of five randomized controlled
trials showed that women with gestational diabetes treated with metformin versus
insulin had lower incidence of pregnancy-induced hypertension, and the beneficial
effect of metformin on hypertension was proposed to be related to less weight gain
and a lower maternal inflammatory response (Gui et al.,, 2013). However, the
association between metformin use and a lower risk of pre-eclampsia is ambiguous
(Gui et al., 2013) (Alqudah et al., 2018). Among obese women without pregestational
diabetes, metformin treatment from 12 to 18 weeks of gestation until delivery
decreased the incidence of pre-eclampsia (Syngelaki et al., 2016). There is some
evidence that metformin improves endothelial dysfunction, and promotes
angiogenesis (Brownfoot et al., 2016), but there are also opposite findings of anti-
angiogenic activity of metformin (Evans et al., 2005). The impact of metformin on
angiogenesis has been studied mainly in cancer research, since epidemiological
evidence suggests that diabetic cancer patients treated with metformin have a better
outcome (Coyle et al., 2016). So far only one study group has evaluated the
angiogenic capacity of metformin in human tissues obtained from pre-eclamptic

women (Table 5). In a study by Brownfoot and colleagues, placental villous explants



and omental tissue were collected from women with pre-eclampsia. Explants of
omental vessels were cultured with and without sFlt-1, and a reduction in angiogenic
sprouting, caused by sFlt-1, was rescued by the addition of metformin (Brownfoot
et al., 20106). The double-blind, randomized placebo-controlled study of efficacy of
metformin in the treatment of preterm pre-eclampsia is still ongoing, and the results

are not yet available (Cluver et al., 2019).
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24.2  Pravastatin

24.2.1 Pharmacodynamic properties and therapeutic indications of pravastatin

Pravastatin belongs to a group of drugs called 3-hydroxy-3-methyl-glutaryl-
coenzyme A (HMG-CoA) reductase inhibitors, also known as “statins”. Pravastatin
produces its lipid-lowering effect in two ways. Firstly, it inhibits HMG-CoA
reductase resulting in decrease of the synthesis of intracellular cholesterol. Secondly,
pravastatin inhibits low-density lipoprotein cholesterol (LDL) production by
inhibiting the hepatic synthesis of very-low-density lipoprotein cholesterol (VLDL),
the precursor of LDI-cholesterol (Ahmed et al., 2019). Pravastatin has a short
elimination half-life (2 hours), and it is a hydrophilic statin unlike most of the statins
(Egom & Hafeez, 2010).

The indications for pravastatin therapy are hypercholesterolaemia and mixed
dyslipidaemia as an adjunct to diet when other non-pharmacological treatments are
inadequate. Pravastatin is used as a primary prevention in reduction of cardiovascular
mortality and morbidity in patients with moderate or severe hypercholesterolaemia
and at high risk of a first cardiovascular event (FDA, 2012).

2.4.2.2 Pravastatin use in pregnancy

Statins are rated as category X drugs by The Food and Drug Administration (FDA)
in the United States. According to instructions, statins should only be used in those
fertile-aged women who are highly unlikely to conceive and have been informed of
the potential hazards. If woman gets pregnant while taking statins, therapy should
be discontinued. The major concern of using statins during pregnancy is inhibition
of foetal cholesterol synthesis (Porter, 2003). However, foetal anomalies reported in
pregnant women with statin therapy are associated with lipophilic statins, and
adverse pregnancy outcomes have not been reported following exposure to
pravastatin (Edison & Muenke, 2004) (Bateman et al., 2015) (Taguchi et al., 2008).
It has been observed that transplacental transfer of pravastatin is limited (Zarek et
al., 2013), and the concentrations of pravastatin in the umbilical cord following

maternal treatment are below the limit of detection (Costantine et al., 2016).
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Pravastatin crosses the placenta in both maternal to foetal and foetal to maternal
directions and the transfer has been even higher in the foeto-maternal direction
(Nanovskaya et al., 2013).

2.4.2.3 Pravastatin and pre-eclampsia

Pre-eclampsia shares many risk factors and pathological similarities, such as
angiogenic imbalance, oxidative stress, endothelial injury and inflammation, with
adult cardiovascular disease (Chen et al., 2014). The benefit of statin use for the
prevention of cardiovascular disease is well-documented (Scandinavian Simvastatin
Survival Study Group, 1994) (Cheung et al., 2004). Statins are generally used for
hypercholesterolaemia, but there is evidence that they also have cholesterol-
independent protective effects on the vascular endothelium, so-called pleiotropic
effects (Calabro & Yeh, 2005) (Ludman et al., 2009). Owing to similarities in
pathogenic mechanisms, statins have been proposed for potential use in prevention
of pre-eclampsia (Cindrova-Davies, 2014). Various studies have investigated
associations between pravastatin and angiogenesis (Table 6). In mouse models of
pre-eclampsia, treatment with pravastatin has reduced maternal s-Flt-1 levels,
lowered blood pressure and improved the vascular profile (Fox et al., 2011) (Saad et
al., 2014) (Kumasawa et al., 2011). In addition, pravastatin administration has
increased PIGF levels, and together with decreased s-Flt-1 levels, restored angiogenic
balance (Kumasawa et al., 2011). Pravastatin treatment has also ameliorated pre-
eclamptic symptoms by increasing the release of nitric oxide (NO), which initiates
vasodilatation in the vasculature (Fox et al., 2011). However, not all studies support
the findings of restored angiogenesis. Bauer and colleagues demonstrated decreased
endothelial tube formation in pravastatin-treated healthy rats (Bauer et al., 2013), and
Weis and associates showed that low concentrations of statins enhanced
angiogenesis, and promoted vasculogenesis, whereas high statin concentrations
inhibited angiogenesis (Weis et al., 2002) (Urbich et al., 2002). Although pilot trial of
Constantine and associates showed an association between pravastatin and an
improved angiogenic profile in pregnancies at high risk of pre-eclampsia (Costantine
et al,, 20106), in a randomized placebo-controlled trial pravastatin given to women
with early-onset pre-eclampsia did not reduce maternal plasma s-Flt-1 levels (Ahmed

et al., 2019). This finding would suggest lack of an angiogenic effect of pravastatin.
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3 AIMS OF THE STUDY

1) To test the suitability of a human cell-based vasculogenesis/angiogenesis assay in
the study of angiogenesis in pre-eclampsia and in other pregnancy conditions. To
study how the angiogenic capacity of maternal serum assessed by an z vitro test is

associated with known pro- and anti-angiogenic factors.

2) To study whether sera from pre-eclamptic women exhibit different angiogenic
effects compared with sera from healthy controls and to explore the angiogenic

properties of umbilical blood after pre-eclamptic and normotensive pregnancies.

3) To determine if differences in the angiogenic properties of maternal sera already
exist in the first trimester samples when comparing healthy and subsequently pre-
eclamptic women, utilising the hASC-HUVEC assay.

4) To evaluate the effects of metformin and pravastatin on angiogenesis by human

cell-based vasculogenesis/angiogenesis assay.

5) To determine the direct effects of metformin and pravastatin on angiogenesis, and
to study the interactions between those drugs and maternal sera in four study groups
(early-onset pre-eclampsia, late-onset pre-eclampsia, [IUGR and healthy pregnancy)
by utilizing the hASC-HUVEC assay.
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4 MATERIALS AND METHODS

4.1 Study design

All studies (I-IV) were 7z vitro trials. Since the vasculogenesis/angiogenesis assay has
not been previously utilized to study in connection with maternal or umbilical sera,

these trials were considered as pilot studies.

4.2  Study population

421 Studieslandll

Eleven primiparous previously healthy women with pre-eclampsia and ten
primiparous controls with uncomplicated single pregnancies were recruited to Study
I during the period of 2011-2014 at the Department of Obstetrics and Gynecology,
Tampere University Hospital.

The Study II population consisted of six primiparous women with pre-eclampsia and
six controls. The women were same as in Study I, but we included only those women
whose blood samples from first-trimester screening for infectious diseases were
stored at the National Institute for Health and Welfare.

The definition of pre-eclampsia was based on the International Society for the Study
of Hypertension in Pregnancy (ISSHP) in 2000: systolic blood pressure 2140 mmHg
or diastolic blood pressure 290 mmHg on at least two occasions 4 h apart after 20
weeks of gestation in previously normotensive women, with proteinuria of 300 mg
or more in 24 h (Brown et al, 2001). Pre-eclampsia was defined as severe if HELLP
(haemolysis, elevated levels of liver enzymes and low platelet count) syndrome,
eclampsia or exceptionally high blood pressure (>160 mmHg systolic or >110
mmHg diastolic) appeared.
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422  Studies lll and IV

A total of 20 pregnant women were recruited to Studies III and IV. Five pregnant
women had eatly-onset pre-eclampsia, five had late-onset pre-eclampsia, and five
had TUGR. Five healthy pregnant women served as controls. The women were
recruited to the study at the Department of Obstetrics and Gynaecology, Tampere
University Hospital, in 2017-2018.

Pre-eclampsia was diagnosed as hypertension and proteinuria occurring after 20t
gestational weeks. Hypertension was diagnosed as systolic blood pressure =140
mmHg and/or diastolic blood pressure 290 mmHg and proteinuria as urinaty
excretion of =300 mg protein in a 24-h specimen. Pre-eclampsia was defined as
eatly-onset when diagnosis was set before 34t gestational weeks and late-onset when
at equal to or later than 34% gestational weeks. IUGR was defined as a foetal
abdominal circumference below the 10t percentile or estimated foetal weight below
the 10t percentile in ultrasonographic examination. The control group consisted of

healthy women with uncomplicated pregnancies without any medication.

Maternal serum samples were obtained within four days prior to delivery at the time

of admission into hospital.

4.3  Cell and tissue samples

Human adipose-tissue samples were obtained from waste materials of surgical
operations. Human umbilical cords were obtained from Caesarean sections from
healthy women. Both sample types were obtained from Tampere University Hospital
with written informed consent from patients. Each donor gave either an adipose

tissue sample or an umbilical cord sample.

431 Isolation and culture of human umbilical vein endothelial cells

HUVECs used in the study were isolated from donated umbilical cords. The
umbilical cord was separated from the placenta. The cords were stored in Tissue
Storage Solution (Miltenyi biotech) at +4 °C until utilized (max. one day). The
umbilical vein was cannulated with a 20G needle. The vein was perfused with PBS
(phosphate-buffered saline) to wash out blood and later the vein was infused with
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0.05% collagenase 1. The umbilical cord was incubated in a water bath at 37 °C for
up to 20 min. After incubation, the collagenase solution containing HUVECs was
flushed from the cord by infusing the vein with PBS. HUVECs were cultured in
EGM-2 medium, and the medium was changed every 2-3 days. Before use, cells
were tested for mycoplasma contamination. The seeding density of HUVECs was
4000 cells/cm?. Culture media compositions are presented in Table 7.

Table 7. Culture media compositions
Study | Study Il Study 1INV

Medium name  Content Content Content
Fibroblast culture ~ EBM-2 Basal medium
medium 2% Foetal bovine serum

2 mM L-glutamine

10 ng VEGF/ml (inhibition test) or

2.5 ng VEGF/ml (stimulation test)

1 ng FGF-/ml (inhibition test) or

0.25 ng FGF-B/ml (stimulation test)
hASC culture DMEM/F12 DMEM/F12
medium 10% human serum 10% human serum

2 mM L-Glutamine

1% L-Glutamine

hASC-HUVEC test
medium

DMEM/F12
2.56 mM L-glutamine

0.1 nM 3,3',5-triiodo-L-thyronine
sodium salt
ITSTM Premix:
1.15 pM: 6.65 pg insulin/ml
6.65 pg transferrin/ml
6.65 ng selenious acid/ml
1% Bovine serum albumin
2.8 mM Sodium pyruvate
200 pg Ascorbic acid/ml
0.5 pg Heparin/ml
2 g Hydrocortisone/ml
10 ng VEGF/ml
1 ng FGF-B/ml

DMEM/F12
2.56 mM L-glutamine

0.1 nM 3,3',5-triiodo-L-thyronine
sodium salt
ITSTM Premix:
6.65 g insulin/ml
6.65 g transferrin/ml
6.65 ng selenious acid/ml
1% Bovine serum albumin
2.8 mM Sodium pyruvate
200 pg Ascorbic acid/ml
0.5 pg Heparin/ml
2 g Hydrocortisone/ml
2.5ng VEGF/ml
0.25 ng FGF-B/ml

DMEM/F12
2.56 mM L-glutamine
0.1 nM 3,3',5-triiodo-L-
thyronine
sodium salt
ITSTM Premix:
6.65 g insulin/ml
6.65 pg transferrin/ml
6.65 ng selenious acid/ml
1% Bovine serum albumin
2.8 mM Sodium pyruvate
70 pg Ascorbic acid/ml
175 ng Heparin/ml
0.7 pg Hydrocortisone/ml
3.5ng VEGF/ml
0.35 ng FGF-B/ml

EBM-2, endothelial basal medium; VEGF, vascular endothelial growth factor; FGF-, fibroblast growth factor beta; DMEM/F12,

Dulbecco's Modified Eagle’s Medium/Nutrient Mixture F-12
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4.3.2  Isolation and culture of human adipose stromal cells

Isolation of hASCs was performed by mechanically cutting adipose tissue into small
pieces and enzymatically digesting them with 0.15% collagenase I in DMEM/F12.
The digested tissue was then centrifuged, and filtered through 100-um and 40-um
filters. The cells were seeded in 75 cm? flasks in hASC culture medium (Table 7), and
next day washed with PBS. The medium was changed every 2-3 days. Cells were
tested for mycoplasma contamination before experimental use. The seeding density
of hASCs was 20 000 cells/cm?.

4.4  Angiogenesis assays

Two co-cultures were used: fibroblast- HUVEC (Study I) and hASC-HUVEC (Study
I-1V). The fibroblast-HUVEC test was used to show basic effects of angiogenesis.
The hASC-HUVEC test offered the possibility of evaluating the effects of both
angiogenesis and vasculogenesis. The flow of the hASC-HUVEC vasculogenesis/
angiogenesis assay experiments is presented in Figure 4.

> Toxicity test /|

sy Co-culture 1, Exposure to  Incubation -7 - —_—
e 1% hASC cells + test chemicals 6 days VI‘SSST ? =" ™~ Cytotoxicity ECsp
hASC cells HUVEC cells + .
4 = ing imaaa anaiysia 17| Tubule formation ECso

= B
HUVEC cells = o

BerOny Imr
SEnns (coll IVWWF) of of tubular
LA tubules DG  structures
5 | — =
e EE2 - = ‘
g GO

Tocte Rosmda. 2018

:
B

Figure 4. Schematic presentation of steps involved in the hASC-HUVEC
vasculogenesis/angiogenesis assay experiments. Figure drawn by Tarja Toimela.

441  Co-culture establishment and study protocol

At first BJ fibroblasts (human foreskin fibroblasts), HUVECs and hASCs were
cultured separately. Next, the HUVEC cells were carefully seeded on top of BJ
fibroblasts or hASCs at a cell density of 4000 cells/cm?2. Two different growth-factor
concentrations were used in the fibroblast-HUVEC test to induce either strong
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vascular formation (to reveal possible inhibitory effects of test samples on vascular
formation) or to induce only moderate vascular formation, where stimulation of
vascular formation may also take place. The hASC-HUVEC test was carried out
using vasculogenesis/angiogenesis test medium (Table 7). During both 7 vitro tests,
the co-cultures were exposed to patient serum-samples at a dilution of 1:15 and
cultured for a further six days with one replenishment of the growth medium. To
rule out possible basal cytotoxicity caused by the serum samples used in this study,
WST-1 (Water Soluble Tetrazolium) cytotoxicity assays were performed
simultaneously with fibroblast-HUVEC and hASC-HUVEC angiogenesis assays.
After culture the amount of living cells (viability) was evaluated.

To evaluate the effects of metformin or pravastatin on tubule formation, drugs were
added to the vasculogenesis/angiogenesis test media alone and along with patient-
serum samples on day one and replenished once during the six days of culture. The
studied concentrations of metformin were 5 ug/ml, 50 ng/ml and 600 pg/ml. The
two lowest concentrations correspond to therapeutic levels of metformin and the
highest was greater. The studied concentrations of pravastatin were 20, 1000 and
8000 ng/ml. The lowest concentration corresponds to the therapeutic level, and the
two highest were over the reported therapeutic concentration of pravastatin. High
concentrations of the drugs were used to ensure sufficiently high concentrations of
free metformin and pravastatin in the zz vitro model, since concentrations in the
media of cell cultures may not always directly correspond to concentrations in vivo.
Serum samples alone, or with three concentrations of metformin or pravastatin, were
tested for cytotoxicity, as determined by WST-1 assays, using 80% viability compared
with unexposed controls as the non-cytotoxic limit.

442  Immunocytochemical staining

Following the WST-1 assays, the cells were fixed with 70% ethanol and
immunostained for vWf (von Willebrand factor) to detect endothelial cells, and
collagen IV to detect the basement membranes of the tubules. For visualization of
the tubules, fluorescent secondary antibodies against the primary antibodies were
applied: anti-rabbit tetramethylrhodamine isothiocyanate for vWf and anti-mouse
fluorescein 5-isothiocyanate for collagen IV.
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443  Microscopic analysis of tubule formation

In wvitro tubule formation was used for quantitative analysis of angiogenesis.
Endothelial cells form capillary-like structures and those tubules were imaged and
analysed using an automated image-analysis platform (Cell-IQ, CM-Technologies,
Tampere, Finland) (Fig. 1). Tubule formation was quantified on the basis of the
intensity of the tubular network formed (tubule length and branching). The obtained
result was compared with the positive tubule-formation control (highest level of
tubule formation induced with stimulatory factors). Values were first normalized to
the in-plate control to remove variation between the plates. In Studies IIT and IV,
the resulting values were compared with the mean value of the healthy group to see
the effect of serum between the groups. To determine the effect of drugs on the
tubules, the normalized values were compared with the unexposed tubules cultured
with serum from the corresponding patient. These results were expressed as
percentages of positive tubule formation.

4.5  Immunoassays

The serum samples were analysed for the concentrations of several angiogenic and
inflammatory key proteins (Studies II-1V). The concentrations of heme oxygenase
1 (HO-1), endothelin-1 (ET-1) and angiopoietin 2 (Ang2) were determined by using
ELISA kits (Studies III & IV). HO-1 (sensitivity 0.78 ng/ml), ET-1 (sensitivity 0.41
pg/ml)(ADI-EKS-800 and ADI-900-020A, Enzo life sciences, Farmingdale, NY,
USA) and Ang2 assays (sensitivity 10 pg/ml; ELH-angiopoietin 2, Raybiotech,
Norcross, GA, USA) were performed according to the manufacturers” instructions
as follows: In the HO-1 and Ang2 ELISAs standards and samples were incubated at
room temperature (RT) for 30 min and 2.5 h, respectively, and in the ET-1 ELISA
they were incubated overnight at +4°C followed by removal of the liquids from the
plates. Antibody solutions were added and incubation carried out for 1 h for HO-1
and Ang2 and for 30 min for ET-1, at RT. Horseradish peroxidase conjugate was
added to the HO-1 and Ang?2 plates (ET-1 antibody was already conjugated) and
incubation carried out for 30 min and 45 min, respectively, at RT. Next, TMP
substrate was added and incubation carried out with slow shaking in the dark at RT
for 15 to 30 min, followed by addition of stop solution. Measurements were
performed at 450 nm with a Varioskan Flash Multimode Reader (Thermo Fischer
Scientific, Vantaa, Finland).
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The concentrations of tumour necrosis factor alpha (TNF-«), soluble fms-like
tyrosine kinase-1 (sFlt-1), placental growth factor (PIGF), vascular endothelial
growth factor A (VEGF-A), vascular cell adhesion molecule 1 (VCAM-1), soluble
endoglin (sEng) and interleukin-6 (IL-6) were determined in all samples using
ProcartaPlex assays (Thermo Fisher Scientific) according to the manufacturer’s
instructions (Studies 11-1V). Briefly, samples were centrifuged at 1000 X g for 10
min before use in the assay. The samples were not diluted. Antigen standards and
magnetic beads were prepared according to the manufacturers’ instructions. Samples
and standards were then added to the beads and incubated with shaking for two
hours at RT. The detection antibodies were added and incubated for 30 min at RT.
To stain the proteins, streptavidin-PE was added and incubated for 30 min at room
temperature, after which the beads were analysed in reading buffer. The results were
analysed with Bio-plex200 (Bio-Rad, California, USA) and Bio-Plex Manager™ 6.0
software (Bio-Rad). Concentrations were obtained in pg/ml. If the results were
lower or higher than the detection rate of the immunoassay, a fixed concentration
was used in analysis of the results. The concentration used for sEng was 2550 pg/ml
when the results were over and for PIGF it was 1 pg/ml when the results were lower
than the lowest detection rate (Study II). The results of the VEGEF and PIGF assays
can also include the bound versions of these growth factors. Hence the results

should be considered as total concentrations.

46  Statistical analysis

Study I. The results are presented as mean values with standard deviations (SDs)
when normally distributed, and as medians and ranges when not normally
distributed. The Statistical Package for the Social Sciences (SPSS) was used for
statistical analysis. Differences between the study groups were analysed by
independent-samples t-tests or by the Mann—Whitney U-test. Differences were
considered significant at p < 0.05. Figures were processed using SPSS and GraphPad
Prism v6.05 software.

In Studies II-1V, the data are expressed as medians and ranges. Differences in
continuous variables between groups were tested by using the Kruskal-Wallis test
and for post-hoc tests we used the Mann—Whitney U-test. Differences within the
study groups were analysed by Wilcoxon’s test. Spearman’s correlation method was

used to calculate correlation coefficients. Probabilities of less than 0.05 were
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considered statistically significant. Statistical analyses were performed by using IBM-
SPSS software, version 11.0. Figures were processed with SPSS (Studies II & III)
and GraphPad Prism 8 software (Study IV).

