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Preface

The maternal physiological state during pregnancy have an excess demand for oxygen
supply which can easily disrupt the redox homeostasis balance. There is a change in the
maternal haemodynamic profile with an increased cardiac output, reduced systemic
vascular resistance and blood pressure (de Haas et al., 2017). In response to this high
oxygen demand red blood cell (RBC) mass level steadily increases by 20-30% from 8 to
10 weeks of the gestational period till the end of pregnancy (Foley, 2018). In connection
to that, there are increasing evidences of enhanced oxidative insults during intrauterine
development leading to severe abnormalities or pathological states like spontaneous
miscarriage, preterm delivery, preeclampsia, ectopic pregnancy, intrauterine growth
restriction (IUGR), placental abruption, perinatal death etc. Moreover, in cases of
multiple/twin pregnancy there is an additional stress with the greater risks of miscarriage,
anaemia, preterm delivery, gestational hypertensive disorders, IUGR, diabetes operative
delivery and related postnatal and neonatal illnesses. Modern usage of in-vitro fertilization
(IVF) therapies led to higher incidence of multiple pregnancies. There have been relevant
data on the increasing foetal, neonatal and perinatal mortality rate of 3-6 times in twin and

5-15 times in other multiple pregnancies with comparison to the singleton pregnancies.

During pregnancy, the connection between the mother and the foetus is provided by
the placenta and the umbilical cord. The umbilical cord vascular system is the sole pathway
of oxygen and nutrient transport to the foetus from the placenta. Therefore, the major
obstetric complications are directly or indirectly connected to the placental or umbilical
cord disorders causing intrauterine hypoxia and/or impaired blood flow to the developing
foetus. The major part of umbilical cord lacks innervations and hence the vascular tone is
mainly regulated by nitric oxide (NO), i.e. derived from the endothelial nitric oxide
synthase (NOS3). The NO being a potent vasoactive agent causes vasodilation and
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increases the rate of perfusion, nutrient and oxygen supply. Usually intensive prenatal care
and surveillances are done in high risk cases like multiple/twin pregnancy by the advanced
non-invasive biomedical devices. The usage of high performance equipment like Blood
oxygen level-dependent—magnetic resonance imaging was utilized to study changes in the
placental oxygenation status in human pregnancies. It can also assess the placental
perfusion and oxygen transport. Similarly, ultrasound and Doppler flow measuring
techniques, not only can visualize the umbilical cord but simultaneously can assess the
foetal blood flow parameters through the umbilical cord vessels. These approaches can
easily detect any abnormalities in the umbilical cord circulation, but lacks to highlight the
underlying molecular mechanisms behind any kind of impaired functionality in the foetal
vascular system that can highly influence the in-utero development. Further on this topic

we elaborated in details.
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1. Introduction

1.1. Demography and Implications of Multiple/Twin Pregnancy

In the last 30 years, rates of twinning and multiple pregnancies have been increased to
3% of all births worldwide (Young and Wylie, 2012). In the United States, the rate of twin
birth increased by more than 75% from 1980 to 2009 (Figure 1), with similar trends in
Western Europe and other countries (Bortolus et al., 1999; Pison and D’Addato, 2006;
Collins, 2007; Martin et al., 2012). A detailed survey dataset by WHO also indicated that
35.2% of multiple births were preterm delivery (< 37 weeks’ gestation); with 6.1% of births
taking place at < 32 weeks’ gestation, 5.8% were during weeks 32 and 33 and the majority

23.2% were during weeks 34 through 37 (Stock and Norman, 2010; Vogel et al., 2013).

80 r B 1980 W 2009
71.0

Per 1,000 births

All ages Under 20 20-24 25-29 30-34 35-39 40 and over
Age of mother in years

Figure 1: Twin Birth Rates, by Age of Mother: United States, 1980-2009 (Martin et
al.; 2012)

The graphical representation demonstrates twin birth rates increased for women of all ages over
the three decades, with the largest increases among women aged 30 and over. From 1980 to 20009,
rates increased by 76% for women aged 30-34, nearly 100% for women aged 35-39, and more
than 200% for women aged 40 and over.

A higher prevalence of multiple births has been observed in countries with high to
middle socio-economic status. There is a diverse range of factors owing to the high risk of

multiple pregnancies like (i) assisted reproductive technologies - IVF e.g. approximately



20% of twins in the UK Millennium Cohort study were conceived using IVF. (ii) Infertility
therapy - usage of clomiphene citrate (selective oestrogen receptor modulator) prescribed
to women with sub-fertility owing to an ovulation or oligo-ovulation. (iii) maternal age of
women with more than ~35 years of age. (iv) genetic background (v) nutritional factors
(Blondel and Kaminski, 2002; Jacobsson et al., 2004; Hayes, 2005; Jones et al., 2011,
Gremeau et al., 2012). The background mechanism in the twinning depends on zygosity -
one zygote (monozygotic, MZ) or two zygotes (dizygotic, DZ). MZ twins’ makeup
approximately 30% of twin pregnancies and occur when one single embryonic mass
divides. Further classification of MZs twins is based on chorionicity and amnionicity. MZ
twins result in 33% dichorionic-diamniotic, 66% monochorionic—diamniotic and 1%
monochorionic-monoamniotic. MZ twins having identical genetic traits in comparison to
DZ. Major discordances between the MZ twins are mostly owed to common intrinsic and
extrinsic stressor factors, unlike DZ twins which can get influenced by both genetic and
environmental factors (Machin, 2009; Weber and Sebire, 2010). In general, ~ 16% of twin
gestations have discordance i.e. difference in the weights of the foetuses (Miller et al.,
2012). As per the American College of Obstetricians and Gynaecologists (ACOG),
discordant growth is a common phenomenon in cases of multiple or twin gestation. Most
likely it gets associated with anomalies like IUGR, preterm birth, infection of one of the
foetuses, umbilical arterial pH <7.1, and respiratory distress. In our experimental study
design, we followed the consensus laid down by ACOG where the threshold of discordance
has been considered to be a 15-25% difference in actual weight among the siblings
(American College of Obstetricians and Gynecologists, 2016). The threshold of

discordance is calculated taking the larger twin as the standard of growth by the equation:

(weight of the larger twin — weight of the smaller twin) x 100

weight of the larger twin



The variable risk factors that influence this divergence of growth in the twins are
mainly due to maternal age > 35, higher rate of I\VF, maternal tobacco intake, fluctuating
change in the maternal body mass index, lack of prenatal care, monochorionic twin foetus,
opposite sex of the foetuses, small for gestational age in either foetus (i.e. below <10™
percentile) or trans placental viral infections (Bortolus et al., 1999; Choi et al., 2010). There
are several instances where multiple/twin pregnancy gets associated with detrimental
outcomes (Krotz et al., 2002; Norwitz et al., 2005; Pharoah et al., 2009) such as women
going through IVF therapies imposes a greater risk of miscarriage, anaemia, hypertensive
disorders like pre-eclampsia, gestational diabetes, operative deliveries and related
postnatal illnesses (Sibai et al., 2000). Though the mortality rate is low, the associated
morbidities increase by 2-3 times in women with a twin pregnancy. The twin foetuses are
always at a higher risk ~ at least 6 times of developing chromosomal anomalies, cerebral
palsy, birth asphyxia, hyaline membrane disease, respiratory disorders and long term
developmental morbidities (Buhling et al., 2003; Obiechina et al., 2011). Around 60% of
the twin cases are recorded as preterm birth (i.e. delivery before 37 weeks) and contribute
to nearly 10-20% of all low birth weight neonates. Mostly the major complications in the
twins are due to increased preterm birth and having low birth weight (<2500 gr), very low
birth weight (<1500 gr), and extremely low birth weight (<1000 gr) ranges. In comparison
to singleton births, foetal, neonatal, and perinatal mortality rates are 3—6 times higher in
twins, where more than 60% of twin survivors suffer from significant health issues in their
later life (Hollier et al., 1999; Cleary-Goldman and D’Alton, 2008; Breathnach et al.,

2011).
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1.2. Fetoplacental Circulation

During pregnancy, the normal circulatory dynamics in the foetus are unique.
Understanding its changes both at the molecular and physiological level improves our
knowledge regarding the pathophysiological mechanisms associated with impairment in
the fetoplacental system. There had been several studies based on the morphological
aspects of the placenta and umbilical cord that can assess the perinatal outcome and can be
associated with pathological conditions like preeclampsia, foetal growth retardation,

diabetes, and foetal demise (Di Naro et al., 2001).

As a part of the fetoplacental circulation, the placenta is the foremost temporary,
vascular part that is closely connected to the maternal uterine wall and majorly responsible
for sustaining life in-utero. Intact placental circulation with adequate perfusion rate ensures
the requisite supply of oxygen and nutrient substrates for the developing foetus along with
the effective elimination of the metabolic wastes. The placenta has two separate circulatory
blood systems, the maternal-placental (uteroplacental) circulation that processes blood
flow from the mother end and the foetal-placental (fetoplacental) blood circulation from

the foetal system.
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Fetal Circulation
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Placenta
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Figure 2: lllustration of Fetoplacental Circulation (www.stanfordchildrens.org)

The next pivotal anatomical structure of the fetoplacental circulation is the umbilical
cord (Figure 2). It is a unigue mammalian foetal attachment to the centre of the placental
disk that bridged the connection between the foetus and placenta (Blanchette, 2011). The
umbilical cord protects the embedded vessels that participate in the transfer of nutrients
and oxygen supply to the foetus. It also carries the blueprints that determine the intrauterine
conditions throughout the in-utero development (Fahmy, 2018), and can be subjected to
both intrinsic and extrinsic stressors leading to various pathophysiological processes
(Hackshaw et al., 2011). The umbilical cord is 50-60 cm long, originates from the

embryonic stem, and is formed by the fifth week of gestational development (Bydlowski
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et al., 2009). Umbilical cord containing two arteries and a single vein that branches into

the amnion (Figure 3) (Njaa, 2011; Benirschke et al., 2012a).

Umbilical arteries

Vasa vasorum

Mucous
connective
tissue

Allantoic duct

Umbilical vein

Figure 3: Schematic Diagram of the Umbilical Cord Structure (Manuel Barrios Arpi;
2019)

The umbilical arteries carry deoxygenated and nutrient-depleted foetal blood from the
foetus to the intervillous space where the maternal-foetal exchange of blood rich in oxygen
and nutrients takes place and further the oxygenated blood and nutrients are carried by the
umbilical vein (Weissman et al., 1994; Meekins et al., 1997; Spurway et al., 2012). The
histological studies showed the characteristic features of the umbilical cord arteries and
veins that have large lumen with irregular shapes. The umbilical cord vessels are
constituted mainly by three layers’ tunica intima, media, and adventitia. The intima layer
consists of elongated endothelium to the long axis of the blood vessel and lacks both
internal and external elastic lamina. The endothelium of tunica intima corresponds to the
thinnest layer comprised of simple squamous epithelium. The tunica media layer is located

below the sub endothelial space and constitutes double-layered bundles of smooth muscles
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containing collagen, elastic and reticular fibres with the presence of capillaries and absence
of the elastic lamina. This layer distinctly consists of inner circular muscular layers and the
outer longitudinal layer. The outermost tunica adventitia layer mainly forms the umbilical
cord wall. This layer also consists of collagen, smooth muscle, and elastic fibres which
partly invade the tunica media and muscle fibres. In contrast to “normal” arteries and veins,
tunica adventitia varies in thickness and displays the number of transversal nerves in all
thickness fibres which is completely absent in the umbilical vessels, thus both the umbilical

arteries and vein lacks innervations (Manuel Barrios Arpi, 2019).

The fetoplacental circulation from a very early onset of pregnancy gets adapted with
efficient mechanisms to meet the requirements of the rapidly growing foetus. The main
characteristic features are (i) there is no intermixing of the maternal and foetal blood (ii)
There co-exists homeostatic balance between both the utero-placental and fetoplacental
circulatory pathways and (iii) maintains a low placental vascular resistance and normal
umbilical blood flow. In simple terms, the foetus possessed complicated physiology and
different circulatory pathway with proportionally higher mass of “internal organs”. This
fact suggests that the foetal system needs a greater amount of oxygen consumption
compared to the adult which gets maintained by higher foetal cardiac output (Foley, 2018).
The oxygen tension and saturation in the maternal part of the placental circulation is pivotal
which gets continued through the foetal umbilical vein blood and thereby regulates and
determines the foetal oxygenation status. However, the vascular endothelium of the
umbilical cord vessels is highly vasoactive along their whole length (Mauro et al., 2011).
Umbilical vessels liberate a wide range of vasoactive entities like serotonin, angiotensin Il
and oxytocin where the most potent and pivotal is NO, primarily derived from endothelial

NOS. Mainly NO, regulates the vascular tone and normal functioning of the placenta and
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umbilical cord throughout the gestation term for healthy foetal development (Karbowski

etal., 1989; Giles et al., 1997; Benirschke et al., 2012b).
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1.3. Reactive Oxygen Species — friend or foe?

A healthy state of pregnancy with normal in-utero foetal growth and subsequent
survival of the perinatal period mainly depends on the vascular development and function
of both the placenta and the umbilical cord. An orchestrated pattern of the uteroplacental
and fetoplacental circulations is essential to meet the rising foetal demands for oxygen. To
sustain this higher oxygen demand, the cellular metabolism rate increases with excessive
production of reactive oxygen species (ROS). Chemical entities are containing an atom of
oxygen with an unpaired electron termed as "free radicals" like as ‘NO, superoxide (O2"),
hydroxyl radical (OH"), lipidperoxyradical (LOQ") that highly react with other
radicals/non-radical in multiple ways which can be collectively termed as "oxidants” or

ROS (Halliwell, 1991; Kalyanaraman, 2013; Phaniendra et al., 2015)

Currently, in a way to rationalize the complex chemical interactions of the reactive
species within themselves or their targets, a novel integrative concept defined as the
reactive species interactome (RSI) has been introduced (Kuhn et al., 2017). RSI constitutes
reactive oxygen species, reactive nitrogen species, and reactive sulfur species as important
mediators or signalling molecules. Under a wide range of human reproductive
physiological processes likewise follicular development, ovulation, fertilization,
embryogenesis, corpus luteum and uterine function, placental differentiation, fetoplacental
development, and growth, etc. RSI maintains a multilevel redox regulatory system (Al-
Gubory et al., 2010; Agarwal et al., 2012). It mainly targets the regulatory cysteine redox
switches in proteins, affecting gene regulation, ion transport, intermediary metabolism, and
mitochondrial function. This shows at physiological levels RSI has beneficiary roles in
common (Nordberg and Arnér, 2001; Sharma et al., 2015; Kuhn et al., 2017). Under

balanced redox homeostasis conditions, the physicochemical properties of the implied RSI
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allow efficient sensing and rapid adaptation to environmental changes and various other

stressors to elicit fitness and resilience response (Selye, 1955; Kiiltz, 2005; Mattson, 2008)

Redox biological reactions are mostly considered to bear the Janus faceted feature,
which can promote both physiological signalling responses and pathophysiological cues.
The endogenous antioxidant system becomes an active part of these scenarios and follows
a basic understanding of antioxidant-based therapeutic interventions in redox-related
diseases (Tan et al.,, 2018). Antioxidant molecules are nucleophilic and reductant
molecules that can react with oxidants. Antioxidants scavenge biologically important ROS
like O™, peroxynitrite (ONOO"), hydrogen peroxide (H202), OH", hypochlorous acid,
ferryl, peroxyl, and alkoxyl, thus actively takes part in the biological repair mechanisms
by limiting the ROS formation. There lies an intricate balance between ROS and the
endogenous antioxidant system to carry out vital cell function, regulation, and adaptation
to diverse growth conditions. Antioxidants also ensure a defense mechanism against ROS-
induced damage to lipids, proteins, and DNA (Young and Woodside, 2001; Espinosa-Diez

etal., 2015).

