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CHAPTER1

Introduction and Genesis of the Thesis




1.1 Link between Adverse Pregnancy Outcomes and

Non-Communicable Diseases (NCDs)

1.1.1 Global Scenario of NCDs

Non-Communicable Diseases (NCDs) include cardiovascular diseases
(CVDs), diabetes, cancer and mental disorders (WHO, 2013). Reports indicate that
they are responsible for about two third of deaths worldwide (Ezzati and Riboli,
2012). According to the assessment of the World Health Organization (WHO),
current global mortality from NCDs remains unacceptably high and is continuously
increasing (WHO, 2014; Hanson and Gluckman, 2011) (Fig.1). Among NCDs, CVDs
are the most prevalent and leading cause of death (Turk-Adawi et al., 2014) while
cerebrovascular diseases are the second most common cause of mortality and are
responsible for 6.15 million deaths (10.8% of all deaths) worldwide (Mehndiratta et
al., 2013). Morbidity associated with NCDs threatens the health of populations and
economies (Matheson et al., 2013) and hence there is an urgent need for preventive
strategies.

Fig. 1: Worldwide Deaths due to Non-Communicable Diseases
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1.1.2 Indian Scenario of NCDs

NCDs are reported to be responsible for 80% of deaths occurring in low and
middle income countries like India (Roura and Arulkumaran, 2014) (Fig. 2). Among
the emerging economies, India with the world's second largest population has the
highest number of people with CVDs (Madan et al., 2014). The population in India is
projected to have over 1 million strokes per year (Mehndiratta et al., 2013).

Fig. 2: India’s Disease Profile
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1.1.3 Early Life Insults and Risk for NCDs

Risk factors for NCDs broadly include genetics, adult lifestyle, behavioral
factors and early life exposures (Sears and Genuis, 2011; Burdge and Lillycrop,
2010). Research indicates that early development (in utero and early postnatal life) is
susceptible to disruption by nutritional and environmental chemical exposures, with
potentially adverse consequences for health later in life (Barouki et al., 2012; Hallows

et al., 2012) (Fig. 3). Cues for plasticity operate particularly during early development
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and via epigenetic mechanisms induced by environmental insults may affect a single
organ or system and induce changes in the mature phenotype (Gluckman et al., 2007).

Fig. 3: Early Life Insults and Risk of Adult Diseases
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Therefore, WHO suggests a need to focus efforts on improving maternal
health to combat the growing burden of NCDs (WHO, 2013). The concept that the
risk of developing NCDs in later life may be related to environmental exposures
during the developmental period is known as ‘Developmental Origins of Health and

Disease’ (DOHaD) (Langley-Evans, 2006).

1.2  Developmental Origins of Health and Disease

Studies by Late Prof. David Barker, Southampton University, UK and his

colleagues during the late 1980s suggest that the incidence of adult diseases such as



stroke, type 2 diabetes and dyslipidaemia may be linked to in utero development and
was initially referred to as the foetal origins of adult disease (FOAD) (Sinclair et al.,
2007) (Fig. 4). This concept also referred to as ‘Barker's hypothesis’ emerged 25
years ago from epidemiological studies of birth and death records that revealed an
association between birth weight and rates of adult death from ischemic heart disease
(Wadhwa et al., 2009). Later the FOAD theory was referred to as the DOHaD to also
include early postnatal exposures (Smith, 2012).

Fig. 4: Developmental Origins of Health and Disease by Late Prof. David Barker
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Research till date also shows that low birth weight, indicative of poor foetal
growth is found to be associated with an increased risk of NCDs in later life
(Alexander et al., 2014). The DOHaD hypothesis highlights the relation between the
poor nutritional state during the periconceptional, embryonic, foetal and early infant
phases and the subsequent metabolic disorders in later life (Fukuoka et al., 2014; Yan
and Yang, 2014; Wadhwa et al, 2009; Sinclair and Singh, 2007). The DOHaD theory

provides new insights into the molecular pathogenesis of NCDs.
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Nutritional stress, multiple pregnancy, environmental stress, gynaecological
immaturity and maternal or foetal genotype are the factors influencing developmental
programming (Reynold et al., 2010). Among them quality or quantity of nutrient
provision in pregnancy and/or lactation has a major impact on tissue development and
function and can promote both disease susceptibility and resistance (Langley-Evans et
al., 2006).

It is now widely accepted that early-life nutritional exposures affect disease
development through epigenetic processes (Fall, 2013). Epigenetics is defined as the
study of the inheritance (between cells and/or organisms) of traits (gene expression or
phenotypes) without changes to the underlying deoxyribonucleic acid (DNA)
sequence (Loi et al., 2013). Recent studies have now indicated that there are
important links between pregnancy complications and epigenetic regulation in the
placenta (Lesseur et al., 2014; Maccani and Marsit, 2009). A disturbance in epigenetic
regulation of genes can lead to abnormal placental development and function with
possible consequences for maternal morbidity, foetal development and disease

susceptibility in later life (Nelissen et al., 2011).

1.2.1 The Placenta: A Programming Agent

The placenta is a specialized pregnancy specific organ that regulates metabolic
processes between the mother and her developing foetus (Herrera et al., 2014; Gude
et al., 2004) (Fig. 5). Placental development is influenced by several growth factors,
cytokines and transcription factors (Murthi, 2014). The placenta is involved in
embryo implantation, transport of nutrients, elimination of metabolic waste products

and endocrine activity (Giaginis et al., 2012). Several mechanisms account for



transfer of substances across the placenta, including passive diffusion, facilitated
diffusion and active transport (Hill and Longo, 1980).

Fig. 5: Transfer of Metabolites from Mother to Foetus via the Placenta
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1.2.2 Nutrient Transfer to Foetus via Placenta

It is well known that the maternal nutritional state before and during very early
pregnancy determines foetal health and survival (Bloomfield et al., 2013).
Trophoblast nutrient sensing signalling pathways in the placenta regulate cell
metabolism suggesting the key role of placental nutrient uptake and transfer in foetal
growth and health programming (Larqué et al., 2013). This nutrient transfer from
mother to foetus is maintained by expression of classic sugar, amino acid and fatty
acid transporters at the trophoblast microvillous and basal membranes (Carter, 2012)
(Fig. 6). Both the mother and child are vulnerable to changes in dietary supply,
especially of those nutrients that are marginal under normal circumstances (Gambling
and McArdle, 2004). Recent reports indicate that several biological and physiological
mechanisms related to nutritive requirements together with their transfer and

utilization across the placenta are still poorly understood (Berti et al., 2014).



Fig. 6: Transfer of Glucose, Amino Acids and Fatty Acids across the Placenta
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During the first trimester, foetal development takes place in a low oxygen
environment and is supported by histiotrophic nutrition (in which local
macromolecules are chiefly responsible for the maintenance of the embryo) from the
endometrial glands (Burton et al., 2002). Proper trophoblast invasion results in the
opening of spiral and uterine glands towards the intervillous space enabling
hemotrophic nutrition (which results from a transfer of material between the maternal
and foetal circulations) in the second and third trimesters of pregnancy (Huppertz et
al., 2014). In addition to nutrition the foetus also depends on the mother for supply of

oxygen.
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1.2.3 Oxygen Transfer to the Foetus via Placenta

During pregnancy both the placenta and foetus require high amounts of
oxygen (Mutinati et al., 2013). The placenta allows passage of oxygen from mother to
foetus by passive diffusion (Mayhew, 2014) (Fig. 7). The placenta lacks neuronal
innervation suggesting that local physical (e.g., oxygenation; flow rate), paracrine
(e.g., endothelial cell nitric oxide) and circulating (e.g., angiotensin Il) factors
contribute to blood flow regulation in small foeto-placental vessels (Wareing et al.,
2014). The placenta not only transfers oxygen to the foetal circulation but also
consumes oxygen in order to support its own energy demands for the processes of
nutrient transport, protein synthesis and growth (Mayhew, 2014). The reactive oxygen
species (ROS) that are generated as a result of metabolism participate in cell survival,
proliferation and apoptosis (Bevilacqua et al., 2012).

Fig. 7: Passive Diffusion in the Placenta
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In the first trimester the extravillous cytotrophoblast (CTB) cells occlude the
uterine spiral arterioles creating a low oxygen environment early in pregnancy, which
is essential for the trophoblast invasion and the embryo development (Schneider,
2011). Hypoxia is a key signal for normal placental development in pregnancy and

has a crucial role in the control of trophoblast differentiation into invasive or



proliferating cells (Doridot et al., 2013). The low oxygen environment ensures the
rapid growth of embryo. It protects the embryo from teratogenesis which is mediated
by oxygen free radicals and also keeps the maternal circulating immune cells in blood
away from the developing placenta (Huppertz et al., 2012). Towards the end of the
first trimester, blood flow and oxygenation rise within the placenta, supporting an
increased capacity for mitochondrial oxidative metabolism in both the placenta and
developing foetus (Murray, 2012).

The proper development of placenta is essential as it plays an important role in

embryonic and foetal growth and is discussed below.

1.3 Development of the Placenta

The formation of the embryo begins with the fertilized ovum which undergoes
mitosis and gives rise to a multicellular structure called the blastocyst (Castro-Rendén
et al., 2006). Embryonic stem cell (ESC) lineages in the inner cell mass, form the
embryo and trophoblast stem cells in the trophectoderm of extra embryonic cells
develop into the placenta (Bischof and Irminger-Finger, 2005) (Fig. 8).

The specification of the trophoblast lineage and the subsequent formation of
the placenta are among the earliest differentiation events which take place in
mammalian development (Rai and Cross, 2014). Trophoblast stem cells are
differentiated into proliferating, polarized epithelial cell CTB and then onwards into
villous CTB of anchoring villi and non-proliferating syncytiotrophoblasts (STB)
(Logan et al., 2013). Subsequently the extravillous trophoblasts invade the maternal
decidua and remodels spiral arteries reaching as far as the inner third of the

myometrium (Pollheimer and Knéfler, 2012).