4.7  Ethical aspects

This study was approved by the Ethics Committee of Pirkanmaa Hospital District,
Tampere, Finland (permits R11088 and R16184). This study conforms to the
principles outlined in the Declaration of Helsinki. The use of human adipose stromal
cells and use of human umbilical endothelial cells were separately approved by the
Ethics Committee of Pirkanmaa Hospital District (Tampere, Finland); permit
numbers of R15161 and R15033, respectively. Written informed consent was
obtained from all participants.
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5 RESULTS

51  Study|

The median gestational age at delivery, birth weight and birth weight standard
deviation were significantly lower in the pre-eclampsia group compared with the
control group. Eight women had severe pre-eclampsia; two of them had HELLP
syndrome. Three pre-eclamptic women delivered before 32 weeks of gestation. In
the control group one woman smoked, and one delivered before 37 weeks of
gestation. Other data concerning clinical characteristics and neonatal outcome is
presented in Table 8.

There was a strong inhibitory effect on tubule formation with sera from pre-
eclamptic women, while sera from healthy women did not have such an effect. The
difference between the groups was seen in both fibroblast-HUVEC (p=0.010) and
hASC-HUVEC (p=0.002) tests. Umbilical serum was inhibitory in both groups.
Umbilical samples from women with pre-eclampsia were more inhibitory, but the
difference between the groups reached statistical significance only in the hASC-
HUVEC test (p=0.020).

None of the serum samples caused cell death (decreased viability). On the contrary,
the umbilical serum samples induced increased cell viability (i.e. stimulated
proliferation of cells) in fibroblast angiogenesis tests. In the hASC test system all
samples showed cell viability slightly above the control level.

There was no correlation between the inhibitory effects of maternal serum and
corresponding umbilical serum in either of the groups. Neither was there a
correlation between clinical features or laboratory findings and the inhibitory effects
of the maternal sera. However, there was a correlation (r=0.75) between birth weight
SD and the inhibitory effect of umbilical sera in the pre-eclampsia group (p=0.020).
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Table 8. Clinical characteristics and neonatal outcome in Study |

Pre-eclampsia (n=11) Control (n=10) p-value
Maternal age, years 29.8 (20-44) 27.0 (23-34) NS
BMI, kg/m? 215(19.7-32.1) 24.1(17.9-38.2) NS
Highest systolic BP, mmHg 166 (141-178) 133 (103-142) 0.000*
Highest diastolic BP, mmHg 100 (88-113) 75 (54-89) 0.000*
Proteinuria, grams/d 42(1.3-94)
Gestational age at delivery, wks 35.1(28.1-39.6) 39.9(35.4-42.3) 0.002
Birth weight, grams 2171 (1020-3140) 3607 (2685-4535) 0.000**
Birth weight, SD 22(-04--19) 02 (-1-15) 0.002+
Apgar scores, at 5 min 8(5-10) 909 NS

Data are gives as median (range). BMI, body mass index; BP, blood pressure; SD, standard deviation
**p-value <0.01, Mann-Whitney U-test.

52  Studyll

There were two preterm births in the pre-eclampsia group and one in the control
group. There was no difference in mean gestational age between the groups. Most
women (5/6) with pre-eclampsia had severe disease. One woman in the control

group smoked. Maternal characteristics and neonatal outcomes are presented in

Table 9.

In the first trimester maternal sera were stimulatory, and tubule formation was
equally high in both groups (Fig. 5). There were no differences in values of
angiogenic biomarkers between the groups. The amounts of pro-angiogenic proteins
(VEGF and PIGF) did not show any correlation with the stimulatory effect seen in
the zn vitro tests. Neither did any other biomarker or tubule-formation measure have
a correlation with baseline demographic characteristics, severity of pre-eclampsia,
gestational weeks at delivery, or birthweight.

In the third trimester, maternal sera from pre-eclamptic pregnancies exhibited an

inhibitory effect on tubule formation. In comparison with healthy women, tubule
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formation was significantly lower (p=0.026), and sFlt-1 levels were higher (p=0.004)
in the pre-eclampsia group (Fig. 5, Table 10).

Compared with the first trimester, tubule formation was lower (p=0.043) in
connection with women with pre-eclampsia in the third trimester, whereas in the
healthy control group there was no change in tubule formation between the
trimesters (Fig. 5). In the third trimester PIGF levels were lower (p=0.043) and those
of sFlt-1 (p=0.028) higher in women with pre-eclampsia when compared with serum
samples taken in the first trimester (Table 10).

Umbilical serum had an equally strong inhibitory effect on tubule formation in both
groups (Fig. 5). There were no differences between the groups in the concentrations
of angiogenic biomarkers. Only in the group of healthy women was the inhibitory
effect on tubule formation stronger in umbilical-cord blood than in maternal serum
(p=0.028). In women with pre-eclampsia sFlt-1 concentrations were significantly
lower (p=0.028) in umbilical serum than in third-trimester maternal serum (Table

10).

In pre-eclamptic pregnancies both maternal serum in the third trimester and
umbilical serum showed a correlation between the inhibitory effect on tubule
formation and low birth weight SD (r=-0.754, p=0.050) and (r=0.841, p=0.030),

respectively.

Table 9. Maternal characteristics and neonatal outcome in Study |I

Pre-eclampsia (n=6) Control (n=6) p-value
Maternal age, years 29.0 (25-33) 25.0 (24-34) 0.240
BMI, kg/m? 21.3(19.7-22.3) 26.4 (17.9-38.2) 0.065
Highest systolic BP, mmHg 160 (141-171) 130 (103-138) 0.009*
Highest diastolic BP, mmHg 96 (88-110) 73 (54-88) 0.002*
Mode of delivery, vaginal/CS, n 412 3/3
Gestational age at delivery, wks 37.5(35.3-38.3) 40.5 (35.4-41.6) 0.065
Birth weight, grams 2620 (2040-3140) 3278 (2685-4535) 0.026*
Birth weight, SD -1.2[-3.1-(-0.4)] -0.5(-1.7-1.5) 0.093
Umbilical artery pH 7.23(7.13-7.36) 7.33 (7.30-7.41) 0.052

Data are given as median (range). BMI, body mass index; BP, blood pressure; CS, Caesarean section; SD, standard

deviation.

*p value < 0.05, **p-value <0.01, Mann-Whitney U-test.
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Figure 5. Longitudinal changes in tubule formation and in sFIt-1 concentrations in pre-eclamptic and

healthy women. Immunofluorescence images of vascular structures show the angiogenic
effect of maternal sera from women with pre-eclampsia. A) first trimester, B) third trimester
and C) umbilical sera.
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Table 10. Concentrations of angiogenic biomarkers in maternal and umbilical sera in the pre-
eclamptic and control group

First trimester Third trimester Umbilical cord
PE CONTR PE CONTR PE CONTR
p-value p-value p-
value

VEGF 2572 2961 2196 1818 6374 3893
(pgm)  (1980-25889) (1875-14003) OO (1a17.9281)  (@56-17321) O20  (s1ssge19)  (2238-16486) 180
PIGF 144 120 2 1 28 16
(pgml) (114185 (1-1514) 0700 (1.3535) (1-1216) 0240 (1.923) (1-1450) 0590
SFit-1 3780 5914 11278 1480 .. 1684 1485
(pom)  (2002-5878) (24806851 ™80  (u76a13809) (277-6339) 000 (3o7.ceas)  aasrrry) 0940
sEng ' ) 2550 1071 1885 1159
(pgmy 290 2550 1000 joog2s50)  (595-2550)  CO% (mag2ss0)  (rot-2s50) 070
sFit- 3 44 614 734 52 382
UPIGF  (02-2002)  (4-6538) 0590 (1413064)  (2-6339) 0940 (36845 (1.7-7113) 03%0
sFit- 13 16 56 05 . 03 03
INEGF  (0.1-28) (05-2.8) 0700 (1585 (04-5.0) 00417 (0413) (04-2.1) 0.700

Data are gives as median (range). PE, pre-eclampsia; CONTR, control; VEGF, vascular endothelial growth factor; PIGF, placental growth factor;
sFlt-1, soluble fms-like tyrosine kinase-1; sEng, soluble endoglin. TAll values were above the range of the standards.
*p-value < 0.05, Mann-Whitney U-test.

5.3 Studies Il and IV

The clinical characteristics and perinatal outcomes of the study groups are presented
in Table 11. One woman in the early-onset pre-eclampsia group and one in the
IUGR group had chronic hypertension; one of them had used labetalol since the
beginning of the pregnancy. None of the participants had used acetylsalicylic acid.
Two women in the IUGR group smoked. There were five preterm deliveries (before
37 weeks) in the early-onset pre-eclampsia group and four in the IUGR group (two
of which were before 32 weeks).

The results of the measurements of various biomarkers in maternal sera are
presented in Table 12. There were significant differences in levels of Ang2, sEng and
ET-1 between the pre-eclampsia, IUGR and control groups, but no significant
differences in levels of anti-inflammatory markers (TNF-o, VCAM-1) were observed
between the groups.
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Maternal sera alone did not have stimulatory or inhibitory effects on tubule
formation in any study group, and there was no difference between the groups (Figs.
6 and 7). Neither was there a correlation between tubule formation and the

concentrations of angiogenic or inflammatory biomarkers in any group.

Table 11. Clinical characteristics and neonatal outcome in studies Il & IV

Early-onset PE Late-onset PE IUGR Healthy

(n=5) (n=5) (n=5) (n=5)
Maternal age, years 22 (19-40) 24 (20-33) 27 (25-33) 34 (33-36)
BMI, kg/m?2 25.3(18.0-30.0) 25.3(21.8-34.8) 25.3(18.3-38.4) 255(21.9-26.1)
Highest systolic BP, mmHg 165 (152-186) 160 (142-202) 136 (118-166) 122 (112-132)
Highest diastolic BP, mmHg 107 (92-115) 106 (93-118) 84 (66-104) 83 (68-94)
Umbilical artery, PI 1.14 (1.02-1.36) 0.86 (0.74-1.08) 1.3 (1.1-1.5) 0.72 (0.57-0.94)
Proteinuria, grams/d 8.0 (1.5-13.5) 2.8 (1.0-4.1)
Gestational age at delivery, wks ~ 33.6 (32.3-35.3) 40.5 (39.1-41.1) 34.0 (26.3-39.9) 39.7 (39-41.3)
Birth weight, grams 1880 (1645-2040) 3860 (3300-4230) 1735 (600-2420) 3920 (3400-4160)
Birth weight, SD -1.2 (-1.5-0) 0.9 (-0.4-1.6) -2.9[-1.9--3.8)] 0.5(-0.9-1.3)
Umbilical arterial pH 7.35(7.18-7.40) 7.22(7.16-7.34) 7.35(7.31-7.39) 7.31(7.26-7.35)

Data are given as median (range). BMI, body mass index; BP, blood pressure; P, pulsatility index; SD, standard deviation

5.3.1  Effect of metformin on angiogenesis (Study III)

When the direct effect of metformin was studied (without maternal serum) we found
that the two therapeutic concentrations (5 and 50 pg/ml) did not affect tubule
formation (angiogenesis), but at a concentration of 600 pg/ml metformin inhibited
tubule formation (p=0.002) when compared with tubule growth without the drug.
There were also significant differences in tubule formation between the three doses
of metformin. Tubule formation (direct effect) was highest at a concentration of 5

ug/ml and lowest at a concentration of 600 pg/ml of metformin.

Compared with tubule growth in the presence of maternal sera alone, metformin at

concentrations of 5 and 50 pg/ml did not significantly change tubule formation in
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any group. However, metformin at 600 pg/ml resulted in a significant decrease in
tubule formation in all groups (p=0.043).

When we investigated differences in tubule formation within study groups, there was
a significant decrease in tubule formation with increasing doses of metformin in the
two pre-eclampsia groups and the IUGR group (p=0.043). In the healthy group, this
decrease in tubule formation followed the same pattern as in the other groups, but
the difference was significant only at concentrations of 50 and 600 pug/ml (p=0.043)

(Fig. 6).

Serum samples alone, or with 5, 50 or 600 pg/ml concentrations of metformin, were
not cytotoxic as determined by WST-1 measurement (using 80% viability). In fact,
metformin at a concentration of 600 ug/ml even increased cell
viability/mitochondrial activity.
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Figure 6. Effect of metformin on tubule formation at three concentrations in each study group.
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5.3.2  Effect of pravastatin on angiogenesis (Study 1V)

When the direct effects of pravastatin (without maternal sera) were evaluated, a
therapeutic concentration (20 ng/ml) did not have an effect on angiogenesis, but at
concentrations of 1000 and 8000 ng/ml pravastatin inhibited tubule formation
(p=0.028).

Compared with tubule growth caused by maternal sera alone, angiogenesis was not
significantly enhanced with any dose of pravastatin. However, there seemed to be
enhancement of angiogenesis in some individual cases, particularly in the early-onset
pre-eclampsia group. In the healthy group there was significant inhibition of
angiogenesis at a concentration of 1000 ng/ml (p=0.043) when compared with
tubule formation caused by maternal sera alone. Within-group differences existed in
the IUGR and early-onset pre-eclampsia groups. There was a significant decrease in
tubule formation between 20 ng/ml and 8000 ng/ml doses of pravastatin in the
TUGR group (p=0.043) and between 1000 ng/ml and 8000 ng/ml in the eatly-onset
pre-eclampsia group (p=0.043) (Fig. 7).

When the study groups were compared with healthy pregnancies, there was
significantly more tubule formation at a pravastatin concentration of 20 ng/ml
(p=0.047) in the IUGR group. There were no differences in tubule formation
between the two pre-eclampsia groups and healthy pregnancies at different doses of
pravastatin. However, when the late-onset pre-eclampsia group was compared with
the IUGR group, there was more tubule formation in the latter group with every
dose of pravastatin (from the lowest to the highest dose, p=0.009, p=0.009,
p=0.028). Otherwise, there were no differences in tubule formation between the

groups (Fig. 7).

Serum samples alone, or with three concentrations of pravastatin, were not
cytotoxic, as viability was above 80% in all tested samples.

Concentrations of sFlt-1, PIGF, VEGF, sEng, VCAM-1, TNF-« and IL-6 in test
media exposed to maternal sera did not change after pravastatin (1000 ng/ml)

supplementation.
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Table 12. Concentrations of angiogenic and inflammatory biomarkers in maternal sera in Studies
llland IV.
Early-onset PE Late-onset PE IUGR Healthy
p-value p-value p-value
PIGF (pgim))  270(16.8-356) 0.564 284 (120-442) 0.355 127 (65-302) 0.564  172(171-173)
SFIt-1(pgiml)  3375(2584-9906) 0117  6244(1801-9781)  0.028" 6036 (459-8623) 0.117 1335 (717-3434)
Ang2 (pg/ml) 8242 (4750-10332)  0.014"  7552(514-10927)  0.086 6236 (3645-7619) 0.014" 1789 (471-2530)
ET-1 (pgm)  1.8(0.7-5.0) 0050  35(0.983) 0.027*  0.6(0.239) 0462 0.4(0.1-10)
sEng (pg/ml)  2995(2375-3418)  0.028*  3552(1469-3787)  0.117 2827 (1767-3674) 0.117 2091 (1661-2548)
HO-1 (ngiml) ~ 0.2(0.2-0.8) 0.806  0.2(0.1-0.5) 0142 05(0.209) 0.806  0.5(0.2-0.7)
TNF-a (pg/ml)  18.0(16.6-18.0) 1000  7.0(21-23.6) 0643 89(6.1-312) 0245  150(9.820.2)
sFIt-1/PIGF 14.2 (9.6-591.1) 0.564 307 (17.5-47.0) 0.355  67.8(15924) 0.564  116(4.2-19.0)
VCAN-1 (pg/ml) 79471 0439 23246 0439 20586 1000 17704
(23157-135785) (4287-27724) (9792-25728) (12191-23216)

Data are gives as median (range). PE, pre-eclampsia; IUGR, intrauterine growth restriction; PIGF, placental growth factor; sFit-1, soluble fms-like
tyrosine kinase-1; Ang2, angiopoietin 2; ET-1, endothelin 1; sEng, soluble endoglin; HO-1, heme oxygenase 1; TNF-a, tumour necrosis factor a;
VCAM-1, vascular cell adhesion protein 1. Values of p refer to the differences between the study groups and healthy pregnancies.

*p-value < 0.05, Mann-Whitney U-test.
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Figure 7. Effect of pravastatin on tubule formation at three concentrations in each study group.
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6 DISCUSSION

6.1 Main findings

This study showed that a human cell-based vasculogenesis/angiogenesis model can
be utilized to study angiogenic properties of sera from healthy and complicated
pregnancies. Since maternal and umbilical sera contain several pro- and anti-
angiogenic factors, vasculogenesis/angiogenesis assays may reflect the functional
angiogenic capacity of the sera better than assay of separate angiogenic factors.
Additionally, the 7z vitro method used is suitable for evaluation of the direct effects
of drugs on angiogenesis as well as for the study of interactions between maternal
sera and pharmaceutical agents. In the first trimester, maternal sera from healthy and
pre-eclamptic pregnancies stimulated angiogenesis, whereas in the third trimester
only sera from women with pre-eclampsia exhibited anti-angiogenic properties.
Umbilical-cord blood was inhibitory after both pre-eclamptic and healthy
pregnancies, and there was no difference between the groups. When the direct
effects of metformin or pravastatin on angiogenesis were evaluated, neither of the
drugs enhanced angiogenesis at therapeutic concentrations. However, maternal sera
along with pravastatin had stimulatory effect on angiogenesis in some women with
early-onset pre-eclampsia. Metformin, in contrast, had a strong inhibitory effect on
angiogenesis at high doses.

6.1.1  Invitro hASC-HUVEC assay as an angiogenesis research tool

In vitro methods have been traditionally employed in efficacy and toxicity testing of
chemicals and drugs, but currently they are additionally being utilized to study
underlying mechanisms of diseases and in the development of new therapeutic
strategies (Rouwkema et al., 2011). Despite significant advances in 7 vitro technology
in recent years, a great deal of medical research is still carried out with animal testing
(Hajar, 2011). Various animal models of pre-eclampsia have been established to
study angiogenesis and knowledge of pathophysiological mechanisms behind pre-
eclampsia has increased via studies in which such models have been utilized.
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Nevertheless, there are disadvantages both in animal experiments as well as in 7z vitro
models. Animal testing is costly and requires time-consuming protocols (Staton et
al., 2009), and most of all, there is major concern regarding repeatability in humans
(Anderesen, 2018). In i vitro tests, the microenvironment of the cells is different
from their /» vivo environment, and the concentrations of pharmaceutical agents in
in vitro conditions rarely correlate directly to 7z vivo concentrations (Huntjens et al.,
20006) (Checkley et al., 2016). However, it is possible to calculate exact in vitro-in
vivo correlations (IVIVCs), but the predictive mathematical models are complex,
requiring data on several parameters. Among other limitations of 7z vitro tests, of
particular importance in obstetric research is their inability to replicate placental
transfer.

We utilized human cell-based vasculogenesis/angiogenesis 7z wvitro tests to
evaluate the performance of this model in pre-eclampsia research. Our aim was to
study the angiogenic capacity of maternal and umbilical sera in healthy and pre-
eclamptic pregnancies, and to investigate the effects of two pharmaceutical agents
on angiogenesis with and without maternal sera. In the first study we used both
fibroblast-HUVEC and hASC-HUVEC assays, but in Studies II-IV only the latter
was used. The hASC-HUVEC model is considered to be a more advanced tool to
study angiogenesis than the fibroblast-HUVEC model since the vascular network
formed is three-dimensional, and additionally there are pericytes lining the
endothelial cells resembling better in vivo vascular structures (Huttala et al., 2015).
The hASC-HUVEC model is considered to reveal also changes in vasculogenesis.
The existence of angioblasts has not been directly confirmed, but there are findings
that supports the presence of an endothelial progenitor cell population capable of
vasculogenesis in hASC (Huttala et al., 2015). The hASC-HUVEC model has been
developed and intra-laboratory-validated at FICAM (The Finnish Centre for
Alternative Methods) (Toimela et al., 2017), which is a centre of expertise as regards
alternatives to animal experimentation. It is specialized in development and
validation of human cell-based tissue/organ models that mimic normal functions of
human tissues. In addition, FICAM acts as the Finnish reference laboratory for
EURL-ECVAM (the European Union Reference Laboratory for Alternatives to
Animal testing). The hASC-HUVEC model has been shown to be reliable, with high
repeatability and good concordance with blood vessels 7z vzvo (Toimela et al., 2017).
It reveals mostly branching angiogenesis, but additionally intussusceptive
angiogenesis is suggested to happen. It has been considered as a ‘pathbreaker’, since
it is the first 7z vitro model that has not employed animal-derived components such
as Matrigel or foetal bovine serum (Andree et al., 2019). It is mostly utilized for

64



testing angiogenic properties of pharmaceuticals and other chemicals. Additionally,
however, it is employed in the development of tissue/organ models such as the
human cellular cardiovascular ‘mini heart’ and the human adipose cell model (Huttala
et al., 2020) (Vuorenpia et al., 2014) (Huttala et al., 2018). Since pre-eclampsia is
strongly associated with vascular dysfunction, we considered that an advanced 7 vitro
model would provide an alternative method to study modulators of angiogenesis in
healthy and complicated pregnancies. Angiogenesis involved in pre-eclampsia has
been commonly studied by measuring levels of pro- and anti-angiogenic factors in
the maternal circulation, whereas the 7z wiro test utilized in this study reveals

functional capabilities of sera to promote, maintain or inhibit angiogenesis.