The cellular antioxidant systems are divided into two major groups, enzymatic
detoxifiers like superoxide dismutases SOD1 (Cu, Zn-SOD) and SOD2 (Mn-SOD or
SOD?2), catalases, glutathione peroxidases which are the major defence pathways. The
primary enzymatic antioxidant pathway i.e. followed is dismutation, where mainly SOD1
and SOD2 catalyse O2" to H>O> formation. The alterations in the expression and activity
of the SODs signifies ROS level with subsequent oxidative stress (Hileman et al., 2001;
Gongora et al., 2006; Mccord and Fridovich, 2014). Dysfunction or failure in the
dismutation process abruptly increases the level of O™ that gets involved in the formation
of deleterious pro-oxidants like ONOQO™ and "OH. Peroxynitrite is formed by a spontaneous

reaction of O™ and "NO, (Koppenol et al., 1992; Packer et al., 1996; Kirkinezos and
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Moraes, 2001) whereas highly reactive ‘OH gets generated with the interaction between
02" and H20: in the presence of free unbound iron ions, known as the Haber—Weiss
reaction. Anyhow, the secondary antioxidative step limits the H2O2 production and its
elimination before their subsequent transformation to "OH (Kehrer, 2000; Jezek and

Hlavata, 2005).

Extensive studies were conducted within a wide array of defensive antioxidant
mechanisms in the neonates or preterm infants during theirs in-utero foetal development.
The overall antioxidant efficiency was found significantly low during the early stages of
the first trimester that fails to counteract with harmful effects of the generated ROS species.
This fact might lead to foetal or neonatal diseases and obstetric complications associated
with prolonged oxidative stress conditions (Georgeson et al., 2002; Perrone et al., 2012,
2019). The increased amount of radical/oxidants like “OH and ONOQ™ in the system
enhances the rate of lipid peroxidation by subsequent B cleavage of n-6 polyunsaturated
fatty acids (PUFASs) (Marla et al., 1997). The most abundant and bioactive yield of lipid
hydroperoxide product i.e. alkenal 4-hydroxy-2-trans-nonenal (4-HNE) (Benedetti et al.,
1980; Esterbauer et al., 1991) is estimated to determine the extent of macromolecular
damages. The 4-HNE is highly reactive and can form adducts with DNA (Chung et al.,
2000; Nair et al., 2007), with phospholipids (containing PUFAs such as linoleic and
arachidonic acid) and nucleophilic amino acids, such as cysteine, histidine, and lysine
residues. Thus, even 4-HNE cross-linked conjugates propagated lipid peroxidation with
subsequent damages and loss in redox homeostasis that lead to pathological disorders

(Uchida and Stadtman, 1993; Doorn and Petersen, 2003).
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1.4. Oxidative Stress and Intrauterine Hypoxic Conditions

The aetiological factors that are prone to cause an imbalance between the oxidants and
antioxidants in favour of oxidants state the "oxidative stress™ condition. Oxidative stress
causes extensive oxidative macromolecular damages likewise in lipid, protein, and DNA
with subsequent complications and severe pregnancy outcomes (Bak & Roszkowski, 2013;
Burton & Jauniaux, 2011; Messner & Bernhard, 2014; Hubinont et al., 2015). Under
additional stressor conditions like multiple/twin pregnancy, continuous adaptations were
invoked within the maternal-placental-foetal interface by the process of “foetal
programming” with epigenetic control. These further regulate and influence the
development of non-communicable diseases such as diabetes, obesity, metabolic
syndrome, and cardiovascular diseases in adulthood (Barker et al., 1993; Godfrey and
Barker, 2001). Thus during multiple/twin pregnancy, the intrauterine environment
remained as a key factor where both the mother and foetuses are exposed to the persistent
hypoxic environment in the uteroplacental and fetoplacental circulation, respectively. The
equilibrium conditions are particularly disturbed with an alteration in the intra-placental

oxygen content.

Since adequate perfusion and transfer of oxygen to the foetus is dependent on both
uteroplacental and fetoplacental circulations, intrauterine hypoxia or foetal hypoxia can be
classified into (i) pre-placental hypoxia — this occurs due to reduced oxygen content in the
maternal blood. Here both the mother and the foetus is hypoxic which mainly occurs due
to multiple pregnancies, maternal smoking, maternal anaemia and other chronic infections
(i) uteroplacental hypoxia — here the oxygen tension in the maternal blood are normal but
due to any occlusion the oxygenated blood entry is restricted to the uteroplacental arterioles
such as in the cases of pre-eclampsia and IUGR (iii) post placental hypoxia — the

oxygenated maternal blood cannot perfuse in the fetoplacental circulation mainly due to
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any congenital fetoplacental obstruction or disease (Kingdom and Kaufmann, 1997;

Stanek, 2013).

Therefore, an adverse in-utero environment arises due to continuous intrauterine pre-
placental, utero-placental, and post-placental hypoxic conditions. Here we mainly like to
highlight the intrauterine pre-placental hypoxic state in cases of multiple/twin pregnancy
that have a different spectrum of outcomes in both maternal and foetal conditions. Due to
multiple pregnancies, the uterus gets highly distended with decreased oxygen pressure in
the environment. This condition ultimately lowers the intra-placental oxygen content
which hinders the maturation process of the utero-placental intervillous exchange surface
causing low materno-foetal oxygen transfer. Thus there exists a chronic state of maternal
hypoxemia (Kingdom and Kaufmann, 1997, 1999; Hutter et al., 2010; Stanek, 2013). The
maternal blood with reduced oxygen content then passes through the placenta and flows
into the foetus via the umbilical cord vein. This phenomenon causes acute foetal hypoxia
with excessive activation of cellular stress signalling and inflammatory pathways in
response to energy intake which might strongly exceed the energy expenditure. The
fetoplacental circulation showed an abrupt reduction in the blood flow via arterial cord
vessels leading to deprivation of oxygen and nutrients in the developing foetus, with

consequent intrauterine hypoxia and malnutrition (Yoshida et al., 2018).

Similar conditions of intrauterine pre-placental hypoxia also arise due to maternal
smoking conditions during pregnancy where it increases the rate of lower birthweight in
the new-borns and predisposes deleterious effects with chronic diseases in theirs later life
(Hackshaw et al., 2011; Courtney et al., 2018). In cases of maternal cardiovascular
complications and haematological disorders like sickle cell anaemia, directly affect the
oxygen transfer to the foetus and are at higher risk for maternal (i.e., preterm labour,

preterm rupture of membranes, and postpartum infections) and foetal complications (i.e.,
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abortion, prematurity, IUGR, low birth weight, and stillbirth) (Singla et al., 1997; Williams
et al., 1997; Siu et al., 2002). Anyhow, cellular metabolism gets enhanced during normal
pregnancy terms, which directs the antioxidant mechanisms reacting by way of enzyme
activity and non-enzyme free radical deactivators to maintain the redox homeostasis
balance. However, the aetiologies behind the development of such pathological conditions
affecting female reproductive processes cannot be fully guarded by the selective
endogenous antioxidant mechanisms as anticipated (Casas et al., 2015; Sies, 2015). This
indicates our current understanding of the redox diseases underlying such

pathophysiological processes, and needed to be further explored.

21



1.5. Nitric Oxide Synthase Pathway — NO synthesis

Foetal homeostatic conditions and the intrauterine environment critically depend on
the efficiency of the placental and umbilical cord circulation. The prevalence of
intrauterine hypoxic state causes vasoconstriction with the definite shortage in the
bioavailable NO, elevation in the local oxidizing environment by triggering free radical
generation, and chronic inflammatory reactions leading to severe oxidative stress
conditions (Hutter et al., 2010; Zhou et al., 2020). As the umbilical cord lack innervations,
in the fetoplacental system to maintain the vascular tone, cord vascular endothelium
releases potent vasoactive substances like NO derived from endothelial NOS that acts as a
central regulator for the maintenance of vascular homeostasis (Mauro et al., 2011;
Benirschke et al., 2012b; Vanhoutte et al., 2017). Any kind of impaired response and loss
in the bioactivity of endothelium-derived NO within the umbilical cord vascular system
causes intrauterine hypoxia, increased fetoplacental vascular resistance, and retardation in

the foetal growth (Tomasian et al., 2000; Prieto et al., 2011).

The NOS isoforms are distinct from one another based on their gene origin,
localization, regulation, catalytic properties, and inhibitor sensitivity. The common
characteristic of all NOS isoforms is "dimeric" in their active form. These isoforms are
referred to as NNOS/NOSL1 predominantly found in neuronal tissue, iINOS/NOS2 being the
isoform that is inducible in a wide range of cells and eNOS/NOS3 abundant in vascular
endothelial cells. These NOS isoforms have been differentiated based on their constitutive
NOS1 and NOS3 versus inducible NOS2 expression, and their calcium (Ca?*) dependence
in the case of NOS3 and NOS1 or independence as like NOS2 (Alderton et al., 2001). The
NOSL1 in addition to perivascular nerve fibres also gets expressed in the vascular wall
(Schwarz et al., 1999; Tsutsui, 2004) and atherosclerotic plaques (Schodel et al., 2009) and

contributes to vasodilation (Capettini et al., 2011). Contrastingly, NOS2 under normal
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physiological conditions is present in the vasculature but its expression mainly gets
induced due to pathological states like inflammation, sepsis, or oxidative stress (Pautz et
al., 2010; Yu et al., 2018). NOS2 serves as a widely diffusible and long-lasting source of
NO that might adequately compensate for a fall in the NO level but due to its high catalytic
activity compared to NOS3, it produces cytotoxic levels of NO and triggers cytokines and
inflammatory reactions (Ratovitski et al., 1999; Colton et al., 2006). It had been also noted
that endothelial and inducible nitric oxide synthases derived NO respectively regulated the
vascular tone and even showed a wide range of pivotal roles in the placental vascular

development, in-utero embryo implantation, and trophoblast invasion (Krause et al., 2011).

In the endothelial cell, NOS3 is constitutively expressed and tightly gets regulated by
its substrate L-arginine concentration, availability of cofactors, rate of electron transfers,
subcellular localization, post-translational modifications, and diverse interacting proteins
(Michel and Feron, 1997; Shu et al., 2015a). The process of NOS3 coupling/dimerization
is the most crucial step towards its activation that can produce functional vasoprotective
factor NO. Mechanistically deficiency of cofactors like tetrahydrobiopterin (BH4) and low
concentration of L-arginine substrate is likely to be the major causes for NOS3 uncoupling
and dysfunctionality (Forstermann & Miinzel, 2006; Li & Forstermann, 2013; Li, Horke,&
Forstermann, 2013). As mentioned in (Figure 4), initially the NOS3 resides in the Golgi
apparatus, where it gets anchored to the membrane via one myristoyl and two palmitoyl
groups (Liu et al., 1996; Oziiyaman et al., 2008). Through the vesicular transport system,
NOS3 localizes to the plasma membrane where it gets associated with caveolae. In the
caveolae, NOS3 binds to caveolin-1 via its scaffolding domain and remains catalytically
inactive (Feron et al., 1998). Due to receptor dependant agonists or by physical stimuli
including shear stress the intracellular Ca* concentration increases, calmodulin binds to

NOS3, disrupts the NOS3-caveolin-1 interaction and NOS3 gets catalytically activated.
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Figure 4: Regulation of NOS3 in the Endothelial Cells (Oziiyaman et al., 2008)

The representative figure describes in detail the regulatory pathway of NOS3 in the endothelial
cells. NOS3 via vesicular transport gets transported to the plasma membrane from the Golgi
apparatus and gets bound to caveolin-1 in the caveolae and remains inactive. Under increased shear
stress conditions, the potassium channel activates with an increase in the intracellular Ca?*, leading
to consecutive phosphorylation of NOS3 at Ser1177residue.

The activated NOS3 enzyme translocated in the cytosol and via the P13-Akt pathway
gets phosphorylated at Ser1177 residue. In resting endothelial cells, Ser1177 is usually not
phosphorylated. Post-translational modification of NOS3 by phosphorylation is induced
when the cells are exposed to a kind of shear stress or other factors like vascular endothelial
growth factor (VEGF). Human endothelial NOS have two important functional
phosphorylation sites at Serl177 and Thr495. The process of phosphorylation increases
the influx of electrons through the reductase domain from NADPH to the haem in the
oxygenase domain and enhances the enzyme activity of the kinases such as AMP-activated
protein kinase, protein kinase A, serine/threonine kinase Akt and Ca?'/calmodulin

dependent protein kinase Il. In the presence of serine/threonine kinase Akt as shown in

(Figure 5) NOS3 gets catalytically active by the phosphorylation at Serl177 whereas
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Thr495 residue of NOS3 acts as the negative regulatory site, and its phosphorylation is

associated with a decreased electron influx and enzyme activity.

CaMKiI

PKA 7%
- L-cj

Monomer 1 Vi Monomer 2

Figure 5: Dimerization and Activation of NOS3 (Forstermann and Miinzel, 2006)

The above figure demonstrates the process of dimerization and regulation of NOS3 activity by
intracellular Ca?* and phosphorylation. NOS3 gets functionally active by important
phosphorylation sites at Ser1177 and Thr495 residue. The intracellular Ca?* facilitates the flow of
electrons from NADPH in the reductase domain to the haem in the oxygenase domain. Through
the PI3/Akt pathway, the NOS3 gets activated by phosphorylation at Ser1177 and deactivated by
phosphorylation at Thr495 in the presence of protein kinase C.

The post-translational modification leads to further activation of NOS3 which acts on
its substrate L-arginine in the presence of cofactors like BH4, flavin-adenine-dinucleotide,
flavin-mononucleotide, and nicotinamide-adenine-dinucleotide-phosphate that catalyses
the reaction to form L-citrulline and produce bioavailable vasoactive NO (Dimmeler et al.,
1999; Fulton et al., 1999). The available L-arginine substrate concentration is pivotal for
NOS3 activation, where NOS3 competes with Arginase that indirectly influences the
NOS3 activation process (Durante et al., 2007; Pernow and Jung, 2013; Yang et al., 2013).
Under severe oxidative stress conditions influenced by any intrinsic or extrinsic
pathophysiological factors, there is obvious production of ROS like 02", H.O2, and "OH.