Fig. 8: Formation of Placenta and Foetal Membranes
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The trophoblast invasion leads to increased uterine and umbilical blood flow
required for vascularization of the placenta (Kliman et al., 2000). This process
provides stability to the placenta and also results in efficient utero-placental blood
flow (Sharp et al., 2010). After the trophoblast invasion and widening of the maternal
spiral arterioles in the first trimester the maternal blood replaces plasma flowing
through intervillous space of the placenta (Huppertz et al., 2012). After the blood flow
is established, placental villi are developed and matured by angiogenesis and
vascularization in the placenta (Huppertz and Peeters, 2005).

Reports suggest that any perturbations in the processes of placental
development lead to variations in the supply of nutrients and oxygen to the foetus and
program key systems (Kadyrov et al., 2013). These programming effects influence the

risk of diseases in later life (Barker and Thornburg, 2013).
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1.3.1 Abnormal Placental Development

It is well established that many pregnancy related problems such as
preeclampsia and preterm labour appear to have their origins early in pregnancy. Most
pregnancy complications arise from abnormalities in implantation and placental
development (Norwitz, 2007). Shallow trophoblast invasion and defective vascular
remodelling of the uterine spiral arteries in the first trimester may result in impaired
placental perfusion and chronic placental ischemia and hypoxia later in gestation
leading to adverse pregnancy outcomes (Pringle et al., 2010). The premature
loosening of the trophoblast plugs and consequent premature and disorganized flow of
maternal blood into the intervillous space are known to be associated with recurrent
miscarriage (Hempstock et al. 2003). Preeclampsia and intra uterine growth
restriction (IUGR) are known to be associated with inadequate spiral artery

remodelling (Pijnenborg et al. 1991).

1.4  Preeclampsia

Preeclampsia is defined as a pregnancy disorder characterized by high blood
pressure (>140/>90 mm Hg) and an abnormal amount of protein in the urine (>1 + on
a dipstick test) in a previously normotensive pregnant women (ACOG, 2014). The
condition is associated with a reduced plasma volume, hemoconcentration and
increased vascular resistance (Haram et al., 2014). The clinical findings of
preeclampsia can manifest as a maternal syndrome with hypertension and proteinuria
with or without other multisystem abnormalities or foetal syndrome that includes
IUGR, reduced amniotic fluid and abnormal oxygenation (Sibai et al., 2005). If
preeclampsia remains untreated, it moves towards a more serious condition known

as eclampsia that includes systemic endothelial dysfunction, microangiopathy and
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HELLP syndrome (haemolysis, elevated liver enzymes, and low platelet) (Al-Jameil
et al., 2014). Early onset preeclampsia (<34 weeks) is known to be associated with
greater perinatal and maternal mortality and morbidity as compared to the late onset
disease (>34 weeks) (Soto et al., 2012).

The underlying mechanisms leading to preeclampsia remain elusive (Sones et
al., 2014) and the primary treatment for the disorder is delivery of the placenta. In
view of this, there is a pressing need to better understand the mechanisms of the
disease, with the ultimate goal of preventing the disorder (llekis et al., 2007)
especially since the incidence of preeclampsia and rates of adverse outcomes are

increasing (Gilbert et al., 2014).

1.4.1 Risk Factors for Preeclampsia

The risk factors of preeclampsia include maternal smoking, pre-existing
medical conditions such as hypertension, diabetes mellitus, older maternal age and
obesity (Hutcheon et al., 2011). Other risk factors of preeclampsia include nulliparity,
first pregnancy after age of 35 years, thrombotic vascular disease, multiple gestations,
proteinuria and a prior history of preeclampsia (Al-Jameil et al., 2014). Further
ethnicity also is a risk factor as African-American women are reported to have a
higher risk of mortality from hypertensive disorders of pregnancy compared with
Hispanic, American Indian/Alaska Native, Asian/Pacific Islander, and Caucasian

women (Lo et al., 2013).

1.4.2 Epidemiology of Preeclampsia

Preeclampsia is a leading cause of maternal and perinatal morbidity/mortality

(Zuniga et al., 2014). It affects about 5-10% of all pregnancies, affecting a total of

12



about 8.5 million women worldwide (Telang et al., 2013; Soto et al., 2012). The
prevalence of preeclampsia in developing countries ranges from 1.8% to 16.7%
(Osungbade and Ige, 2011). WHO estimates the incidence of preeclampsia to be
seven times higher in developing countries (2.8% of live births) than in developed
countries (0.4%) (WHO, 2013). The HELLP syndrome occurs in 0.5% to 0.9% of all
pregnancies and in 10% to 20% of women with severe preeclampsia (WHO, 2013;
Haram et al., 2009).

In addition to mortality, maternal morbidity is associated with preeclampsia
(Kane et al., 2013). Women with preeclampsia are at an increased risk of later
cardiovascular disease and neurological manifestations such as blindness, persistent
neurological deficits secondary to stroke and later cognitive impairment (Brown et al.,
2013; Aukes et al., 2007). Further, babies born to women with preeclampsia are at a
twofold increased risk of neonatal mortality, or are born preterm and/or growth
restricted and are susceptible to long term neurological disability as well as
cardiovascular and metabolic diseases in later life (Davis et al., 2012; Basso et al.,
2006; Barker et al., 2002). The neurological complications of preeclampsia and
eclampsia are responsible for a major proportion of the morbidity and mortality both

for women and their infants (Kane et al., 2014).

1.4.3 Pathophysiology of Preeclampsia

The two stage model of preeclampsia proposes that a poorly perfused placenta
(stage 1) produces factor(s) leading to the clinical manifestations of preeclampsia
(stage 2) (Redman et al., 2014). In preeclampsia the maternal spiral arteries fail to be
invaded or remodelled by foetal cytotrophoblasts, resulting in constricted, high-

resistance vessels altering the blood flow to the placenta (Powe et al., 2011).

13



Inadequate spiral artery remodelling leading to poor placental development and
disturbed angiogenesis are currently regarded as the underlying pathophysiology of
preeclampsia (Rosser and Katz, 2013; Moffett-King, 2002) (Fig. 9).

Fig. 9: Trophoblast Invasion
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1.4.3.1 Placental Ischemia/ Hypoxia

Placental ischemia is a condition in which blood flow to the tissues is
restricted while in hypoxia tissues are deprived of adequate oxygen supply. Placental
ischemia induces the release of growth factor inhibitors, anti-angiogenic factors,
inflammatory cytokines, ROS and hypoxia-inducible factors (HIF) which in turn
generate widespread dysfunction of the maternal vascular endothelium (Reslan and
Khalil, 2010). Chronic hypoxia during gestation may adversely affect the normal
adaptation of uterine vascular tone and increase the risk of preeclampsia (Zhu et al.,
2013). Hypoxia in the placenta is associated with vascular remodelling, hypertension,
metabolic changes, oxidative stress, mitochondrial dysfunction and endoplasmic

reticular stress (van Patot et al., 2012).
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1.4.3.2 Altered Angiogenesis

Inadequate uterine angiogenesis/vascularity (decidualization) at the time of
implantation is suggested to lead to preeclampsia (Torry et al., 2004). Vascular
endothelial growth factor (VEGF), placental growth factor (PIGF) and their
antagonist’s soluble fms-like tyrosine kinase-1 (sFlt-1, also known as sSVEGFR1) and
soluble endoglin (sEng) are involved in vasculogenesis of the placenta (Kar, 2014).
VEGF exerts its biologic effects through two high-affinity tyrosine kinase receptors
i.e. vascular endothelial growth factor receptor-1 (VEGFR-1) / fms-like tyrosine
kinase-1 (Flt-1) and VEGFR-2 / kinase insert domain containing receptor (KDR)
(Holash et al., 2002).

Reports indicate that an imbalance between angiogenic and anti-angiogenic
factors can cause preeclampsia (Savaj and Vaziri, 2012). Antiangiogenic factors
secreted from abnormally perfused placenta are instrumental in mediating maternal
endothelial dysfunction and consequent symptoms of preeclampsia (Cindrova-Davies,
2014). Increased serum sFlt-1 and decreased PIGF levels are known to be associated
with a shorter duration of pregnancy, foetal growth restriction and preterm onset of
the disease (Xia et al., 2003). Studies from our department have indicated that
dysregulation of angiogenic factors in preeclampsia may be associated with maternal
oxidative stress, reduced cord docosahexaenoic acid (DHA) levels and increased sFlt-

1 levels, leading to poor birth outcomes (Kulkarni et al., 2010).

1.4.3.3 Immunological Intolerance and Inflammation
Insufficient trophoblast invasion and poor spiral artery remodelling in
preeclampsia have been linked to immune dysregulation (Norris et al., 2011).

Endothelial dysfunction observed in preeclampsia is suggested to be part of an
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exaggerated systemic inflammatory response that involves maternal leukocytes and
proinflammatory cytokines (Faas et al., 2014; Raghupathy, 2013). Various signalling
molecules responsible for the propagation of an inflammatory response have been
identified in placental cells which have to be explored in pregnancy complications

(Weiss et al., 2009).

1.4.3.4 Genetics

Although most cases of preeclampsia occur in women without a family
history, the presence of preeclampsia in a first-degree relative increases a woman’s
risk of severe preeclampsia two to fourfold (Carr et al., 2005). Two preeclampsia
susceptibility genes such as activin receptor type 2 gene (ACVR2A) and storkhead
box 1 (STOX1) gene have been identified within confirmed regions with significant
genome-wide linkage (van Dijk and Oudejans, 2011). Catechol-O-methyltransferase
(COMT) is an enzyme involved in catecholamine and estrogen degradation and is
suggested to have a role in development of preeclampsia (Roten et al., 2011). Allelic
variations in the fms-like tyrosine kinase 1 and VEGF C genes are associated with

preeclampsia in black women and white women (Srinivas et al., 2010).