6.1.2  Angiogenesis in early gestation in pregnancies with subsequent pre-
eclampsia

Controlled angiogenesis is essential for successful pregnancy outcome, and the
balance between pro- and anti-angiogenic factors varies depending on gestational
stage (Kaufmann et al., 2004). In early gestation, during formation of the vascular
foetoplacental system, a predominance of pro-angiogenesis exists (Charnock-Jones
et al., 2004), whereas towards the end of pregnancy, the balance shifts in favour of
anti-angiogenesis (Levine et al., 2004). Angiogenic biomarkers have been widely
studied in the first trimester. The earliest measurements have been made at 6-9
weeks of pregnancy, but those studies have mainly been concentrated on
miscarriages rather than identification of subsequent pre-eclampsia (Vuorela et al.,
2000) (Pang et al, 2013). In pre-eclampsia studies, measurements of serum
biomarkers has been mostly scheduled between 8—14 weeks of gestation (Kuc et al.,
2011). In our study, serum samples were taken at 9—11 weeks. Congruent with
previous data, we noticed that maternal sera were pro-angiogenic in the first
trimester, and there were no differences either in tubule formation or in
concentrations of angiogenic biomarkers between women with subsequent pre-
eclampsia and those with healthy pregnancies. The concentrations of pro-angiogenic
proteins (VEGF and PIGF) did not show correlation with the stimulatory effect seen
in the 7z vitro test, and there was no inhibition of tubule formation even though the
levels of sFlt-1 were already relatively high. In early gestation the association of
angiogenic biomarkers with pre-eclampsia is unclear. Several investigators have
reported some differences in trophoblast and angiogenic biomarkers between

women with healthy pregnancies and those with subsequent pre-eclampsia
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(Townsend et al., 2019), but there are also opposite findings (Wu et al., 2015). In the
first trimester, concentrations of angiogenic biomarkers have mostly been studied
with the intention of identifying women destined to have pre-eclampsia. It is
commonly recognized that a combination of multiple biomarkers yields a higher
detection rate than a single biomarker in predicting pre-eclampsia, and biomarkers
overall show better performance in identifying early-onset rather than late-onset pre-
eclampsia (Chaiworapongsa et al., 2014). Nevertheless, for predictive purposes the
overall significance of biomarkers is questionable (Myatt et al., 2012). The general
incidence of pre-eclampsia is so low that positive predictive values for subsequent
pre-eclampsia have been reported to be only 13% when using biomarkers (Roberts
& Bell, 2013). The focus of our study was not on prediction, and altogether the
significance of measuring angiogenic biomarkers was limited. Maternal serum
samples were obtained relatively early in the first trimester, sample sizes were small
and most women in the pre-eclamptic group whom first-trimester serum samples
were available had late-onset pre-eclampsia. Overall, we think that the results from
the zn vitro tests better reflect the pro-angiogenic state in early gestation than levels

of individual angiogenic proteins.

6.1.3  Angiogenesis and clinical manifestation of pre-eclampsia

Since the discovery of angiogenic disturbance in pre-eclampsia, several studies have
been focused on levels of angiogenic biomarkers longitudinally or at a certain point
of pregnancy. We also measured levels of individual angiogenic proteins, but the
main goal was to evaluate the overall angiogenic capacity of maternal and umbilical
sera. We hypothesized that angiogenic properties determined by human cell-based
vasculogenesis/angiogenesis assays offer a wider approach to angiogenesis, as serum
contains various factors other than known angiogenic biomarkers that are involved
in disease pathophysiology. There is increased knowledge of the pathophysiological
mechanisms behind pre-eclampsia, but the exact aetiology is still unknown (Steegers
et al.,, 2010). Currently, it is thought that the endpoint of pre-eclampsia exhibits
oxidative stress, excess inflaimmation and endothelial dysfunction, but the
mechanisms that lead there are different in early- and late-onset pre-eclampsia
(Chaiworapongsa et al., 2014). The “two-stage” theory of pre-eclampsia is commonly
known, but it mainly concerns the angiogenic eatly-onset disease. Non-angiogenic

type of pre-eclampsia also exists, and in that disease the angiogenic balance in the
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maternal circulation is not altered (Rana et al., 2013). It is characterized by mild
disease presentation occurring in late gestation.

In Studies I and II sera from women with pre-eclampsia showed anti-angiogenic
properties. There was a decrease in tubule formation, and a significant change in the
concentrations of angiogenic proteins toward an anti-angiogenic state between the
first and third trimesters in women with pre-eclampsia. Additionally, levels of sFlt-1
and sEng were higher in the pre-eclampsia group than in the control group in the
third trimester, but levels of individual pro- and anti-angiogenic proteins showed no
correlation with tubule formation. In Study I, almost half of the pregnancies
proceeded to full term, but most women had findings of severe pre-eclampsia, which
explained the anti-angiogenic findings. In Studies III and IV the angiogenic effect of
maternal sera was neutral, and there were no differences in tubule formation between
the healthy, IUGR and pre-eclampsia groups. We expected that there would have
been some differences in angiogenesis between the healthy and pre-eclampsia
groups, since our previous findings supported that. Additionally, we hypothesized
that IUGR pregnancies would have resembled eatly-onset pre-eclamptic pregnancies
in angiogenic profile, as the two disorders share similarities in placental structure.
We suggested that the results may have been different with a larger sample size.

There are previous studies concerning zz vitro models of pre-eclampsia (McNally
et al., 2017), and in several studies human umbilical endothelial cells have been
isolated from umbilical cords from pre-eclamptic and uncomplicated pregnancies
(Brodowski et al., 2017). However, maternal sera from women with pre-eclampsia
have been less well investigated in zz vitro assays (Maynard et al., 2003). In the study
by Maynard and colleagues, tubule formation was determined in their HUVEC
model (Maynard et al., 2003). HUVECs are the most commonly used cell type for
studying angiogenesis (Stryker et al., 2019). However, HUVECs have been
commonly combined with other cell types such as fibroblasts, smooth-muscle
cells/pericytes and other stromal cells to improve test performance, reliability and to
add more aspects of 7 vivo biology (Toimela et al., 2017) (Staton et al., 2004).

6.1.4  Disturbed angiogenesis affecting children after pre-eclampsia

Pre-eclampsia is increasingly recognized as a disease that has long-term impacts on
maternal and foetal health. Epidemiological studies have shown that the intrauterine
environment programs permanent changes in foetal vascular, lipid and hormone
responses (Barker, 1992). There is also growing evidence that foetal exposure to
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hypertensive disorders in utero can result in an increased risk of adult cardiovascular
diseases (Dglaend et al.,, 2009) (Davis et al., 2012). There are several studies on
angiogenic biomarkers in maternal sera after pre-eclamptic pregnancy, but data
concerning angiogenic biomarkers in infants born to mothers with pre-eclampsia is
limited. Angiogenic biomarkers in umbilical blood are considered to reflect the
angiogenic profile in the foetal circulation. In our study umbilical serum was anti-
angiogenic after childbirth. There were no differences in the levels of angiogenic
proteins between maternal and umbilical sera, with the exception of sFlt-1
concentrations, which were higher in sera from women with pre-eclampsia.
Increased concentrations of sFlt-1 in umbilical blood, and even structural changes
in the umbilical cord have been reported after pre-eclamptic pregnancy (Staff et al.,
2005) (Blanco et al., 2011). Findings concerning levels of sFlt-1 in umbilical blood
are not consistent (Sezer et al., 2012), and most investigators reporting increased
concentrations of sFlt-1 in umbilical blood have also detected significantly elevated
levels of sFlt-1 in maternal sera. In our study, umbilical blood samples included both
venous and arterial blood. This could explain the minor differences between
maternal and umbilical sera, as umbilical arterial blood better represents the status
of the foetus, and umbilical venous blood that of the uteroplacental circulation. In
our study, levels of PIGF were below the lowest concentration standard of the
immunoassay kit. The same finding has also been reported previously (Staff et al.,
2005). In umbilical serum samples, there was a correlation between the anti-
angiogenic effect noticed in 7z vitro assays and low birth-weight in the pre-eclampsia
group, presumably reflecting the predominance of anti-angiogenesis in pregnancies
complicated by pre-eclampsia.

Altogether, it seems that pre-eclampsia affects the foetal endothelium. Gilabert
and colleagues reported already two decades ago that umbilical endothelial cells from
pre-eclamptic pregnancies exhibit morphofunctional alterations (Gilabert et al,,
1999). Later it was confirmed that HUVECs isolated from umbilical cords obtained
from pre-eclamptic pregnancies versus healthy pregnancies exhibit reduced
migration and tubule formation (Brodowski et al, 2017). It has also been
demonstrated that the level of cord-blood endothelial colony-forming cells is
decreased after pre-eclamptic pregnancy (Robb et al., 2007). These cells are
postulated to contribute to the formation of the foetal vasculature and to the
maintenance of vascular integrity. Recently, Lin and colleagues observed that
neonates of women with pre-eclampsia had larger coronary arteries at birth than

neonates from normotensive pregnancies. The finding was found to correlate with
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increased expression of vascular cell adhesion molecule 1 (an inflammatory marker
synthesized by endothelial cells) in the umbilical artery (Lin et al., 2021).

6.1.5 Effects of metformin and pravastatin on angiogenesis

We chose to study metformin and pravastatin since both drugs have been
hypothesized to reverse the angiogenic imbalance in pre-eclampsia. Additionally,
they have beneficial qualities such as oral administration, cheap price, easy availability
and good safety profiles. Neither of the drugs have therapeutic indications for use
during gestation, but there has not been evidence of teratogenicity.

There is wide experience of metformin use during gestation as it has been
commonly prescribed for the treatment of type 2 diabetes and PCOS. A possible
association between metformin use and a decreased incidence of hypertensive
disorders of pregnancy has been suggested in studies concerning these disorders
(Tan et al.,, 2016) (Feig et al., 2020). The effect of metformin on angiogenesis during
gestation has been investigated only in few studies. In a study of Brownfoot and
colleagues, metformin improved endothelial dysfunction in a HUVEC model and
induced angiogenesis in omental vessels obtained from women with pre-eclampsia
(Brownfoot et al., 2016). In an animal study by Wang and colleagues metformin
promoted the expression of VEGF and matrix metalloproteinase-2 (MMP-2)
proteins, and further improved shallow placental implantation in pre-eclamptic mice
(Wang et al., 2019). In our study, metformin at therapeutic concentrations along with
maternal sera did not affect tubule formation, but at a high non-therapeutic
concentration it inhibited angiogenesis. Within study groups, increasing doses of
metformin caused a significant increase in its anti-angiogenic effect on tubule
formation. The finding was not due to cell death, as no cytotoxicity was seen in the
cell-viability assay, and it seems that an anti-angiogenic state resulted from a specific
mechanism of metformin. In addition to findings of a stimulatory angiogenic effect
of metformin, there are also contrary reports. In cardiovascular-disease model
metformin treatment was associated with VEGFE upregulation (Sena et al., 2011),
whereas in a HUVEC model metformin inhibited tubule formation in a dose-
dependent manner (Dallaglio et al., 2014). Altogether, data concerning the
association between metformin and angiogenesis in pre-eclampsia is scarce. It has
been hypothesized that since metformin improves insulin sensitivity, decreases
weight gain and might have an impact on nitric oxide synthase, the observed decrease
in hypertensive disorders is associated with those pathways rather than improved
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angiogenesis. There is now an on-going double-bind, randomized, placebo-
controlled trial concerning the efficacy of metformin in the treatment of preterm
pre-eclampsia, but results are not yet available (Cluver et al., 2019).

A history of pre-eclampsia has been recognized as an independent cardiovascular
risk factor (Mosca et al., 2011), but it is not known whether the increased risk is
attributed to pre-eclampsia-associated changes in maternal vasculature or to pre-
pregnancy predisposing factors that connect pre-eclampsia and cardiovascular
disease. It has been observed that pre-eclampsia has a long-term effect on the
maternal vasculature. Women with prior pre-eclampsia have been demonstrated to
have impairment in endothelium-dependent vasodilatation for up to three years after
an affected pregnancy (Chambers et al., 2001), and markers of endothelial activation
have been seen to be high even much longer (Sattar et al., 2003). Statins have been
considered as a potential therapeutic option for the treatment of pre-eclampsia, since
there are similarities in the pathogenic mechanism of pre-eclampsia and
cardiovascular disease, and additionally, statins are known to have protective effects
on vascular endothelial cells. In several animal, human pre-clinical and 7z vitro studies,
pravastatin has been associated with a more favourable angiogenic profile. However,
not all studies support that finding, and in the only randomized trial, pravastatin
therapy did not lower maternal plasma sFlt-1 levels once early-onset pre-eclampsia
had developed (Ahmed et al., 2019). In our study, pravastatin at a therapeutic
concentration did not have a significant effect on angiogenesis, but at a high
concentration it inhibited angiogenesis. Pravastatin did not change the levels of
biomarkers in test media, but the test was performed at only one concentration.
When a therapeutic dose of pravastatin along with maternal sera was studied, there
were no changes in angiogenesis. However, sera from a few women with early-onset
pre-eclampsia had strong stimulatory effect on tubule formation.

Our results did not support previous findings of improved angiogenesis
associated with metformin and pravastatin, but the study setting differed from those
in previous research. We studied maternal sera, and the cells for the 7z vitro model
were obtained from healthy donors, whereas in previous studies placental tissue was
obtained from women with pre-eclampsia, or the study was conducted with an
animal model of pre-eclampsia. It is possible that our results would have been
different if we had used cells from women with pre-eclampsia, and the endothelium
of the vessels had been dysfunctional. Also, the angiogenic properties of maternal
sera did not differ between the groups. Had the sera been anti-angiogenic, the results
may have been different. In the pravastatin study in particular, there was wide
variation in the results of the 7z vitro test. A large part of the variation is probably a
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result of person-to-person variation, but the confidence level of this study would
have benefited from a larger sample size per group. In both studies we also tested
high non-therapeutic concentrations of the drugs, because in previous studies anti-
angiogenic effects have been reported with high doses (Weis et al., 2002) (Dallaglio
et al., 2014). The angiogenic effects observed with high doses were considered real,

since the drugs did not cause cytotoxicity.

6.2  Strengths and limitations of the study

The strength of this study is that we used an entirely human cell-based 77 vi#ro model
to assess angiogenesis. Use of advanced iz witro technology to study disease
pathophysiology is topical, since there is an increasing need for non-animal
approaches in medical research. The hASC/HUVEC model has been previously
employed for studying anti-angiogenic effect of chemicals and as 7z vitro vasculature
in tissue models but it has not been utilized in vascular-system related disease
mechanism studies nor in pre-eclampsia study. We suggest that results obtained from
the zn vitro model offer a wider and more overall approach to angiogenic capacity of
maternal sera than determining levels of single angiogenic biomarkers in the maternal
circulation. Additionally, we studied the angiogenic effects of two pharmaceutical
agents, metformin and pravastatin. Both drugs have been recently proposed as
promising agents to treat and prevent pre-eclampsia, since their use has been
associated with restored angiogenic balance. The results of our study do not support
previous findings, but we obtained valuable new information on the angiogenic
actions of these drugs. Additionally, the effects of metformin and pravastatin on
angiogenesis have not been studied before in the setting of pre-eclamptic, IUGR and
healthy pregnancies. Our results highlight the importance of further research in this
area, and the need for novel approaches in the development of therapeutics in the
treatment of pre-eclampsia.

One limitation of the study was the small sample-size per group, and therefore
some true associations may not have reached statistical significance. There was also
some heterogeneity in the study population. Although most women in Study I had
severe pre-eclampsia, there was variation in the time of onset of the disease, which
might have had an effect on the angiogenic properties of the sera. In Study III/IV
the women with pre-eclampsia were primiparous, but in the control group
multiparous women were also recruited. Gestational age affects angiogenesis. The

controls were supposed to be gestational-age-matched, but at the end there was a
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significant difference in gestational age between the groups (Study I/1I). There were
two smokers in the IUGR group (Study II1I/IV). They should not have been included
in the study, since smoking has been observed to have an effect on angiogenesis by
decreasing sFlt-1 concentration. There were also weaknesses in the methods and in
the description of detailed cellular mechanisms behind the used method. Some
protein concentrations were below or above the standards in the immunoassay Kkits,
which creates difficulties in comparing the study groups. And, although there have
been advances in zz vitro methods, there are still differences in effective drug

concentrations between 7z vivo and n vitro test settings.

6.3  Future perspectives

There have been great advances in understanding the molecular basis of pre-
eclampsia during the last two decades. Pre-eclampsia is known to be associated with
disturbed angiogenesis, an excessive inflaimmatory response and production of
vasoconstrictors, but there are still several unsolved questions in disease
pathophysiology. In recent literature the two-stage theory of pre-eclampsia has been
expanded to a four-stage model. In the first two stages environmental and genetic
factors are critical components, impaired placentation occurs at the third stage as a
consequence of immunological maladaptation, and the fourth stage represents the
clinical disease. Since the discovery of angiogenic imbalance in pre-eclampsia,
therapeutic approaches have been mainly concentrated on treatments that restore
angiogenic balance in the vasculature of pre-eclamptic women. Animal experiments
are commonly used in medical research, including pre-eclampsia studies, and it is
probable that not even in the future will they be entirely replaced by 7 vitro methods.
However, there have been great advances in 7 vitro technology, and current methods
offer the possibility to generate tissue models such as the “mini-heart” and liver
models. The human cell-based 7 vitro model that has been utilized in this study is
suitable for studying the effects of pharmaceutical agents on angiogenesis, but in
future it would be interesting to study the effects of other drugs in an 7 vitro model
that better resembles the true vascular condition in pre-eclamptic pregnancies. In
such model the vessels should be excessively responsive to vasoconstrictive agents
and the endothelium should exhibit dysfunctional properties.
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7 CONCLUSIONS

The main findings and conclusions of the study are:

1. The human cell-based vasculogenesis/angiogenesis 7 vitro model can be utilized
to evaluate the angiogenic properties of maternal and umbilical-cord blood in
pre-eclamptic and normotensive pregnancies. The hASC/HUVEC assay
provides a wider functional perspective in assessment of the angiogenic capacity
of sera than assay of the concentrations of individual angiogenic biomarkers in

maternal and/or umbilical-cord sera.

2. In the third trimester, sera from women with clinical pre-eclampsia is more anti-
angiogenic than sera from healthy women. Umbilical-cord sera is anti-angiogenic
after both pre-eclamptic and healthy pregnancies.

3. In the first trimester, maternal sera have a stimulatory effect on angiogenesis,
and there are no differences between women with healthy or subsequently pre-

eclamptic pregnancies.

4. The hASC/HUVEC assay can be utilized to study the direct effects of
metformin and pravastatin on angiogenesis, and to evaluate angiogenic

interactions between maternal sera and these drugs.

5. Therapeutic concentrations of metformin alone or with maternal sera do not
have an impact on angiogenic properties, but at a concentration above the
therapeutic level there is a significant anti-angiogenic effect on tubule formation.

0. A therapeutic concentration of pravastatin alone or with maternal sera does not
significantly change angiogenic capacity, although interaction with maternal sera
from early-onset pre-eclamptic pregnancies results in stimulation of angiogenesis
in some women. At high doses, above the therapeutic level, pravastatin has an

anti-angiogenic effect.
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Objective: To explore in vitro angiogenic properties of maternal and umbilical cord blood sera from
women with symptomatic pre-eclampsia in comparison with sera from women with normotensive preg-
nancies.
Study design: Maternal and umbilical blood serum samples were collected from eleven primiparous
women with pre-eclampsia and ten healthy gestational-age-matched primiparous controls. The samples
were tested for tubule formation in two different types of in vitro angiogenesis tests. The first test
(fibroblast-HUVEC) showed effects on angiogenesis and the second test (hASC-HUVEC), in addition to
angiogenesis, also showed effects on vasculogenesis. The pro-angiogenic and inhibitory properties of
the samples were microscopically quantified after immunostaining tubular structures, using markers
for von Willebrand factor (vWf) and collagen IV.
Results: Serum samples from pre-eclamptic women inhibited tubule formation in both models, while
those from normal pregnancy didn’t. Umbilical blood samples were inhibitory both after pre-eclampsia
and normal pregnancy. In the fibroblast-HUVEC model the inhibition was stronger after preeclampsia
pregnancy, and the difference between groups was statistically significant. In the pre-eclampsia group
a correlation between the inhibitory effect of umbilical blood and birth weight adjusted to gestational
age was found. No clear correlation between sera from pregnant women and corresponding umbilical
sera was found.
Conclusion: The strong inhibitory effect of maternal serum samples on tubule formation reflects the anti-
angiogenic state that is present in pre-eclampsia.
© 2016 International Society for the Study of Hypertension in Pregnancy. Published by Elsevier B.V. All
rights reserved.

Keywords:

In vitro angiogenesis
Angiogenic factors
Anti-angiogenic factors
Inhibition of angiogenesis
Pre-eclampsia

1. Introduction

Although the exact pathogenesis of pre-eclampsia remains
unclear, there is incremental data indicating that angiogenic factors
play a major role in the development of this disease [1-6]. An
imbalance between pro-angiogenic factors such as vascular
endothelial growth factor (VEGF) and placental growth factor
(PIGF), and anti-angiogenic factors such as soluble fms-like tyrosine
kinase-1 (sFlt-1) and soluble endoglin (sEng) has been detected in
numerous studies [1-4,7]. Changes in the concentrations of circu-

* Corresponding author.
E-mail address: anita.virtanen@fimnet.fi (A. Virtanen).
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lating angiogenic and anti-angiogenic proteins may occur weeks
before the clinical recognition of pre-eclampsia [8,9].

The angiogenic properties of umbilical blood after pre-eclamptic
pregnancy have been studied to a lesser extent. It is known that
sFIt-1 levels are high in umbilical blood after pre-eclampsia
[5,10]. According to the results of recent studies there are also other
factors that affect the vasculogenic properties of umbilical blood. In
a study by Xia et al. (2007) venous cord blood samples were col-
lected during labour from pre-eclamptic mothers and normoten-
sive controls in order to investigate endothelial progenitor cells
(EPCs). It was noticed that the level of EPCs was significantly lower
after pre-eclamptic pregnancies when compared with normal ones.
Endothelial progenitor cells mediate neovascularization in uterine

2210-7789/© 2016 International Society for the Study of Hypertension in Pregnancy. Published by Elsevier B.V. All rights reserved.
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endometrium and it has been hypothesized that they might be
involved in neovascularization of the placental vasculature [9].

Vasculogenesis (formation of blood vessels from EPCs) and
angiogenesis (formation of new blood vessels from existing ones)
are crucial for placentation and embryonic development [11]. Later
in human life angiogenesis is involved in physiological processes
such as wound healing and the menstrual cycle as well as in patho-
logical processes such as tumour development [12]. Angiogenesis
is a multi-step process. The key stages of angiogenesis are endothe-
lial cell proliferation, migration, differentiation and tubule forma-
tion. Each stage is regulated by different growth factors and
inhibitors [13]. Evaluation of the factors that affect angiogenesis
would optimally be studied in vivo, but animal models have several
disadvantages such as variability and animal-specificity. However,
a standardized in vitro angiogenesis assay is reliable for testing the
modulators of angiogenesis [14]. The human primary cell-based
in vitro assay, which was used in the present study, mimics the
effects in humans well [14,15]. As yet only a few models of angio-
genesis using cell-culture techniques are available to explore the
effects of pre-eclampsia. Maynard et al. measured endothelial
tubule formation in an in vitro model of angiogenesis using human
umbilical vein endothelial cells (HUVECs) and proved that sera
from women with pre-eclampsia inhibit tubule formation [16].