Alteration in the redox homeostasis induces elevated expression and activation of
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Arginases (Silva et al., 2012; Lucas et al., 2014). The increased activation of Arginase
“steals away” the common substrate L-arginine, i.e. required to generate NO and L-
citrulline. Due to depletion in the common L-arginine substrate concentration, the NOS3
protein remained uncoupled in their inactive monomer state and produces an excess of O™
instead of vascular bioactive NO. The elevated level of O, undergoes a spontaneous
reaction and scavenges the limited bioavailable NO in the vascular system by forming a
deleterious pro-oxidant ONOQO™ an entity (Cau et al., 2012; Yang and Ming, 2013; Lucas
et al., 2014). Thus, any disruption in the redox homeostasis balance signifies endothelial
dysfunction (ED) with impaired endothelial growth and vasodilation due to low

bioavailable NO production in the vessels.

ED stands as a hallmark for any kind of vascular comorbidities (Berk et al., 2000;
Granger et al., 2001; Nedeljkovic et al., 2003). Chronic conditions e.g. oxidative stress,
smoking, environmental pollutants, and oxidation of low-density lipoproteins cause drastic
downregulation of bioavailable NO in the endothelium that leads to the consequences of
ED (Ding and Triggle, 2005; Barthelmes et al., 2017). It contributes to the complications
and diseases like diabetes, atherosclerosis, hypertension, obesity, asthma,
neurodegenerative diseases, etc. These kinds of comorbidities collectively signify “redox
diseases” (Schichinger et al., 2000; Heitzer et al., 2001; Watson, 2014; Casas et al., 2015).

There has been strong evidence showed, NO released by the vascular endothelium has
crucial roles and serves as an important endothelial-derived relaxation factor (Vanhoutte
et al., 2017). Thus the development of ED mainly involves three major harmful NO
associated events like (i) scavenging of NO due to overproduction of O, (ii) reduced
vascular antioxidant capacity and (iii) altered NOS3 expression and its functional activity

(Nedeljkovic et al., 2003; Montorfano et al., 2014; Kriiger-Genge et al., 2019).
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Endothelium being the innermost framework of all vascular systems acts as a major
interface between blood circulation and diverse organ systems in regulating vascular
homeostasis conditions, blood pressure, blood fluidity, or permeability (Kriiger-Genge et
al., 2019; Minami et al., 2019). It directly comes in contact with all the blood components
and especially shares an intimate crosstalk with the predominant circulating RBCs. Red
blood cells are unique in their both structural and functional features. In general, RBCs
were mainly ascribed as carriers transmitting oxygen and NO into the vascular bed. The
ground-breaking fact vividly described and demonstrated NO synthase (NOS) transcript
and/or protein within RBCs (RBC NOS), showing an “erythrocrine function” that can
synthesize and significantly contribute to the intravascular NO pool to regulate
physiologically relevant mechanisms (Kleinbongard et al., 2006; Cortese-krott and Kelm,
2014). Thus currently RBCs have been known to regulate vascular function through the
modulation of oxygen delivery along with scavenging and generation of NO, so now RBCs
are not only being considered as the "sink" but also the "source™ for NO production.
Though RBCs unlike endothelial cells lack cellular organelles like the nucleus,
endoplasmic reticulum, and Golgi complex, we supposed that the RBC-derived NOS has
common but distinct regulatory mechanisms (Figure 6) when compared with endothelial

NOS3 (Oziiyaman et al., 2008).
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Figure 6: Possible Regulatory Pathway for RBC NOS (Oziiyaman et al., 2008)

The above figure illustrates the hypothetic cycle involving RBC NOS regulatory pathway. RBC
NOS gets bound to caveolin-1 in the cytoplasm and is located near the lipid rafts in its inactive
form. An influx of intracellular Ca?* causes stimulation and further activation of NOS by
phosphorylation at Ser1177 residue.

Even though the redox regulation in RBCs, intervenes with numerous sources of
oxidants including high levels of molecular oxygen that gets bound to haemoglobin,
endogenously it has a well-equipped redox buffering system. Therefore, RBCs can
maintain the redox balance and get actively involved in the regulation of vascular tone,
especially during hypoxic and ischaemic conditions by the release of bioactive NO and
adenosine triphosphate (Cortese-krott and Kelm, 2014; Kuhn et al., 2017). Under
pathological states, the RBC redox status gets altered and fails to counteract the pro-
oxidant status of the microenvironment. Instead, RBCs themselves become a source of
reactive species and consequently, its typical structural and functional features are lost
(Minetti et al., 2007; Zhou et al., 2018a; Dugmonits et al., 2019). Based on an intimate
crosstalk mechanism between the RBCs and vascular endothelium, Pernow and colleagues
demonstrated that under disease states like Type 2 diabetes mellitus RBCs showed excess

levels of ROS, marked alteration in their protein profile and enzymatic activities with
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increased adhesion capabilities. This further induced and synergized the process of
vascular impairment, termed as ‘erythropathy’ (Zhou et al., 2018a; Pernow et al., 2019b).
Long-term intrauterine hypoxic conditions prevail during multiple/twin pregnancy, this
intrinsic factor can regulate the short and long-term NO synthesis and its vasoactive effects
in the umbilical cord vessels. Due to persistent hypoxia, via the intimate cross-talk
mechanism, the redox homeostatic conditions both in the vascular endothelium and RBCs

get perturbed which might augment the rate of vascular endothelial dysfunction.
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2. Aims

The presence of intrauterine hypoxia causes excessive production of ROS and leads
to foetal oxidative stress, which variedly contributes to the occurrence of pathological
conditions in post-natal or adult life. From the clinical purview, comparison of singleton
versus twin neonates always experience enhanced intrauterine hypoxia with advanced
cellular stress conditions, that might directly or indirectly get associated with several RBC
and umbilical cord disorders. The establishment of an efficient cross-talk between the
vascular endothelium and circulating RBCs is necessary to improve the rate of blood flow
in the cord vessels by vasodilation. The developmental status of neonates is mainly
determined by several multifactorial and complex processes, where the involvement of the
NOS3 signalling pathway and its subsequent activation steps becomes pivotal. The NOS3
pathway significantly controls the level of bioavailable NO and in this way can modulate

the supply of oxygen and nutrition to the developing foetus.

In our work, taking into account the highly hypoxic intrauterine circumstances due to
twin pregnancy, we have pursued the molecular and functional consequences and its
harmful effects on the vascular cord endothelial layer and the circulating RBCs of the
developing foetuses. We searched for major alterations in the regulatory parameters which
play crucial roles in the NOS3 signalling pathway to maintain the bioavailable NO level.
Further, we tried to shed light on the activation of any rescue/or compensatory mechanisms
to combat the higher demand of bioavailable NO in both the umbilical cord vessels and
foetal circulating RBCs. In detail following the NOS pathway, our study targeted to

identify an early marker for cardiovascular disorders and/or other relevant comorbidities.

In connection to this, we studied in detail to find answers for the following questions: -
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How do alterations in the NOS3 expression and its post-translational modifications
along with the ROS-inducible NOS3 competitor of Arginasel expression affects the
functionality of the UC endothelial layer and circulating foetal RBCs?

Is there any evidence of the circulating foetal RBCs that can show a compensatory
or alternative mechanism to increase the bioavailable NO level in the vessels?
What is the level of free radicals’/oxidants formation in the RBCs derived from the
twins and the singletons?

What are the significant changes in the distribution pattern of different phenotypic
variants in the RBC populations derived from singletons and twin populations?
What are the consequences/extent of damages occurred due to a higher level of pro-
oxidants both in the UC vessels and circulating RBCs?

Is there any connection between the birth weight of the foetus and the
expression/activation of the NOS3 system in the UC vessels and the circulating RBC

population?
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3. Materials and Methods

3.1. Human samples

In accordance with the Declaration of Helsinki, informed consent was collected from
the pregnant women in order to procure a small portion of the umbilical cord along with
foetal cord blood samples. The study protocol (16/2014; Investigation of oxidative stress
markers in maternal and neonatal blood samples) was approved by the Ethics Committee
from the Department of Obstetrics and Gynaecology at the University of Szeged, Hungary.
The study protocol strictly followed several exclusions criteria for collection of the clinical
samples such as (i) maternal age below 18 years, (ii) gestational diabetes, infection and
inflammatory conditions or disorders such as cardiovascular diseases, (iii) complications
or difficulty during delivery, (iv) dizygotic twin birth (v) foetal distress, (vi) malformations
or evidence of genetic disorders and (vii) neonates born from mothers addicted to alcohol
and /or smoking habit. The nutritional status of the mothers during pregnancy was

satisfactory; no case of malnutrition occurred.

The collected clinical samples were grouped under different inclusions criteria as
mentioned:-In the first group, a total of 21 pairs of mature non-discordant twin neonates
and 32 age- and weight-matched singletons were taken as controls in comparison. Twin
neonates were categorized based on their birth weight; 3000 — 3200 gr (High birthweight
twin-Hwt) and 2400-2600 gr (Low birthweight twin-Lwt) in comparison to age- and
weight-matched singletons as High birthweight singleton (Hws) and Low birthweight
singleton (Lws). Here, the clinical parameters of the study group and the maternal age are

presented in the following Table 1.
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(weeks)

Clinical Parameters Full-term single neonates Full-term twin
neonates
Numbers of Samples (N) Hws: N = 22 Hwt: N =24
Lws: N =10 Lwt: N =18
Gestational age at delivery 37.52+£0.50 37.35+0.47

Birth weight (kg)

Hws: 3.30+0.172
Lws: 2.59+0.171

Hwt: 3.19+0.073
Lwt 2.6+0.174

APGAR score at 10 min 9.92 +0.27 9.69+£0.53
Ratio of vaginal delivery 28:4 34:8
/caesarean section
Maternal age (years) 29.5+6.11 31.9+£7.12
Blood sample pH 7.26 +0.13 7.29+0.12

Table 1. The clinical parameters of the study groups and the maternal age

The second group consisted of clinical samples obtained from 16 pairs of premature

non-discordant twin neonates. Similarly, the twin neonates were categorized based on their

birthweight 2430-2570 gr (Premature High birthweight twin — Pr-Hwt) and 1940-1990 gr

(Premature Low birthweight twin — Pr-Lwt). In this group as per the inclusion criteria 15

age (33-35 weeks) and weight (2200-2500 gr) matched singleton samples were collected

taken as control (Pr-Hws) for the Pr-Hwt group. The clinical parameters of the study group

and the maternal age are presented

in the following Table 2.

Clinical Parameters

Preterm single neonates

Preterm twin

(weeks)

neonates
Numbers of Samples (N) Pr-Hws: N= 15 Pr-Hwt: N = 20
Pr-Lwt: N =12
Gestational age at delivery 33.72+£0.53 34.27 £0.67
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Birth weight (kg)

Pr-Hws: 2.41 +£0.11

Pr-Hwt: 2.47 + 0.04
Pr-Lwt: 1.97 £ 0.02

APGAR score at 10 min 9.88 +£0.32 9.56 £ 0.66
Ratio of vaginal delivery 12:3 22:10
/caesarean section
Maternal age (years) 30.52 +3.34 32.7+4.73
Blood sample pH 7.27+0.07 7.25+0.12

Table 2. The clinical parameters of the study groups and the maternal age

The third group in total considered 10 pairs of premature monozygotic discordant twin

pair neonates with both monochorionic-diamniotic and dichorionic-diamniotic origin. The

criteria for discordance was followed as per the guidelines laid down by ACOG USA, with

a minimum of 25% discordance in their birthweight between the twin pairs. The twin pairs

were compared and grouped according to their discordance in birthweight as 2600-2890

gr/35-35+4 weeks (Premature Discordant High birthweight twin — PrD-Hwt) and 1860-

2040 gr/35-35+4 weeks (Premature Discordant Low birthweight twin — PrD-Lwt). The

clinical parameters of the study group and the maternal age are presented in the following

Table 3.

Clinical Parameters

Preterm Discordant twin neonates

PrD-Hwt: N= 20
Numbers of Samples (N) PrD-Lwt: N= 20
Gestational age at delivery (weeks) 35.21+0.23

Birth weight (kg)

PrD-Hwt: 2.63 £ 0.15
PrD-Lwt: 1.87 £0.12

APGAR score at 10 min

9.52 £0.65
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Ratio of vaginal delivery /caesarean section 4:6

Maternal age (years) 33.42+4.08

Blood sample pH 7.22 £0.06

Table 3. The clinical parameters of the study groups and the maternal age

3.2. Red blood cell smear image processing and data analysis

Using the validated calculation software MatLab tool CIDRE (Smith et al., 2015) we
processed and analysed eosin-stained blood smear images, that gets originated from each
of the collected sample groups. Identification of different phenotypic variations in the RBC
population was conducted in an automated bioimage analysis tool CellProfiler™,

(available on http://cellprofiler.org) (Carpenter et al., 2006), The CellProfiler™ offered

methods to extract features of the cells, that uses intensity statistics likewise minimum-,
maximum, mean-, median intensities and their standard deviation and could also extract
different characteristic cell shape and features such as area. Applying an intelligent
analysis software platform like the Advanced Cell Classifier (Horvath et al., 2011) (ACC,

available on http://cellclassifier.org), we could identify and populate distinct phenotypes

present in the populations. The automated analysis software ACC is completely based on
the model trained techniques that could predict any given cellular phenotypic variations
with the usage of advanced machine learning methods like active learning and neural
networks, having minimal user interaction. The dataset analysis by ACC provided a
detailed insight into the distribution pattern of each phenotype of interest with their

frequency count in comparison to the control within the different study populations.
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3.3. Preparing umbilical cord and arterial cord blood samples for immunostaining
Small portions of the dissected umbilical cord (UC) were fixed with 4% (w/v)
paraformaldehyde in 0.05M phosphate buffer pH 7.4 (PB) and cryopreserved with 30%
(w/v) sucrose in PB with addition of 0.1% (w/v) Na-azide. Specimen samples were
embedded in Tissue-Tek® O.C.T.™ (Sakura Europe, 4583) and cryosectioned with a slice
thickness of 16 um. Further, it gets mounted on Superfrost™ ultra plus® (Thermo
scientific, J3800AMNZ) microscope slides and kept on -80°C till further processing
(Nishikawa et al., 2016). The whole blood derived from the cord arteries of the neonates
was subjected to centrifuge at 200 x g for 10 min at 4°C. The lower two-thirds of the RBC
phase was collected, washed with physiological salt solution (0.9 % NaCl, w/v), and fixed
with 4% (w/v) paraformaldehyde in 0.05M PB at 4°C for lhr and further processed for
immunostaining (Cortese-Krott et al., 2012). To test the homogeneity and purity of the
isolated RBCs, the cells were immunostained with RBC-specific marker anti-Glycophorin

A, where the purity of the samples was > 95% for RBCs. (Chakraborty et al., 2019).