1.4.4 Maternal Endothelial Dysfunction

Oxidative stress on the endothelium leading to endothelial dysfunction is
suggested to be the root cause of preeclampsia (Yelumalai et al., 2010). Reactive ROS
are implicated in the pathogenesis of vascular dysfunction in preeclampsia (Steinert et
al., 2006). It has been hypothesized that ROS or their metabolites ultimately
compromise the vasodilatory, anti-aggregatory and barrier functioning of the vascular

endothelium in preeclampsia (Hubel, 1998). Both the placenta and maternal
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vasculatures are major sources of reactive oxygen and nitrogen species which can
produce powerful pro-oxidants that covalently modify proteins and alter vascular
function in preeclampsia (Lorquet et al., 2010).

During pregnancy, a critical balance exists between endothelium derived
relaxing and contracting factors that maintain vascular homeostasis (Gilbert et al.,
2008). When this delicate balance is disrupted, the vasculature is predisposed to
vasoconstriction, leukocyte adherence, mitogenesis, prooxidation and vascular
inflammation (LaMarca et al., 2008). A hypoxic placenta accelerates shedding of STB
basement membrane fragments and other factors like leukocyte and platelet
membrane particles, ROS, activated neutrophils, cytokines, growth factors,
angiogenic factors and hormones into the maternal circulation causing endothelial
dysfunction (Parikh and Karumanchi, 2008; Myatt, 2006).

Endothelial cell dysfunction is suggested to be the main cause of multiorgan
failure (Brozovi¢ et al., 2012) (Fig. 10). Generalized damage to the endothelium of
the maternal kidneys, liver and brain at the cellular level probably occurs following
the release of vasopressive factors from the diseased placenta (Redman et al., 1991).
Kidney function is particularly susceptible to the endothelial changes in preeclampsia
that manifest functionally as vascular constriction, decline in renal blood flow,
glomerular filtration rate and proteinuria (Moran et al., 2004). Cerebral edema and
intracerebral parenchymal haemorrhage are commonly seen in women who die from
eclampsia (Sibai, 2005). Liver and adrenals show infarction, necrosis and
intraparenchymal hemorrhage in women with preeclampsia (Young et al., 2010).
Further, endothelial dysfunction in preeclampsia has been attributed to placental

oxidative stress (Redman and Sargent, 2005).
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Fig. 10: Pathophysiology of Preeclampsia
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1.5 Oxidative Stress

Stress that arises when the production of ROS overwhelms the intrinsic anti-
oxidant defences is known as oxidative stress (Tadesse et al., 2014). Reactive species
and free radicals are unstable molecules that oxidize other molecules in order to
become stable (Gomes et al., 2012). It is known that although oxygen supports life it
acts as a double edged sword (Greabu et al., 2008). Reactivity allows oxygen to
participate in high-energy electron transfers during metabolism and hence supports

the generation of large amounts of adenosine-5-triphosphate (ATP) through oxidative
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phosphorylation (Burton and Jauniaux, 2011). Oxidative stress and oxidants play a
critical role in defence against infection, tissue repair and signalling (Wahlqvist,
2013). However, oxygen can also react rapidly with most other radicals, forming ROS
that cause selective oxidation of lipid, protein or DNA molecules (Loh et al., 2006;
Leweén et al., 2000; Halliwell and Cross, 1994).

A continuing balance between oxidation and antioxidation is necessary for
good health (Wahlqvist, 2013). Free radicals produced during metabolism are
balanced by the body’s endogenous antioxidant systems and by the ingestion of
exogenous antioxidants (Rahman, 2007). The enzymatic detoxification mechanisms
involve antioxidant enzymes [superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx)], small molecular-weight antioxidants [Vitamin E,
Vitamin C, glutathione (GSH), ubiquinone, beta-carotene] and adaptive mechanisms
leading to antioxidant gene expression (Kalyanaraman, 2013). In the absence of
antioxidants there is an accumulation of prooxidants which leads to oxidative stress

(Poljsak, 2011).

1.5.1 Oxidative Stress in Pregnancy

Oxidative stress is required for the normal progression of embryonic,
placental, foetal growth and development (Lappas et al., 2011). However, increased
oxidative stress is implicated in the pathophysiology of many adverse pregnancy
outcomes such as miscarriage, diabetes related congenital malformations, spontaneous
abortions, preterm birth, preeclampsia, foetal growth restriction and low birth weight
(Burton and Jauniaux, 2011; Poston et al., 2011; Al-Gubory et al., 2010). Oxidative
stress induced placental dysfunction (Dennery, 2010), suppression of placental

angiogenesis, endothelial damage, altered vascular function (Lorquet et al., 2010;
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Burton et al., 2009), immune malfunction (Hannan et al., 2011), myometrium damage
(Khan et al., 2010) are suggested to underlie pregnancy complications.
Increased oxidative stress is suggested to influence growth factors such as

neurotrophins.

1.6 Neurotrophins

Neurotrophins are a family of growth factors that are required for the
proliferation, differentiation, survival and death of neuronal cells in the nervous
system (Li and Zhou, 2013). The four neurotrophins — nerve growth factor (NGF),
brain derived neurotrophic factor (BDNF), neurotrophin -3 (NT-3) and neurotrophin-4
(NT - 4) each bind and activate one or more of the tropomyosin-related receptor
kinase (Trk) family of receptor tyrosine kinases (Trk A, Trk B and Trk C) (Reichardt,
2006; Chao, 2003) (Fig. 11). In addition, all neurotrophins activate the p75
neurotrophin receptor, a member of the tumour necrosis factor receptor family
(Skaper, 2012). Through these receptors, neurotrophins activate many intracellular
signalling pathways, thereby affecting both the development and function of the
nervous system (Patapoutian and Reichardt, 2001). Expression of neuropeptides,
small protein-like molecules (peptides) used by neurons to communicate with each
other, depends on neurotrophins (Ernsberger, 2009; Petit et al., 2002; Nawa et al.,
1993).

Apart from their role in the nervous system, studies have shown that
neurotrophins promote angiogenesis, control the survival of adult endothelial cells,
protect against oxidative stress and may have an important role in early vascular
development in mother, placenta and foetus (Fujita et al., 2011; Caporali and

Emanueli, 2009; Wu et al., 2004).
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Fig. 11: Neurotrophins and their Receptors
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Neurotrophins are naturally occurring molecules that regulate development of
the placenta and brain. They play a crucial role in neurodevelopment (Shoval and
Weizman, 2005). Further, neurotrophins can influence other growth factors and are
involved in the vascular development and angiogenesis (Lazarovici et al., 2006).
Growth factors such as neurotrophins have been demonstrated to act in a synergistic
way in angiogenesis and neurogenesis contributing to self-healing powers of the adult
human brain (Sopova et al., 2014). Variations in neurotrophins are suggested to have
a role in the neurodevelopmental alterations and molecular mechanisms of cognitive
dysfunction (Nieto et al., 2013). Differential patterns of cord blood neurotrophins
have been observed in preterm pregnancies (Matoba et al., 2009)

The capacity of various neurotrophic factors to affect neurons is reported to be
regulated during development (Knlsel et al., 1994). Studies suggest that

neurotrophins form a link between maternal nutrient supply and foetal demand and
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alterations in diet may lead to alterations in these growth factor levels through
epigenesis (Dhobale and Joshi, 2012; Mayeur et al., 2011). The BDNF gene is
reported to be under extensive epigenetic regulation (Schanker, 2012). Accumulating
evidence suggests that epigenetic modifications of neurotrophins are associated with
the pathophysiology of psychiatric disorders, such as schizophrenia and mood
disorders (Ikegame et al., 2013). Reports indicate that oxidative stress and omega-3
fatty acids such as DHA affect the levels of neurotrophins (Bhatia et al., 2011,

Kapczinski et al., 2008, Wu et al., 2008).

1.7  Maternal Nutrition, Oxidative Stress and Neurotrophins

Pregnancy is a state of increased requirement of macro- and micronutrients
and malnourishment before and during pregnancy can lead to adverse perinatal
outcomes (Imdad et al., 2011). Studies have adequately demonstrated the importance
of maternal nutrition, particularly, micronutrients (folic acid, vitamin Bj,) and long
chain polyunsaturated fatty acids (LCPUFA) in determining pregnancy outcome
(Khot et al., 2014). Various studies in our department have extensively discussed the
link between folic acid, vitamin B;, and LCPUFA in the one carbon cycle (Dhobale

and Joshi, 2012; Sundrani et al., 2011; Kulkarni et al., 2011)

1.7.1 Folate (Vitamin By)

Folates are a group of water-soluble B vitamins naturally existing in food such
as legumes, green leafy vegetables and fruits (Mantovani et al., 2014). Folate in foods
is naturally present in the form of reduced folate polyglutamate conjugates, while
folic acid refers to the fully oxidized and most stable form of folate (Lucock, 2000).

Folic acid is comprised of pteridine ring, p-aminobenzoic acid and glutamic acid
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(Tamura and Picciano, 2006). Folic acid is required for DNA replication and as a
substrate for a range of enzymatic reactions involved in amino acid synthesis and
vitamin metabolism (Greenberg et al., 2011). Folate is critical for DNA, RNA and
protein methylation as well as DNA synthesis and maintenance (Crider et al., 2012).
Folate metabolism is known to affect ovarian function, implantation, embryogenesis
and the entire process of pregnancy (Thaler, 2014). Folate deficiency is associated
with hyperhomocysteinemia, megaloblastic anemia, embryonic and neural tube

defects (NTD) (Guilland and Aimone-Gastin, 2013).