Our aim was to utilize two different in vitro angiogenesis mod-
els to study whether sera from women with pre-eclampsia exhibit
different angiogenic effects compared with sera from healthy con-
trols. Furthermore, we wanted to explore the angiogenic properties
of umbilical blood sera from newborns after pre-eclamptic and
normotensive pregnancies.

2. Material and methods
2.1. Ethics statement

This study was approved by the Ethics Committee of Pirkanmaa
Hospital District, Tampere, Finland (permit number R11088). All
patients gave written informed consent. The study conforms to
the principles outlined in the Declaration of Helsinki. The use of
human adipose stromal cells (hASCs) and human umbilical cord
endothelial cells (HUVECs) was separately approved by the Ethics
Committee of Pirkanmaa Hospital District, Tampere, Finland
(permit numbers R03058 and R08028, respectively).

2.2. Study population

In this cross-sectional study, we collected maternal blood
samples from eleven primiparous women with pre-eclampsia
and ten primiparous controls. Corresponding umbilical cord blood
samples were obtained from nine women in both groups. Each of
the controls had the same gestational age as the women with
pre-eclampsia at maternal blood sample collection. The inclusion
criteria for healthy controls were: blood pressure <140/90 mmHg,
urine dip stick test negative for proteinuria and previously uncom-
plicated singleton pregnancy. Hypertension later in pregnancy was
an exclusion criterion.

The samples were collected during 2011-2014 at the Depart-
ment of Obstetrics and Gynaecology, Tampere University Central
Hospital. In the study group the samples were taken at a maximum
of three days before delivery when the patients were already hos-
pitalized because of clinical symptoms of pre-eclampsia. Cord
blood samples were taken after delivery of the placenta in both
groups. There was no separation between umbilical arterial and
venous blood in the cord samples. The serum samples were frozen
and conserved at —70 °C until assay. Blood tests for haemoglobin
level, platelet count and alanine aminotransferase level were

carried out at admission from the women with pre-eclampsia.
Baseline demographic details and data on pregnancy outcome
were collected from the hospital maternity records. Gestational
age was calculated on the basis of the last menstruation and cor-
rected if necessary at first-trimester screening ultrasonography.

Pre-eclampsia was defined according to the guidelines of the
International Society for the Study of Hypertension in Pregnancy.
Systolic blood pressure should be >140 mmHg or diastolic blood
pressure >90 mmHg on at least two occasions 4 h apart after
20 weeks of gestation in previously normotensive women, with
proteinuria of 300 mg or more in 24 h [17]. Pre-eclampsia was
defined as severe if HELLP syndrome (haemolysis, elevated levels
of liver enzymes and low platelet count), eclampsia or exception-
ally high blood pressure (>160 mmHg systolic or >110 mmHg dias-
tolic) appeared [18,19].

Deviation from normal growth (mean weight of newborns at
the same gestational age) was determined for all newborns accord-
ing to national weight curves [20]. Small-for gestational-age (SGA)
was defined as birth weight more than two standard deviations
below the mean.

Pre-eclampsia was divided into early- and late-onset depending
on the gestational age when it was diagnosed. The cut-off point
between these two groups was 34 weeks [21].

2.3. In vitro angiogenesis/vasculogenesis tests

The tests were performed at the Finnish Centre for Alternative
Methods, School of Medicine, University of Tampere. Two different
tests were utilized in the study:

1) The fibroblast-HUVEC test (angiogenesis test method),
which involves co-culture of human BJ fibroblasts
(20,000 cells/cm?) and primary HUVECs (4000 cells/cm?)
and is used to show basic effects of angiogenesis [14].

2) The hASC-HUVEC test (angiogenesis/vasculogenesis test),
based on co-culture of human adipose stem cells (hASCs,
20,000 cells/cm?) and HUVECs (4000 cells/cm?) was used
to include vasculogenesis [15,22].

Human adipose tissue samples were obtained from waste mate-
rial from surgical operations and human umbilical cords were
received after Caesarean sections (with informed consent) at Tam-
pere University Hospital, Tampere, Finland. The culture medium
contained specific exogenous growth factors to induce formation
of tubular structures and networks. Two different growth factor
concentrations were used to induce either strong vascular forma-
tion (to reveal possible inhibitory effects of test samples on vascular
formation) or to induce only moderate vascular formation, where
stimulation of vascular formation may also take place. In inhibition
set-ups the co-cultures were exposed to 1 ng fibroblast growth fac-
tor B (FGF-B)/ml and 10 ng VEGF/ml, whereas in stimulation tests
the concentrations were 0.25 ng/ml and 2.5 ng/ml, respectively.
Table 1 shows assay media components. Serum-free hASC assay
medium was modified from our earlier-described medium [14].

During both in vitro tests, the co-cultures were exposed to
patient serum samples at a dilution of 1:15 and cultured for a fur-
ther six days (with one replenishment of the growth medium). After
exposure, the number of living cells (viability) was evaluated. The
purpose was to distinguish possible cytotoxicity (unspecific general
toxicity causing cell death) from anti-angiogenetic effects induced
by the samples, seen as a reduced amount of formed vascular struc-
tures. Viability/cytotoxicity of the samples was evaluated by using a
WST-1 assay (Cell Proliferation Reagant, Roche, Basel, Switzerland)
which measures mitochondrial activity present only in living cells.
After WST-1 assay, the cells were fixed with 70% ethanol and
immunostained for vWf (Sigma Aldrich, Manassas, VA, USA) and
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Table 1
Assay media components.

Medium name

Content

Manufacturer

Fibroblast inhibition test medium

Fibroblast stimulation test medium (“moderate vascular formation”)

hASC inhibition test medium

1% Foetal bovine serum
2 mM t-glutamine

2.5 ng VEGF/ml

0.25 ng FGF-p/ml

DMEM/F12

2.56 mM L-glutamine

0.1 nM 3,3’,5-triiodo-L-thyronine sodium salt
ITS™ Premix:

10 ng VEGF/ml
1 ng FGF-B/ml

EBM-2 Basal medium Lonza
2% Foetal bovine serum
2 mM t-glutamine

Gibco Invitrogen
Gibco Invitrogen

10 ng VEGF/ml R&D Systems
1 ng FGF-B/ml R&D Systems
EBM-2 Basal medium Lonza

Gibco Invitrogen
Gibco Invitrogen
R&D Systems
R&D Systems

Gibco Invitrogen
Gibco Invitrogen
BD Biosciences
BD Biosciences
1.15 puM: 6.65 pg insulin/ml

6.65 pg transferrin/ml

6.65 ng selenious acid/ml

1% Bovine serum albumin PAA

2.8 mM Sodium pyruvate Gibco Invitrogen

200 pg Ascorbic acid/ml Sigma Aldrich

0.5 pg Heparin/ml Stemcell Technologies
2 g Hydrocortisone/ml Sigma Aldrich

R&D Systems
R&D Systems

collagen IV (Sigma Aldrich). For visualization, an avidin-biotin sys-
tem (Vectastain Elite ABC Kit, Vector laboratories Inc., Burlingame,
CA, USA) was applied with DAB (Diaminobenzidine, Zymed Labora-
tories Inc., Invitrogen, Carlsbad, CA, USA) as a substrate in the
fibroblast angiogenesis assay. The stained tubular structures were
then evaluated (graded) microscopically. Automated analysis was
applied in the vasculogenesis/angiogenesis test. For the analysis,
fluorescent secondary antibodies against the primary antibodies,
anti-rabbit  TRITC (Tetramethylrhodamine isothiocyanante,
Sigma Aldrich) for vWf and anti-mouse FITC (Fluorescein
5-Isothiocyanate, Sigma Aldrich) for collagen IV were applied for
approx. 45 min for visualization of the tubules (resulting in fluores-
cent tubules suitable for image capture and analysis by using an
automated image analysis platform - Cell-IQ, CM-Technologies,
Tampere, Finland). On the grading scale, the intensity of the formed
tubular network (tubule length and branching) was the scoring cri-
terion. The angiogenic effect score was compared with the positive
tubule formation control score (highest level of tubule formation
induced with stimulatory factors) to obtain a percentage of control
value for the tubule effect. This is depicted as mean% + SD.

2.4. Statistical analysis

The results concerning angiogenesis are presented as mean
values with SD. Angiogenesis assay results were analysed by
independent-samples t-test, using GraphPad Prism v6.05 software.
Differences were considered significant at p < 0.05.

The rest of the data are expressed as medians and range. Differ-
ences in continuous variables between groups were tested by using
(non-parametric) Mann-Whitney U-tests. Pearson’s correlation
was used to calculate correlation coefficients. Probabilities of less
than 0.05 were considered statistically significant. Statistical
analyses were performed by using the Statistical Package for the
Social Sciences (SPSS), version 11.0.

3. Results

Table 2 presents demographic data and clinical characteristics
of the deliveries in the pre-eclamptic and control pregnancy

groups. None of the women had essential hypertension, diabetes
mellitus or a thrombophilic disorder. One woman in the control
group smoked. Eight women had severe pre-eclampsia. Seven
women had an early-onset pre-eclampsia, and of these, three
delivered before 32 weeks of gestation. In the control group one
woman delivered before 37 weeks of gestation. Two women had
HELLP syndrome.

The median gestational age at delivery, birth weight and birth
weight standard deviation were significantly lower in the pre-
eclampsia group compared with the control group. Two women
in the pre-eclampsia group delivered a small-for-gestational age
infant and their birth-weight standard deviations were —2.6 and
—3.1. Data concerning neonatal outcome is also described in
Table 2.

To rule out possible basal cytotoxicity of the serum samples, the
amount of living cells (viability) after exposure of the test system
to serum samples was evaluated. None of the serum samples
caused cell death (decreased viability) at the selected dilution of
1:15 (Fig. 1). On the contrary, the umbilical serum samples induced
increased cell viability (i.e. stimulated proliferation of cells) com-
pared with positive tubule formation controls and maternal serum
in fibroblast angiogenesis tests (p < 0.024). In the hASC test system
all samples showed cell viability slightly above the control level.

Table 2
Demographic characteristics, delivery details and neonatal outcome.
PE (n=11) Control (n=10) P-value
Maternal age (years) 29.8 (20-44) 27 (23-34) NS

BMI 21.5(19.7-32.1)
GA at delivery (weeks) 35.1 (28.1-39.6)
Mode of delivery

24.1(179-382) NS
399 (354-423)  0.002

Vaginal (%) 5 (45) 6 (60) NS
Cesarean section (%) 6 (55) 4 (40) NS
Birth weight (grams) 2171 (1020-3140) 3607 (2685-4535) 0.000
Birth weight SD —22(-04-(-19)) -0.2(-1-1.5) 0.002
Apgar 1 min 9(7-9) 9(8-9) NS
Apgar 5 min 8 (5-10) 9(9) NS

Values expressed as median (range) or n (%).
PE, pre-eclampsia; NS, non-significant; BMI, body mass index (kg/m?); GA, gesta-
tional age.
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Fig. 1. The effect of serum samples on viability of cells in the pre-eclampsia and control groups as evaluated by using the mitochondrial viability test WST-1. A) In the
fibroblast-HUVEC test, maternal samples did not change the viability of the cells. In both groups, cord blood serum samples induced a significant increase in cell viability/cell
number when compared with serum samples from corresponding pregnant women. B) In the hASC-HUVEC test all samples showed cell viability slightly above the control

level.

Fig. 2. Fluorescent images of the vascular structures. A) Image of vWf-TRITC-stained tubules exposed to healthy maternal serum. No inhibition is seen. B) Tubules exposed to
serum from pre-eclamptic mothers. Tubular structures and branching are seen to a lesser extent, as a reflection of stronger inhibition of tubule formation.
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Fig. 3. Inhibition set-up of both angiogenesis tests. A, B) Significant inhibition was seen with maternal serum samples from pre-eclamptic patients when compared with
healthy controls (and positive tubule formation control). B) In the vasculogenesis hASC test cord serum samples were inhibitory compared with positive controls whereas

healthy maternal samples were not inhibitory as regards tubule formation.
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There were no stimulatory effects as regards tubule formation
with any of the samples (data not shown), but there was a strong
inhibitory effect on tubule formation with sera from pre-
eclamptic mothers (Figs. 2B and 3), while sera from healthy moth-
ers showed no inhibition. Umbilical blood serum was inhibitory in
both groups; a stronger inhibition was seen after preeclamptic
than normal pregnancy. In fibroblast-HUVEC test the difference
between the groups was significant (p = 0.020). There was no cor-
relation between the inhibitory effects of maternal serum and the
corresponding umbilical serum in either of the groups.

In the pre-eclampsia group no significant correlations were
found between clinical features or laboratory findings vs. the inhi-
bitory effects of the sera (Table 3). There was a significant correla-
tion (r = 0.75) between birth weight SD and the inhibitory effect of
umbilical blood in pre-eclampsia group (Fig. 4) (p = 0.02).

4. Discussion

Although there is ample documentation of an imbalance
between various angiogenic and anti-angiogenic factors in pre-
eclampsia, this has been the first study in which two advanced
in vitro models to assess the functional effects of pre-eclamptic

50,00+

40,00+

30,00

20,00

Tubule inhibition (tubule count)

10,00

30 20 10 0
Birth weight SD

Fig. 4. Correlation between birth weight standard deviation and tubule inhibition

in umbilical blood after pre-eclampsia pregnancy. The lower the tubule count, the
stronger the inhibition. (r = 0.75, p = 0.020).

Table 3

serum on vasculogenesis and angiogenesis have been utilized. In
addition, for the first time, we also included corresponding umbil-
ical blood serum samples in the tests.

Both fibroblast-HUVEC and hASC-HUVEC models, forming
tubular structures and branching mimicking angiogenesis in vivo,
can be used to test the effects of various drugs and chemicals on
angiogenesis, but adding patient serum to the models also enables
evaluation of clinical conditions. In this study we noticed that suit-
able dilution of the serum sample induced no direct cytotoxicity
and thus enabled the testing of inhibition and stimulation of angio-
genesis in the model. Higher serum concentrations inhibited
tubule formation completely; a serum concentration of 1:15
(6.7%) allowed tubule formation at a level at which differences
between samples could be quantified.

Angiogenic capacity in pre-eclampsia and in normotensive
pregnancy has been earlier investigated in a HUVEC-based
in vitro model [16]. These authors reported that sera from four
patients with pre-eclampsia inhibited and sera from four patients
with normotensive pregnancies induced tubule formation. The
results of our study, with more advanced vasculogenesis and
angiogenesis co-culture models support this finding.

Our main finding was that pre-eclamptic maternal serum
showed strong inhibitory effects on in vitro vasculogenesis and
angiogenesis. It is probable that the sample concentrations of VEGF
and FGF-B were not the main causative reason for the angiogenic
inhibition seen. Serum concentrations of these factors are normally
at the level of picograms/ml, whereas in our test systems the
growth factor concentrations were at the level of nanograms/ml.
This suggests that the effects we found were independent of minor
differences in the amounts of these growth factors and would actu-
ally be due to other factors resulting in powerful vasculogenesis
inhibition. One plausible cause could be over-expression of sFlt-1
(VEGFR-1), which antagonizes VEGF. This is in line with the results
of previous studies where high levels of sFlt-1 and low levels of
free VEGF and PIGF in women with pre-eclampsia have been
demonstrated [2,4,5]. In a study by [23] Tsatsaris et al. (2003)
sFIt-1 was significantly up-regulated in placentas from pre-
eclamptic pregnancies and plasma levels of sFlt-1 were signifi-
cantly higher in cases of pre-eclampsia compared with women
with normal pregnancies. Furthermore, plasma concentrations of
sFIt-1 have been shown to be higher in cases of severe vs. mild
pre-eclampsia and high concentrations of sFlt-1 are also associated
with early onset of the disease [24].

In our study, although there was a strong inhibitory effect of
pre-eclamptic sera on vasculogenesis and angiogenesis, we found

Tubule inhibition caused by maternal serum and umbilical blood in fibroblast-HUVEC test and clinical characteristics of the pre-eclampsia group.

GA at delivery Protg/24h BP

Tubule inhibition maternal serum  Tubule inhibition umbilical blood

Characteristics

35+2 6.15 167/ Strong Strong Low platelet count, severe preeclampsia symptoms
102

39+4 2.63 177/96  Low Moderate Low platelet count

37+2 1.27 165/95  Strong Moderate

28 +1 7.14 167/ Moderate Low Low platelet count, severe preeclampsia symptoms
100

31+1 2.68 154/90  Low IUGR, block in the umbilical artery

34 1.6 178/ Moderate Moderate HELLP, severe preeclampsia symptoms
108

37+4 4.2 155/ Strong Moderate
103

35+6 2.61 147/88 Low Moderate

30+6 8.58 166/ Strong HELLP, severe preeclampsia symptoms
113

38 9.35 171/ Low Moderate
110

38+2 6.07 141/92  Low Moderate IUGR, low platelet count

GA, gestational age; Prot, proteinuria; BP, blood pressure; [UGR, intrauterine growth restriction.
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no correlation between maternal clinical characteristics, onset or
severity of the disease and the strength of the inhibitory effects
of the sera. One reason could be the small sample size and the rel-
atively heterogeneous group of pre-eclamptic patients, but the
observation may imply that pre-eclampsia represents an anti-
angiogenic state, independently of the severity of the disease.
Serum sFlt-1 concentrations have been observed to be high in
pregnancies with foetal growth restriction but to a lesser extent
than in pre-eclampsia [25]. It is not known if foetal growth restric-
tion in pre-eclampsia changes the angiogenic balance toward a
more anti-angiogenic state [26]. In our study there were two SGA
foetuses in the pre-eclampsia group and there was not a stronger
inhibitory effect on tubule formation compared with pregnancies
where foetal growth was normal. On the other hand, there was a
positive correlation between birth weight SD and inhibitory effect
of the umbilical blood after pre-eclampsia pregnancy.

The inhibition was always stronger in the pre-eclampsia group
than in the healthy control group. The effect was even more pro-
nounced when the vasculogenesis test (utilizing hASC cells) was
employed. The exact mechanism is not known, but it may be due
to the involvement of endothelial progenitor cells (EPCs) which
are a heterogeneous group of circulating cells, derived from the
bone marrow as well as the vascular wall, that are thought to play
a role in endothelial homeostasis and vascular remodeling [27]. It
has been found that EPCs are reduced in maternal serum and in
umbilical blood from pregnant women with pre-eclampsia
[27,28]. The hASC vasculogenesis test showed a remarkable differ-
ence between umbilical serum and respective maternal serum,
which was not so evident in the angiogenesis set-up. In a study
by Staff et al. (2005) sFlt-1 concentrations were significantly higher
in maternal serum, both in cases of pre-eclampsia and in a healthy
group, compared with corresponding umbilical serum. Therefore,
the strong inhibition of tubule formation caused by umbilical
serum, seen in this study, may not be explained by sFlt-1 concen-
trations alone. In a study by Luppi et al. reduced endothelial pro-
genitor cell count observed in pre-eclampsia pregnancies did not
correlate with s-flt-1 or free PIGF values. In previous study signif-
icantly elevated sFlt-1 levels have been detected in umbilical cord
blood after pre-eclamptic pregnancies compared with healthy ones
[5]. It has been found that in newborns sFlt-1 levels remain much
higher after pre-eclamptic pregnancies compared with uncompli-
cated ones days after delivery [27]. A positive association between
foetal and maternal serum levels of sFlt-1 in pre-eclamptic preg-
nancy has been shown [5,28], and lower serum VEGF levels have
been found in cord blood in cases of pre-eclampsia [16,29,30].
The results of our study suggest that at birth, cord blood is highly
anti-angiogenic in newborns born to mothers with normotensive
pregnancies also.

There was no stimulation of tubule formation induced by any of
the test samples, with or without added VEGF and FGF-. This sug-
gests that the levels of these growth factors were not sufficiently
high in the serum samples to induce angiogenesis.

This study has its strengths and limitations. A Pubmed search
did not reveal any other study involving comparison of maternal
serum and corresponding umbilical serum from patients with
pre-eclampsia and women with uncomplicated pregnancies and
concerning an in vitro model of angiogenesis. Recently, most stud-
ies concerning pre-eclampsia have been focused on measurement
of specific circulating angiogenic or anti-angiogenic factors. In this
study we wanted to approach the angiogenic balance via a func-
tional test to measure the overall angiogenic capacity present in
pre-eclamptic and uncomplicated pregnancies. The sample size
was relatively small, but when compared with a previous in vitro
model study [16], it was reasonably large. However, because of
small sample size it was difficult to assess potentially important
interactions in this study. Another limitation is that the pre-

eclampsia group was not homogeneous as regards severity of the
disease.

In conclusion, our findings demonstrate that there is imbalance
toward an anti-angiogenic state in uncomplicated normotensive
pregnancies as well in pregnancies complicated by pre-
eclampsia. The anti-angiogenic state was also noticed in umbilical
blood. The anti-angiogenic property was always stronger in the
pre-eclampsia group. The strength of the current study is that we
have evaluated the overall angiogenic capacity of sera from mater-
nal blood samples and from corresponding umbilical blood sam-
ples from patients with pre-eclampsia and healthy controls.
Recently, most studies have been focused on single biomarkers.
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Abstract

Objective The purpose of the study was to determine the angiogenic capacity of sera in early and late pregnancy and in
umbilical blood serum after childbirth, and to define how angiogenic properties assessed in a functional in vitro test are
related to individual angiogenic proteins in six women with pre-eclampsia and in six healthy pregnant controls.

Methods Maternal first and third trimester serum samples, and umbilical blood samples after childbirth, were tested in an
in vitro human adipose stromal cell—human umbilical vein endothelial cell (hASC-HUVEC) vasculogenesis/angiogenesis
assay. The angiogenic properties of the samples were measured by quantifying tubule formation. Concentrations of total
placental growth factor (PIGF), total vascular endothelial growth factor (VEGF), soluble fms-like tyrosine kinase 1 (sFlt-1)
and soluble endoglin (SEng) were determined by immunoassay.