3.4. Immunolabelling and image processing of the umbilical cord sections

The umbilical cord sections were fixed and stained as per the standard protocols
(Chakraborty et al., 2020). Slides with UC sections were withdrawn from - 80°C, thawed,
and dried at room temperature. After consecutive washing with 0.05M PB, the sections
were permeabilized by 0.1% Triton X-100 at room temperature for 20 min. This was
followed by blocking the non-specific antibody binding with 4% (w/v) bovine serum
albumin (BSA) and 5% (v/v) normal goat serum in PB. UC sections of the samples were
immunolabelled with primary antibodies overnight at 4°C, then washed and further
incubated with goat anti-mouse/anti-rabbit Alexa®647- or goat anti-rabbit/anti-mouse
Alexa®488-conjugated secondary antibodies in 1:2000 dilution, for 2 h in dark at room

temperature. Following the secondary antibody incubation step, the slides were
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consecutively washed and counterstained with 4', 6-diamidino-2-phenylindole (DAPI)
(D9542) from Sigma-Aldrich (St. Louis, MO, USA) in a final concentration of 1pg/ml, for
5 min in dark. The slides were completely dried and mounted using Antifading,
BrightMount/Plus aqueous mounting medium (Abcam, ab103748). The slides were
visualised and images were captured under an epifluorescence microscope (Nikon Eclipse
80i, 100x and 50x immersion objective; Nikon Zeiss Microscopy GmbH, Jena, Germany)
with a QIlmaging RETIGA 4000R camera, using Capture Pro 6.0 software (QImaging,

Surrey, BC, Canada).

During imaging, the arteries and veins of each sample were captured at 5-10
independent fields, resulting in at least 50 individual images of each vessel circumferences.

Images were processed and analysed using ImageJ® software (http://imagej.nih.gov/ij/). In

brief, the composite pictures were split into channels, corresponding to one specific
antibody labelling. The endothelial layer was marked out by using the software-derived
indicator tool and analysed the relevant signal particles by running a pre-recorded macro,
which was optimized to our study protocol. The parameters were kept constant throughout
the evaluation protocol. As a result, we saved the relevant regions of interest and projected
it to the parent images. The mean grey values were measured, which are proportional to
the mean fluorescent intensities (MFI) of the original images. These values were further
corrected by subtracting the background fluorescence and quantifying five independent
non-antibody specific fluorescent areas in each image.

3.5. Immunohistochemistry on the isolated RBCs and analysis by florescence
activated cell sorting (FACS)

The isolated and fixed RBCs were washed thoroughly and permeabilized by 0.1%
Triton X-100 at room temperature for 20 min. After permeabilization, cells were

centrifuged at 3000 x g for 5min to discard the supernatant and consecutively washed using
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0.05 PB. Further, RBCs were blocked for the non-specific antibody binding with 4% (w/v)
bovine serum albumin (BSA) and 5% (v/v) normal goat serum in PB and incubated with
primary antibodies for overnight at 4°C. This was followed by incubation with goat anti-
mouse Alexa®647 and goat anti-rabbit Alexa®488-conjugated secondary antibodies in
1:2000 dilutions, for 2 h in dark at room temperature. Finally, RBCs were washed and
processed for quantitative analysis (FACS, BD FACSCalibur™, BD Biosciences)
(Mizrahi et al., 2018; Chakraborty et al., 2019). The FACS data were analysed using
FlowJo™ (FlowJo™ Software for Windows Version 10). The antibody list used for

immunostaining is mentioned below in Table 4.

Antibody Host Dilution Code Distributor
anti-Glycophorin A mouse 1:50 MAS5-12484 Thermo Fisher
Scientific, Madison, WI,
USA
anti-NOS3 mouse 1:100 sc-376751 Santa Cruz
Biotechnology Inc.,
Dallas, TX, USA
anti-pSer1177 NOS3 rabbit 1:100 SAB- Sigma Aldrich, Saint
(pPNOS3) 4300128 Louis, Missouri, USA
anti-Arginasel mouse 1:100 sc-166920 Santa Cruz
Biotechnology Inc.,
Dallas, TX, USA
anti-NOS2 rabbit 1:100 ab3523 Abcam, Cambridge, UK
anti 4-hydroxy-2- mouse 1:100 ab48506 Abcam, Cambridge, UK
nonenal (4-HNE)
goat anti-mouse mouse 1:2000 ab150115 | Abcam, Cambridge, UK
Alexa®647
goat anti-rabbit rabbit 1:2000 ab150077 | Abcam, Cambridge, UK
Alexa®488
goat anti-mouse mouse 1:2000 ab150113 Abcam, Cambridge, UK
Alexa®488
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goat anti-rabbit rabbit 1:2000 ab150079 Abcam, Cambridge, UK
Alexa®647

Table 4. List of the sources and dilutions of primary and secondary antibodies

3.6. Assay for the viability of RBCs

Arterial cord blood was collected and centrifuged at 200x g for 5 min. From the lower
two-thirds of the RBC phase, 10 pl was diluted by 10x in 0.9% (w/v) physiological salt
solution having pH 7.4. The diluted 1ul of the RBCs were mixed with 250ul of Annexin
binding buffer and 2.5ul Annexin V using the Annexin V-FITC Apoptosis/Staining
Detection kit (Abcam ab14085). The quantitative measurement was done by FACS
(FACS, BD FACSCalibur™, BD Biosciences) (Fan et al., 2018) and all data were analysed
using FlowJo™ (FlowJo™ Software for Windows Version 10).
3.7. Measurement of Hydrogen Peroxide Production in the RBCs populations

The assay was performed according to standard protocol (Villegas and Gilliland,
1998), RBC fraction was haemolysed by the addition of distilled water at a ratio of 1:9.
Spectrophotometric measurements were performed using GENESYS 10S UV-Vis
spectrophotometer (Thermo Fischer Scientific, Madison, WI, USA). In determining the
level of H20., 10x haemolysate of the samples was diluted in 50 mM PB at pH 6.0 in a
ratio of 1:250. Serial dilutions of H2O2 between 27.5 and 440 uM were prepared and used
as standard. Samples were incubated with 0.1% (w/v) horseradish peroxidase and 1% (w/v)
o-dianisidine in methanol for colour development, at 37°C for 10 minutes. Reaction
mixture without blood sample was used as blank. To stop the reaction 4N HCI is added.
The H202 concentration of each sample was determined by the absorbance reading at 400
nm and the results were calculated to a standard curve normalized with protein

concentration (umol/mg protein) (Gilliland and Speck, 1969).
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3.8. Determination of the ONOO™ level in the RBCs populations

Following the ONOQO™ levels, the haemolysate of each sample was diluted in 1M
NaOH solution in aratio of 1: 250. The spectrophotometric measurements were performed
at 302 nm, where the increase in absorbance was considered until it reached a stable
equilibrium. Then the samples were added into 100mM PB at neutral pH of 7.4 in the same
ratio as the reference. At neutral pH, the ONOO™ decomposes and its decrease in
absorbance is recorded till it reaches the equilibrium point (Huie and Padmaja, 1993).
According to Lambert-Beer’s law, the ONOO™ concentration was calculated as the
difference in the absorbance at the two distinct pH values. The final results were

normalized with protein concentration (umol/mg protein) (Lowry et al., 1951).

3.9. Statistical Analysis

All statistical analysis was considered with one-way analysis of variance (ANOVA)
and Newman-Keuls multiple comparison test using GraphPad Statistical Software version
6.0. The level of statistical significance was accepted at *p < 0.05, **p < 0.01, #*xp <

0.001, and *xxxp < 0.0001.
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4. Results

4.1. Expression of endothelial and inducible NOS and Arginasel in the Umbilical
Cord Vessels and the Isolated RBCs

The pre-placental hypoxia leads to a severe intrauterine oxidative stress condition, and
thus the NO producing NOS pathways both at the translational and phosphorylation levels
are important for the maintenance of vasodilation. Here we followed in detail the NOS
pathway -within the vascular cord endothelium and isolated arterial cord RBC populations
taken from different categories of mature and premature twins in comparison to their age-

and weight-matched singletons.

4.1.1. Mature Non-Discordant Study Population

UC sections originated from mature non-discordant high (Hwt) and low (Lwt) birth
weight twins along with their age- and weight-matched singletons were immunolabelled
in parallel with anti-NOS3/anti- phosphorylation at Serl177 residue (pNOS3) and
subjected to Image J evaluation. In the endothelium of both the arteries and veins,
originated from Hwt, as compared to their age and weight-matched controls (Hws) showed
a significantly lowered intensity level of NOS3 and pNOS3. The NOS3 gets lowered by ~
25% and 50%, while the pNOS3 by ~35% and 69%, in the artery and vein, respectively

(Figure 7).
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Figure 7: Quantification of the expression of NOS3 and its phosphorylation level at
Ser1177 residue, NOS2, and Arginasel in the vascular endothelium and arterial cord
RBCs of the high weight mature non-discordant twin neonates

Mean fluorescence intensity (MFI) was expressed in percentage of NOS3 and its activated level
pNOS3, NOS2, and Arginasel of the mature non-discordant high birth weight (M-Hwt) N=24 twin
neonates in comparison to their age and weight-matched singletons N=22 taken as control. The red
dotted line represents the control intensity level at 100% within the cord vessel endothelial cells
and isolated arterial cord RBCs. The significant differences were accepted at **** p < 0.0001 based
on one-way ANOVA using the Newman-Keuls multiple comparison test.

In the Lwt group, only the vein endothelium demonstrated a significant low level of
NOS3 (~37%) and pNOS3 (52%) in comparison to their matching low weight singleton
(Lws), while the artery showed no significant changes in either of the value (Figures 8).
Based on the ratio of NOS3/pNOS3 values, the NOS3 phosphorylation status was
somewhat increased in the vein, while remained more or less unchanged in the arteries.
The detailed representative epifluorescent images are in the Appendix section (Figure S1

and S2).
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Figure 8: Estimation of the expression of NOS3 and its phosphorylation level at
Ser1177 residue, NOS2, and Arginasel in the vascular endothelium and arterial cord
RBCs of the low weight mature non-discordant twin neonates

Quantifying the MFI were expressed in percentage of NOS3 and its activated level pNOS3, NOS2,
and Arginasel of the mature non-discordant low birth weight (M-Lwt) N=18 twin neonates in
comparison to their age and weight-matched singletons N=10 taken as control. The red dotted line
represents the control intensity level at 100% within the cord vessel endothelial cells and isolated
arterial cord RBCs. The significant differences were accepted at ***p < 0.001 and ****p < 0.0001
based on one-way ANOVA using the Newman-Keuls multiple comparison test.

The NOS3 activation pathway gets highly influenced by the Arginasel competing for
the common substrate L-arginine. Following the UC sections immunolabelled with
Arginasel, showed a significant difference between the vein and arterial endothelium in
Hwt and Lwt groups. In the Hwt artery, the Arginasel intensity level was almost similar
to their age -and a weight-matched singleton, whereas it is decreased by 48% in the vein
(Figure 7). Contrastingly, the Lwt group indicated an increase of 26% in the artery and

68% in the vein (Figure 8). The detailed representative epifluorescent images are in the

Appendix (Figure S3 and S4).
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Under shear stress conditions, the inducible NOS2 expression might serve as an
alternative NO-producing pathway that increases the bioavailable NO level in the vascular
endothelial layer. The arterial endothelium showed a significant rise in the NOS2 level
with 98% in Hwt (Figure 7) and 122% in Lwt groups (Figure 8) in comparison to their
matched singletons. In the Hwt vein endothelium, the NOS2 level indicated a moderate
increase of 37% (Figure 7), while it remained unchanged in the Lwt category (Figure 8).
The detailed representative epifluorescent images are shown in the Appendix part (Figure

S3 and S4).

The isolated arterial RBC populations underwent quantitative FACS analysis,
following the NOS3 level and its phosphorylation status at Ser1177 residue. In the Hwt
category, NOS3 was in a close match with the respective Hws (Figure 7), while there was
a significant increase of ~53% in the Lw twins (Figure 8). The pNOS3 level highly lagged
by ~54% in the Hwt in comparison to their matched control (Figure 7), while in the Lwt
group a moderate increase by ~14% was measured (Figure 8). There had been an increased
distribution of high NOS3 expressing cell population in the Hw and Lw twin neonates by
60% and 48%, respectively but it does not state an upregulation in the NOS3 activation
level since its phosphorylation status remained low in comparison to their age and weight-

matched singletons (Figure 9).
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Figure 9: FACS (Fluorescence-activated cell sorting) analysis on arterial cord RBCs
immunolabelled with NOS3 and pNOS3 from the mature twin neonates and their
matched singletons

Representative histograms using FACS analysis show the NOS3 (A, C) and pNOS3 (B, D)
intensities, respectively in the M-Hwt (blue line) and M-Lwt (red line) with their matched
singletons (black dots). In each case, an arbitrary borderline was considered which divides the total
RBC population into basal and high-intensity levels.

Furthermore, Arginasel expression gets upregulated in both the Hw and Lw twins by
54.60% and 59.23%, respectively (Figure 7 and 8) along with a significant increase in the
frequency of high Arginasel expressing cells population i.e. 86% in Hwt and 67% in the

Lwt group irrespective of their differences in birthweight (Figure 10).
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Figure 10: Evaluation of FACS analysis on the Arginasel immunolabelled arterial
cord RBCs

Panels (A, B) show representative histogram plots as measured by the FACS analysis using anti-
Arginasel primary antibodies on the foetal arterial cord RBCs derived from the mature twin
neonates and their matched singletons respectively. In the control and twin samples, an arbitrary
borderline was considered along the x-axis dividing the total RBC population into basal and high
Arginasel expressing cells. The graphical representation in the (C) panel indicates the frequency
of high Arginasel expressing RBC population from M-Hwt (N=24) vs M-Hws (N=22) and M-Lwt
(N=18) vs M-Lws (N=10). The statistical significance was accepted at ****p<0.0001 based on
one-way ANOVA using the Newman-Keuls multiple comparison test.

4.1.2. Premature Non-Discordant Study Population

Here the preterm non-discordant high birth weight twin neonates were compared to
their age- and weight-matched singletons and age-matched twin pairs born with low birth
weight. The UC sections were immunolabelled with anti-NOS3/anti-pNOS3. The cord
arterial endothelium of the Hwt showed a significant increase in the NOS3 expression and
its phosphorylation intensity level by ~13% and ~17% respectively in comparison to their
age — and weight-matched singletons (Hws). In this vein, both the values of NOS3 and

pNOS3 intensity levels remained unaltered (Figure 11).

46



400
ExEE
350
300
250
200

150

MFI in Percentage (%)

100

50

NOS3 pNOS3 NOS2 Arginase1

@Pr-Hwt Artery ®@Pr-Hwt Vein ®Pr-Hwt RBC

Figure 11: Estimation of the expression of NOS3 and phosphorylated NOS3, NOS2,
and Arginasel in the vascular endothelium and arterial cord RBCs of the high weight
preterm twin neonates

Mean fluorescence intensity was expressed in percentage of NOS3 and its activated level i.e.
phosphorylated NOS3 (pNOS3), NOS2, and Arginasel of the preterm non-discordant high birth
weight twin neonates (Pr-Hwt) N=20 in comparison to their age and weight-matched singletons
(Pr-Hws) N=15 taken as control. The red dotted line represents the control intensity level at 100%
within the cord vessel endothelial cells and isolated arterial cord RBCs. The significant differences
were accepted at **p < 0.01, ***p < 0.001 and ****p < 0.0001 based on one-way ANOVA using
the Newman-Keuls multiple comparison test.