1.7.2 Vitamin By

Vitamin B, is a crystallisable cobalt-complex, which belongs to a group of
unique corrinoids, named cobalamins (Kréutler, 2012). The dietary sources of vitamin
By, are animal-source based foods, including meat, milk, eggs, fish, and shellfish
(Watanabe, 2013). Vitamin B, is a cofactor of methionine synthase in the synthesis
of methionine, the precursor of the universal methyl donor S-Adenosylmethionine
(SAM), (Grober, 2013). It is required for the optimal functioning of the central and
peripheral nervous system (Kumar, 2014). Low levels of vitamin Bj, have been
associated with neurocognitive disorders (Health Quality Ontario, 2013). Low
maternal vitamin B, status is known to be associated with increased risk of NTD, low
lean mass, excess adiposity, increased insulin resistance and impaired

neurodevelopment in the offspring (Rush et al., 2014).

1.7.3 Long Chain Polyunsaturated Fatty Acids

A fatty acid is a carboxylic acid with a long aliphatic tail (chain), which is

either saturated or unsaturated. LCPUFA are the major components of brain and
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retina and are the essential fatty acids with important physiologically active functions
(Lee, 2013). There are two series of LCPUFA i.e. omega-3 and the omega-6 series. A
complex series of desaturation and elongation reactions acting in concert transform
the precursors linoleic acid (LA) of the omega-6 series and alpha linolenic acid
(ALA) of the omega-3 series to their higher unsaturated derivatives: arachidonic acid
(AA) and DHA respectively (Russo, 2009).

The demand for LCPUFA is increased during pregnancy because of the
increasing needs of the foetus, mother and placenta (Makridis et al., 2011). Since their
synthesis in the foetus and placenta is low, both the maternal LCPUFA status and
placental function are critical for their supply to the foetus (Larqué et al., 2012). The
LCPUFA, DHA is incorporated in large amounts in foetal brain and other tissues
during the second half of pregnancy (Koletzko et al., 2007). Studies have claimed a
beneficial effect of DHA supplementation on visual, neural or developmental
outcomes (Campoy et al., 2012)

DHA, a major component of membrane phospholipids, plays an important role
as an antioxidant agent (Suganuma et al., 2010). Recent reports indicate that omega-3
fatty acid supplementation reduced lipid peroxidation, nucleic acid and protein
oxidation and promoted neuronal and glial cell survival in brain tissue of traumatic
brain injury models (Kumar et al., 2014). Maternal dietary omega-3 fatty acid
supplementation during pregnancy in rats is known to reduce placental oxidative
damage and increase placental levels of pro-resolving mediators, which are associated
with enhanced foetal and placental growth (Jones et al., 2014).

The ability of DHA to alter placental prooxidant/antioxidant balance is
dependent on the DHA concentration used and the gestational age of the placental

tissue (Stark et al., 2013).
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1.7.4 Antioxidants

Supplementation with antioxidant micronutrients during pregnancy can be an
early and innovative alternative to strengthen the prevention of chronic diseases in the
population (Ramirez-Vélez et al., 2011). Antioxidants including vitamin E, vitamin C,
vitamin A, vitamin Bg, beta-carotene, zinc and selenium are known to have a
beneficial role in reducing oxidative stress (Hsu and Guo, 2002) however their effect
on oxidative stress markers has been inconsistent. Excessive vitamin A intake during
gestation and lactation might be toxic for mothers with adverse effects for the
developing offspring (Schnorr et al., 2011). Early observations suggest that vitamins
C and E supplementation can prevent or ameliorate preeclampsia, but most large
randomized clinical trials have failed to show any benefit (Talaulikar and Manyonda,

2011).

1.7.5 One Carbon Metabolism

B-vitamins like folate, vitamin B3, and vitamin Bg are important components
of the one carbon metabolism. Vitamin B, and folic acid mediate the remethylation
of homocysteine, which affects the production of the universal methyl donor, SAM
(Herrmann and Obeid, 2007). S-adenosylmethionine (SAM) maintains methyl group
supply for various macromolecules like DNA, neurotransmitters, proteins and
membrane phospholipids (Umhau et al., 2006). Inadequate enzyme activities and
imbalances of substrates and cofactors in one carbon metabolism may cause
homocysteine and S-adenosylhomocysteine (SAH) accumulation (Muskiet, 2005).

Hyperhomocysteinemia has been associated with oxidative stress (Kolling et
al., 2011; Forges et al., 2007) and is proposed to play a role in the pathogenesis of

preeclampsia, IUGR, preterm birth, spontaneous abortions and intrauterine foetal
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death (Micle et al., 2012). The thiol group of homocysteine can auto-oxidize in
circulation at physiological pH in the presence of oxygen leading to the production of
hydrogen peroxide (H,O,), thereby generating oxidative stress (Jacobson, 2000).

Further, the synthesis of the cellular antioxidant, GSH is linked to the one
carbon metabolic pathway. Homocysteine can indirectly result in oxidative stress by
decreasing the transcription, translation and catalytic activity of GPx (Lubos et al.,
2007). Any disruption in the one carbon cycle or chronic methyl group deficiency can
also result in cell death as a result of an imbalance in the cellular antioxidant defence
systems and increased oxidative stress (Bagnyukova et al., 2008).

Although a lot of importance has been given to the methyl donors, the methyl
acceptors also play an important role in the one carbon metabolism. Membrane
phospholipids are major methyl group acceptors and earlier reports from our
department have elaborately discussed that reduced DHA levels may result in
diversion of methyl groups towards DNA ultimately resulting in altered DNA and
histone methylation which may lead to altered gene expression patterns (Dhobale and
Joshi, 2012; Sundrani et al., 2011). Such alterations in gene expression during critical
periods of development may result in complications during pregnancy and lead to

adverse birth outcomes.

1.8 Genesis of the Thesis

As discussed in the above section changes in maternal micronutrients such as
folate and vitamin B;, could lead to increased homocysteine, thereby increasing the
oxidative stress and altering DNA methylation patterns. This may further lead to
increased lipid peroxidation, altered expression of antioxidant enzymes and

neurotrophins ultimately leading to endothelial dysfunction associated with
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preeclampsia. Studies from our laboratory have shown changes in global DNA
methylation in response to altered one carbon metabolism in animals (Kulkarni et al.,
2011). Several other animal studies have also suggested that disturbances of the folate
and methionine-homocysteine cycles have an impact upon the epigenetic regulation of
gene expression and hence may program long-term physiology and metabolism of the
offspring (Engeham et al., 2010; Kim et al., 2009). Moreover, it has been proposed
that maternal factors such as endothelial function and oxidative stress are key
mechanisms of both foetal metabolic alterations and subsequent development of non-
transmissible chronic diseases (Ramirez-Vélez et al., 2011; Donkena et al., 2010).

Increased oxidative stress in pathologic pregnancies such as preeclampsia has
important implications for placental function and foetal well-being (Lappas et al.,
2011). This is of significance as adverse influences during foetal life are known to
alter the structure and function of various cells, organ systems or homoeostatic
pathways, resulting in increased risk for diseases in adult life (Jansson and Powell,
2007). Studies indicate that children born to mothers with preeclampsia are at
increased risk for neurodevelopmental and metabolic disorders in later life (Herrera-
Garcia and Contag, 2014; Silveira et al., 2007). Thus, there may be a link between
maternal nutritional status, oxidative stress, foetal metabolic alterations and epigenetic
programming of adult diseases in children born to mothers with preeclampsia.

A series of cross sectional studies carried out by our department earlier have
demonstrated altered levels of folate and vitamin By, reduced DHA levels, increased
homocysteine and oxidative stress in pregnancy complications such as preeclampsia
(Kulkarni et al., 2011; Mehendale et al., 2008). The department has further shown that
DHA is negatively associated with homocysteine concentrations in preeclampsia

(Kulkarni et al., 2011). Studies from our department also indicate increased oxidative
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stress and lower levels of neurotrophins at the time of delivery in women with
preeclampsia (Kilari et al., 2011; Mehendale et al., 2008). The increased oxidative
stress has also been shown to be associated with altered angiogenesis leading to poor
birth outcomes in preeclampsia (Kulkarni et al., 2010). It is however likely that these
changes observed at delivery may be a result of secondary effects where the
etiopathology has progressed for several weeks and months.

Further, it is known that the degree of vulnerability to changes in epigenetic
patterns is high during early embryonic development (Gomes and Pelosi, 2013). The
timing of environmental insults generating oxidative stress at critical periods of
neurodevelopment may also play a decisive role in inducing neurodevelopmental
disorders in the offspring (Do et al., 2009). A recent review indicates a need for
prospective cohort studies to collect data on relevant clinical, environmental and
lifestyle risk factors and longitudinal measurement of several factors such as
angiogenic factors, neurotrophins and genetic variations in candidate gene pathways
to establish interactions which predispose to pregnancy complications (Andraweera
et al., 2012). Therefore, in order to better understand the role of oxidative stress and
neurotrophins in preeclampsia it is important to prospectively examine their levels

across gestation.

1.9 Hypothesis

With the above background we hypothesize that, “Oxidative stress, through
the dysregulation of the one carbon cycle leads to altered levels and expression of

antioxidant enzymes and neurotrophins in preeclampsia” (Fig. 12)
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Fig. 12: One Carbon Metabolism and Oxidative Stress in Pregnancy
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PREECLAMPSIA

In order to test the above hypothesis, the present prospective study was
carried out in women with preeclampsia and normotensive pregnant women.
This study will help in understanding the association of the oxidative stress and

neurotrophins from early pregnancy in women who develop preeclampsia.
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Abstract

During pregnancy, oxidative stress has been implicated in the pathophysiology
of preeclampsia and preterm birth leading to poor birth outcome.
Hyperhomocysteinemia caused as a consequence of altered micronutrients like
folic acid and vitamin B, is associated with increased production of reactive
oxygen species that generate oxidative stress. These micronutrients are
important determinants of methyl donor, s-adenosyl methionine while
phospholipids are important methyl acceptors in the one-carbon metabolic
cycle. A series of our studies in women during pregnancy have demonstrated
altered levels of these micronutrients and the negative association of
docosahexaenoic acid with  homocysteine.  Various strategies to
counteract oxidative stress during pregnancy such as antioxidant therapy have
been examined and found to be inconsistent. In this review, we focus on the
role of oxidative stress in pregnancy and discuss the possibility of ameliorating
it through modulation of maternal micronutrients and omega 3 fatty acids
especially docosahexaenoic acid. We propose for the first time that
manipulation of one-carbon metabolism by maternal diet could be a potential
mechanism to counteract oxidative stress through homocysteine lowering
effects and help in reducing the risk for adverse pregnancy outcomes.