Results First-trimester maternal sera of both groups had a stimulatory effect on angiogenesis in vitro and levels of angiogenic
proteins did not differ between the groups. Third-trimester maternal sera in the pre-eclampsia group had an inhibitory effect
on tubule formation, while those from normal pregnancies remained stimulatory. Compared with the first trimester there was
a significant change in the concentrations of angiogenic proteins toward an anti-angiogenic state in pre-eclampsia. Umbilical
blood serum exhibited strong anti-angiogenic effects without a significant difference between groups.

Conclusions Third-trimester serum of pre-eclamptic patients is anti-angiogenic. This phenomenon is not yet present in
the first trimester. Umbilical blood serum shows inhibitory effects on angiogenesis after normal as well as pre-eclamptic
pregnancy.

Keywords In vitro vasculogenesis/angiogenesis - Angiogenic proteins - Inhibition of angiogenesis - Pre-eclampsia - VEGF -
sFlt-1 - PIGF - sEng

Introduction

There have been several studies on pro- and anti-angiogenic
factors and their differences in normal pregnancies and in
women with pre-eclampsia [1, 2]. The most studied proteins
are pro-angiogenic factors such as placental growth factor
(PIGF) and vascular endothelial growth factor (VEGF) and
anti-angiogenic factors such as soluble fms-like tyrosine
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kinase 1 (sFlt-1) and soluble endoglin (sEng) [1, 3]. Even
in normal pregnancies changes in favour of anti-angiogenic
proteins in the third trimester have been observed, but in pre-
eclampsia the imbalance between pro- and anti-angiogenic
proteins is stronger and a change in concentrations of these
proteins toward an anti-angiogenic state has been seen to
exist several weeks before the onset of clinical disease [4, 5].
There are fewer studies on angiogenesis in connection with
umbilical blood after pre-eclamptic pregnancy. Pre-eclamp-
sia seems to have an effect on the umbilical cord itself and
on cord blood, as structural changes have been found in
endothelia of umbilical vessels and increased concentrations
of sFlt-1 in umbilical blood after childbirth [6, 7].

The net angiogenic capacity of serum can be measured
in in vitro tests. Human primary cell-based in vitro assays
mimic the effects in humans reliably [8, 9]. In in vitro
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assays, the endothelial cells form capillary-like structures
(tubule formation) in response to angiogenic signals from
added maternal serum [10]. In contrast to quantitative tests
involving measurement of concentrations of single specific
pro- and anti-angiogenic factors, in vitro angiogenesis tests
reveal functional capabilities of tested samples to promote,
maintain or inhibit tubule formation [8, 10]. In addition,
they provide quantitative information on the extent of tubule
formation [8, 11]. The in vitro vasculogenesis/angiogenesis
human adipose stromal cell—human umbilical cord vein
endothelial cell (hASC-HUVEC) test offers a possibility to
study the effects of serum on angiogenesis (formation of
new blood vessels from existing ones) and vasculogenesis
(de novo blood vessel generation from vascular progenitor
cells) [8, 11].

In the present study, we wanted to assess inter-group dif-
ferences and longitudinal changes in angiogenic capacity of
maternal serum during pregnancy in healthy women and in
women with pre-eclampsia, utilising the hASC-HUVEC test.
Another aim was to investigate how the angiogenic capacity
of maternal serum is associated with known pro- and anti-
angiogenic factors. Furthermore, we wanted to evaluate the
angiogenic capacity of umbilical blood samples after pre-
eclampsia and healthy pregnancy.

Materials and methods
Ethics statement

This study was approved by the Ethics Committee of Pir-
kanmaa Hospital District, Tampere, Finland (permit num-
ber R11088). Written informed consent was obtained from
the women agreeing to participate in the study. The use of
human adipose stromal cells (hASCs) and human umbili-
cal cord vein endothelial cells (HUVECs) was separately
approved by the Ethics Committee of Pirkanmaa Hospital
District, Tampere, Finland (permit numbers R03058 and
R0O8028, respectively).

Study population

This was a cross-sectional research project where the study
population consisted of six primiparous women with pre-
eclampsia and six controls. All women gave two blood
samples during pregnancy and an umbilical blood sample
after childbirth in 2011-2014. The women were recruited
to the study during the third trimester of pregnancy. The
inclusion criteria for healthy controls were blood pres-
sure < 140/90 mmHg, urine dip stick test negative for pro-
teinuria and previously uncomplicated singleton pregnancy.
Hypertension later in pregnancy was an exclusion criterion.
Early-gestation serum samples from both groups were

@ Springer

obtained from the National Institute for Health and Wel-
fare, where maternal sera from first-trimester screening was
stored. The samples had been taken between the ninth and
eleventh weeks of gestation. Gestational age was calculated
on the basis of the last menstruation and corrected if neces-
sary at first-trimester screening ultrasonography.

The definition of pre-eclampsia was that of the Inter-
national Society for the Study of Hypertension in Preg-
nancy (ISSHP) in 2000. Systolic blood pressure should be
> 140 mmHg or diastolic blood pressure >90 mmHg on at
least two occasions 4 h apart after 20 weeks of gestation in
previously normotensive women, with proteinuria of 300 mg
or more in 24 h [12]. Pre-eclampsia was defined as severe
if HELLP syndrome (haemolysis, elevated levels of liver
enzymes and low platelet count), eclampsia or exceptionally
high blood pressure (> 160 mmHg systolic or > 110 mmHg
diastolic) appeared [13, 14]. In the study group, maternal
blood samples were taken at a maximum of 3 days before
delivery when the patient was already hospitalised because
of clinical symptoms of pre-eclampsia. Cord blood samples
were taken after delivery of the placenta in both groups.
There was no separation between umbilical arterial and
venous blood in the cord samples. The serum samples were
frozen and conserved at —70 °C until assay. Blood tests for
haemoglobin level, platelet count and alanine aminotrans-
ferase level were carried out at admission for the women
with pre-eclampsia. Baseline demographic details and data
on pregnancy outcome were collected from the hospital
maternity records.

Deviation from normal growth (mean weight of newborns
at the same gestational age) was determined for all new-
borns according to national weight curves [15]. Small-for
gestational-age (SGA) was defined as birth weight more than
two standard deviations below the mean.

Immunoassays

The concentrations of sFlt-1, PIGF, VEGF and sEng were
determined in all samples by using ProcartaPlex assays
(Thermo Fisher Scientific) according to the manufacturer’s
instructions. Briefly, samples were centrifuged at 1000xg
for 10 min before use in the assay. The samples were not
diluted. Antigen standards and magnetic beads were pre-
pared according to the manufacturer’s instructions. Samples
and standards were then added to the beads and incubated
with shaking for 2 h at room temperature. The detection anti-
bodies were added and incubated for 30 min at room tem-
perature. To stain the proteins, streptavidin-PE was added
and incubated for 30 min at room temperature, after which
the beads were analysed in reading buffer. The results were
analysed with Bio-Plex 200 (Bio-Rad, California, USA) and
Bio-Plex Manager™ 6.0 software (Bio-Rad). Concentrations
were obtained in pg/ml. Standard concentrations for VEGF
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were 5.74-23,500 pg/ml, for sFlt-1 49-200,000 pg/ml, for
sEng 0.61-2500 pg/ml and for PIGF 1.66-6800 pg/ml. If
the result obtained was lower or higher than the range of the
standards, a fixed concentration above or below the stand-
ards was used in analysis of the results. The concentration
used for sEng was 2550 pg/ml when the result was over the
standard range, and for PIGF 1 pg/ml when the result was
lower than the lowest standard. The result of the VEGF and
PIGF assays can include also the bound version of these
growth factors and hence the concentration result should be
considered as total concentration.

Cells

Human adipose tissue samples were obtained from waste
material from surgical operations, and human umbilical
cords from uncomplicated pregnancies were received after
Caesarean sections. Isolation of HUVECs from umbilical
cord veins was performed as described earlier (Sarkanen
et al. [16]) using 0.05% collagenase I (Gibco, Thermo Fisher
scientific, Waltham, USA) inserted into the umbilical vein.
Isolation of hASCs was performed as described earlier (Sar-
kanen et al. [16]) using 0.15% Collagenase type I (Gibco).
HUVECs were cultured in EGM-2 medium (Lonza, Basel,
Switzerland) and hASCs in hASC medium (Table 1). Cells
were negative for mycoplasma contamination, tested by
using MycoAlert™ kits (Lonza).

In vitro vasculogenesis/angiogenesis test

To study the angiogenic potency, i.e. bioactive growth fac-
tor content, of the serum samples, all three sample groups
(first trimester, third trimester and umbilical blood serum
samples) were studied by using the in vitro vasculogenesis/
angiogenesis test, with a co-culture of hASCs (20,000 cells/
cm?) and HUVECS (4000 cells/cm?). The test was performed
as described earlier (Virtanen et al. [10]). Briefly, vascu-
logenesis/angiogenesis was induced using vasculogenesis/
angiogenesis test medium (Table 1) and the co-cultures were
exposed to patient serum samples at a dilution of 1:15 and
cultured for 6 days in total with one replenishment of the
growth medium. After exposure, the number of living cells
was evaluated by using a WST-1 Cell Proliferation Reagent
(Roche, Basel, Switzerland). Following the WST-1, the
cells were fixed with ethanol and immunostained for vWf
(Sigma Aldrich) to detect the endothelial cells and colla-
gen IV (Sigma Aldrich) to detect the basement membrane
of the tubules. For visualisation of the tubules, fluorescent
secondary antibodies against the primary antibodies were
applied: anti-rabbit tetramethylrhodamine isothiocyanate
(TRITC, Sigma Aldrich) for vWf and anti-mouse fluorescein
5-isothiocyanate (FITC, Sigma Aldrich) for collagen IV.
The resulting fluorescent tubules were imaged and analysed

Table 1 Media used in the in vitro test

Medium name Content Manufacturer
hASC medium DMEM/F12 Gibco
10% human serum PAA laboratories
2 mM L-glutamine Gibco

Vasculogenesis/ DMEM/F12 Gibco Invitrogen
angiogenesis test 9 56 mM r-glutamine  Gibco Invitrogen
medium

0.1 nM 3,3',5-triiodo-
L-thyronine sodium
salt

ITS™ Premix

6.65 pg insulin/ml

BD Biosciences

BD Biosciences

6.65 g transferrin/
ml
6.65 ng selenious
acid/ml
1% bovine serum PAA
albumin
2.8 mM sodium
pyruvate

Gibco Invitrogen

200 pg/ml ascorbic
acid

Sigma Aldrich

0.5 pg/ml heparin Stemcell Technologies

2 ug/ml hydrocorti- Sigma Aldrich
sone

2.5 ng/ml VEGF

0.25 ng/ml FGF-p

R&D Systems
R&D Systems

using an automated image analysis platform (Cell-IQ, CM-
Technologies, Tampere, Finland). Tubule formation was
quantified on the basis of the intensity of the tubular network
formed (tubule length and branching). The obtained result
was compared with the positive tubule formation control
(highest level of tubule formation induced with stimulatory
factors). Tubule formation was defined as stimulatory when
there was more tubule formation after exposure of the serum
sample compared with the positive tubule formation control
and inhibitory when there was less tubule formation after
exposure to serum. Values were expressed as percentage of
positive tubule formation.

Statistical analysis

The data are expressed as medians and range. Differences
in continuous variables between groups were tested by
using Mann—Whitney U tests and differences within the
study group by using Wilcoxon’s test. Spearman’s correla-
tion method was used to calculate correlation coefficients.
Probabilities of less than 0.05 were considered statistically
significant. Statistical analyses were performed by using the
Statistical Package for the Social Sciences (IBM-SPSS), ver-
sion 11.0.
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Results

The characteristics of the study population are summa-
rised in Table 2. There were two preterm births in the
pre-eclampsia group, but none of the women had early-
onset pre-eclampsia. Most women with pre-eclampsia had
severe disease.

In the first trimester, maternal sera were stimulatory,
and tubule formation was equally high in the in vitro test
in both groups (Fig. 2). Neither were there differences
between groups in concentrations of the individual pro-
and anti-angiogenic proteins or the sFlt-1:PIGF ratio
(Table 3). In both groups, the median concentrations of
PIGF were higher in maternal sera in the first trimester
when compared with serum samples taken in the third tri-
mester (p =0.043) or umbilical blood serum (p =0.028)
(Table 3).

In contrast to the first trimester, sera from women
with pre-eclampsia in the third trimester exhibited an
inhibitory effect on tubule formation. In comparison
with healthy women, tubule formation was significantly
lower in the pre-eclampsia group (p =0.026) (Figs. 2, 3).
Compared with the first trimester, there was remarkably
lower (p=0.043) tubule formation in the third trimester
in women with pre-eclampsia, whereas in the healthy con-
trol group there was no change in the capacity of tubule
formation (Figs. 2, 3). In the third trimester, sFlt-1 levels
were higher in the pre-eclampsia group than in the healthy
control group (p =0.004) (Table 3) and compared with
the first trimester, sFlt-1 levels had increased (p =0.028)
and total PIGF concentrations had decreased (p =0.043)
in women with pre-eclampsia. In addition, the sFlt-1:PIGF
and sFlt-1/VEGF ratios increased between the first and
third trimester in the pre-eclampsia group (Fig. 1). In

normal pregnancies, sFlt-1 concentrations and the sFlt-1/
VEGEF ratio were similar in the first and third trimesters.

Umbilical blood serum had an equally strong inhibitory
effect on tubule formation in both groups. The inhibitory
effect seen in the in vitro test was stronger in umbilical
serum than in third-trimester maternal serum when the
whole study population (i.e. including controls) was ana-
lysed as one group (p =0.005). The sFlt-1/VEGF ratio
was also significantly higher in umbilical than in maternal
sera (p=0.015). When the data were studied in separate
groups, only in healthy women was the inhibitory effect
on tubule formation stronger in umbilical than in maternal
serum (p =0.028). There were no differences between the
groups in the concentrations of individual pro- and anti-
angiogenic proteins, or in the sFlt-1: VEGF ratio in cord
sera. In women with pre-eclampsia, sFlt-1 concentrations
were significantly lower (p =0.028) in umbilical serum
than in third-trimester maternal serum.

In the first trimester, total amount of pro-angiogenic
proteins (VEGF and PIGF) did not show any correlation
with the stimulatory effect seen in the in vitro test. Neither
did any pro- or anti-angiogenic protein or tubule formation
measure in the first trimester have a correlation with base-
line demographic characteristics, severity of pre-eclamp-
sia, gestational weeks at birth or weight of the newborn.

In the third trimester, when the whole study popula-
tion was analysed as one group, there were significant
negative correlations between tubule formation and sFlt-1
(r=-0.902, p<0.001), sEng (r=-0.595, p=0.041) and
the sFlt-1/VEGEF ratio (r=—0.748, p=0.005). Further-
more, positive correlations between the concentration of
sFlt-1 and both systolic (r=0.741, p=0.006) and diastolic
blood pressure (r=0.849, p <0.001) were found. A corre-
lation between a greater inhibitory effect on tubule forma-
tion and a lower birth weight SD score reached statistical

Table 2 Maternal characteristics
and neonatal outcome

PE group (n=6) Controls (n=6) p value
Maternal age, years® 29.0 (25-33) 25 (24-34) 0.240
BMI, kg/m* 21.3 (19.7-22.3) 26.4 (17.9-38.2) 0.065
Highest systolic BP, mmHg* 160 (141-171) 130 (103-138) 0.009%%*
Highest diastolic BP, mmHg* 96 (88-110) 73 (54-88) 0.002%**
Severe pre-eclampsia (%) 5/6 (83.3)
Gestational age, weeks® 37.5(35.3-38.3) 40.5 (35.4-41.6) 0.065
Mode of delivery

Vaginal/CS, n (%) 4/2 (66.7/33.3) 3/3 (50/50)

Birth weight, grams® 2620 (2040-3140) 3278 (2685-4535) 0.026*
Birth weight, SD score® —12[-3.1to (—0.4)] —-05(-1.7t01.5) 0.093
Umbilical arterial pH* 7.23 (7.13-7.36) 7.33 (7.30-7.41) 0.052

PE pre-eclampsia, BMI body mass index, BP blood pressure, CS Caesarean section, SD standard deviation
*p <0.05; *¥p <0.01, Mann—Whitney U-test

“Data are given as median (range)
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Early pregnancy

Pre-eclampsia
Serum

Fig. 3 Fluorescence images of vVW{-TRITC-stained tubules exposed
to healthy and pre-eclamptic maternal serum and cord blood serum.
Top row: healthy serum in early pregnancy, late pregnancy and cord
blood. Bottom row: pre-eclamptic serum collected early in preg-
nancy, late pregnancy and from cord blood of the infant. Both early

the same correlations were studied in the two separate
groups, the correlations with low birth weight (r=0.829,
p=0.042) and low birth weight SD score (r=0.841,
p=0.036) remained significant in the pre-eclampsia group.

Discussion

In the present study, we demonstrated that assay of pro- and
anti-angiogenic proteins is not the only method to measure
angiogenic capacity of maternal or umbilical blood serum,
but that advanced in vitro models provide an alternative
method to study angiogenesis. We longitudinally meas-
ured concentrations of pro- and anti-angiogenic proteins
by immunoassay and at the same time evaluated functional
angiogenic capacity in in vitro tests in women with pre-
eclampsia and in their controls with uncomplicated preg-
nancies. We assessed the overall angiogenic profile not only
in women with symptomatic pre-eclampsia but also in the
first trimester and after childbirth.

Angiogenesis and vasculogenesis are complex processes
which are regulated not only by pro- and anti-angiogenic
proteins but by other factors in addition [17, 18]. Immu-
noassays give us quantitative information on specific pro-
teins in maternal sera, but in order to assess overall angio-
genic capacity, we used an additional functional approach
to angiogenesis. The human cell-based in vitro vasculo-
genesis/angiogenesis test can be described as a combina-
tion of a functional and a quantitative test. In the in vitro
assay, the endothelial cells form capillary-like structures
in response to angiogenic signals from the added maternal
serum and the effect of maternal serum on tubule formation

@ Springer

Late pregnancy

o - - -

Cord blood at birth

pregnancy samples induced strong tubule formation, in places form-
ing dense tubule clumps in which the tubules are not distinguishable
enough to be analysed. Late pregnancy samples show that healthy
serum induced more tubule formation. The two cord blood groups did
not show a significant difference

can be stimulatory, neutral or inhibitory. The strength of
an effect can be measured as tubule count. What we have
gathered from the literature is that there is only one earlier
study concerning an in vitro model of angiogenesis and pro-
and anti-angiogenic proteins. In the study, in vitro tubule
formation and sFlt-1 concentrations in maternal sera were
assessed in women with pre-eclampsia [19]. In the present
study, we used an in vitro model that in addition to giving a
measure of the effects on angiogenesis, also shows effects
on vasculogenesis.

The pro-angiogenic factors VEGF and PIGF are known to
play important roles in placental development [18]. Angio-
genic proteins have been widely studied in the first trimester
in order to identify women destined to develop pre-eclamp-
sia later in pregnancy, but levels of single angiogenic pro-
teins have been observed to be of poor predictive value [2,
20, 21]. Our results are in concordance with these findings,
since in early gestation we found no significant differences
in functional test results or in the concentrations of pro- and
anti-angiogenic proteins between the study groups. In our
in vitro model of angiogenesis, an equally strong stimula-
tory effect on tubule formation was seen in both groups in
the first trimester, which reflects the pro-angiogenic state in
early weeks of pregnancy. Serum levels of PIGF were higher
in the first trimester than later in pregnancy in both groups,
but there was wide variation in the concentrations and we
found no significant correlation between stimulatory effects
on tubule formation and levels of pro-angiogenic proteins.
There was no inhibition of tubule formation in the first tri-
mester even though the levels of sFlt-1 were already rela-
tively high. The results of earlier studies concerning sFlt-1
concentrations in the first trimester are variable, but there
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are more consistent findings that concentrations of sFlt-1
in women who subsequently develop pre-eclampsia are not
significantly different from those in unaffected controls [22].
With a larger study population the results could be differ-
ent, and it is also known that there are factors other than
those we have measured involved in angiogenesis during the
first trimester of pregnancy [18]. Concentrations of soluble
endoglin were at the same level in both groups in the first
trimester, as has been published earlier [23]. In summary,
results concerning the first trimester in the present study
indicate that the strong stimulatory effect seen in the in vitro
test may better reflect the pro-angiogenic state in early gesta-
tion than levels of individual angiogenic proteins.

We have earlier shown that sera in women with sympto-
matic pre-eclampsia are strongly inhibitory in our in vitro
test [10]. Our finding supported the results of the study by
Maynard et al., where sera from women with pre-eclampsia
inhibited and sera from women with normotensive pregnan-
cies induced tubule formation in a HUVEC-based in vitro
model [19]. In the present study, the decrease in tubule for-
mation was remarkable between the first and third trimester
in women with pre-eclampsia. Simultaneously there were
significant changes in concentrations of sFlt-1 and PIGF
toward a clearly anti-angiogenic balance. However, despite
prevailing anti-angiogenesis, levels of individual pro- and
anti-angiogenic proteins showed no correlation with tubule
formation in the pre-eclampsia group. This could indicate
that despite a steep increase in sFlt-1 concentrations there
are also other factors related to anti-angiogenesis in pre-
eclampsia. In the present work, the small study population
and wide variation in the concentrations of pro- and anti-
angiogenic proteins limit the finding of true associations. As
in previous studies, in our study also sFlt-1 and sEng levels
were higher in the pre-eclampsia group than in the healthy
control group [2, 4]. Decreases in PIGF concentrations and
increases in sFlt-1:PIGF ratios were significant only in the
pre-eclampsia group.