The comparison between the Hw versus Lw twin populations indicated that the NOS3
expression in the Lwt arteries to some extent remained behind the Hwt values (~28%) with
about the same phosphorylation intensity level. The NOS3 expression in the Lw vein

stayed unaltered with a significant increase by ~26% in the pNOS3 intensity level (Figure

12). The detailed representative epifluorescent images are in Appendix (Figure S5 and S6).
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Figure 12: Quantification of the expression of NOS3 and phosphorylated NOS3,
NOS2, and Arginasel in the vascular endothelium and arterial cord RBCs of the low
weight preterm twin neonates

Estimation of the MFI was expressed in percentage of NOS3, phosphorylated NOS3, NOS2, and
Arginasel of the preterm non-discordant low birth weight (Pr-Lwt) N=12 twin neonates in
comparison to their high weight twin group (Pr-Hwt) N=20 taken as control. The red dotted line
represents the control intensity level at 100% within the cord vascular endothelial cells and isolated
arterial cord RBCs. The significant differences were accepted at ****p < 0.0001 based on one-way
ANOVA using the Newman-Keuls multiple comparison test.

As a consequence, the phosphorylation status of NOS3 gets upregulated in both the
vessels of Lwt in comparison to the Hwt group. Considering the role of Arginasel, being
a critical modulator of NOS3 we find that the Arginasel expression is elevated
significantly in both the arteries and veins of the Hw twins by ~85% and ~30%,
respectively in comparison to the Hws (Figure 11). In correlation, with the Lwt and Hwt
populations, there was a ~22% increase in the Arginasel expression within the Lw arteries

while no significant difference was detectable in the veins (Figure 12).

Upregulation of NOS2 might be an important biomarker that can maintain the
bioavailable NO level in the vascular endothelial layer under shear stress conditions. The

age -and weight-matched singleton versus Hwt indicated no significant difference in the
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NOS2 expression for any of the cord vessels (Figure 11). In the case of Lwt in comparison
to Hwt samples, the NOS2 expression was significantly higher in the Lwt arteries ~ 47%,
while there were no detectable changes in the vein (Figure 12). The detailed representative

epifluorescent images are in the Appendix part (Figure S7 and S8).

Following the NOS3 and pNOS3 intensity level by FACS analysis in the isolated
arterial RBC population, the Hwt in comparison to Hws showed an elevated expression of
NOS3 by ~ 73.64% and almost ~ 206.35% higher NOS3 phosphorylation intensity level
(Figure 11 and 13). While in between the Hw and Lw twin neonates there lies no significant

variation in the NOS3 and phosphorylated NOS3 intensity values (Figure 12 and 13).
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Figure 13: FACS analysis on NOS3 and pNOS3 immunolabelled foetal RBC

populations originated from preterm, non-discordant twin and matched singleton
neonates

Representative histograms (A, B) showing NOS3 and pNOS3 intensity levels in preterm, high
weight twin (Pr-Hwt, blue line) in comparison with their age and weight-matched singleton (Pr-
Hws, orange dots). Similarly, histograms (C, D) represent the comparison between Pr-Hwt (blue
dots) with low weight (Pr-Lwt, red line) twin samples. In each case, an arbitrary borderline was
considered dividing the total RBC population into basal and high-intensity levels.
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The expression of Arginasel in the isolated RBCs via FACS analysis clearly indicated
an elevation by 48% in the Hwt to their age and weight-matched singletons (Figure 11 and
14), while in the Hwt versus Lwt group there was no significant difference in Arginasel

expression level (Figure 12 and 14).

A vs Pr-Hwt B Pr-Hwt vs Pr-Lwt c
100] 100
343 65.7

< 80
e Bao] 411 58.9 2 - s
o -] i c =
2 2 ESF [T

2 60 afa
° = Ze ARy
= 60+ © ] u
- = 56 - :[:
.g g T @ 40 .
s T 40 % B s
E E 1 ; @ oo Tge®
5 5 2 £ 20
= =z 4 @ x ]

20 g_ w
2 a
= 0 r r .
0 S Pr-Hws Pr-Hwt Pr-Lwt
0 2 0 2
0’ 1wt w0® w0d 10° 10t 100 107t
Arginase Arginase1

Figure 14: FACS analysis on RBC populations, immunolabelled with Arginasel

Representative histograms as measured by the FACS analysis using anti-Arginasel primary
antibodies showed in panel (A) the comparison between foetal RBCs derived from preterm, non -
discordant high weight twin (Pr-Hwt, blue line) with their age-matched high weight singleton (Pr-
Hws, orange line) and (B) presents the comparison between Pr-Hwt and low weight (Pr-Lwt, red
line) twin sample. For each control and twin sample, an arbitrary borderline was considered along
the x-axis dividing the total RBC population into basal and high expressing cells. The graphical
plot (C) indicates the frequency of high Arginasel expressing RBC populations in the preterm,
non-discordant twin neonates (Pr-Hwt-N=20; Pr-Lwt-N=12) and age -weight-matched singletons
(Pr-Hws-N=15). The statistical significance was accepted at ****p<0.0001 based on one-way
ANOVA using the Newman-Keuls multiple comparison test.
4.1.3. Premature Discordant Study Population

The NOS3 activation pathway was followed in twin siblings, born with high birth

weight differences i.e. more than 25%.

The UC sections derived from the discordant preterm twin pairs were immunostained and
subjected to Image J evaluation. The NOS3 expression and its phosphorylated level of
the Lw neonates significantly lag behind in comparison to their high weight siblings; in
the artery by 37% and 45%, while in the vein ~19% and ~26%, respectively (Figure 15).
The detailed representative epifluorescent images of the vascular endothelium are
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described in Appendix (Figure S9 and S10). As a result, the phosphorylation status of
NOS3 was low in both the vessels of the Lw-siblings originated from the discordant twin

pair.
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Figure 15: Estimation of the expression of NOS3 and activated pNOS3, NOS2, and
Arginasel in the vascular endothelium and arterial cord RBCs between the
premature discordant twin pair

Quantification of the MFI was expressed in percentage of NOS3, phosphorylated NOS3, NOS2,
and Arginasel of the preterm discordant low birth weight twin neonates (N=20) in comparison to
their high weight twin pair (N=20), considered as control. The red dotted line represents the control
intensity level at 100% within the cord vascular endothelial cells and isolated arterial cord RBCs.

Statistical significances were accepted at *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001
based on one-way ANOVA using the Newman-Keuls multiple comparison test.

We know in the NOS3 regulation pathway the expression of Arginasel plays a very
vital role. Here we find that the Arginasel expression in the Lw-neonates is significantly
lower in both the arteries and vein by ~17-18% compared to their siblings (Figure 15).
Whereas, the NOS2 being an alternative source for bioavailable NO, was present at a much
higher level in the cord arterial endothelium of the low weight siblings to almost ~24%,
while in the vein it was significantly lowered by ~37% (Figure 15). The detailed

representative epifluorescent images are in the Appendix section (Figure S11 and S12).
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In parallel, isolated cord arterial RBCs were immunostained for FACS analysis. No
significant difference was detected in the NOS3 expression and frequency of the high

NOS3 expressing cells between the discordant twin pairs (Figure 15 and 16).
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Figure 16: FACS analysis on foetal RBC populations originated from preterm,
discordant twin neonates, immunolabelled with NOS3 and pNOS3

FACS analysis on foetal RBCs from preterm, discordant twin siblings, immunolabelled with anti-
NOS3 and anti-pNOS3. The representative histograms (A, B) using FACS analysis show the NOS3
and pNOS3 intensity levels in preterm, high weight (PrD-Hw twin, blue line) and low weight twin
samples (PrD-Lwit, red line) respectively. The graphical representation (C) exhibits the frequency
of high NOS3 expressing cell population derived from preterm discordant twins where N=20 pairs.

However, we find that the pNOS3 intensity level was significantly higher in the low
weight neonates by ~29% (Figure 15), as a result, the phosphorylated status of NOS3

significantly increases (Figure 17).
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Figure 17: Hlustration of MFI on the NOS3 expression and its phosphorylated level
(PNOS3) in the foetal RBC populations

The graphical plot illustrates the MFI of NOS3 expression and its activation/phosphorylated level
at Ser1177 residue in the foetal RBCs, derived from preterm, discordant twin neonates. The
significant differences were accepted at *p< 0.05 based on one-way ANOVA using the Newman-
Keuls multiple comparison test.

The Lw siblings show a significantly higher level of Arginasel expression to almost

~33% (Figure 15 and 18) due to increased distribution of high Arginasel expressing cell

populations by ~ 8-10%.
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Figure 18: FACS analysis on foetal RBC populations from preterm, discordant twin
neonates, immunolabelled with Arginasel

Representative histogram plot (A) and the graphical representation (B) presents the intensity level
and the frequency of high expressing Arginaselcell population respectively by the FACS analysis
using anti-Arginasel primary antibodies on foetal RBCs originated from the arterial cord of
preterm, discordant high weight (PrD-Hwt, blue dot) and low weight (PrD-Lwt, red line) twin
siblings where N=20 pairs. For each control and twin sample, an arbitrary borderline was
considered along the x-axis dividing the total RBC population into basal and high expressing cells.
The statistical significance was accepted at ****p<0.0001 based on one-way ANOVA using the
Newman-Keuls multiple comparison test.

4.2. Quantitative estimation of lipid peroxidation, determined by the 4-
Hydroxynonenal level and Annexin V positive population in the UC vessels and the
isolated RBCs

Due to the overproduction of ROS, the rate of lipid peroxidation gets enhanced. The
most common products formed are the oxygenated a, B-unsaturated aldehydes such as 4-
hydroxynonenal (4-HNE). The formation of this aldehyde was followed by
immunolabelling the aldehyde-protein adduct with an anti-4-HNE antibody. Furthermore,
due to the excess rate of lipid peroxidation, the level of phosphatidylserine gets altered in
the outer leaflet of RBC plasma membranes which is easily detected by Annexin V and

quantified using FACS analysis.
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4.2.1. Mature Non-Discordant Study Population

Measurement of the 4-HNE intensity level in the cord vessels’ endothelium, indicated
a significant increase in the arteries of Hwt (~65%) and Lwt (~214%) neonates. The vein
endothelium showed a moderate increase of 20% in Hw and 33% in Lw twin population
in comparison to their age and weight-matched singletons (Figure 19 A-B). The detailed

representative epifluorescent images are mentioned in the Appendix (Figure S3 and S4).
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Figure 19: Quantification of the 4-HNE level in the vascular endothelium and arterial
cord RBCs of the mature non-discordant twin neonates

Panels (A-B) indicate the MFI value in percentage of the 4-HNE level in M-Hwt (N=24) vs M-
Hws (N=22) and M-Lwt (N=18) vs M-Lws (N=10) respectively. The red dotted line represents the
control (i.e. age and weight-matched singletons) intensity level at 100% within the cord vessel
endothelial cells and isolated arterial cord RBCs. The significant differences were accepted at ***p

< 0.001 and ****p < 0.0001 based on one-way ANOVA using the Newman-Keuls multiple
comparison test.

The arterial cord isolated RBCs were considered for FACS analysis to estimate the 4-
HNE intensity level and Annexin V positive population. The 4-HNE intensity level gets
prominently increased in both the twin groups irrespective of their birth weight (Figure 19
A-B and 20), which highly correlates with the increased frequency of high 4-HNE

expressing cells by ~ 422% and ~ 153% in the Hwt and Lwt group respectively (Figure

20).
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Figure 20: Evaluation of the immunolabelled 4-HNE level on the arterial cord RBCs
by FACS analysis

Panels (A-B) show the representative histogram plots as measured by the FACS analysis using
anti-4-HNE primary antibody on the foetal arterial cord RBCs derived from M-Hwt (blue line) and
M-Lwt (red line) with their matched singletons (black dots) respectively. For each control and twin
sample, an arbitrary borderline was considered along the x-axis dividing the total RBC population
into basal and high 4-HNE expressing cells. The graphical representation in the (C) panel indicates
the frequency of high expressing 4-HNE levels in the RBC population of the mature Hw (N=24)
and Lw (N=18) twin neonates compared to their age-matched Hw (N=22) and Lw (N=10)
singletons. The statistical significance was accepted at ****p<0.0001 based on one-way ANOVA
using the Newman-Keuls multiple comparison test.

Again, the isolated RBCs, derived from the age —and weight-matched singletons and
twin groups were commonly stained by Annexin V, which indicates the level of
phosphatidylserine in the outer leaflet of RBC plasma membranes. The distribution of
Annexin V positive population is significantly higher by ~19% and ~27% in the Hw and

Lw twin groups respectively, when compared to their matched singletons (Figure 21).
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Figure 21: Viability assay on isolated RBCs by the FITC-conjugated Annexin V

Viability assay on isolated RBCs by the FITC (Fluorescein IsoThioCyanate) —conjugated Annexin
V. Panel (A-D) are representative zebra plots derived from isolated RBCs of the age and weight-
matched M-Hws (N=12), M-Hwt (N=15), M-Lws (N=8) and M-Lwt (N=11), respectively. For
control and twin samples, an arbitrary borderline was considered along the x-axis, where the Q3
guadrant represents the AnnexinV positive cells. The graphical summary (E) shows the percentage
distribution of AnnexinV positive RBCs localized in Q3 quadrant. Statistical significance was
accepted at ****p<0.0001 using the Newman-Keuls multiple comparison test.

4.2.2. Premature Non-Discordant Study Population

Here the intensity levels of 4-HNE as evaluated by Image J®, in the cord arteries of
the Hw twin neonates, showed a significant increase of ~31% with no alterations in the
vein as compared to their age -and weight-matched singletons. In the Hwt versus Lwt

group, the values significantly increased to ~17% in the arterial endothelium while the
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intensity level remained unchanged. in the veins (Figure 22 A-B). The detailed

representative epifluorescent images are mentioned in the Appendix (Figure S7 and S8).
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Figure 22: Quantification of the 4-HNE level in the vascular endothelium and arterial
cord RBCs of the premature non-discordant twin neonates

Graphical illustration in panels (A-B) indicates the MFI values in percentage of the 4-HNE level
in the preterm non-discordant Hw (A; N=20) and Lw (B; N=12), twin neonates, in comparison to
age and weight-matched singletons (A; N=15) and Pr-Hwt (B; N=20) respectively, taken as control.
The red dotted line represents the control intensity level at 100% within the cord vessel endothelial
cells and isolated arterial cord RBCs. The significant differences were accepted at **p < 0.01 and
****p < 0.0001 based on one-way ANOVA using the Newman-Keuls multiple comparison test.

The isolated RBCs by FACS analysis exhibited an up rise to ~108% in the Hwt when

compared to the age-matched singleton group. The Lwt neonates in comparison to Hwt

also showed a significant increase of 71% (Figure 22 A —B and 23).
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Figure 23: FACS analysis on RBC populations, immunolabelled with 4-HNE

Representative histograms as measured by the FACS analysis using anti-4 HNE primary antibodies
showed in panel (A) the comparison between foetal RBCs derived from preterm non-discordant
high weight twin (Pr-Hwt, blue line) and age-matched high weight singleton (Pr-Hws, orange line)
and (B) present the comparison between Pr-Hwt and low weight (Pr-Lwt, red line) twin sample.
For each, control and twin sample, an arbitrary borderline was considered along the x-axis dividing
the total RBC population into basal and high expressing cells. The graphical plot (C) indicates the
frequency of high 4-HNE expressing RBC populations in the preterm, non-discordant Hw (N= 20)
and Lw (N=12) twin neonates and age-weight matched singletons (Pr-Hws; N=15). The statistical

significance was accepted at ****p<0.0001 based on one-way ANOVA using the Newman-Keuls
multiple comparison test.