CHAPTER 2

Brain Derived Neurotrophic Factor Levels
in Preeclampsia: A Cross Sectional Study




2.1 Introduction

Neurotrophins are growth factors which regulate the development and
function of the nervous system. Apart from their role in the nervous system
neurotrophins are involved in initiation of vascular development, maintaining
vessel stability and cardiovascular stability. Preeclampsia is a complex pathology
that involves placental endothelial dysfunction. The brain derived neurotrophic
factor (BDNF) is a neurotrophin implicated in pathologies related to placental
and foetal growth disturbances and hence changes in its levels may contribute to
the pathophysiology of preeclampsia. This chapter therefore examines the levels
of BDNF at delivery in the mother and cord blood to better understand its role in

preeclampsia.

2.1.1 Neurotrophins

The members of the neurotrophin family include nerve growth factor (NGF),
BDNF, neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4) (Fargali et al., 2012). Each
neurotrophin consists of a noncovalently-1 linked homodimer and contains (1) a
signal peptide following the initiation codon; and (2) a pro-region containing an N-
linked glycosylation site (Binder et al., 2004). Neurotrophins are translated from
single coding exons and are synthesized as larger precursors (proneurotrophins) of
~30-34 kDa which are then proteolytically processed to generate small mature
proteins (Teng et al., 2010). They exert their action by the activation of two distinct
classes of transmembrane receptors; p75NTR and tropomyosin-related receptor kinase
(Trk) family. Pro-forms preferentially activate p75NTR receptor that mediates
apoptosis and the mature forms activate Trk family of receptors promoting survival of

neuronal cells (Carvalho et al., 2008; Lee et al., 2001) (Fig. 13). Neurotrophins are
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important regulators of neural survival, development, function and plasticity (Huang
and Reichardt, 2001).

Fig. 13: Pro-Neurotrophins, Neurotrophins and their Receptors
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Source: Modified from Arévalo and Wu, 2006; Cell Mol Life Sci. 63:1523-37.

2.1.2 Neurotrophins in Pregnancy

Neurotrophins play important roles in influencing brain function from early
age to adulthood (Molteni et al., 2001). By exerting neuroprotection, neurotrophins
are critical for pre- and postnatal brain development (Malamitzi-Puchner et al., 2006).
Apart from the nervous system, neurotrophins play numerous roles in angiogenesis,
energy homoeostasis and regulation of other growth factors in the materno-feto-

placental unit (Mayeur et al., 2011). Animal and cell culture studies have also
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demonstrated that BDNF/Trk B signalling system plays a critical role in implantation,
placental development and foetal growth (Kawamura et al., 2011). Reports indicate
that the cytotrophoblast’s differentiation, proliferation and survival of the placenta are
regulated by neurotrophins (Mayeur et al., 2010; Kawamura et al., 2009; Kermani and
Hempstead, 2007; Donovan et al., 2000), suggesting a role for BDNF in angiogenesis
and placental development. Neurotrophins are important in the survival, maintenance
and differentiation of neuronal tissue and functions in follicle maturation, tumour
growth, angiogenesis and immunomodulation; however its role in the placenta
remains unexplored (Fujita et al., 2011).

Studies from our department indicate dysregulation of neurotrophins like
BDNF and NGF in normotensive preterm pregnancies (Dhobale et al., 2012a,b).
Higher maternal BDNF and placental Trk B in women delivering preterm as
compared to control indicated that BDNF protein may not be utilized for placental
growth and development which leads to the increased levels in preterm deliveries. In
another study from the department the NGF levels in women with preeclampsia were
lower as compared to NC women indicating altered angiogenesis in these women
(Kilari et al., 2011). Further, it is also reported that a reduction in cord BDNF and
NGF levels may have implications for altered neurodevelopment in childhood and
later life in children born preterm (Dhobale et al., 2012a, b). Abnormal neurotrophic
factor gene activity is suggested to be a leading mechanism by which early life
adverse experiences may persistently modify brain and behavioural plasticity (Roth

and Sweatt, 2011).
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2.1.3 Cross Talk between Growth Factors

Neurotrophins are suggested to be novel proangiogenic factors that can affect
the endothelial cells as well as act through the myeloid progenitor cells (Duda and
Jain, 2005). Literature indicates that there may be a crosstalk between neurons and
endothelial cells via angiogenic factors, neurotrophins and their cognate receptors on
both neurons and endothelial cells (Scharfman and MacLusky, 2008; Kim et al.,
2004; Ogunshola et al., 2002) (Fig. 14).

Fig. 14: Cross Talk of Neurotrophins and VEGF in Endothelial Cells
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kinase; VEGF — vascular endothelial growth factor

Source: Modified from Caporali and Emanueli, 2009; Physiol Rev 89: 279-308.

BDNF can regulate development of peripheral organs such as angiogenesis in
the heart and postnatal growth and repair of skeletal muscle (Varendi et al., 2014). It

has been reported that BDNF contributes to neoangiogenesis by activating the Trk B
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receptor expression in endothelial cells and by additionally recruiting bone marrow-
derived cells (Kermani and Hempstead, 2007). BDNF is suggested to induce VEGF
expression via HIF-1 alpha in neuroblastoma cells (Nakamura et al., 2006).
BDNF has also been shown to play a role in the etiology of some cardiovascular
diseases: induction of angiogenesis in ischemic tissues (Lorgis et al., 2009). Recent
reports suggest that the two complementary processes, proangiogenic stimulation of
new vessel growth and anti-angiogenic inhibition of vessel overgrowth, should be
balanced to restore the vascular network in the placenta in any pregnancy

complication (Chen and Zheng, 2014).

2.1.4 Factors Influencing Neurotrophins
There are various factors which influence neurotrophin levels and are

discussed below

2.1.4.1 Nutrition

Undernutrition and overnutrition are implicated in many disorders of mental
health and neurology and these actions are mediated by changes in energy metabolism
and multiple signalling molecules such as neurotrophins (Dauncey, 2012). Nutrients
like vitamins, minerals, polyunsaturated fatty acids (PUFA) and trace elements are
needed for the normal metabolism of neurotrophic factors. However, the exact
relationship among these factors and their interaction with genes and proteins
concerned with brain development and growth is not well understood (Das, 2013).
High saturated fat and high sugar has been shown to reduce BDNF levels in
schizophrenia (Peet, 2004). Animal studies in our laboratory have shown that

maternal diets imbalanced in micronutrients like folic acid and vitamin B1, reduced
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brain DHA and BDNF levels (Sable et al., 2013). Reports from our department
further indicate that a combination of omega 3 fatty acids and vitamin Bj, enriched
diet influence neurotrophin levels and improved cognition (Rathod et al., 2014).

Reports indicate that DHA and AA are essential nervous system components
that increase in concentration throughout gestation and may influence neurotrophin
mediated foetal brain development (Benn et al., 2014). LCPUFA upregulate the
expression of neurotrophins and their target receptors (Balogun and Cheema, 2014)
and have an influence on brain structure and function, including cognition (Bourre,
2006). Neuroprotectin D1 (NPD1), a bioactive anti-inflammatory and anti-apoptotic
molecule formed from free DHA synthesis, is upregulated by neurotrophins and
downregulated by oxidative stress (Bazan et al., 2010; Das, 2008).

Omega-3 fatty acids regulate neurotrophins that are important for the proper
functioning of the central nervous system (CNS) (Wu et al., 2004) and are required
for normal neurological development (Pandya and Yakel, 2013). Neurotrophins are
very susceptible to the effects of dietary manipulations and diets rich in omega-3 fatty
acids are known to upregulate BDNF while high energy diets do the opposite (Tyagi
et al., 2013). Further, neurotrophins play a role in neuronal metabolism and synaptic
plasticity and can be epigenetically regulated by diets rich in omega-3 fatty acids

(Gomez-Pinilla and Tyagi, 2014).

2.1.4.2 Lifestyle factors

Stress-induced remodelling of the hippocampus, prefrontal cortex and
amygdala in the brain is reported to be associated with changes in the levels of
neurotrophins (Gray et al., 2013). Further stress-induced alterations in growth factors

such as neurotrophins have been identified in modulating stress associated pathologies
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(Bath et al.,, 2013; Nowacka and Obuchowicz, 2013). Studies suggest that
neurotrophins plays a role in the development of stress vulnerability and resilience in
the pathophysiology of major depression (Dwivedi, 2013; Masi and Brovedani, 2011).

Alcohol consumption during pregnancy is known to result in impairments of
the CNS that result in cognitive deficits (Boehme et al., 2011). Inherited variation in
the BDNF gene due to alcohol dependence may promote early developmental
differences in neuronal proliferation in the brain (Hill et al., 2011). Dietary factors
influence the basic mechanisms underlying ethanol-induced functional alterations and
the related neuropathology in the brain (Jaatinen and Rintala, 2008).

BDNF signalling is well known to be involved in adaptation to stress and
stress-related disorders (Pardon, 2010). Exposure to drugs of abuse such as cocaine is
known to modulate epigenetic regulation of BDNF gene expression (McCarthy et al.,
2012).

Prenatal exposure to maternal cigarette smoking is reported to affect brain
development and behaviour in the adolescent offspring (Lotfipour et al., 2009). This
may be due to significant reduction in BDNF mRNA and BDNF protein levels in the
brain of offspring due to epigenetic changes induced by cigarette smoking (Yochum
etal., 2014).