The angiogenic properties of umbilical cord blood after
pre-eclampsia and uncomplicated pregnancy have not been
studied to the same extent as in maternal sera, and to our
knowledge there are no other studies concerning the angio-
genic quality of umbilical blood together with immunoas-
say measurements and in vitro test data. After childbirth,
umbilical blood serum tended to be anti-angiogenic in the
in vitro test, and it was even stronger that in maternal serum.
This was surprising since there were no significant differ-
ences in the concentrations of pro- and anti-angiogenic
proteins (excluding higher levels of maternal sFlt-1 in the
pre-eclampsia group) between mother and foetus. The result
might be affected by the structural variety of umbilical ves-
sels when compared with vessels of the same calibre in the
mother. Umbilical vessels are thought to be more susceptible
to changes in haemodynamic conditions and that might have

an influence on the consistency of umbilical blood [7, 24].
The results of studies on pro-angiogenic proteins in umbili-
cal blood after pre-eclampsia and unaffected pregnancies
are inconsistent [6, 25]. In a recent study, it was observed
that median PIGF levels were lower in umbilical blood after
pre-eclamptic pregnancy when compared with gestational
age-matched controls [26], whereas Staff et al. reported the
same finding as ourselves, that in the majority of samples
levels of PIGF were below the lowest concentration stand-
ard of the immunoassay kit [6]. In the study by Sezer et al.,
it was found that there were no differences in sFlt-1 lev-
els between a pre-eclampsia group and a control group as
regards umbilical blood [26], as we reported, but there are
also studies indicating that sFlt-1 concentrations are higher
in umbilical blood after pre-eclampsia than after unaffected
pregnancies [6]. In the present study, concentrations of pro-
and anti-angiogenic proteins in umbilical blood sera were
similar to maternal levels, with the exception of lower sFlt-1
levels after pre-eclamptic pregnancy. A correlation between
high sFlt-1 concentrations and low-level tubule formation
was found only in the healthy control group, as was also the
case in maternal samples in the third trimester. There are
probably fewer confounding factors that have an influence
on angiogenesis in healthy pregnant women than in those
with pre-eclampsia. In umbilical samples, there was also a
correlation between a pronounced inhibitory effect in the
in vitro test and low birth weight in the pre-eclampsia group,
presumably reflecting the predominance of anti-angiogen-
esis present in foetal growth in pregnancies complicated by
hypertensive disorders.

Strengths and limitations

To our knowledge, this is first study carried out to investigate
an association between the results of an in vitro angiogenesis
test and quantitative measurements of pro- and anti-angio-
genic proteins at three different stages of pregnancy. As the
proteins concerned have been extensively studied recently,
we intended to achieve a new approach to the study of angio-
genic changes during pregnancy in women with pre-eclamp-
sia as well in healthy pregnant women, by using two distinct
methods. In particular, the results of an advanced in vitro
vasculogenesis/angiogenesis test give us new information
about the overall balance of angiogenesis in complicated
and healthy pregnancies. The study was carried out with
a small number of cases, and therefore some true associa-
tions may not have reached statistical significance. Another
limitation of this study was that some protein concentrations
were below or above the standards in the immunoassay Kkits,
which creates difficulties in comparing the study groups.
The high level of sFlt-1 present in the studied serum samples
may cross-react or interfere in the immunoassay for VEGF
and PIGF.
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In conclusion, in the first trimester, maternal sera had
a stimulatory effect on tubule formation reflecting a pro-
angiogenic state in early pregnancy. In the third trimester,
maternal sera from women with pre-eclampsia exhibited
inhibitory properties on angiogenesis, and simultaneously
there was change toward a more anti-angiogenic state as
regards individual proteins. The angiogenic balance in
umbilical blood sera did not differ between the study groups.
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Recent evidence suggests that metformin may prevent pre-eclampsia by reverting the angiogenic imbalance in
maternal sera. In this study, we investigated effect of metformin on angiogenesis by quantifying tubule formation
in a human-based in vitro test with co-culture of human adipose stromal cell (hASC) and human umbilical vein
endothelial cell (HUVEC). A total of 20 pregnant women were recruited in the study. Serum samples were
obtained from women with early- and late-onset pre-eclampsia and from women with pregnancies complicated
by intrauterine growth restriction (IUGR) without pre-eclampsia (N = 5 in each of the three groups). Serum
samples from women with healthy pregnancies served as controls (N = 5). The direct effect of metformin on
angiogenesis was first assessed without maternal sera. Secondly, we investigated the impact of metformin on
angiogenesis in the present of maternal sera. Metformin was used at 5, 50 and 600 pg/ml concentrations.
Angiogenic and inflammatory biomarkers in maternal sera were analyzed by immunoassays. When the direct
effect of metformin was studied, the two lowest concentrations of metformin did not affect tubule formation
(angiogenesis), but the highest concentration inhibited angiogenesis. When metformin was supplemented at
therapeutic concentrations of 5 and 50 ug/ml along with serum samples, there was no change in tubule for-
mation in comparison to maternal sera alone. However, strong inhibitory effect on tubule formation was ob-
served in all groups with the highest, non-therapeutic (600 pg/ml), concentration of metformin.

1. Introduction

Metformin has beneficial effects in various diseases apart from its
original use in type 2 diabetes [1]. Its impact on angiogenesis has been
investigated extensively in oncological studies since the observation of
reduced risk and improved survival of cancers in patients using met-
formin [2]. Suggested anti-cancer potential of metformin has been
linked to anti-angiogenic activity of the drug as it has been observed to
inhibit the formation of capillary-like networks by endothelial cells.
Paradoxically, metformin has also been observed to up-regulate vas-
cular endothelial growth factor A (VEGF-A) expression, enhancing an-
giogenesis [2]. The association between pre-eclampsia and disturbed
angiogenesis is widely accepted [3,4]. The focus of pre-eclampsia stu-
dies has shifted towards research concerning pathophysiological
changes that improve endothelial dysfunction and restore angiogenic
balance [5,6]. Recently, metformin has been proposed as an alternate

drug for the treatment of hypertensive pregnancy disorders [7]. The
incidence of gestational hypertension has been shown to be lower in
women with polycystic ovary syndrome using metformin throughout
pregnancy [8]. Interestingly, metformin has been shown to improve
endothelial dysfunction in an in vitro human umbilical vein endothelial
cell (HUVECQ) test and to induce angiogenesis in omental vessels ob-
tained from women with pre-eclampsia [6]. Nevertheless, the associa-
tion between metformin use and a lower risk of pre-eclampsia is still
unclear [9,10].

The aim of our study was to elucidate the direct effect of metformin
on angiogenesis, and to evaluate the impact of maternal sera from
healthy and complicated pregnancies along with metformin on angio-
genesis by using an in vitro hASC-HUVEC vasculogenesis/angiogenesis
assay.
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2. Materials and methods
2.1. Ethics statement

This study was approved by the Ethics Committee of Pirkanmaa
Hospital District, Tampere, Finland (permit R16184). The isolation and
use of hASC and HUVEC was approved (permits R15161 and R15033,
respectively). Written informed consent was obtained from all partici-
pants.

2.2. Study population

In this in vitro trial we studied serum samples from women with
early- and late-onset pre-eclampsia and from women with pregnancies
complicated by intrauterine growth restriction (IUGR) without pre-
eclampsia (N = 5 in each of the three groups). Serum samples from
women with healthy pregnancies served as controls (N = 5).
Recruitment was conducted prospectively at the Department of
Obstetrics and Gynaecology, Tampere University Hospital, from April
2017 until March 2018.

Blood samples were obtained from patients at the time of admission
to the hospital. The serum samples were stored at —70 °C until assay.
Baseline demographic details and data on pregnancy outcomes were
collected from the medical records. Gestational age was calculated ac-
cording to last menstrual period, or on the basis of first-trimester ul-
trasonographic screening results.

Pre-eclampsia was diagnosed as hypertension and proteinuria oc-
curring after 20 weeks of gestation. Hypertension was diagnosed as
systolic blood pressure =140 mmHg and/or diastolic blood pressure
=90 mmHg and proteinuria as urinary excretion of =300 mg protein
in a 24-hour specimen. Pre-eclampsia was defined as early-onset when
diagnosed before 34 0/7 weeks of gestation and late-onset when diag-
nosed at 34 0/7 weeks of gestation or later. IUGR was defined as a fetal
abdominal circumference below the 10th percentile or estimated fetal
weight below the 10th percentile in ultrasonographic examination.

2.3. Immunoassays

The serum samples were analyzed for the concentrations of several
angiogenic and inflammatory key proteins. The concentrations of heme
oxygenase 1 (HO-1), endothelin-1 (ET-1) and angiopoietin 2 (Ang2)
were determined by using ELISA kits. HO-1 (sensitivity 0.78 ng/ml) and
ET-1 (sensitivity 0.41 pg/ml) assays (ADI-EKS-800 and ADI-900-020A,
Enzo life sciences, Farmingdale, NY, USA) and Ang2 assays (sensitivity
10 pg/ml; ELH-angiopoietin 2, Raybiotech, Norcross, GA, USA) were
performed according to the manufacturefs instructions as follows: In
the HO-1 and Ang2 ELISAs standards and samples were incubated at
room temperature for 30 min and 2.5 h, respectively, and in the ET-1
ELISA they were incubated overnight at +4 °C followed by removal of
the liquids from the plates. The antibody was added and incubation
carried out for 1 h for HO-1 and Ang2 and for 30 min for ET-1, at RT.
HRP conjugate was added to the HO-1 and Ang2 plates (ET-1 antibody
was readily conjugated) and incubation carried out for 30 min and
45 min, respectively, at room temperature. Next, TMB substrate was
added and incubation carried out with slow shaking in the dark at room
temperature for 15-30 min, followed by addition of stop solution.
Measurements were performed at 450 nm with a Varioskan Flash
Multimode Reader (Thermo Fischer Scientific, Waltham, MA, USA).

The concentrations of tumor necrosis factor a (TNF-a), soluble fms-
like tyrosine kinase-1 (sFlt-1), placental growth factor (P1GF), vascular
endothelial growth factor A (VEGF-A), vascular cell adhesion molecule
1 (VCAM-1) and soluble endoglin (sEng) were determined in all sam-
ples using ProcartaPlex assays (Thermo Fisher Scientific) according to
the manufacturer’s instructions and as described earlier [11]. Con-
centrations were obtained in pg/ml. Standard concentrations were:
VEGF-A 5.76-23600 pg/ml, sFlt-1 47.53-194700 pg/ml, sEng

Pregnancy Hypertension 22 (2020) 7-13

Table 1
Cell culture media compositions.
hASC culture medium DMEM/F12 Gibco
10% human serum PAA laboratories
1% L-Glutamine Gibco
hASC-HUVEC test DMEM/F12 Gibco
medium
2.56 mM L-glutamine Gibco

0.1 nM 3,3’,5-triiodo-L-
thyronine sodium salt

BD Biosciences

BD Biosciences
ITS™ Premix:
insulin (6.65 pg/ml)
transferrin (6.65 pg/ml)
selenious acid (6.65 ng/ml)
1% Bovine serum albumin PAA
2.8 mM Sodium pyruvate Gibco Invitrogen
70 ug/ml Ascorbic acid Sigma Aldrich
175 ng/ml Heparin Stemcell
Technologies
Sigma Aldrich
R&D Systems
R&D Systems

0.7 pug/ml Hydrocortisone
3,5 ng/ml VEGF
0,35 ng/ml FGF-B

0.61-2500 pg/ml, VCAM-1 9.45-38700 pg/ml, TNF-a 8.47-34700 pg/
ml and PIGF 1.81-7400 pg/ml.

2.4. Cells

Human adipose-tissue samples were obtained from excess material
of surgical operations. Human umbilical cords from uncomplicated
pregnancies were obtained after Caesarean deliveries. Isolation of
HUVECs from umbilical cord veins was performed as described earlier
[12] using 0.05% collagenase I (Gibco, Thermo Fisher scientific, Wal-
tham, USA) injected into the umbilical vein. Isolated HUVECs were
cultured in EGM-2 medium (Lonza, Basel, Switzerland) (Table 1).

Isolation of hASCs was performed as described earlier [12] using
0.15% collagenase type I (Gibco). Isolated hASCs were cultured in hASC
medium (Table 1). Both HUVECs and hASCs were negative for myco-
plasma contamination, as tested by using MycoAlert™ kits (Lonza).

2.5. In vitro vasculogenesis/angiogenesis test

To study angiogenesis, an in vitro vasculogenesis/angiogenesis test,
a co-culture of hASCs and HUVECs, was utilized. Direct effect of met-
formin (without maternal sera) on tubule formation was first assessed.
After that, the angiogenic capacity of serum samples with and without
metformin were studied by using the same study protocol. The test was
performed as described earlier [13,11] with modification of the con-
centrations of supplements (Table 1). Briefly, a co-culture of hASCs
(20,000 cells/cm?) and HUVEGs (4000 cells/cm?) was plated on 48-
well plates on day 0. On day 1, vasculogenesis/angiogenesis was in-
duced using vasculogenesis/angiogenesis test medium (Table 1) and
patient serum samples at a dilution of 1:15. The cells were cultured for
six days in total with one replenishment of growth medium. To evaluate
the effect of metformin on tubule formation, metformin was added to
the test medium along with patient serum samples on day 1 and re-
plenished once during the six days of culture. The studied concentra-
tions of metformin were 5 pg/ml, 50 pg/ml and 600 pg/ml. The two
lowest concentrations were chosen to correspond reported therapeutic
concentrations of metformin [14] and the highest to ensure a suffi-
ciently high concentration of free metformin for the detection of an-
giogenic effects in in vitro model. The highest concentration of met-
formin (600 pg/ml) was markedly over the therapeutic concentration of
metformin.

After exposure, the number of living cells was evaluated by using a
WST-1 Cell Proliferation Reagent (Roche, Basel, Switzerland). The
WST-1 reagent measures the activity of mitochondria of cells, as a
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surrogate marker of the number of living cells, i.e. cell viability.
Following this, the cells were fixed with 70% ethanol and im-
munostained for von Willebrand factor (vWf) (Sigma Aldrich) to detect
endothelial cells, and collagen IV (Sigma Aldrich) to detect the base-
ment membrane of tubules. For visualisation of the tubules, fluorescent
secondary antibodies against the primary antibodies were applied: an-
tirabbit tetramethylrhodamine isothiocyanate (TRITC, Sigma Aldrich)
for vWf and anti-mouse fluorescein 5-isothiocyanate (FITC, Sigma
Aldrich) for collagen IV.

The resulting fluorescent tubules were imaged and analyzed using
an automated image analysis platform (Cell-IQ, CM-Technologies,
Tampere, Finland). Tubule formation was quantified on the basis of the
intensity of the tubular network formed (tubule length and branching).
The obtained result was compared with the positive tubule formation
control (highest level of tubule formation induced with stimulatory
factors). Values were first normalized to the in-plate control to remove
variation between the plates. To see the effect of serum between the
groups, the resulting values were compared with the mean value of the
healthy group. To determine the effect of metformin on the tubules, the
normalized values were compared with the unexposed tubules con-
taining the serum of the corresponding patient. These results were ex-
pressed as percentages of positive tubule formation.

2.6. Statistical analysis

The data of clinical characteristics and bioactive markers are ex-
pressed as medians and range. Differences in continuous variables be-
tween the groups were tested by using Mann-Whitney U-tests and
differences within the study group by using Wilcoxon’s test. Spearman’s
correlation method was used to calculate correlation coefficients.
Probabilities of less than 0.05 were considered statistically significant.
Statistical analyses were performed by using the Statistical Package for
the Social Sciences (IBM-SPSS), version 11.0. The graphs were pro-
cessed with GraphPadPrism 8 (GraphPad Software, San Diego, CA,
USA), and the results of tubule formation at the graphs were presented
as mean * SD.

3. Results

The clinical characteristics and neonatal outcomes of the study
groups are presented in Table 2. One woman with early-onset pre-
eclampsia and one with IUGR had chronic hypertension; one of them
was on labetalol from the beginning of the pregnancy. None of the
participants used low-dose aspirin, nor had pregestational diabetes or a
thrombophilic disorder. There were five preterm deliveries (before 37
0/7 weeks of gestation) in the early-onset pre-eclampsia group and four
in the IUGR group (two of which before 32 0/7 weeks of gestation).

The median gestational age at delivery, birth weight and birth
weight standard deviation were significantly lower in pregnancies

Table 2
Maternal characteristics and neonatal outcome.
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complicated by early-onset pre-eclampsia and IUGR compared with
pregnancies complicated by late-onset pre-eclampsia and healthy
pregnancies (Table 2). The blood samples were obtained within four
days before delivery, and there was no difference in the time interval
between blood sampling and the delivery in the control and study
groups.

The results of the measurements of various bioactive markers in
maternal sera are presented in Table 3. There were significant differ-
ences in levels of sFlt-1, Ang2, sEng and ET-1 between the pre-
eclampsia, IUGR and control group, whereas no significant differences
in sFlt-1/PIGF ratio nor in levels of pro-inflammatory markers (TNF-a,
VCAM-1) were observed between the groups.

Maternal sera alone did not have stimulatory or inhibitory effects on
tubule formation in any study group, and there was no difference be-
tween the control and study groups (Figs. 2 and 3). Neither was there a
correlation between tubule formation and the concentrations of an-
giogenic or inflammatory biomarkers in any group.

When the direct effect of metformin was studied (without maternal
serum) we found that the two lowest tested concentrations (5 and
50 pg/ml) did not affect tubule formation (angiogenesis), but at con-
centration of 600 pg/ml metformin inhibited tubule formation
(p = 0.002) when compared to tubule growth without drug. There
were also significant differences in tubule formation between the three
doses of metformin (Fig. 1).

Metformin at concentration of 5 and 50 pug/ml did not significantly
change tubule formation in any group when compared to tubule growth
affected by maternal sera alone (Fig. 2). Either, there were no differ-
ences between the control and study groups. However, metformin at
600 nug/ml resulted in an equally strong inhibition on tubule formation
in each study group (p = 0.005, p = 0.011, p = 0.000, p = 0.002)
(Figs. 2 and 3). When tubule formation with and without maternal sera
were compared, there was a significant difference only with the highest
concentration of metformin; the presence of maternal sera increased
tubule growth in each study group (early-onset pre-eclampsia;
p = 0.037, late-onset pre-eclampsia; p = 0.018, IUGR; p = 0.035,
healthy; p = 0.004).

When changes in tubule formation were investigated within each
study group, there seems to be decrease in tubule formation with in-
creasing doses of metformin (Fig. 2). The only difference between the
groups were observed between the two lowest concentrations of met-
formin since only the sera from early-onset pre-eclampsia or IUGR
group, caused a significant inhibition of angiogenesis with increasing
dose (Fig. 2).

Serum samples alone, or with 5, 50 or 600 ug/ml concentrations of
metformin, were not cytotoxic, as determined by WST-1 measurement,
using 80% viability compared with the unexposed controls as the non-
cytotoxicity limit. In contrast, metformin at a concentration of 600 pg/
ml even increased cell viability/mitochondrial activity.

Early-onset PE (n = 5) Late-onset PE (n = 5) IUGR (n = 5) Healthy (n = 5)
Maternal age, years 22 (19-40) 22.5 (20-33) 27 (25-33) 34 (33-36)
BMI, kg/m2 25.3 (18-30) 24.5 (21.8-34.8) 25.3 (18.3-38.4) 25.5 (21.9-26.1)
Non-smoker (%) 100 100 60 100
Highest systolic BP, mmHg 165 (152-186) 160 (142-202) 136 (118-166) 122 (112-132)
Highest diastolic BP, mmHg 107 (92-115) 106 (93-118) 84 (66-104) 83 (68-94)
Proteinuria, grams 8.0 (1.5-13.5) 2.8 (1.0-4.1)
Umb(A) PI 1.14 (1.02-1.36) 0.83 (0.74-1.08) 1.3 (1.1-1.5) 0.72 (0.57-0.94)

Gestational age at delivery, wks
Birth weight, grams

Birth weight, SD score
Umbilical arterial pH

33.6 (32.3-35.3)
1880 (1645-2040)
-1.2 (-1.5-0)
7.35 (7.18-7.40)

40.5 (39.1-41.1)
3655 (3300-4230)
0.4 (—0.4-1.6)
7.23 (7.16-7.34)

34 (26.3-39.9)

1735 (600-2420)
—29[-1.9-(-3.8)]
7.35 (7.31-7.39)

39.7 (39-41.3)
3920 (3400-4160)
0.5 (-0.9-1.3)
7.31 (7.26-7.35)

Data are given as median (range). PE, pre-eclampsia; IUGR, intrauterine growth restriction; BMI, body mass index; BP, blood pressure; Umb(A) PI, umbilical artery

pulsatility index; SD, standard deviation.
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Table 3
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Concentrations of angiogenic and inflammatory proteins in maternal serum in early- and late-onset pre-eclampsia, IUGR and healthy group. Values of p refer to the

differences between pre-eclampsia or IUGR and healthy pregnancies.

Early-onset PE Late-onset PE IUGR Healthy
p-value p-value p-value

PIGF (pg/ml) 270 (16.8-356) 0.564 284 (120-442) 0.355 127 (65-302) 0.564 172 (171-173)
sFlt-1 (pg/ml) 3375 (2584-9906) 0.117 6244 (1801-9781) 0.028* 6036 (459-8623) 0.117 1335 (717-3434)
Ang2 (pg/ml) 8242 (4750-10332) 0.014* 7552 (514-10927) 0.086 6236 (3645-7619) 0.014* 1789 (471-2530)
ET-1 (pg/ml) 1.77 (0.69-4.97) 0.050 3.52 (0.86-8.29) 0.027* 0.62 (0.16-3.86) 0.462 0.44 (0.11-1.01)
sEng (pg/ml) 2995 (2375-3418) 0.028* 3552 (1469-3787) 0.117 2827 (1767-3674) 0.117 2091 (1661-2548)
HO-1 (ng/ml) 0.24 (0.18-0.82) 0.806 0.21 (0.12-0.52) 0.142 0.48 (0.18-0.94) 0.806 0.46 (0.15-0.70)
TNF-a (pg/ml) 18.04 (16.58-18.04) 1.000 7.01 (2.06-23.58) 0.643 8.92 (6.08-31.22) 0.245 14.99 (9.81-20.17)
VCAM-1 (pg/ml) 79,471 (23157-135785) 0.439 23,246 (4287-27724) 0.439 20,586 (9792-25728) 1.000 17,704 (12191-23216)
sFlt-1/PIGF 14.17 (9.56-591.08) 0.564 30.67 (17.48-46.98) 0.355 67.77 (1.52-92.42) 0.564 11.60 (4.19-19.00)

Data are given as median (range). PE, pre-eclampsia; IUGR, intrauterine growth restriction; PIGF, placental growth factor; sFlt-1, soluble fms-like tyrosine kinase-1;
Ang2, angiopoietin 2; ET-1, endothelin 1; sEng, soluble endoglin, HO-1; heme oxygenase 1, TNF-a; tumor necrosis factor alpha, VCAM-1; vascular cell adhesion

molecule 1.
* p-value less than 0.05, Mann-Whitney U test.

p=0.002
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Fig. 1. When the direct effect of metformin was studied (without maternal
serum) we found that the two lowest tested concentrations (5 and 50 ug/ml) did
not affect tubule formation (angiogenesis) when compared to tubule formation
without drug, but at concentration of 600 ug/ml metformin inhibited tubule
formation (p = 0.002).