In parallel, RBC populations were stained with Annexin V and revealed an elevated
frequency of ~ 12.5% in the Annexin V positive RBCs originated from Hwt in comparison
to the Hws populations. However, no significant difference existed between the Hwt and

Lwt categories (Figure 24).
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Figure 24: Viability Assay on the isolated arterial cord RBCs derived from preterm
non-discordant twin siblings

Representative panels (A, B) and (C, D) of zebra plots showed the isolated RBCs of the premature
Hwt (N=15) with their age and weight-matched singletons Hws (N=10), and Pr- Hwt (N=15) in
comparison to their non-discordant Lwt (N=12) group respectively that are treated with FITC
(Fluorescein IsoThioCyanate) - conjugated Annexin V. For control and twin samples, an arbitrary
borderline was considered along the x-axis, where the Q3 quadrant represents the Annexin V
positive cells. The graphical summary (E) shows the percentage distribution of Annexin V positive
RBCs localized in the Q3 quadrant. **** Marks the significant differences based on the Newman-
Keuls multiple comparison test at p < 0.0001.

4.2.3. Premature Discordant Study Population
In the discordant twin population, the low birthweight siblings exhibited a significant
increase of the 4 HNE level in the cord arteries and vein by ~42% and ~25%, respectively
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(Figure 25) and detailed representative epifluorescent images are in the Appendix section

(Figure S11 and S12).
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Figure 25: Measurement of the 4-HNE level in the vascular endothelium and arterial

cord RBCs of the premature discordant twin neonates

The MFI of the 4-HNE level in the preterm discordant low birthweight siblings was expressed as
a percentage in comparison to their high weight twin pair, considered as control. The red dotted
line represents the control intensity level at 100% within the cord vascular endothelial cells and
isolated arterial cord RBCs. Statistical significances were accepted at ***p < 0.001 and ****p <

0.0001 based on one-way ANOVA using the Newman-Keuls multiple comparison test.

The FACS analysis on the isolated cord arterial RBCs also indicated an upsurge by 69%

in the HNE intensity level of the Lwt category in comparison to their Hw siblings (Figure

25 and 26).
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Figure 26: FACS analysis on foetal RBC populations from preterm, discordant twin
neonates, immunolabelled with 4-HNE

Representative histogram plot (A) and the graphical representation (B) measures the intensity level
and the frequency of high expressing 4-HNE cell population respectively by the FACS analysis
using anti-HNE primary antibodies on foetal RBCs originated from the arterial cord of preterm,
discordant high weight (PrD-Hwt; N=20, blue dot) and low weight (PrD-Lwt; N=20, red line)
siblings. For each control and twin sample, an arbitrary borderline was considered along the x-axis
dividing the total RBC population into basal and high expressing cells. The statistical significance

was accepted at ****p<0.0001 based on one-way ANOVA using the Newman-Keuls multiple
comparison test.

Further to test the Annexin V positivity, RBCs from the discordant twin pairs were
subjected to FACS, where a significant increase in the frequency of Annexin V positive

cells (~10%) was detected in the Lwt group in comparison to the Hwt origin (Figure 27).
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Figure 27: Viability Assay on the isolated arterial cord RBCs derived from the
preterm discordant twin pairs

Panel (A and B) represents the zebra plots of the isolated arterial cord RBCs derived from preterm
discordant twin N=20 pairs that are treated with FITC (Fluorescein IsoThioCyanate) - conjugated
Annexin V. In the control and twin sample, an arbitrary borderline was considered along the x-
axis, where the Q3 quadrant represents the AnnexinV positive cells. The graphical summary (C)
shows the percentage distribution of Annexin V positive RBCs localized in the Q3 quadrant.
Statistical significance was accepted at **** p < 0.0001 using the Newman-Keuls multiple
comparison test.

4.3. Analysis of phenotypical variants in RBCs

In a preliminary platform increased frequency of different phenotypical variants in the
RBC population can be an indication of various kinds of clinical disorders. Altogether, we
screened over ~ 3000 RBCs from the singletons, ~ 2000 from the mature, and 4000 from
the premature twin origins. We specifically looked for Burr cells, Elliptocytes, and
Rouleaux phenotypes beside the regular healthy biconcave-shaped RBCs. There was no
major significant alteration in the frequency of morphological variants between the mature
and premature singleton groups. However, a significant difference was found between the
singletons and twin neonates from mature and premature origins. In the mature twins, 3-
fold and premature twin group 2-fold increase had occurred in the Burr cells type of the
RBC population. It was almost negligible to identify Elliptocytes and Rouleaux variants in

the singletons. The premature in comparison to the mature twin populations, demonstrated
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~ 2 to 2.5-fold increase in the Elliptocytes and a ~5-fold increase in the Rouleaux

phenotypes, irrespective of their birth weight (Figure 28).
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Figure 28: Distribution of morphological variants of RBCs derived from mature and
premature twin siblings

The distribution of morphological variants in the isolated RBCs derived from singletons in
comparison to mature and premature twin populations were analysed by the Advanced Cell
Classifier software. Screening of RBCs (N=600 cells/sample) were counted from both singleton
and twin origin. Statistical significance in the frequencies of the regular Biconcave at (*** p <
0.001), Burr at (*** p < 0.001 and **** p < 0.0001), Elliptocytes at (**** p < 0.0001 and ** p <
0.01) and Rouleaux at (**** p < 0.0001) were accepted by one-way ANOVA using the Newman-
Keuls multiple comparison test.

4.4. Spectrophotometric measurement of H202 and ONOO™ levels in the RBCs
RBCs originated from different mature and premature origins, mostly undergo a

higher level of cellular oxidative stress condition. Here we see that irrespective of their

birthweight differences the deleterious oxidant level of ONOO™ was significantly

increased by ~ 2.- 2.5 fold in the mature and ~1.5- 2 fold in the premature twin neonates
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in comparison to the singletons. This was in good correlation with the significant rise of
another strong oxidant, the H20. level by ~1.3-fold in the mature and ~1.7-fold in the
premature twins, which further indicated an imbalance between the endogenous oxidant

and antioxidant system (Figure 29).
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Figure 29: Spectrophotometric measurements of the strong oxidants in the isolated
RBCs derived from twin origin

Estimation of the hydrogen peroxide (H20;) and peroxynitrite (ONOO ) levels were measured by
spectrophotometric methods in the isolated arterial cord RBCs from singleton (N=14), mature
(N=12 pairs) and premature (N=15 pairs) twin origin. Statistical significance was accepted at * p
<0.05, ** p<0.01, *** p < 0.001 and **** p < 0.0001 by one-way ANOVA using the Newman-
Keuls multiple comparison test.
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5. Discussion

There had been increasing evidence that indicates towards enhanced rate of oxidative
insults during intrauterine development and variedly contributes to the occurrence of
pathological conditions in post-natal or adult life. An adverse intrauterine environment
develops in all clinical cases of multiple/twin pregnancy, pre-eclampsia, ectopic
pregnancy, and intrauterine growth restriction that gets directly or indirectly associated
with placental or umbilical cord disorders (Avila et al., 2015; Argyraki et al., 2019). In
comparison between singleton and twin or multiple pregnancies, there always exists an
additional oxidative stress condition due to long-term intrauterine hypoxia and causes
impaired blood flow to the feto vascular system (Al-Gubory et al., 2010; Acharya et al.,

2016; Rodriguez-Rodriguez et al., 2018).

At early stages of an in-utero development until late in the third trimester, along with
the presence of low immunocompetence prevails a partially developed endogenous or
passively acquired exogenous antioxidant system (Georgeson et al., 2002; Davis and
Auten, 2010; Perrone et al., 2010, 2019). Specifically, in cases of preterm birth, the
antioxidant system is not fully developed and gets associated with an increased oxidant
burden which places these neonates at a much higher risk of injury. Thereby, any altered
physiological and metabolic functions in the developing foetus can easily disrupt the
delicate balance between ROS and their intrinsic antioxidant defense system. This shifting
in the redox homeostasis increases oxidative stress and eventually predisposes to severe
obstetric complications like birth asphyxia, respiratory disorders, prematurity, structural
abnormalities, delayed development, and most commonly low birthweight (Thaete et al.,

2004; Hayes, 2005; Buonocore and Perrone, 2009; Su et al., 2015).
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During long-term oxidative stress conditions like twin pregnancy, mapping the
efficacy of the NOS pathway becomes pivotal in the regulation of bioavailable NO for
vasorelaxation and free flow of blood supply within the cord vascular system. Previously,
our working group pioneered in demonstrating an increased ROS production and
compromised antioxidant system in parallel with the increased level of NOS3, leading to
elevated macromolecular damage in the foetal RBCs of the twin neonates (Dugmonits et
al., 2016). Therefore, now in a detailed comparative study, we attempted to elucidate the
significance of intimate crosstalk in between the foetal RBCs and the cord vascular
endothelium that involves the signalling pathway of NOS3 activation. Our results clearly
highlighted the morphological alterations, functional and physico-chemical changes

parallelly in both the cord-derived RBCs and vascular cord endothelium of twin neonates.

Here we selected both mature and premature twin populations with a wide range of
differences in the birth weights, along with their respective age and weight-matched
singletons. The NOS3 expression and its activation in the cord vessels and circulating
RBCs of the selected study populations show different statuses, with a high correlation to

the neonatal birthweights.

In the mature high-weight twin category, the NOS3 expression and its activation gets
somewhat impaired both in the cord vessels and the circulating foetal RBCs compared to
weight and age-matched singletons. In the mature low weight non-discordant category, the
NOS3 expression dropped drastically only in the cord vein, however, its phosphorylation
at Serll77 position increased, as a compensatory attempt to increase NO production.
Similarly, as part of the rescue mechanisms elevated NOS3 expression was observed in

red blood cells.
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In the preterm twin population, the NOS3 regulation in the cord vessels remains almost
undisturbed in both the Hwt and Lwt neonates. Moreover, their RBC population shows
responsiveness to the intrinsic oxidative stress status and works as a rescue mechanism by
the upregulation of the RBC-NOS3-NO pathway. Their elevated expression and
phosphorylation levels signify an effort to improve blood flow in UC vessels, however,
this capacity of the foetal RBCs decreases, as pregnancy progresses. Based on our data set,
in most of the selected categories (with an exception for the Pr-Hwt) the UC vessels along
with the RBCs, could not suffice to maintain the desired NO level, and thus another
alternative NO producing pathway gets induced, the NOS2, in the arterial endothelium.
Particularly, the lower-weight siblings from the discordant twin population showed an
upregulated arterial NOS2 system along with the functional RBC-NOS3-NO pathway as a
part of the rescue mechanisms. Initially, even a moderate increase in the NOS2 expression
could sufficiently increase the NO level, regarding the higher rate of NOS2 catalytic
activity i.e. (100-1000 fold that of the NOS3 (Ratovitski et al., 1999). Though at first,
NOS2 upregulation seems to be beneficial by providing an alternative source for the
bioavailable NO, the higher rate of its catalytic activity adds to ROS elevation and induced
cell apoptosis through caspase-3 activation (Geng et al., 1996; Liu et al., 2002). Thus an
elevated NOS2 level exhibits a pro-inflammatory profile and gets associated with
pathological conditions like inflammation, sepsis, or oxidative stress (Kleinert et al., 2010)

causing macromolecular damages in the vascular endothelium.

One of the major key steps in the NOS3 pathway is the coupling of NOS3 and dimer
formation, which gets activated by phosphorylation at serine 1177 residue to liberate the
bioavailable NO (Shu et al., 2015b). Arginasel being a competitive inhibitor of NOS3 for
common substrate L-arginine steals away the common substrate which inhibits the

coupling and activation of NOS3. Imbalance in redox homeostasis generates excessive
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ROS which further catalyses the upregulation of Arginasel expression and activity by
tightly regulating the NOS3 pathway, producing reactive species like O>" instead of the
bioavailable NO and L-citrulline. The limited amount of bioavailable NO in the system
readily reacts with O™ and instantaneously form deleterious pro-oxidant entities like

ONOO™ showing the “Janus faced” role of NO (Férstermann, 2006; Yu et al., 2018).

In general, Arginasel influences the vascular function with the production of L-
ornithine as its active metabolite but an excessive synthesis of polyamine and proline from
L-ornithine also plays a pivotal role in pathological vascular remodelling, endothelial and
smooth muscle cell proliferation, and collagen deposition (Yang and Ming, 2013; Lucas et
al., 2014). In the mature non-discordant Hwt and Lwt groups, there was a major rise in the
Arginasel expression in the vascular endothelium and further even gets doubled in the
RBC populations to their age and weight-matched singletons. As a sequel of this harmful
consequence, it shows a strong impact on the functionality of the RBC-NOS NO pathway.
In connection to the preterm birth, here the Arginasel expression is also highly upregulated
in the vascular endothelium of the non-discordant twins but gets significantly reduced in
the Lw siblings from the discordant origin. Though in the case of premature twinning, we
find a significant increase of Arginasel expression in the foetal cord RBCs, still then the
RBC-NOS3-NO pathway was activated, both at the translational and phosphorylation
levels. The foetal RBCs retained their competency to show the compensatory mechanism
under acute oxidative stress conditions. An elevated Arginasel expression signifies the
excessive generation of ROS and simultaneously has an impact on the NOS3 —NO pathway
not only in the circulating RBCs but also in the vascular endothelium. In the mature twin
population as well as in the case of neonates born to smoking mothers the high Arginase
level always implies a drastic reduction in the bioavailable NO, exclusively due to an

impaired NOS3-NO pathway both in the UC vessels and the circulating foetal RBCs. This
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consequently causes indiscriminate macromolecular damages and aggravates ED
(Dugmonits et al., 2019; Chakraborty et al., 2020; Zahoran et al., 2021). Moreover taking
into account the intimate communication between the circulating RBCs and the
endothelium, the enhanced Arginasel level or its activity in the circulating RBCs are well
implicated in various cardiovascular disorders and other pathological states like the Type
2 diabetes mellitus (Yang et al., 2013; Zhou et al., 2018b; Pernow et al., 2019a). However,
the direct correlation between Arginasel expression and NOS3 activation for their
competition to the common substrate L-arginine becomes complicated with the emerging
paradox that states L-arginine concentrations in endothelial cells remain sufficiently high
to support NO synthesis on the approach of compartmentalization of intracellular L-
arginine into distinct, poorly interchangeable pools (EIms et al., 2013). However, apart
from other cell types, RBCs hold a unique cytoskeletal structure and are devoid of major
intracellular organelles where the chances of intracellular L-arginine compartmentalization

into distinct interchangeable pools becomes negligible.