Exercise is a beneficial lifestyle factor with public health implications. It has a
positive influence on mood, cognition and memory retrieval as it is known to increase
neurotrophin levels (Meeusen, 2014; Vega et al., 2011). BDNF levels in humans are
significantly elevated in response to exercise and the magnitude of increase is exercise
intensity dependent (Ferris et al., 2007). Exercise during pregnancy is suggested to

have long-lasting effects on the offspring health (Rosa et al., 2013).
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2.1.5 Brain Derived Neurotrophic Factor (BDNF)

BDNF, a secreted glycoprotein, shares about 50% amino acid identity with
other neurotrophins. It is a noncovalently-1 linked homodimer having a signal peptide
following the initiation codon and a pro-region containing an N-linked glycosylation
site (Binder and Scharfman, 2004). It was first purified from the pig brain in 1982
(Barde et al., 1982). BDNF also shares a distinctive three dimensional structure
containing two pairs of antiparallel B-strands and cysteine residues in a cystine knot
motif with other growth factors (Binder and Scharfman, 2004).

BDNF is found in different areas of the CNS such as cortex, hypothalamus,
hippocampus and amygdala (Andero and Ressler, 2012). It is also found in platelets,
which bind, store and release BDNF upon activation (Fujimura et al., 2002).

It is well established that the synaptic effects of BDNF are attributed to Trk B
activation (Lu and Nagappan, 2014) (Fig. 15). Activation of Trk B by BDNF mediates
the survival and differentiation of neurons during development and is also required
throughout adulthood to sustain the growth and function of neuronal synapses
(Tessarollo, 1998). BDNF activation of Trk B is the key for the enhancement of
activity-stimulated excitation of neurons that is needed for memory development and

maintenance (Thiele et al., 2009).
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Fig. 15: BDNF and its Trk B Receptor

cysteine-rich domain

leucine-rich repeats

immunoglobulin C2domain

tyrosine kinase domain

BDNF — brain derived neurotrophic factor; Trk B — tropomyosin-
related receptor kinase B

Source: Modified from Deinhardt and Jeanneteau, 2012 Protein
Phosphorylation in Human Health 7: 217-232

2.1.6 BDNF Signalling Pathways

BDNF-induced dimerization of Trk B receptors leads to activation of the
tyrosine kinase domain that initiates three major cascades of signalling pathways
(Longo and Massa, 2013; Reichardt, 2006) (Fig. 16). They are as follows:

1) Mitogen-activated protein kinases (MAPKS),

2) Phosphoinositide 3-kinase (PI3K)

3) Phospholipase Cyl (PLCyl1)

Each of these signalling pathways also regulates several elements of gene
transcription such as cAMP response-element binding protein (CREB) (Kim et al.,
2013). CREB is a key component of diverse physiological processes, including
nervous system development, cell survival, plasticity, as well as learning and memory

(Lonze and Ginty, 2002). Several neurodegenerative disorders are a result of
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dysregulation of the CREB transcriptional cascade possibly due to its effect on cell
viability and cognitive function (Sakamoto et al., 2011).

Fig. 16: BDNF- Trk B Signalling Pathways
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Akt - protein kinase B; BDNF - brain derived neurotrophic factor; CAMK - calmodulin-
dependent protein kinase; DAG - diacylglycerol; ERK - extracellular signal regulated
kinase; GAB - Grb2-associated binding protein 1; IP3 - inositol trisphosphate; MEK —
mitogen activated protein kinase/ERK kinase; MKP1 - mitogen activated protein kinase
phosphatase 1; PDK1 - 3-phosphoinositide-dependent protein kinase 1; PI3K —
phosphotidylinositol 3-kinase; PKC - protein kinase C; PLCy — phospholipase Cy;
PTEN - phosphatase and tensin homologue; Ras, Raf - rho-associated kinases; Shc - Src
homology and collagen related molecules; Sos - son of sevenless proteins; Trk B -
tropomyosin-related kinase B

Source: Duman and Voleti, 2012; Trends Neurosci. 35:47-56

2.1.7 Functions of BDNF in the Nervous System

BDNF is an important regulator of synaptogenesis and synaptic plasticity and
is involved in mechanisms underlying learning and memory in the adult CNS (Cunha
et al., 2010; Minichiello, 2009). BDNF is capable of mediating many activity-

dependent processes in the mammalian brain, including neuronal differentiation and
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growth, synapse formation and plasticity, and higher cognitive functions (Park and
Poo, 2013). It is also known to regulate the fate of various cells axon growth, dendrite
growth and pruning (Reichardt, 2006). It is known to support the survival of retinal
ganglion cells and peripheral sensory neurons (Thoenen et al., 1987). Apart from
these functions BDNF is involved in regulation of energy homeostasis, metabolic
functions, eating behaviour and body weight (Rios, 2014; Noble et al., 2011; Rosas-

Vargas et al., 2011).

2.1.8 BDNF and Neurodevelopment

BDNF influences cell proliferation, differentiation, survival and death of both
neuronal and non-neuronal cells, thereby making it critical in the health and well
being of the nervous system (Balaratnasingam and Janca, 2012). Developmental
changes alter the neuronal responsiveness to certain neurotrophins, which
subsequently are variously expressed, to properly balance their action and ensure
protection to foetus (Ciccolini and Svendsen, 2001). BDNF is suggested to mediate
the interactions between gene and environment, synaptic plasticity and apoptosis and
influence transgenerational transmission of disease vulnerability (Balaratnasingam
and Janca, 2012). Abnormal brain development in a compromised prenatal and/or
early postnatal environment is thought to be a risk factor for several neurological
disorders (Rehn and Rees, 2005). Changes in the levels of neurotrophins (growth
factors) can produce long-lasting effects on neurotrophic processes (neuron number
and synapse) that alter neuronal maturation and plasticity in later life (Vicario-
Abejo'n et al., 2002). Reports indicate that low levels of BDNF are associated with

mental disorders (Passaro et al., 2014; Duman and Monteggia, 2006).
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Studies have shown that obstetric complications, particularly foetal hypoxia,
leads to long-term alterations in brain structure and function that was in turn
associated with increased risk of behavioural problems in children in later life
(Cannon et al.,, 2008; Rehn et al., 2004). Manipulating the various pathways
associated with BDNF may be a viable treatment approach to a variety of

neurological and psychiatric disorders (Lu et al., 2014).

2.1.9 BDNF Levels in Preeclampsia

Preeclampsia is characterized by abnormal trophoblast invasion of the spiral
arteries of the decidua and myometrium leading to a failure to establish an adequate
uteroplacental blood flow giving rise to relatively hypoxic trophoblast tissue (Myatt,
2002). Recent reports indicate that abnormal development and dysfunction of the
placenta due to changes in cell proliferation, differentiation and death induce
preeclampsia (Gong and Kim, 2014). Growth factors like neurotrophins are critical in
placental development (Malamitsi-Puchner et al., 2007; Quinn, 2005). BDNF and its
receptor Trk B are expressed in rodent and human placenta supporting a role for
BDNF in the regulation of several metabolic functions during pregnancy (Garcés et
al., 2014). Alteration in the levels of BDNF during pregnancy may be associated with
an abnormal development of the placenta resulting in preeclampsia. Children born to
mothers with preeclampsia have consistently been suggested to be at risk for cognitive
and behavioural disorders in later life (Kajantie and Réikkdnen, 2010; Cannon et al.,
2008). They also have a lower intelligence quotient and reduced cognitive
performance at later ages (Ehrenstein et al., 2009; Many et al., 2003).

Further, preeclampsia is suggested to have two or more phenotypes of

differing etiologies and manifestations (Phillips et al., 2010). The placentas of women
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with preeclampsia onset before 34 weeks of gestation demonstrated placental findings
predominantly consistent with insufficiency because of vascular abnormalities and
were significantly different from those with preeclampsia at term (Nelson et al.,
2014). Different subsets of preeclampsia having different pathophysiological
mechanisms may contribute differently to the development of preterm versus term
preeclampsia (Roberts and Catov, 2008). It is likely that the levels of neurotrophins in
the cord may influence the neurodevelopment of the child. It is likely that BDNF is
differentially regulated in term and preterm preeclampsia.

Therefore, the present chapter for the first time simultaneously compares
the levels of BDNF both in maternal and in cord plasma samples in women with
preeclampsia (delivering at term and preterm) and normotensive control (NC)

women.

2.2 Materials and Methods
2.2.1 Participants

This study was conducted at the Department of Obstetrics and Gynaecology,
Bharati Hospital, Pune and was approved by the Institutional Ethical Committee. A
written informed consent was taken from each subject. A total number of 201
singleton pregnant women were recruited for this cross sectional study. This included
NC women (n=95) and women with preeclampsia (n=106). Women with
preeclampsia were further divided into term-preeclampsia (>37 weeks gestation)
(term-PE) (n=60) and preterm-preeclampsia (<37 weeks gestation) (preterm-PE)
(n=46) groups.

Women were excluded from the study if there was evidence of other

pregnancy complications, such as multiple gestation, chronic hypertension, type | or
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type Il diabetes mellitus, seizure disorder, renal or liver disease. Pregnant women with
alcohol or drug abuse were also excluded from the study. The NC group consisted of
pregnant women with no medical or obstetrical complications. Preeclampsia was
diagnosed as per the ACOG standard criteria and was defined by systolic and diastolic
blood pressure (BP) greater than 140/90 mmHg respectively, with the presence of
proteinuria (>1+ or 300mg) on a dipstick test and recorded at 2 time points > 6 hour
apart. Edema was present in some cases. This diagnosis of preeclampsia has been
reported by our department in a series of earlier studies (Kulkarni et al., 2011;
Kulkarni et al., 2010; Mehendale et al., 2008). Gestational age was based on day of
last menstrual period and then confirmed by ultrasound. All women were from a
lower socioeconomic group and had similar levels of education and lifestyle.
Education was considered as the class/grade unto which the women had studied. None
of the women smoked.