4. Discussion
4.1. Main findings

The therapeutic concentrations of 5 and 50 pg/ml of metformin did
not affect tubule formation (angiogenesis), but the highest concentra-
tion inhibited angiogenesis when the direct effect of metformin was
studied. When metformin was supplemented at the two lowest con-
centrations along with maternal serum samples, there was no change in
tubule formation in comparison to maternal sera alone. However,
strong inhibitory effect on tubule formation was observed in all groups
with the highest, non-therapeutic (600 ng/ml), concentration of met-
formin.

The vasculogenesis/angiogenesis model utilized in this study has
gone through intra-laboratory validation (Environment Directorate
OECD), and it has been found to show good concordance in comparison
with blood vessel formation in vivo [15]. The model has been con-
firmed to be suitable for testing the angiogenic properties of drugs and
other chemicals [15,16]. We have previously utilized the model to
study maternal and umbilical sera in order to assess the overall an-
giogenic capacity in pre-eclamptic and healthy pregnancies [13]. Ac-
cording to Kajbaf et al. therapeutic human plasma levels of metformin
range from 0.129 to 90 mg/l (=ug/ml)[14]. Hence, the two lowest
concentrations used in our study correspond to measured metformin

plasma concentrations, but the highest concentration is markedly over
the therapeutic level. Calculation of in vitro-in vivo correlation (IVIVC)
requires complicated mathematical modelling which takes into account
various characteristics of the substance, such as pharmacokinetics and
bioavailability [17]. Free concentrations of the drug may be drastically
different compared to nominal concentrations, and it is common that
effective in vitro concentrations are higher than those measured from
plasma. We have previously shown that higher than usual plasma
concentrations of a studied compound might be needed to demonstrate
known effects in hASC-HUVEC vasculogenesis/angiogenesis model
[15]. The concentrations in this study were chosen to span a wide range
in order to ensure a sufficiently high concentration of free metformin
for the detection of possible angiogenic effects.

So far, only one other research group has evaluated the angiogenic
capacity of metformin in obstetric patients. Brownfoot et al. found that
metformin ameliorates endothelial dysfunction in an in vitro HUVEC
test and induces angiogenesis in an omental artery explant assay [6].
However, their study design differed from ours. In their study maternal
sera were not tested, but placental villous explants and omental tissues
were collected from pre-eclamptic women. Explants of omental vessels
were cultured with and without sFlt-1, and the reduction in angiogenic
sprouting caused by sFlt-1, was rescued by the addition of metformin at
1 mmol/1°. In our study the lowest concentration of metformin was
5 pg/ml, which corresponds to twice the concentration used in the
study by Brownfoot et al. Our results were not in accordance with
Brownfoot et al, as we did not observe pro-angiogenic effects of met-
formin at all. At therapeutic concentrations, metformin along with
maternal sera did not affect angiogenesis when compared to angiogenic
capacity of maternal sera alone.

When the basic tubule formation was measured (without met-
formin) we found no differences in effects of maternal sera between the
control and study groups. Either there were no correlations between the
effect of maternal sera on tubule formation and measured angiogenic
biomarkers. We expected that the sera from pre-eclampsia and IUGR
pregnancies, would have been more anti-angiogenic than the sera from
women with healthy pregnancies. The result is possible affected by a
small sample size. The lack of correlations was understandable as we
have already earlier suggested that there might be interacting factors
other than known angiogenic proteins that have an influence on an-
giogenesis [11]. Although, the basic tubule formation of maternal sera
did not differ between study and control groups, there were difference
in angiogenic capacity in the present of maternal sera along with
metformin. When the effect of metformin and maternal sera on angio-
genesis was investigated within each group, only in the early-onset pre-
eclampsia and IUGR groups the inhibition of angiogenesis was stronger
in every dosage increase. The highest, non-therapeutic concentration of



A. Virtanen, et al.

150

Tubule formation, % of control

0

5 50 600 0

Pregnancy Hypertension 22 (2020) 7-13

p=0.011

p=0.001 mmm Early-onset PE

p=0.001 mmm  Late-onset PE

5 50 600

Concentration of metformin (ug/ml)

p=0.000

p=0.000

150

p=0.023

p=0.000

100

50

Tubule formation, % of control

50

Concentration of metformin (ug/ml)

600

p=0.002
—

IUGR

p=0.004

mmm  Healthy

50 600

Fig. 2. Tubule formation (mean + SD) with and without metformin in the presence of maternal sera from each study group. In comparison to maternal sera alone,
there was a strong inhibitory effect on angiogenesis with the highest concentration (600 pg/ml) of metformin. In addition, within groups there were decrease in

tubule formation with increasing dose of metformin.

metformin caused a strong inhibitory effect on angiogenesis with and
without maternal sera. Interestingly, maternal sera from each group
increased tubule formation in comparison to effects of the drug without
maternal sera when metformin was used at 600 ug/ml concentration.
The highest concentration of metformin used in this study is higher
than therapeutic concentrations of metformin. The inhibition of an-
giogenesis observed at high metformin concentration was not due to
cell death, as there was no cytotoxicity in the cell viability assay. Thus,
our findings suggest that using metformin at high concentrations results
in an anti-angiogenic state by specific mechanisms of this drug.
Metformin use in pregnancy has increased, as it has been shown to
be an efficient treatment for gestational diabetes [18]. Recently, met-
formin has been associated with a reduced risk of pre-eclampsia and/or
hypertensive pregnancy disorders [19]. One of the suggested beneficial
mechanisms is a reduction in levels of sFlt-1 [20]. Our finding of
metformin having no pro-angiogenic effects may suggest that its ben-
eficial effects in diabetic and non-diabetic pregnancies may be based on
other effects, such as improvement of cardiovascular function and in-
sulin sensitivity. Moreover, metformin may prevent pre-eclampsia by
limiting gestational weight gain [19]. However, little is known about
the direct effects of metformin on angiogenesis during pregnancy and
information is controversial in non-pregnant state [21]. Currently,
metformin is commonly used in early gestation when angiogenesis
plays a crucial role in normal placental development. Our finding of
metformin causing inhibition of angiogenesis at high concentrations,

11

encourages to continue research to clarify underlying mechanisms.

4.2. Strengths and limitations

The strength of this study is that we assessed both direct effect of
metformin on angiogenesis and the impact of maternal sera along with
metformin on angiogenic capacity in a human based in vitro assay. The
angiogenic effects of metformin have not been studied before in the
setting of pre-eclamptic, IUGR and healthy pregnancies. The results
presented here are limited by a small number of samples, and the effects
of metformin on healthy and dysfunctional endothelium may differ.

5. Conclusion

In comparison with tubule growth in the presence of maternal sera
alone, therapeutic doses of metformin did not have an impact of an-
giogenetic capacity of maternal sera. Metformin at concentration re-
markably above therapeutic level resulted in a significant anti-angio-
genic effect on tubule formation.
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Abstract

Objective: To determine the direct effect of pravastatin on
angiogenesis and to study the interaction between pravas-
tatin and maternal sera from women with early- or late-onset
pre-eclampsia (PE), intrauterine growth restriction, or
healthy pregnancy. Methods: We collected 5 maternal se-
rum samples from each group. The effect of pravastatin on
angiogenesis was assessed with and without maternal sera
by quantifying tubule formation in a human-based in vitro
assay. Pravastatin was added at 20, 1,000, and 8,000 ng/mL
concentrations. Concentrations of angiogenic and inflam-
matory biomarkers in serum and in test medium after sup-
plementation of serum alone and with pravastatin (1,000 ng/
mL) were measured. Results: Therapeutic concentration of
pravastatin (20 ng/mL) did not have significant direct effect
on angiogenesis, but the highest concentrations inhibited
angiogenesis. Pravastatin did not change the levels of bio-
markers in the test media. There were no changes in angio-
genesis when therapeutic dose of pravastatin was added

with maternal sera, but there was a trend to wide individual
variation towards enhanced angiogenesis, particularly in the
early-onset PE group. Conclusions: At therapeutic concen-
tration, pravastatin alone or with maternal sera has no sig-
nificant effect on angiogenesis, but at high concentrations
the effect seems to be anti-angiogenic estimated by in vitro

assay. © 2021 S. Karger AG, Basel

Introduction

Cardiovascular disease is the leading cause of morbid-
ity and mortality in women worldwide. Since 2011, a his-
tory of pre-eclampsia (PE) has been recognized as an in-
dependent cardiovascular risk factor in American Heart
Association guidelines [1]. PE shares several risk factors
and pathophysiological mechanisms with cardiovascular
diseases, such as angiogenic imbalance, endothelial inju-
ry, inflammation, and oxidative stress [2, 3]. It has been
hypothesized that an increased risk of future cardiovas-
cular disease is either because of a shared aetiology of the
diseases or because of vascular damage during PE [4].
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Table 1. Cell culture media compositions

hASC culture medium DMEM/F12 Gibco PAA
10% human serum laboratories
1% L-glutamine Gibco

Vasculogenesis/angiogenesis DMEM/F12 Gibco

assay medium 2.56 mM L-glutamine Gibco

0.1 nM 3,3',5-triiodo-L-thyronine sodium salt
ITS™ Premix

BD Biosciences
BD Biosciences

Insulin (6.65 ug/mL) PAA
Transferrin (6.65 pg/mL) Gibco Invitrogen
Selenious acid (6.65 ng/mL) Sigma Aldrich
1% bovine serum albumin Stemcell Technologies
2.8 mM sodium pyruvate Sigma Aldrich
70 pg/mL ascorbic acid R&D Systems
175 ng/mL heparin R&D Systems

0.7 ug/mL hydrocortisone
3,5 ng/mL VEGF
0,35 ng/mL FGE-

hASC, human adipose stromal cell; VEGF, vascular endothelial growth factor.

Statin use for the prevention of cardiovascular disease
is widely accepted and its benefit well documented [5].
The beneficial effects of statins are associated not only
with their lipid-lowering action but also with other pleio-
tropic effects [6]. As a result of similarities in pathogenic
mechanisms, statins have been proposed as potential pre-
ventive therapy for PE. Pravastatin has favourable char-
acteristics for use during pregnancy. It is one of the least
potent inhibitors of HMG-CoA reductase, and its trans-
placental transfer is limited because of its hydrophilicity
[7]. However, there are conflicting findings regarding the
association between pravastatin and PE, and the underly-
ing mechanism behind the proposed beneficial effect of
pravastatin is unclear. In animal and human pilot studies,
pravastatin treatment has been associated with reverse
angiogenic imbalance [8, 9]. In contrast, in a recently
published randomized trial, pravastatin given to women
with early-onset PE did not reduce maternal plasma sol-
uble fms-like tyrosine kinase-1 (sFlt-1) levels [10], which
would suggest lack of an angiogenic effect.

In this study, we evaluated the direct effects of pravas-
tatin in terms of promoting, maintaining, or inhibiting
angiogenesis. We also investigated how maternal sera
from healthy and complicated pregnancies change the
angiogenic properties of pravastatin. Angiogenic effect is
estimated by in vitro human-based vasculogenesis/angio-
genesis assay that has been validated according to OECD
guidance for studying effects of chemicals [11]. The cells
utilized in thisassay, human adipose stromal cells (hASCs)
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and human umbilical vein endothelial cells (HUVECs)
have been shown to produce in vivo like vascular struc-
tures without addition of biomaterial [12, 13].

Materials and Methods

Study Population

In this in vitro trial, we studied serum samples from women
with early-onset PE (n=5), late-onset PE (n=5), or intrauterine
growth restriction (IUGR, n=>5). Serum samples from women with
healthy pregnancies served as controls (#=5). Recruitment was
conducted prospectively at the Department of Obstetrics and Gyn-
aecology, Tampere University Hospital, from April 2017 to March
2018.

Blood samples were drawn within 4 days prior to delivery. The
serum samples were stored at —70°C until assay. Baseline demo-
graphic details and data on pregnancy outcomes were collected
from hospital maternity records.

PE was diagnosed as hypertension and proteinuria occurring
after 20 weeks of gestation. Hypertension was diagnosed as sys-
tolic blood pressure (BP) =140 mm Hg and/or diastolic BP >90
mm Hg and proteinuria as urinary excretion of 2300 mg protein
in a 24-h specimen. PE was defined as early onset when diagnosed
before 34 0/7 weeks of gestation and late onset when diagnosed at
34 0/7 weeks of gestation or later. IUGR was defined as foetal ab-
dominal circumference below the 10th percentile or estimated foe-
tal weight below the 10th percentile in ultrasonographic examina-
tion.

Immunoassays

The serum samples were analysed for their protein concentra-
tions. Concentrations of haem oxygenase 1, endothelin-1, and an-
giopoietin-2 were determined by using ELISA kits according to
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Table 2. Background data and neonatal outcome

Early-onset PE Late-onset PE IUGR Healthy p value

(n=5) (n=5) (n=5) (n=5)
Maternal age, years 22 (19-40) 24.0 (20-33) 27 (25-33) 34 (33-36) 0.053
BMI, kg/m2 25.3 (18-30) 25.3(21.8-34.8) 25.3 (18.3-38.4) 25.5(21.9-26.1) 0.992
Non-smoker, % 100 100 60 100 0.057
Highest syst BP, mm Hg 165 (152-186)* =~ 160 (142-202) 136 (118-166) 122 (112-132) 0.008*
Highest diast BP, mm Hg 107 (92-115)*~ 101 (93-118)~ 84 (66-104) 83 (68-94) 0.017*
Proteinuria, g 8.0 (1.5-13.5) 2.8 (1.0-4.1) 0.131
Umb(A) PI 1.14 (1.02-1.36)"~ 0.86 (0.74-1.08) 1.3 (1.1-1.5) 0.72 (0.57-0.94) 0.009*
Gestational age at delivery, weeks ~ 33.6 (32.3-35.3)"~ 40.5 (39.1-41.1)% 34 (26.3-39.9)~ 39.7 (39-41.3) 0.007*
Birth weight, g 1,880 (1,654-2,040)"~ 3,860 (3,300-4,230)* 1,735 (600-2,420)~ 3,920 (3,400-4,160) 0.002*
Birth weight, SD score -1.2(-1.5t0 0)"%~ 09(-0.4to1.6)* -29[-19t0-3.8)]" 0.5(-09to1.3) 0.002*
Umbilical arterial pH 7.35(7.18-7.40) 7.22(7.16-7.34) 7.35(7.31-7.39) 7.31(7.26-7.35) 0.130

Data are given as median (range). Analyses of differences between medians were performed by the Kruskal-Wallis test. PE, pre-
eclampsia; IUGR, intrauterine growth restriction; BP, blood pressure; Umb(A) PI, umbilical artery pulsatility index; SD, standard
deviation. * p < 0.05, and post hoc with the Mann-Whitney test. T Compared with the late-onset pre-eclampsia group. * Compared with

the ITUGR group. = Compared with the healthy group.

the manufacturer’s instructions. The concentrations of tumour
necrosis factor a (TNF-a), sFlt-1, placental growth factor (PIGF),
vascular endothelial growth factor A, vascular cell adhesion mol-
ecule 1 (VCAM-1), interleukin-6 (IL-6), and soluble endoglin
(sEng) were determined in all samples by using ProcartaPlex as-
says (Thermo Fisher Scientific), following the manufacturer’s
protocols and as described earlier [14]. In addition, medium sam-
ples collected from the cell cultures on day 6 were analysed to de-
termine concentrations of TNF-a, sFlt-1, PIGF, vascular endothe-
lial growth factor A, VCAM-1, IL-6, and sEng. The samples were
collected from cultures containing (1) maternal sera from each
group (n = 9) and (2) maternal sera from the same individuals
with pravastatin at a concentration of 1,000 ng/mL. Samples were
analysed in 2 parallels, and no repetitions of the immunoassays
were performed.

Cells

Human adipose-tissue samples were obtained from excess ma-
terial from surgical operations, and human umbilical cords were
obtained after caesarean deliveries from uncomplicated pregnan-
cies. Isolation of HUVECs from umbilical cord veins was per-
formed as described earlier [12] using 0.05% collagenase type I
(Gibco, Thermo Fisher scientific, Waltham, MA, USA) injected
into the umbilical vein. Isolation of hASCs was performed as de-
scribed earlier [12] using 0.15% collagenase type I (Gibco). Iso-
lated HUVECs and hASCs were cultured in EGM-2 medium (Lon-
za, Basel, Switzerland) and in hASC medium, respectively (Ta-
ble 1). HUVECs and hASCs were negative for mycoplasma
contamination, tested by using MycoAlert™ Kkits (Lonza). The
hASC utilized in this study were obtained from 1 healthy donor
and HUVEC from 1 healthy donor, that is, the cells utilized in all
of the presented experiments were same in order to remove the
person-to-person variation in the model. Cell donors were differ-
ent from the serum donors.

Angiogenic Effect of Pravastatin in
Healthy and Complicated Pregnancies

In vitro Vasculogenesis/Angiogenesis Test

The in vitro vasculogenesis/angiogenesis test, a co-culture of
hASC and HUVEC, was utilized (1) to study direct effect of pravas-
tatin on angiogenesis, (2) to determine angiogenic properties of
maternal sera from each group, and (3) to evaluate an interaction
between pravastatin and maternal sera. In this assay, vascular struc-
tures containing lumen inside the endothelial tubule, basement
membrane, and pericytes surrounding the tubule are self-orga-
nized from hASCs and HUVECs in the stimulation medium [13].
The angiogenic capacity is measured from the properties of vascu-
lar structures (the length of the tubules and number of branches,
i.e., tubule formation). Different stages of angiogenesis (sprouting,
de novo tubule formation, and stabilization of the new vessels) can-
not be separated from each other in this assay. To assess the direct
effects of pravastatin on angiogenesis, tubule formation was first
studied without maternal serum. The tests were performed as de-
scribed earlier [14, 15] with modification of the concentrations of
supplements. Briefly, a co-culture of hASCs (20,000 cells/cm?) and
HUVECs (4,000 cells/cm?) was plated on 48-well plates on day 0.
Cells were plated directly on cell culture plastic without pre-coating
the plates and without addition of biomaterial. On day 1, vasculo-
genesis/angiogenesis was induced using vasculogenesis/angiogen-
esis test medium and patient serum samples at a dilution of 1:15.
The cells were cultured for 6 days in total, with one replenishment
of the growth medium. To evaluate the effect of pravastatin on tu-
bule formation, pravastatin was added to the test media along with
patient serum samples on day 1 and replenished once during the 6
days of culture at day 3. The studied concentrations of pravastatin
were 20, 1,000, and 8,000 ng/mL. When a 20 mg dose of pravastatin
has been administered, the highest concentration of pravastatin in
plasma is 26.5 ng/mL [16]. Thus, the lowest dose chosen for this
study corresponds to the reported therapeutic plasma concentra-
tion. The other 2 concentrations were higher in order to corre-
spond to higher doses of the drug and also in order to compare the
results with those in previous in vitro studies [17].

J Vasc Res 3
DOI: 10.1159/000512831




Table 3. Concentrations of angiogenic and inflammatory biomarkers in maternal sera

Early-onset PE pvalue  Late-onset PE pvalue  IUGR p value Healthy
PIGF, pg/mL 270 0.564 284 0.355 127 0.564 172
(17-356) (120-442) (65-302) (171-173)
sFlt-1, pg/mL 3,375 0.221 6,244 0.028* 6,036 0.117 1,335
(2,584-9,906) (1,801-9,781) (459-8,623) (717-3,434)
sFlt-1/PIGF 14.17 0.564 30.67 0.355 67.77 0.564 11.60
(9.56-591.08) (17.48-46.98) (1.52-92.42) (4.19-19.00)
Ang2, pg/mL 8,242 0.014% 7,552 0.086 6,236 0.014* 1,789
(4,750-10,332) (514-10,927) (3,645-7,619) (471-2,530)
ET-1, pg/mL 1.77 0.050 3.52 0.027* 0.62 0.462 0.44
(0.69-4.97) (0.86-8.29) (0.16-3.86) (0.11-1.01)
sEng, pg/mL 2,995 0.028* 3,552 0.117 2,827 0.117 2,091
(2,375-3,418) (1,469-3,787) (1,767-3,674) (1,661-2,548)
HO-1, ng/mL 0.24 0.806 0.21 0.142 0.48 0.806 0.46
(0.18-0.82) (0.12-0.52) (0.18-0.94) (0.15-0.70)
TNF-a, pg/mL 18.04 1.000 7.01 0.643 8.92 0.245 14.99
(16.58-18.04) (2.06-23.58) (6.08-31.22) (9.81-20.17)
VCAM-1, pg/mL 79,471 0.439 23,246 0.439 20,586 1.000 17,704

(23,157-135785)

(4,287-27,724)

(9,792-25,728) (12,191-23,216)

Data are given as median (range). Values of p refer to the differences between the study group and healthy pregnancies. PE, pre-
eclampsia; IUGR, intrauterine growth restriction; PIGF, placental growth factor; sFlt-1, soluble fms-like tyrosine kinase-1; Ang2,
angiopoietin-2; ET1, endothelin-1; sEng, soluble endoglin; HO-1, haem oxygenase 1; TNF-a, tumour necrosis factor alpha, VCAM-1;
vascular cell adhesion molecule 1. * p value <0.05, Mann-Whitney U-test.

After exposure, the number of living cells was evaluated by us-
ing WST-1 Cell Proliferation Reagent (Roche, Basel, Switzerland).
Following this, the cells were fixed with 70% ethanol and immu-
nostained for vVWTf (Sigma Aldrich) to detect endothelial cells, and
collagen IV (Sigma Aldrich) to detect basement membranes of tu-
bules. For visualization of the tubules, fluorescent secondary anti-
bodies against the primary antibodies were applied: anti-rabbit tet-
ramethylrhodamine isothiocyanate (TRITC, Sigma Aldrich) for
vWT and anti-mouse fluorescein 5-isothiocyanate (FITC, Sigma
Aldrich) for collagen IV.