Finally, with an alteration in the NOS3 functionality, following the extent of
macromolecular damages in the vascular endothelium and the foetal circulating RBCs, we
find a significant rise in the 4-HNE level. The 4-HNE level as an indicator of the rate of
lipid peroxidation was highly marked irrespective of maturity and birth weight differences
in the twin population. Moreover, it is also shown that due to the greater extent of lipid
peroxidation in the predominant circulating foetal RBCs, the RBC lipid bilayer membrane
characteristics gets altered with an increased loss in their membrane integrity and
properties as similar to neonates derived from sustained maternal smoking (Balogh et al.,
2020a). Therefore, the molecular alterations affecting the membrane cytoskeletal system

in the RBCs as supported by the significant increase in the Annexin V positive RBCs
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implies the altered RBC membrane asymmetry, membrane damage, and loss of functional

properties in the twin neonates.

It is noteworthy to mention that the neonatal RBCs get functionally impaired far ahead
of any detectable morphological aberrations as implied in the case of neonates derived
from the smoking origin (Dugmonits et al., 2019). Further, a detailed survey on the
phenotypic variants of RBCs always served as a preliminary platform for many clinical
diagnoses (Mohandas and Gallagher, 2009). Studying the morphological variants in the
mature and premature twin RBC populations we exhibited a significant rise of burr cell
phenotype in the RBC morphology similar to the neonates derived from smoking origin
which mainly occurs due to disproportionate distribution of fatty acids, lysophospholipids
in the lipid bilayer of the RBC membrane (Gallagher, 2005; Dugmonits et al., 2019; Balogh
et al., 2020b). In addition, specifically in the preterm twin category, we cited a significant
distribution of elliptocytes and rouleaux phenotype. Literature reviews clinically suggest
morphological differentiation of elliptocytes indicate iron deficiency and megaloblastic
anaemia whereas RBC aggregates like rouleaux formation result due to high fibrinogen
level causing lower blood flow rates that might lead to pathogenesis of circulatory and
thromboembolic complications in clinical cases like septicaemia, pregnancy, diabetes, etc.

(Linderkamp et al., 1984; Ford, 2013; Bosman, 2018).

Thus citing the detectable phenotypical variants of RBCs due to possible changes in
their cytoskeletal network of the mature and premature twin pairs as compared to
singletons would definitely recognize and intervene into the possible complications at
earlier stages of theirs post-natal or adult life (Pretorius et al., 2013; Soma and Pretorius,
2015; Masilamani et al., 2016; Diederich et al., 2018). Here we have no supporting data

that states any direct correlation between these phenotypical changes with their altered
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functionality, which can be marked as a limitation to our conclusion. However, the
functional alteration of NOS3/pNOS3 status in the circulating RBCs within twin origin at
different maturity levels could be a real-time sensor for the possible adverse outcomes in

theirs later development.

72



6. Conclusion

Overall, understanding the basic pathophysiological mechanisms in neonatal diseases
necessitates a detailed knowledge about the wide range of complications that includes all
three major constituents of the feto-vascular system (RBCs, arteries, and veins). Both the
endothelial cells of UC vessels and the RBCs separately contribute to the NO metabolism,

vascular function, systemic hemodynamics, and blood pressure homeostasis via NOS3.

Based on our data set we see a different pattern of cellular stress regulation in between
the different maturity levels of the twin population. Comparing our data sets on premature
twins it is completely vivid now that the NOS3-activation capacity of the cord vessels and
foetal RBCs are far more efficient than in the case of the mature twin population or in
neonates, born to smoking mothers. Irrespective of a common, highly hypoxic
environment that characterizes the premature or mature twin pregnancies and maternal
smoking-induced conditions in the neonates, the mediated oxidative stress response is
based on the distinguishable level of Arginasel. There shows clear evidence of intimate
crosstalk in between the RBCs and the vascular endothelium where the Arginase-
dependent alterations in the RBC-NOS pathway seem to be a determining factor for the
further development of ED in the vascular system. As during the progressive pregnancy
period there occur rapid physiological and metabolic changes, thus it becomes an essential
factor to map the NOS3 signalling pathway at different time points of gestation.
Furthermore, from the clinical point of view under adverse intrauterine conditions
monitoring the Arginase level might well serve as a prognostic marker to track the overall

changes in the foetal circulating RBCs and the cord vascular microenvironment.
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10. Summary

In the last 30 years, by modern in-vitro fertilization therapies, the proportion of twin/
multiple pregnancies have markedly increased and developed a new significant clinical
database. There showed an elevation in the foetal, neonatal, and perinatal mortality rate of
3-6 times in twins and 5-15 times in other multiple pregnancies in comparison to
singletons. The state of pregnancy with enhanced metabolism and demand for oxygen
definitely causes a significant burden on both the mother and the developing foetus, which
further gets increased during twin pregnancy. In comparison to singletons, twin siblings’
experience an additional stress condition with the excessive oxygen demand, and sustains
a long-lasting adverse intrauterine environment. Increased oxygen demand in the twin
neonates develops an intrauterine hypoxic condition that can lead to loss of redox balance
and follow with its harmful consequences such as delayed development commonly
characterized by low birth weight, respiratory disorders, preterm birth, and morphological

disorders.

During pregnancy, the placenta and umbilical cord are the vital temporary organs to
maintain the in-utero foetal development. The umbilical cord is entirely embryonic in
origin, and the cord blood vessels are considered as a direct extension of the foetal
circulation. The umbilical cord vein transports oxygen-rich blood and nutrients from the
placenta to the foetus, and the two arteries carry the deoxygenated blood and waste
products back to the placenta. The proper functioning of UC blood vessels is crucial in the
fetoplacental circulation, to maintain the adequate supply of nutrients and oxygen to the

developing foetus.

The UC vascular system, including the endothelial cell layer together with the

circulating red blood cell (RBC) population, are the primary targets that get affected due
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to an increased oxidative stress condition. Thereby necessarily carrying the environmental-
induced morphological and functional changes indicate towards the effects experienced
during the in-utero foetal development. Moreover, analysing the complications related to
RBCs and the endothelial layer of the umbilical cord might serve as an important
diagnostic tool for understanding the basic pathological processes leading to neonatal
vascular diseases. In our study, we hypothesized that any kind of underlying molecular
changes that determines the redox status of the cord vein might indicate the quality of the
“nutrition” transferred from the mother to foetus, while the condition of the arteries

provides more information concerning the “actual state” of the foetus.

As the UC vessels lack innervations, it releases vasoactive entities like nitric oxide
(NO) acting as the key in regulating the vascular tone and fetoplacental blood flow which
gets derived by the endothelial nitric oxide synthase (NOS3) activity. The activation
process of NOS3 is necessary to liberate the bioavailable NO, which depends on several
factors. The active NOS3 dimeric conformational state is highly regulated by the L-
arginine substrate concentration, subcellular localization, presence of co-factors (e.g.
tetrahydrobiopterin), diverse interacting proteins, and the post-translational modification

by phosphorylation at Ser1177 residue via PI3-kinase/Akt kinase pathway.

Impairment in the endothelial NO synthesis causes endothelial dysfunction. Recent
studies draw attention to the possibility of an intimate communication between the vascular
endothelium and the RBC population, which suggests RBCs can perform the vital sensory
function in response to a wide range of vascular/endothelial dysfunctions/diseases. Most
importantly current discoveries also presented that RBCs independently contain the
functional NOS3 enzyme, which actively participates to synthesize, liberate, and export

NO in the regulation of vascular tone.
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In our work, we followed significant changes involved in the activation process of
NOS3 that might affect the redox status and functionality of both the UC vessel’s
endothelial layer and red blood cells - with a direct correlation on the birth weight and
maturity level of the new-born twins. Our study selected the parameters that influence the
dimerization step of the NOS3 enzyme, in presence of the enzyme Arginasel. Secondly,
an alternative upregulation of inducible NOS (NOS2) enzyme might be a possible
approach towards a compensatory/rescue mechanism. Hence we collected and examined
the umbilical cord and red blood cell samples from both mature and preterm twins and

neonates born from singleton pregnancies with different percentile values (25-95%).

Our main findings can be summarized as follows:

(1) During twin pregnancy, the activation of the NOS3 pathway in the umbilical cord
vessels depends on the maturity level of the developing foetus - mature: > 37 weeks and

preterm: 33-35 weeks’ birth —that follows a vascular-specific regulation:

(a) Expression and phosphorylation of NOS3 at position Ser1177 in the umbilical vein
endothelial cells of premature (33-35 weeks) twin siblings is comparable to age-

matched neonates, regardless of the neonatal birth weight.

(b) Contrastingly, in matured twins (>37 weeks), NOS3 expression and its activation
by phosphorylation at Ser1177 residue is significantly lower than the level measured

to their age-matched singletons irrespective of their birth weight.

(c) Inthe umbilical cord arteries, except the mature and premature normal-birthweight
neonates, there are no significant changes detected in the NOS3 expression/activation

when compared to their age-matched singletons.
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(2) Except the mature twins with normal birthweight, in all the other examined populations
showed, that the RBC-NOS3-NO pathway under hypoxic conditions may significantly
contribute to the improvement of vascular tone and thus able to maintain the foetal blood

flow due to an elevation in the NOS3 expression and/or activation.

(3) Apart from the preterm neonates having a gestational age of 95 % percentile, most
likely the levels of bioavailable NOS3-NO and RBC-NOS3-NO are unsatisfactory in all
the other investigated groups, and thus an alternative NO-producing pathway NOS2 is

highly induced to improve the foetal blood flow.

(4) The expression level of Arginasel in the RBCs of twin neonates is increased, which is

partly due to the excessive presence of superoxide anions in the vascular system.

(5) In the case of twin pregnancies, the level of pro-oxidant peroxynitrite anion in foetal
RBCs is increased, which can also be associated with the higher availability of the

superoxide anions.

(6) Increased macromolecular damages were observed in connection to the elevated levels
of the peroxynitrite anion, which was detected and determined by measuring the
accumulation of 4-hydroxynonenal (4-HNE) level. Irrespective of maturity, arteries, and
circulating RBCs were primarily affected. It is also shown that at the matured stages of

twin pregnancy, the 4-HNE levels get significantly increased in the arteries.

(7) Irrespective of the maturity level in the twin neonates, there occurs an increased
frequency of morphological variants in the foetal RBCs. These phenotypic differences may
be a useful indicator for any disturbances in the functional and/or physicochemical

properties of the RBCs.
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11. Osszefoglalo

A modern in vitro megtermékenyitési terapiak alkalmazasanak koszonhetden az
utdbbi 30 évben megndtt az iker/tobbes terhességek aranya, mely lehetdséget nyujtott 1j,
klinikai  szempontbol jelentds adatbazis kiépitésére. Ikerterhesség esetén a
magzati/jsziilott kori haldlozas 3-6 szorosa, mig tobbszords terhesség esetén 5-15-szerese
az egyszeres terhességek soran tapasztalt értékeknek. A varandosag jelentOs terhet jelent
ugy az anya, mint a fejlddé magzat szervezetére. Az ikerterhesség fokozott oxigén igénye
intrauterin  hipoxids allapot kialakulasat eredményezi, mely a redox egyensuly
elvesztéséhez vezethet, ennek 0sszes kovetkezményével egyiitt, mint példaul fejlodései
visszamaradottsdg, melyet leggyakrabban alacsony sziiletési suly jellemez, légzési

rendellenességek, korasziilottség és morfoldgiai rendellenességek.

A terhesség alatt a placenta és a koldokzsinor 1étfontossaghi ideiglenes szervet
képeznek a magzat fejléddésének fenntartdsa érdekében. A koldokzsindr teljes mértékben
embriondlis eredetii, a benne fut6 erek a magzati keringés kozvetlen kiterjesztésének
tekinthetdek. A koldokzsinor véna szallitja az oxigén dus vért és taplalékot a méhlepénytdl
a magzatig, a két artéria pedig a ,,faradt” vért és a salakanyagot vissza a placentdba. Az
erek megfelelé mikodése meghatarozo a fetoplacentalis keringésben, a fejlodé magzat

megfeleld tadpanyag és oxigénellatasaban.

A koldokzsinor vaszkularis rendszere, ezen beliil is az endotél sejtréteg, egyiitt a
keringd vordsvértes populdcidval a fokozott oxidativ stressz elsddleges elszenveddi,
ezaltal sziikségszerlien hordozzdk a kornyezet indukalta morfologiai és funkcionalis
valtozasokat, melyek jelzés értékiliek lehetnek a magzatra gyakorolt hatast illetden is. Ezért
a vorosvértestek és a koldokzsinor endotél rétegével kapcesolatos komplikaciok elemzése

fontos eszkoze lehet az Ujsziilott kori érrendszeri betegségekhez vezetd patologias
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folyamatok megértésének. Munkank soran feltételeztiik, hogy a vénaban bekovetkezd
valtozasok jelzik az anya feldl érkezd, a magzati keringésbe jutd ,kéaros anyagok”
megjelenését, mintegy lenyomatai a magzatot ért karos hatdsoknak. Az artéridk allapota
pedig a magzati valaszreakciokat tiikkrzi, igy informaciot nyujtva az ujszilottek tényleges

allapot tekintve.

A koldokzsinor erek nem rendelkeznek beidegzéssel, ezért az endotél sejtek nitrogén
monoxid szintaz (NOS3) aktivitdsa kulcsfontossagi az értonus és a fetoplacentalis
véraramlas szabalyozasaban. A NOS3 fliggd NO termelést tobb tényezd befolyasolja. A
NOS3 enzim dimer formaban aktiv. Ennek képz6désben és a megfeleld elektron transzfer
fenttartdsdban olyan tényezOk jatszanak szerepet, mint az L-arginin szubsztrat
koncentracidja, az enzim szubcellularis lokalizacidja, ko-faktorok (pl. a
tetrahidrobiopterin) és kolcsonhaté fehérjepartnerek jelenléte, posztranszlacios
modositasok, mint példaul a Ser1177 oldallanc foszforilacidja a P13- / Akt-kinaz titvonalon

keresztiil.

Az endotelidlis NO szintézis karosodasa endotelialis diszfunkciot eredményezhet. A
kozelmultban megjelent tanulméanyok felhivjak a figyelmet egy intim kommunikécio
lehetGségére az ér-endotél és a vorosvértest populacid kozott, mely alapjan feltételezhetd
hogy a vorosvértestek 1étfontossdgu szenzor funkciot latnak el a vaszkularis / endotelidlis
diszfunkciok / betegségek széles skaldjara reagalva. Ugyancsak a kozelmult jelentds
felfedezései kozt kell megemliteniink, hogy a vorosvértestek 6nallo, funkcionalis NOS3
enzimmel rendelkeznek mely lehetévé teszi szdmukra, hogy nem csupan az endotél
eredetli NO ,,siilyesztdjeként” mitkodjenek, hanem maguk is aktiv szerepldivé valjanak az

értonus szabalyozasanak, a NO szintetizalo és exportalo funkcidjuk révén.
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Munkank sordn a NOS3 aktivacios folyamatanak valtozéasaira fokuszaltunk, amelyek
befolyasolhatjdk mind a koldokzsindr erek endotelialis rétegének, mind az voOrds
vértesteknek a redox allapotat, funkcionalitasat - jelentds hatast gyakorolva az 0jsziilott
ikrek sziiletési stlyara és érettségi szintjére. Vizsgalataink kiterjedtek a NOS3 enzim
dimerizaciojat befolyasold paraméterekre, mint példdul az Arginaz-1 enzim jelenlétére,
illetve az indukalhato NOS (NOS2) enzim, mint egy lehetséges, ,,built in” kompenzacios
mechanizmus aktivalodasara. A vizsgalt koldokzsinor és vorosvértest (VVT) mintak érett
¢s korasziilott iker és egyes terhességbdl sziiletett Gjsziilottektdl szdrmaznak, kiillonb6zd

percentilis értékkel (25-95%).