Mode of delivery was recorded for all the women. In the nomotensive control
group, 70.7% deliveries were normal (spontaneous vaginal), 21.2% deliveries were by
caesarean section and 5.1% were assisted deliveries. In the term-PE group, 58.2%
deliveries were normal (spontaneous vaginal), 35.8% deliveries were by caesarean
section and 6% were assisted deliveries. In the preterm-PE group 48.1% deliveries
were normal, 50% deliveries were by caesarean section and 1.9% were assisted
deliveries.

All biochemical measurements were carried out by the candidate and the intra
assay coefficient of variability was determined by multiple aliquots of same sample
and was less than 10%. The inter variability is routinely established with other

investigators in the lab.
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2.2.2 Sample Collection, Processing and Storage
Ten millilitres of maternal venous blood was collected at in ethylene diamine
tetraacetic acid (EDTA) vials. In addition, 10 ml cord blood was also collected from
the umbilical cord just after delivery. The blood was immediately layered on
Histopaque (Sigma-Aldrich, St Louis, MO, USA) and centrifuged at 1800 rpm for 35
minutes to separate the plasma and erythrocytes. The erythrocyte fraction was
washed 3 times with normal saline. Then, the plasma and erythrocyte aliquots were

stored at -80°C until further analysis.

2.2.3 BDNF Assay

The BDNF assay was performed at a laboratory separate from subject
recruitment sites. Investigators were blinded to subject identity which was indicated
by a code number maintained by the clinical staff until analysis was completed.

BDNF levels were measured in both maternal and cord plasma using the
BDNF Emax Immuno Assay System (Promega) and the method has been reported by
our department earlier (Dhobale et al., 2012a; Pillai et al., 2010). Briefly, the BDNF
Emax Immunoassay system is designed for the sensitive and specific detection of
BDNF in an antibody sandwich format. In this format, flat bottom 96-well plates are
coated with anti-BDNF monoclonal antibody (mAb) which binds soluble BDNF. The
captured BDNF is bound by a second, specific polyclonal antibody (pAb). After
washing, the amount of specifically bound pAb is then detected using a species-
specific anti-immunoglobulin Y antibody conjugated to horse radish peroxidase
(HRP) as a tertiary reactant. The unbound conjugate is removed by washing and
following incubation with a chromogenic substrate. The colour change is measured

spectrophotometrically using enzyme-linked immunosorbent assay (ELISA) reader.
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The amount of BDNF in the test solutions is proportional to the colour generated in

the oxidation—reduction reaction. BDNF concentrations are expressed as pg/mL.

2.2.4 Power of the Study

There are no studies which have reported BDNF concentrations in
preeclampsia. The statistical power was calculated using plasma BDNF values from
our earlier study where we have reported significant group differences (p<0.05) in
BDNF concentrations in plasma from 31 drug-naive first-episode psychotic subjects
and 36 controls (Pillai et al., 2010). This indicates that the difference in BDNF
concentrations between patients and controls is indeed large. Thus, with such an effect
size we proposed the sample size of 60 women with term-PE, 46 women with
preterm-PE and 95 NC women which would give greater than 90 % probability of

detecting a difference at an alpha of 0.05.

2.2.5 Statistical Analysis

Values are mean + SD. The data was analyzed using SPSS/PC + statistical
package (Version 20, Chicago IL). The data was checked for normal distribution by
testing for skewness and kurtosis. Skewed variable i.e. cord BDNF was transformed
to normality using the following transformations: log to the base 10. Mean values of
the various parameters were compared using one way analysis of variance (ANOVA)
and the post-hoc least significant difference (LSD) test. Contribution of covariates to
differences in 3 populations was assessed by analysis of covariance. The actual
difference between BDNF levels in preeclamptic and normotensive women after

adjusting for gestational age was carried out using a linear regression model. Pooled
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data from the whole cohort was used to test the association between maternal BDNF

and blood pressure after adjusting for body mass index and gestation.

2.3 Results

2.3.1 Maternal and Neonatal Characteristics

Table 1 shows the maternal and neonatal characteristics. Both systolic and
diastolic BP in the term and preterm-PE groups were significantly higher (p<0.01)
than the NC group. Gestation and placental weights were reduced (p<0.01 for both) in
the preterm-PE group as compared to the NC and term-PE groups. The neonatal
characteristics like the baby weight, head circumference and chest circumference were

significantly lower (p<0.01) in the term and preterm-PE groups as compared to the NC

group.
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Table 1- Maternal and Neonatal Characteristics

NC Term-PE Preterm-PE PE
(n=95) (n=60) (n=46) (n=106)
Maternal Characteristics
Age (years) 228+34 233+38 238+45 233%39
Income (INR) 5210 £ 2984 | 5402 £ 2674 5194 + 2990 5280 + 2835
Education (grade) 9.7+34 10.2+2.38 94 £36 9.8 £34
BMI (kg/m?) 223%3.0 22035 218+4.2 21.9+38
Systolic BP 1234 £6.6 | 147.9£12.5% | 157.8 £ 17.6%*## | 151.9% 15.7**
(mmHg)
Diastolic BP 784+53 | 97.8+9.4%% | 1046+ 13.7%%4 | 100.8 +12.1%*
(mmHg)

Total gestation

39.1+1.1 38.77+1.3 34.2 £ 2% % 36.75 + 2.0**
(weeks)

Placental wt (gm) 513.4 + 86.0 510.5+96.0 | 422.5+ 114.6**## | 476.2 £ 128**

Neonatal Characteristics

Baby Weight (kg) 29+0.3 2.7 +0.4%* 1.9 £ 0.5%* * 2.3+ 0.6%*

Baby Length (cm) 486+2.4 47.9+3.0 44.6 + 3.9%* * 44.4 + 4,0**
HC (cm) 342+ 1.4 332+ 1.8%* 30.8+3.0** " | 32.13+2.8**
CC (cm) 326+15 315+ 2.1%* 27.8+2.9% " 29.8 + 3.2%*

Values are expressed as mean + S.D.; **p<0.01 (compared to NC); * p<0.01 (compared to Term-PE),
BMI - basic metabolic index; BP - blood pressure; CC - chest circumference; HC - head circumference;

NC - normotensive control; PE - preeclampsia whole cohort; Preterm-PE - preterm preeclampsia; Term-
PE - term preeclampsia

47




2.3.2

Maternal BDNF Levels

The mean maternal plasma BDNF levels were lower (p<0.01) in women with
preeclampsia (term and preterm) than in the NC group. The data on control women
(n=95) has been reported by us recently (Dhobale et al., 2012a). These differences in
BDNF levels remained significant (p<0.01) even after adjusting for gestational age
(Table 2). Further dividing the women with preeclampsia into term and preterm-PE
and adjusting for gestation indicated that the mean maternal plasma BDNF levels

were similar in the term and preterm-PE group.

2.3.3 Cord BDNF Levels

The mean cord plasma BDNF levels were higher (p<0.05) in the preeclampsia
group (term and preterm) as compared to the NC group. After adjusting for gestational
age these differences in BDNF levels remained higher (p<0.05) in preeclampsia as
compared to the NC (Table 2). Further dividing the preeclampsia group indicated that
cord plasma BDNF levels were higher (p<0.01) in the term-PE group as compared to
the preterm-PE group. After adjusting for gestation, cord BDNF levels in the term-PE

group continued to remain higher (p<0.01) as compared to the preterm-PE group.
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Table 2- Maternal and Cord BDNF Levels

Maternal BDNF NC Term-PE Preterm-PE PE
(pg/ml) _ _ _ _
(n=95) (n=60) (n=46) (n=106)
Without adjusting | 458.5+151.6 | 384.9 + 97.7** 372.5 + 86.8** 379.6 £ 92.9**
for gestation
Adjusting for 450.3 +£152.3 | 379.6 £ 99.7** 396.6 + 88.1* 386.9 +£ 94.8**
gestation
Cord BDNF NC Term-PE Preterm-PE PE
(pg/ml) _ _ _ _
(n=90) (n=54) (n=44) (n=98)
Without adjusting | 609.2 £ 342.7 | 799.6 £ 391.3** | 453.5 £ 126.8**## | 644.2 + 347.5*
for gestation
Adjusting for 573.4+343.8 | 775.4 + 396.3** | 557.5+ 136.3## | 677.6 + 325.5**
gestation

Values are expressed as mean = S.D.; * p<0.05; **p<0.01 (compared to NC); ## p<0.01 (compared to
Term-PE); NC - normotensive control; PE - preeclampsia whole cohort; Preterm-PE - preterm
preeclampsia; Term-PE - term preeclampsia

2.3.4 Correlations between Maternal BDNF Levels and Maternal Blood Pressure

Maternal BDNF levels were negatively associated with the systolic blood

pressure (r = - 0.176, p = 0.034, df = 143) and diastolic blood pressure (r = - 0.261, p

=0.002, df = 143) in the whole cohort.

2.4

Discussion

This study is novel, since we report for the first time both maternal and cord

plasma BDNF levels in preeclampsia (both term and preterm) and compare them with

NC women. Our results indicate (1) women with preeclampsia (term and preterm) had

lower BDNF levels when compared to NC women. (2) Among the preeclampsia

groups, maternal BDNF levels were similar in both term-PE and preterm-PE. (3) Cord
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BDNF levels were higher in women with preeclampsia (term and preterm) when
compared to NC group. (4) Among the preeclampsia groups, cord BDNF levels in the
preterm-PE group were lower as compared to the term-PE group. The differences in

BDNF levels remained significant even after adjusting for gestation.