The resulting fluorescent tubules were imaged and analysed us-
ing an automated image analysis platform (Cell-1IQ, CM-Technol-
ogies, Tampere, Finland). Tubule formation was quantified on the
basis of the intensity of the tubular network formed (tubule length
and branching). The obtained result was compared with that of a
positive tubule formation control (highest level of tubule forma-
tion induced with stimulatory factors). Values were first normal-
ized against the in-plate control to remove variation between the
plates. To see the effect of serum between the groups, the resulting
values were compared with the mean value of the healthy group.
To determine the effect of pravastatin on the tubules, the normal-
ized values were compared with that of unexposed tubules con-
taining the serum of the corresponding patient. These results were
expressed as percentages of positive tubule formation.
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Statistical Analysis

The data are expressed as medians and range. Differences in
continuous variables between groups were tested by using Krus-
kal-Wallis test and Mann-Whitney U-test. Differences within
groups were studied by using Wilcoxon’s test. Spearman’s correla-
tion method was used to calculate correlation coefficients. Proba-
bilities of less than 0.05 were considered statistically significant.
Statistical analyses were performed by using the Statistical Package
for the Social Sciences (IBM-SPSS), version 11.0. Graphs were pro-
cessed with GraphPadPrism 8 (GraphPad Software, San Diego,
CA, USA).

Results

Demographic data and neonatal outcomes of the study
groups are summarized in Table 2. One woman with early-
onset PE and one with IUGR had a chronic hypertension.
One of them had been on labetalol since the beginning of
pregnancy. The remaining participants were healthy. Low-
dose aspirin prophylaxis was not used. There were 9 pre-
term deliveries; 5 among pregnancies with early-onset PE
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Table 4. Concentrations of angiogenic and inflammatory biomarkers in test medium after supplementation of

maternal sera alone and with pravastatin at 1,000 ng/mL

Maternal sera + Maternal sera + p value

test medium test medium + pravastatin
sFlt-1, pg/mL 5,436 (4,278-7,951) 5,246 (4,361-6,563) 0.314
PIGF, pg/mL 277 (173-320) 275 (154-466) 0.859
VEGF, pg/mL 25,533 (19,398-35,694) 27,733 (20,594-31,421) 0.327
sEng, pg/mL 1,844 (1,547-2,055) 1,868 (1,347-2,070) 0.515
VCAM-1, pg/mL 8,524 (1,107-34,869) 10,164 (6,156-201,606) 0.917
TNF-q, pg/mL 8.8 (1.0-24.0) 6.2 (3.8-10.0) 0.753
IL6, pg/mL 886 (572-1,296) 774 (541-1,078) 0.066

Data are given as median (range). sFlt-1, soluble fms-like tyrosine kinase-1; PIGF, placental growth factor;
VEGEF, vascular endothelial growth factor; sEng, soluble endoglin, VCAM-1, vascular cell adhesion molecule 1;
TNF-q, tumour necrosis factor alpha; IL-6, interleukin-6. Wilcoxon signed-rank test.
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and 4 among cases of IUGR (2 of which took place before
32 gestational weeks). Two women in the IUGR group had
smoked during gestation (Table 2).

Concentrations of angiogenic and inflammatory bio-
markers in maternal sera are presented in Table 3. In
short, there were no significant differences in sFlt-1/PIGF
ratios or in levels of inflammatory markers (TNF-a and
VCAM-1) between the groups. However, there were dif-
ferences in levels of Ang2, endothelin-1, sEng, and sFlt-1
between the study groups and healthy women (Table 3).
Concentrations of sFlt-1, PIGF, VEGF, sEng, VCAM-1,
TNF-a, and IL-6 in test media exposed to maternal sera
from 9 women did not change after pravastatin (1,000 ng/
mL) supplementation (Table 4).

Angiogenic Effect of Pravastatin in
Healthy and Complicated Pregnancies

When the direct effects of pravastatin were studied
(without maternal serum) we found that the therapeutic
tested concentration (20 ng/mL) did not affect tubule for-
mation (angiogenesis), but at high concentrations (1,000
and 8,000 ng/mL), pravastatin inhibited tubule formation
significantly (p=0.028). Viability was above 80% (the cut-
off value for toxic concentrations) with all tested concen-
trations; hence the concentrations were non-toxic and
the effects seen were due to the specific anti-angiogenic
property of pravastatin (Fig. 1).

Maternal sera did not have stimulatory or inhibitory
effects on tubule formation in any study group or in
healthy pregnancies. Furthermore, there were no sig-
nificant differences in tubule formation between the
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Fig. 2. The graphs represent individual values of tubule formation with maternal sera alone and with 3 doses of pravastatin in each group.
In healthy pregnancies, pravastatin at a concentration of 1,000 ng/mL inhibited tubule formation (angiogenesis) when compared with
tubule growth associated with maternal sera alone. In early-onset PE and IUGR groups, there was a decrease in tubule formation with
increasing dose of pravastatin from 1,000 to 8,000 ng/mL and from 20 to 8,000 ng/mL, respectively. Wilcoxon signed-rank test, p value
<0.05. PE, pre-eclampsia; IUGR, intrauterine growth restriction.
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study groups or compared to healthy pregnancies
(Fig. 2).

There were no significant changes in angiogenesis
with therapeutic dose of pravastatin when compared with
tubule growth caused by maternal sera alone in any of the
study groups or in healthy pregnancies. Although in some
individual cases, particularly within the early-onset PE
group, there seemed to enhancement of tubular forma-
tion. On the contrary, there was significant inhibition of
angiogenesis at a concentration above therapeutic dose of
pravastatin (1,000 ng/mL) in the healthy group (p=0.043).
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Additionally, in the IUGR group, there was a significant
decrease in tubule formation between cultures with the
lowest and the highest dose of pravastatin (p=0.043), and
in the early-onset PE group between concentrations of
1,000 and 8,000 ng/mL of pravastatin (p=0.043) (Fig. 2).
When the study groups were compared with healthy
pregnancies, there was significantly more tubule forma-
tion at concentrations of 20 ng/mL (p=0.047) of pravas-
tatin in a comparison with the IUGR group. There were
no differences in tubule formation between the 2 PE
groups and healthy pregnancies at any dose of pravas-
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tatin. However, when the late-onset PE group was com-
pared with the IUGR group, there was more tubule for-
mation in the TUGR group with every dose of pravastatin
(from the lowest to the highest dose; p=0.009, p=0.009,
and p=0.028). Otherwise, the were no differences in tu-
bule formation between the groups (Fig. 3).

Discussion

In the in vitro hASC-HUVEC test, the therapeutic
concentration of pravastatin did not affect tubule forma-
tion. At high concentrations, above therapeutic doses,
pravastatin had an anti-angiogenic effect. In the presence
of maternal sera from healthy or complicated pregnan-
cies, angiogenesis was not enhanced by therapeutic con-
centration of pravastatin although maternal sera seem to
modulate the effect of pravastatin on angiogenesis.

The vasculogenesis/angiogenesis test utilized in this
study offers the possibility to study the effects of drugs on
angiogenesis [11, 13]. Intra-laboratory validation has
been performed for the hASC-HUVEC test (Environ-
ment Directorate, OECD), and good concordance in
comparison with blood vessels in vivo has been observed
[11]. We have previously utilized the present in vitro
model to study maternal and umbilical sera in order to
assess overall angiogenic capacity in PE and healthy preg-
nancies and to evaluate the effect of metformin on angio-
genesis [14, 15, 18]. Since statins have reported to have
anti-angiogenic effects in high doses, the pravastatin con-
centrations chosen for this study correspond to therapeu-
tic and supratherapeutic levels in human. In pre-clinical
and clinical studies, daily dose of pravastatin has varied
from 10 to 40 mg [8, 10, 17]. When a 20 mg dose of pravas-
tatin has been administered, the highest concentration of
pravastatin in plasma has been 26.5 ng/mL [16]. Thus, in
the present study the lowest dose of pravastatin (20 ng/
mL) corresponds to the therapeutic dose. Although the
other tested concentrations (1,000 and 8,000 ng/mL, re-
spectively) are high compared to the therapeutic concen-
tration, these are in line with other in vitro studies [17].
Despite the emergence of more and more in vivo resem-
bling in vitro assays, there is still differences in effective
drug concentrations between in vivo and in vitro test set-
tings [19, 20]. Hence, the concentration results of in vitro
assays need extrapolation to human in vivo effective con-
centrations. Since the data concerning the effect of pravas-
tatin on angiogenesis are inconsistent, we wanted to anal-
yse the effects of pravastatin with larger scale of concen-

Angiogenic Effect of Pravastatin in
Healthy and Complicated Pregnancies

trations and to limit our studies to concentrations which
are not cytotoxic.

Pravastatin treatment has been shown to ameliorate
PE symptoms in animal models [21, 22] and to improve
pregnancy outcomes in human pilot studies [8, 23]. The
pro-angiogenic effect of pravastatin has been suggested to
be one of the pharmacodynamic mechanisms. In sFlt-1-
induced animal models of PE, pravastatin treatment has
resulted in increased PIGF concentrations [21] and re-
duced sFlt-1 and sEng concentrations [24]. In a human
pilot study of Constantine et al. [8], it was reported that
daily administration of pravastatin from 12 to 16 weeks
onwards resulted in lower sFlt-1 and sEng concentrations
and higher PIGF levels in the third trimester, versus pla-
cebo. Although the results were not statistically signifi-
cant, pravastatin was thought to have contributed to the
improved angiogenic profile [8]. In our study, the thera-
peutic concentration of pravastatin did not result in pro-
angiogenesis. The presence of maternal sera from any of
the groups did not change the result although there was a
wide individual variation towards enhanced angiogenesis
in the early-onset PE and IUGR groups. The concentra-
tions of VEGF, PIGF, and sFlt-1 in test media were unal-
tered after pravastatin supplementation but the levels of
the biomarkers were not detected from all. It is known
that plasma sFlt-1 increases and PIGF decreases with ad-
vancing gestational age [25]. In our study, despite signif-
icant difference in gestational age between the groups,
there were no difference in overall angiogenic properties
of maternal sera between the groups. Hence, we cannot
exclude beneficial effects of pravastatin on angiogenic ca-
pacity if maternal sera had been more anti-angiogenic.

Although many investigators have reported pro-an-
giogenic effects of pravastatin, some have found it to in-
hibit capillary-like tubular formation [22, 26]. Bauer et al.
[22] demonstrated decreased endothelial tube formation
in pravastatin-treated healthy rats. We also found an an-
ti-angiogenic effect of high-dose pravastatin. This finding
persisted when the effect of pravastatin (1,000 ng/mL)
was studied in the presence of maternal sera from healthy
pregnancies. The inhibitory effect on angiogenesis was
not a result of cell death as there was no sign of cytotoxic-
ity in WST-1 assay. Also other groups have previously
observed that low concentrations of statins enhance an-
giogenesis and may promote vasculogenesis, whereas
high statin concentrations inhibit angiogenesis [27, 28].
An anti-angiogenic effect at high concentrations has been
associated with decreased endothelial release of VEGF
and increased endothelial apoptosis [27]. In our study,
there was a significant decrease in tubule formation in
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connection with the lowest versus the highest dose of
pravastatin in the IUGR group. Otherwise, such an effect
was not observed. However, it seems that maternal sera
modulate the effect of pravastatin on angiogenesis since
the anti-angiogenic effect of high-dose of pravastatin was
less strong or did not exist in the presence of maternal
sera.

PE and cardiovascular diseases share several patho-
physiological pathways as well as many risk factors. Cur-
rently it is known that women diagnosed with PE have an
increased risk of developing chronic hypertension and
cardiovascular disease when compared with women with
a history of normotensive pregnancy [29]. Beyond their
lipid-lowering effect, statins have several beneficial pleio-
tropic effects such as protection of vascular endothelium
and inhibition of inflammatory responses [30]. Current
data suggesting pravastatin as a promising drug for the
prevention and treatment of PE is mainly limited to ani-
mal and pilot human studies. In the only randomized tri-
al published, no difference in sFlt-1 levels after pravas-
tatin treatment was seen in women with early-onset PE
[10]. Hence, beneficial effects of pravastatin on BP and
placental vasculature [31] may be the consequence of sev-
eral pleiotropic effects rather than restored angiogenic
balance. Above all, the potential contribution of pravas-
tatin to angiogenesis is controversial as it has been shown
to have both anti- and pro-angiogenic effects.

The angiogenic effect of pravastatin has not been stud-
ied before in the current setting. The strength of this study
is that we measured not only direct effects of pravastatin
on angiogenesis but also the interaction between pravas-
tatin and maternal sera from complicated and healthy
pregnancies. The results presented here are based on
small numbers of serum samples, which is a limitation
when interpreting the findings. In addition, 2 women
were smoking which can have an influence on angiogen-
ic biomarkers. Although larger sample number would
have decreased the variation in the results, the informa-
tion obtained in this study gives indication on where to
focus the study of pravastatin in the treatment of PE.

References

—

Mosca L, Benjamin EJ, Berra K, Bezanson JL,

3 Costantine MM, Cleary K. Pravastatin for the

Conclusions

Therapeutic dose of pravastatin alone or with sera
from complicated pregnancies do notsignificantly change
angiogenic capacity estimated by hASC/HUVEC in vitro
assay. At high concentrations, pravastatin alone has a sig-
nificant inhibitory effect on tubule formation. Interaction
between pravastatin and maternal sera changes the direct
effect on angiogenesis caused by pravastatin alone.

Acknowledgements

We thank Ms. Maria Partanen, Ms. Paula Helpiold, and Ms.
Hilkka Mikinen for their invaluable work as laboratory assistants.

Statement of Ethics

This study was approved by the Ethics Committee of Pirkan-
maa Hospital District, Tampere, Finland (permit R16184). The
isolation and use of human adipose stromal cells (hASCs) and hu-
man umbilical vein endothelial cells (HUVECs) were approved
(permits R15161 and R15033, respectively). Written informed
consent was obtained from all participants.

Conflict of Interest Statement

The authors report no conflicts of interest.

Funding Sources

The work was supported by the research funding of Tampere
University Hospital.

Author Contributions

AV.,0H,KT,T.T,TH,and].U. designed the study. O.H.
and T.T. conducted the assays. A.V. ran statistical analyses and
wrote the manuscript, except the methods section. Graphs and fig-
ures were prepared by A.V. and O.H. K.T., T.T., T.H.,, H.L,, and
J.U. have critically revised the manuscript and approved the final
version for publication.

5 Randomised trial of cholesterol lowering in

8]

Dolor R, Lloyd-Jones DM, et al. Effectiveness-
based guidelines for the prevention of cardio-
vascular disease in women-2011 update: a
guideline from the american heart association.
Circulation. 2011 Mar;123(11):1243-62.

Chen CW, Jaffe 1Z, Karumanchi SA. Pre-ec-
lampsia and cardiovascular disease. Cardio-
vasc Res. 2014 Mar;101(4):579-86.

prevention of preeclampsia in high-risk preg-
nant women. Obstet Gynecol. 2013;121(2 Pt
1):349-53.

Bellamy L, Casas JP, Hingorani AD, Williams
DJ. Pre-eclampsia and risk of cardiovascular
disease and cancer in later life: systematic re-
view and meta-analysis. BMJ. 2007 Nov;
335(7627):974.

4444 patients with coronary heart disease:
the Scandinavian Simvastatin = Survival
Study (4S). Lancet. 1994 Nov;344(8934):
1383-9.

Zhou Q, Liao JK. Statins and cardiovascular
diseases: from cholesterol lowering to plei-
otropy. Curr Pharm Des. 2009;15(5):467—
78.

8 ] Vasc Res
DOI: 10.1159/000512831

Virtanen/Huttala/Tihtonen/Toimela/
Heinonen/Laivuori/Uotila




7 Nanovskaya TN, Patrikeeva SL, Paul J, 15 Virtanen A, Toimela T, Tihtonen K, Sarkanen 23 Lefkou E, Mamopoulos A, Dagklis T, Vosna-
Costantine MM, Hankins GD, Ahmed MS. JR, Huttala O, Heinonen T, et al. Strong in- kis C, Rousso D, Girardi G. Pravastatin im-
Transplacental transfer and distribution of hibitory effect of pre-eclampsia serum on an- proves pregnancy outcomes in obstetric an-
pravastatin. Am J Obstet Gynecol. 2013 Oct; giogenesis detected in vitro by human cell- tiphospholipid syndrome refractory to anti-
209(4):373-5. based angiogenesis tests. Pregnancy Hyper- thrombotic therapy. J Clin Invest. 2016 Aug;

8 Costantine MM, Cleary K, Hebert MF, tens. 2016 Oct;6(4):367-73. 126(8):2933-40.

Ahmed MS, Brown LM, Ren Z, et al. Safety 16 Food and Drug Administration 2011 Prava- 24 Saad AF, Kechichian T, Yin H, SbranaE, Lon-
and pharmacokinetics of pravastatin used for chol labeling [Internet]. Available from: go M, Wen M, et al. Effects of pravastatin on
the prevention of preeclampsia in high-risk https: //www.accessdata.fda.gov/drugsatfda_ angiogenic and placental hypoxic imbalance
pregnant women: a pilot randomized con- docs/nda/2011/0198980rig1s061.pdf. in a mouse model of preeclampsia. Reprod
trolled trial. Am J Obstet Gynecol. 2016 Jun; 17 Brownfoot FC, Tong S, Hannan NJ, Binder Sci. 2014 Jan;21(1):138-45.

214(6):720-e17. NK, Walker SP, Cannon P, et al. Effects of 25 Levine RJ, Maynard SE, Qian C, Lim KH,

9 Chaiworapongsa T, Romero R, Korzeniewski pravastatin on human placenta, endothelium, England LJ, Yu KF, et al. Circulating angio-
SJ, Chaemsaithong P, Hernandez-Andrade E, and women with severe preeclampsia. Hyper- genic factors and the risk of preeclampsia. N
Segars JH, et al. Pravastatin to prevent recur- tension. 2015 Sep;66(3):687-445; . Engl ] Med. 2004 Feb;350(7):672-83.
rent fetal death in massive perivillous fibrin 18 Virtanen A, Huttala O, Tihtonen K, Toimela 26 Asakage M, Tsuno NH, Kitayama ], Kawai
deposition of the placenta (MPFD). ] Matern T, Heinonen T, Laivuori H, et al. Therapeutic K, Okaji Y, Yazawa K, et al. 3-Hydroxy-
Fetal Neonatal Med. 2016 Mar;29(6):855-62. doses of metformin do not have impact onan- 3-methylglutaryl-coenzyme A reductase in-

10 Ahmed A, Williams DJ, Cheed V, Middleton giogenesis in presence of sera from pre- hibitor (pravastatin) inhibits endothelial
L], Ahmad S, Wang K, et al. Pravastatin for eclamptic, IUGR and healthy pregnancies. cell proliferation dependent on G1 cell cycle
early-onset preeclampsia: a randomized, Pregnancy Hypertens. 2020 Jul;22:7-13. arrest. Anticancer Drugs. 2004 Jul;15(6):
blinded, placebo-controlled trial. BJOG. 2020 19 Huntjens DR, Spalding DJ, Danhof M, Della 625-32.

Mar;127(4):478-88. Pasqua OE. Correlation between in vitroand 27 Weis M, Heeschen C, Glassford AJ, Cooke JP.

11 Toimela T, Huttala O, Sabell E, Mannerstrém in vivo concentration-effect relationships of Statins have biphasic effects on angiogenesis.
M, Sarkanen JR, Ylikomi T, et al. Intra-labo- naproxen in rats and healthy volunteers. Br J Circulation. 2002 Feb;105(6):739-45.
ratory validated human cell-based in vitro Pharmacol. 2006 Jun;148(4):396-404. 28 Urbich C, Dernbach E, Zeiher AM, Dimmeler
vasculogenesis/angiogenesis test with serum- 20 Checkley S, MacCallum L, Yates J, Jasper P, S. Double-edged role of statins in angiogene-
free medium. Reprod Toxicol. 2017 Jun;70: Luo H, Tolsma ], etal. Corrigendum: bridging sis signaling. Circ Res. 2002 Apr;90(6):737—
116-25. the gap between in vitro and in vivo: Dose and 44.

12 Sarkanen JR, Vuorenpai H, Huttala O, Man- schedule predictions for the ATR inhibitor 29 Lykke JA, Langhoff-Roos J, Sibai BM, Funai
nerstrom B, Kuokkanen H, Miettinen S, et al. AZD6738. Sci Rep. 2016;6:16545. EF, Triche EW, Paidas MJ. Hypertensive
Adipose stromal cell tubule network model 21 Kumasawa K, Ikawa M, Kidoya H, Hasuwa H, pregnancy disorders and subsequent cardio-
provides a versatile tool for vascular research Saito-Fujita T, Morioka Y, et al. Pravastatin in- vascular morbidity and type 2 diabetes melli-
and tissue engineering. Cells Tissues Organs. duces placental growth factor (PGF) and ame- tus in the mother. Hypertension. 2009 Jun;
2012;196(5):385-97. liorates preeclampsia in a mouse model. Proc 53(6):944-51.

13 Huttala O, Vuorenpii H, Toimela T, Uotila ], Natl Acad Sci U S A. 2011 Jan;108(4):1451-5. 30 Davignon J. Beneficial cardiovascular pleio-
Kuokkanen H, Ylikomi T, et al. Human vas- 22 Bauer AJ, Banek CT, Needham K, Gillham H, tropic effects of statins. Circulation. 2004 Jun;
cular model with defined stimulation medi- Capoccia S, Regal JF, et al. Pravastatin attenu- 109(23 Suppl 1):11139-43.
um: a characterization study. ALTEX. 2015; ates hypertension, oxidative stress,and angio- ~ 31 SinghJ, Ahmed A, Girardi G. Role of comple-
32(2):125-36. genic imbalance in rat model of placental ment component Clq in the onset of pre-

14 Virtanen A, Huttala O, Tihtonen K, Toimela ischemia-induced hypertension. Hyperten- eclampsia in mice. Hypertension. 2011 Oct;

T, Heinonen T, Uotila J. Angiogenic capacity
in pre-eclampsia and uncomplicated preg-
nancy estimated by assay of angiogenic pro-
teins and an in vitro vasculogenesis/angiogen-
esis test. Angiogenesis. 2019 Feb;22(1):67-74.

sion. 2013 May;61(5):1103-10.

58(4):716-24.

J Vasc Res

Angiogenic Effect of Pravastatin in

Healthy and Complicated Pregnancies DOI: 10.1159/000512831