Fobb megallapitasaink a kovetkezékben foglalhatok ossze:

(1) Ikerterhesség alatt a koldokzsinor erekben a NOS3 utvonal a fejlddé magzat érettségi
szintjétol - érett: > 37. hét, korasziilott: 33-35. hét - fliggden, valamint ér-specifikus moédon

szabalyozott:

(a) a terhesség 33-35. hetében a NOS3 expresszioja és foszforilacidja a Serii77
pozicidban az ikerterhességbdl szarmaz6 koldokzsinor véna endotelidlis sejtekben
Osszevethetd a korban megegyezd egyes terhesség soran mért adatokkal, fiiggetleniil

az ujszilottek sulyatol

(b) ezzel szemben a terhesség elérehaladtaval (> 37. hét), a NOS3 expresszio
jelentdsen elmarad az egyes terhesség soran mért szinttdl, fliggetlentil az ujsziilottek

salyatol

(c) a koldokzsinor artéridkban, az érett, normal sulyl Gjsziilottektdl eltekintve, nincs
jelentds valtozas a NOS3 expresszidjaban / aktivaciojaban az egyes terhesség soran

mért adatokhoz képest
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(2) Az érett, normal sulyu Gjsziilottek kivételével, a VVT-NOS3-NO utvonal jelentdsen
hozzajarulhat az érténus €és ezzel a magzati véraramléds javitasdhoz, a magas NOS3

expresszio €s / vagy aktivacid kovetkeztében.

(3) Valoszintisithetd, hogy a korasziilott ~ 95% percentilis ujsziilottek kivételével, a
biologiailag hozzaférhet6 NOS3-NO és VVT-NOS3-NO szint nem kielégité, a magzat
véraramlasanak javitdsa érdekében alternativ NO-termeld utvonal, a NOS2 expresszio

indukalodik.

(4) Az iker Ujszildttek vordsvértestjeiben az Arginasel expresszidjanak emelkedett a
szintje, mely részben a rendszerben nagymennyiségben termel6édd szuperoxid anion

jelenlétére vezethetd vissza.

(5) Ikerterhesség esetén a magzati vorosvértestekben megemelkedett a pro-oxidans peroxi-
nitrit anion szint, mely szintén Osszefliggésbe hozhatdé magas szuperoxid anion

elérhetdséggel.

(6) A peroxi-nitrit anion szinttel 6sszefliggésben emelkedett membrankarosodas figyelhetd
meg, melynek meghatdrozdsdra a hidroxi nonenal (HNE) akkumuldcidé mérését
alkalmaztuk. Az érettségi szinttdl fiiggetleniil, elsdsorban az artériak és a keringé VVT-k

érintettek. A terhesség eldrehaladtaval az artéridkban jelentdsen né a HNE szint.

(7) Az ujsziilottek érettségi szintjétél fiiggetlenlil a magzati vordsvértestekben
megemelkedett a morfologiai varidnsok szdma iker terhesség soran. Ezen fenotipusos
eltérések hasznos indikatorként szolgalhatnak a funkciondlis és / vagy fizikai-kémiai

tulajdonsagaikban bekdvetkezd barmilyen zavar esetén.
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12. Appendix

Figure S1. Representative epifluorescent images of the arterial endothelium in
relation to NOS3 expression and its phosphorylation level.

NOS3 pSer1177 NOS3 MERGE

Hws

Hwt

Lws

Lwt

Representative epifluorescent images of immunolabelled arterial endothelium originated
from Hws, Hwt, Lws, and Lwt samples. Panels (A, D, G, and J) show immunolabelling
with mouse primary anti-NOS3 antibody followed by an Alexa Fluor® 488 secondary
antibody. Panels (B, E, H, and K) show immunolabelling with a rabbit anti-pSer1177
NOS3 primary antibody followed by an Alexa Fluor® 647 secondary antibody. Panels (C,
F, I, and L) present the merged images. Slides were mounted and examined under an
epifluorescence microscope (Nikon Eclipse 80i, 100x and 50x immersion objective; Nikon
Zeiss Microscopy GmbH, Jena, Germany).
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Figure S2. Representative epifluorescent images of the venous endothelium in
relation to the NOS3 expression and its phosphorylation level.

NOS3 pSer1177 NOS3 MERGE

Representative epifluorescent images of immunolabelled venous endothelium originated
from Hws, Hwt, Lws, and Lwt samples. Panels (A, D, G, and J) show immunolabelling
with mouse primary anti-NOS3 antibody followed by an Alexa Fluor® 488 secondary
antibody. Panels (B, E, H, and K) show immunolabelling with a rabbit anti-pSer1177
NOS3 primary antibody followed by an Alexa Fluor® 647 secondary antibody. Panels (C,
F, I, and L) present the merged images. Slides were mounted and examined under an
epifluorescence microscope (Nikon Eclipse 80i, 100x and 50x immersion objective; Nikon
Zeiss Microscopy GmbH, Jena, Germany). (Nikon Eclipse 80i, 100x and 50x immersion
objective; Nikon Zeiss Microscopy GmbH, Jena, Germany).
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Figure S3. Represents epifluorescent images of the arterial cord endothelium sections
immunolabelled with the Arginasel, NOS2, and 4-HNE.

Arginasel NOS2

Hws

Hwt

Lws

Lwt

Representative epifluorescent images of immunolabelled arterial endothelium originated
from Hws, Hwt, Lws, and Lwt samples. The panels (A, D, G, and J) show immunolabelling
with a mouse primary anti-Arginasel antibody followed by an Alexa Fluor® 488
secondary antibody. In a similar manner, panels (B, E, H, and K) present samples
immunolabelling with a rabbit primary anti-NOS2 antibody followed by an Alexa Fluor®
647 secondary antibody, and the panels (C, F, | and L) exhibit immunolabelling with a
mouse primary anti-4-HNE antibody followed by an Alexa Fluor® 488 secondary
antibody. The slides were mounted and examined under an epifluorescence microscope
(Nikon Eclipse 80i, 100x and 50x immersion objective; Nikon Zeiss Microscopy GmbH,
Jena, Germany).
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Figure S4. Visualization of the vein endothelium sections epifluorescent images
immunolabelled with the Arginasel, NOS2, and 4-HNE.

Arginasel NOS2 4-HNE

Hws

Hwt

Lws

Lwt

Representative epifluorescent images of immunolabelled venous endothelium originated
from Hws, Hwt, Lws, and Lwt samples. The panels (A, D, G, and J) show immunolabelling
with a mouse primary anti-Arginasel antibody followed by an Alexa Fluor® 488
secondary antibody. In a similar manner, panels (B, E, H, and K) present samples
immunolabelling with a rabbit primary anti-NOS2 antibody followed by an Alexa Fluor®
647 secondary antibody, and the panels (C, F, | and L) exhibit immunolabelling with a
mouse primary anti-4-HNE antibody followed by an Alexa Fluor® 488 secondary
antibody. The slides were mounted and examined under an epifluorescence microscope
(Nikon Eclipse 80i, 100x and 50x immersion objective; Nikon Zeiss Microscopy GmbH,
Jena, Germany).
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Figure S5. Representative epifluorescent images showing NOS3 and pNOS3 levels in
the umbilical cord arterial endothelium

NOS3 pNOS3 MERGE

Representative epifluorescent images on immunolabelled arterial endothelium originated
from premature, non-discordant, high (Pr-Hwt), and low (Pr-Lwt) weight twins and age-
matched high weight singleton (Pr-Hws). Panels (A, D, and G) show immunolabelling
with mouse primary anti-NOS3 antibody followed by Alexa Fluor® 488 secondary
antibody staining. Panels (B, E, and H) show immunolabelling with a rabbit anti-pNOS3
primary antibody followed by Alexa Fluor® 647 secondary antibody staining. Panels (C,
F, and 1) present the merged images. Slides were mounted and examined under an
epifluorescence microscope (Nikon Eclipse 80i, 100x immersion objective; Nikon Zeiss
Microscopy GmbH, Jena, Germany).
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Figure S6. Representative epifluorescent images showing NOS3 and pNOS3 levels in
the umbilical cord vein endothelium

NOS3 pNOS3 MERGE

Pr-Hwt Pr-Hws

Pr-Lwt

Representative epifluorescent images on immunolabelled venous endothelium originated
from premature, non-discordant, high (Pr-Hwt), and low (Pr-Lwt) weight twins and age-
matched high weight singleton (Pr-Hws) samples. Panels (A, D, and G) show
immunolabelling with mouse primary anti-NOS3 antibody followed by Alexa Fluor® 488
secondary antibody staining. Panels (B, E, and H) show immunolabelling with a rabbit
anti-pNOS3 primary antibody followed by Alexa Fluor® 647 secondary antibody staining.
Panels (C, F, and 1) present the merged images. Slides were mounted and examined under
an epifluorescence microscope (Nikon Eclipse 80i, 100x immersion objective; Nikon Zeiss
Microscopy GmbH, Jena, Germany).
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Figure S7. Epifluorescent images represent arterial cord endothelium
immunolabelled with Arginasel, NOS2, and 4-HNE

Arginasel NOS2 4-HNE

Pr-Hws

Pr-Hwt

Pr-Lwt

Representative epifluorescent images on immunolabelled arterial endothelium originated
from premature, non-discordant, high (Pr-Hwt), and low (Pr-Lwt) weight twins and age-
matched high weight singleton (Pr-Hws). Panels (A, D, and G) show immunolabelling
with a mouse primary anti-Arginasel antibody followed by Alexa Fluor® 488 secondary
antibody staining. In a similar manner, panels (B, E, and H) present samples that were
immunolabelled with a rabbit primary anti-NOS2 antibody followed by an Alexa Fluor®
647 secondary antibody. Panels (C, F, and 1) exhibit immunolabelling with a mouse
primary anti-4-HNE antibody followed by an Alexa Fluor® 488 secondary antibody. The
slides were mounted and examined under an epifluorescence microscope (Nikon Eclipse
80i, 100x immersion objective; Nikon Zeiss Microscopy GmbH, Jena, Germany).
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Figure S8. Epifluorescent images represent venous endothelium immunolabelled
with Arginasel, NOS2, and 4-HNE

Arginasel NOS2 4-HNE
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Pr-Hwt

Pr-Lwt

Representative epifluorescent images on immunolabelled venous endothelium originated
from premature, non-discordant, high (Pr-Hwt), and low (Pr-Lwt) weight twins and age-
matched high weight singleton (Pr-Hws) samples. Panels (A, D, and G) show
immunolabelling with a mouse primary anti-Arginasel antibody followed by an Alexa
Fluor® 488 secondary antibody. In a similar manner, panels (B, E, and H) present samples
that were immunolabelled with a rabbit primary anti-NOS2 antibody followed by an Alexa
Fluor® 647 secondary antibody. Panels (C, F, and I) exhibit immunolabelling with a mouse
primary anti-4-HNE antibody followed by an Alexa Fluor® 488 secondary antibody. The
slides were mounted and examined under an epifluorescence microscope (Nikon Eclipse
80i, 100x immersion objective; Nikon Zeiss Microscopy GmbH, Jena, Germany).
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Figure S9. Representative epifluorescent images on umbilical cord arterial
endothelium showing NOS3 expression and its phosphorylation level

NOS3 pNOS3 MERGE

PrD-Hwt

PrD-Lwt

Representative epifluorescent images on immunolabelled arterial endothelium originated
from premature, discordant, high and low-weight siblings (PrD-Hwt and PrD-Lwt). Panels
(A, D) show immunolabelling with mouse primary anti-NOS3 antibody followed by an
Alexa Fluor® 488 secondary antibody. Panels (B, E) show immunolabelling with a rabbit
anti-pNOS3 primary antibody followed by Alexa Fluor® 647 secondary antibody staining.
Panels (C, F) present the merged images. Slides were mounted and examined under an
epifluorescence microscope (Nikon Eclipse 80i, 100x immersion objective; Nikon Zeiss
Microscopy GmbH, Jena, Germany).
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Figure S10. Representative epifluorescent images on umbilical cord vein endothelium
showing NOS3 expression and its phosphorylation level
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Representative epifluorescent images on immunolabelled venous endothelium originated
from premature, discordant, high and low-weight twin pairs (PrD-Hwt and PrD-Lwt).
Panels (A, D) show immunolabelling with mouse primary anti-NOS3 antibody followed
by Alexa Fluor® 488 secondary antibody staining. Panels (B, E) show immunolabelling
with a rabbit anti-pNOS3 primary antibody followed by an Alexa Fluor® 647 secondary
antibody. Panels (C, F) present the merged images. Slides were mounted and examined
under an epifluorescence microscope (Nikon Eclipse 80i, 100x immersion objective;
Nikon Zeiss Microscopy GmbH, Jena, Germany).
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Figure S11. Epifluorescent images represent arterial endothelium immunolabelled
with Arginasel, NOS2, and 4-HNE
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Representative epifluorescent images on immunolabelled arterial endothelium originated
from premature, discordant, high and low-weight twin pair samples (PrD-Hwt and PrD-
Lwt). Panels (A, D) show immunolabelling with a mouse primary anti-Arginasel antibody
followed by Alexa Fluor® 488 secondary antibody staining. In a similar manner, panels
(B, E) present samples that were immunolabelled with a rabbit primary anti-NOS2
antibody followed by Alexa Fluor® 647 secondary antibody. Panels (C, F) exhibit
immunolabelling with a mouse primary anti-4-HNE antibody followed by an Alexa
Fluor® 488 secondary antibody. Slides were mounted and examined under an
epifluorescence microscope (Nikon Eclipse 80i, 100x immersion objective; Nikon Zeiss
Microscopy GmbH, Jena, Germany).
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Figure S12. Epifluorescent images represent venous endothelium immunolabelled
with Arginasel, NOS2, and 4-HNE
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Representative epifluorescent images on immunolabelled venous endothelium originated
from premature, discordant, high and low-weight twin pairs (PrD-Hwt and PrD-Lwt).
Panels (A, D) show immunolabelling with a mouse primary anti-Arginasel antibody
followed by Alexa Fluor® 488 secondary antibody staining. In a similar manner, panels
(B, E) present samples that were immunolabelled with a rabbit primary anti-NOS2
antibody followed by Alexa Fluor® 647 secondary antibody staining. Panels (C, F) exhibit
immunolabelling with a mouse primary anti-4-HNE antibody followed by an Alexa
Fluor® 488 secondary antibody. Slides were mounted and examined under an
epifluorescence microscope (Nikon Eclipse 80i, 100x immersion objective; Nikon Zeiss
Microscopy GmbH, Jena Germany)
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