2.4.1 Lower Maternal BDNF Levels in Preeclampsia

Our data indicates that mothers with preeclampsia had lower BDNF levels
when compared to normotensive women. These findings are in contrast to earlier
reports on a small sample size, which suggest higher maternal plasma BDNF levels in
preeclampsia (Fujita et al., 2011). Other reports indicate that the maternal BDNF
levels were similar in mothers delivering intrauterine growth retarded (IUGR) babies
as compared to mothers delivering appropriate for gestational age babies (Malamitsi-
Puchner et al., 2007). However, the above mentioned study included IUGR cases
caused by preeclampsia, gestational hypertension, chronic diseases such as severe
anemia, type | diabetes mellitus, hepatitis B, rheumatoid arthritis, renal insufficiency,
asthma and psoriasis. Furthermore, the mothers in their cohort smoked cigarettes and
it is well established that smoking affects BDNF levels (Kim et al., 2007). Since none
of the women in our cohort smoked, our result mainly indicates the impact of
preeclampsia on BDNF levels. Further, our study subjects were matched for age and
dietary patterns all of which are known to confound the levels of neurotrophins
(Lommatzsch et al., 2005).

We have earlier reported lower maternal VEGF levels in preeclampsia as
compared to NC women (Kulkarni et al., 2010). It has been reported that there may be
a cross-talk between the vascular and nervous systems (Li et al., 2006). We have

recently reported higher maternal plasma BDNF levels (n=96, 505.26 + 174.97 pg/ml,
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p<0.05) and lower cord plasma BDNF levels in preterm deliveries (n= 96, 466.81 *
227.63 pg/ml, p<0.01) as compared to term deliveries (Dhobale et al., 2012a). The
levels of maternal BDNF in preterm-PE in the current study were lower as compared
to those who delivered preterm without preeclampsia suggesting that the reduction of
BDNF levels in maternal samples may be attributed to the altered placental pathology
of preeclampsia. BDNF has been reported to play a role in embryo implantation,

placental development and foetal growth in mice (Kawamura et al., 2009).

2.4.2 Differential Regulation of Cord BDNF in Term and Preterm Preeclampsia
The current data for the first time reports differential levels of cord BDNF in
preeclampsia. Our findings highlight elevated cord BDNF levels despite reduced
maternal BDNF levels in women with preeclampsia delivering at term. This may be
due to either a preferential transport for brain-sparing in babies born to women with
preeclampsia or impaired BDNF receptor signalling. Studies suggest that BDNF/Trk
B signalling may play a protective role in the placenta whenever in utero conditions
are unfavourable (Fujita et al., 2011).

The levels of cord BDNF in the current study were lower in women with
preeclampsia delivering preterm. Similarly lower levels of cord BDNF has been
reported by us earlier in women delivering preterm without preeclampsia. Infact, it
has been suggested that there is a need to investigate the levels of BDNF in infants
presenting various pathological conditions in the perinatal period (Nikolaou et al.,
2006). One possible explanation for the findings in the current study may be that
these women had lower placental weights which may lead to reduced placental flow.
Chronic placental insufficiency has been shown to alter neurotrophin expression in

the developing brain (Dieni and Rees, 2005).
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Reduced BDNF levels observed in the current study may have implications for
neonates born to women with preeclampsia delivering preterm since they may be at
increased risk for neurodevelopmental disorders in later life. Earlier reports suggest
similar levels of cord BDNF in both small for gestational age babies and appropriate
for gestational age babies (Malamitsi-Puchner et al., 2006). SGA was caused by
different clinical conditions which may confound the findings. It is also reported that
lower BDNF concentrations in preterm neonates are indicative of prematurity
(Malamitsi-Puchner et al., 2007). A study examined levels of neurotrophins in human
umbilical cord blood from infants at different gestational ages and clinical conditions
and suggested that cord plasma levels of BDNF may reflect the degree of neural
maturity in premature infants (Chouthai et al., 2003). There is abundance of evidence
in literature which shows that neurotrophic genes like BDNF and NGF may play a
vital role in mediating processes linking early life environment and adult brain health
(Roth and Sweatt, 2011; Branchi et al., 2006). In view of this, studies have been
initiated in the department to follow-up infants born to women with preeclampsia for
childhood or adult cognitive impairment.

Studies from our department have earlier reported increased oxidative stress
and a consequential reduction in omega-3 fatty acids in preeclampsia (Mehendale et
al., 2008). It is known that omega-3 fatty acids regulate levels of neurotrophins (Wu
et al., 2004a). In addition, increased oxidative stress decreases serum BDNF
concentrations (Kapczinski et al., 2008; Wu et al., 2004b). Oxidative stress increases
BP which is suggested to increase sympathetic nerve activity (Gilbert et al., 2008). A
review by Hirooka et al. also highlights the role of oxidative stress in the pathogenesis
of hypertension (Hirooka et al., 2010). Increased oxidative stress and decreased

BDNF levels are known to impair hippocampal neurogenesis in rats (Park et al.,
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2010). The reduction in BDNF levels observed in the current study may be a
consequence of increased oxidative stress and reduced omega-3 fatty acids in women

with preeclampsia.

2.4.3 Negative Association of Maternal BDNF with Maternal Blood Pressure
In this study, maternal BDNF levels showed a negative association with blood
pressure. BDNF has been suggested to work as a protective factor for endothelial cells
in vasculature (Malamitsi-Puchner et al., 2006). Consequences of abnormal vascular
development have been associated with preeclampsia which causes high BP
(Malamitsi-Puchner et al., 2004). Preeclampsia involves endothelial dysfunction,
platelet dysfunction/activation and sympathetic over-activity similar to cardiovascular
disorders (Qiu et al., 2007). Epidemiological studies have demonstrated a relation
between preeclampsia and an increased risk of maternal coronary heart disease and
metabolic syndrome in later life (Craici et al., 2008; Ram and Santoro, 2005). BDNF
has been shown to play a role in the etiology of some cardiovascular diseases and
induction of angiogenesis in ischemic tissues. Reduced BDNF serum levels in patients
with acute myocardial infarction or under cardiopulmonary bypass are related to
oxidative stress and inflammatory response (Lorgis et al., 2010). Reduced maternal
BDNF levels observed in this study may also be a predisposing factor for postpartum
depression (Pinheiro et al., 2012) or cardiovascular disorders since reduced BDNF

levels are also reported in metabolic syndrome patients (Chaldakov et al., 2004).

Our data highlights a role for BDNF in the pathology of preeclampsia and its
differential effects on cord BDNF levels in women delivering preterm and term. The
study suggests 1) reduced maternal BDNF levels in preeclampsia 2) differential

regulation of cord plasma BDNF in women with preeclampsia delivering either term
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or preterm. Based on our earlier reported data on angiogenesis reported earlier from
our department and the reduced levels of BDNF in preeclampsia in the present study
highlights the need to understand possible mechanisms underlying the association
between angiogenesis and neurotrophins like BDNF in preeclampsia. Infants born to
these mothers may present different pathologies in the neonatal period and it is
important to follow up babies born to mothers with preeclampsia for cardiovascular
risk or cognitive impairment in later life since they may be at risk for
neurodevelopmental disorders.

This chapter examined the levels of BDNF at delivery in women with
preeclampsia when the etiopathology has progressed for several weeks and
months. Therefore, the next chapter examines the changes in BDNF levels in a
prospective study at various time points across gestation both in normotensive

women as well as in women who develop preeclampsia.
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Abstract

Our earlier studies in preeclampsia (PE) suggest a causal relationship between
altered angiogenic factors and birth outcomes. Recent studies suggest that
brain-derived neurotrophic factor (BDNF) can stimulate angiogenesis. The
present study examines the levels of maternal and cord BDNF in women with
PE (n = 106; full term [n = 60] and preterm [n = 46]) and normotensive women
(n = 95; control) delivering at term. MaternalBDNF levels were lower (P < .05)
in women with PE when compared to normotensive women. Cord BDNF
levels were higher (P < .01) in women with PE delivering at term, while it was
lower (P < .01) in women delivering preterm. Maternal BDNF levels were
negatively associated with systolic and diastolic blood pressure (P < .01 for
both). Our data for the first time suggest a possible role for BDNF in the
pathophysiology of PE. Differential regulation of cord BDNF levels in preterm
PE suggests a need to follow-up children to assess the neurodevelopmental
effects in later life.




CHAPTER3

Gestation Dependent Changes in Brain
Derived Neurotrophic Factor Levels in
Preeclampsia




3.1 Introduction

The last chapter compared the levels of BDNF in maternal and cord
plasma samples of women with preeclampsia (delivering at term and preterm)
and normotensive control women at the end of pregnancy. Studies indicate that
neurotrophins play a critical role in implantation, placental development and
foetal growth from early pregnancy. This chapter is a prospective study which
examines the levels of maternal plasma BDNF from early pregnancy both in

normotensive women and women with preeclampsia.

3.1.1 Placental Development across Gestation

In order to understand the role of BDNF in early placentation this section
describes the development of the placenta across gestation. Normal placental
development and function are essential for a successful pregnancy (John and
Hemberger, 2012). Several steps result in the formation of the placenta: (1) The
blastocyst attaches to the uterine epithelium and differentiates into an inner cell mass,
an outer sphere of cells and the trophoblast (2) The trophoblast invades uterine tissues
and spiral arterioles (3) Vascularization and branching angiogenesis in the placenta
(Mess and Carter, 2007; Gude et al., 2004).

Early in mammalian development, the origins of trophoblast and embryonic
cell lineages are established as the trophectoderm and the inner cell mass (ICM) in the
blastocyst (Oda et al., 2006). The inner cell mass gives rise to the foetus and an outer

layer of trophectoderm (TE) is the precursor of the placenta (Kimber, 2000) (Fig. 17).
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Fig. 17: Stages of Development of the Placenta and Foetus
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The main functional units of the placenta are the chorionic villi within which
foetal blood is separated by only three or four cell layers (placental membrane) from

maternal blood in the surrounding intervillous space (Gude et al., 2004). Trophoblasts
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that form the placenta provide the epithelial cover of the villous trees of the placenta
and are in direct contact with maternal blood (Huppertz and Herrler, 2005).

During early pregnancy the placenta-derived trophoblasts start to invade the
maternal uterus in order to regulate adequate blood flow and nutrient supply to the
growing foetus (Pollheimer and Knofler, 2012). The early invasive
syncytiotrophoblast (STB) invades into uterine tissues (Zhang et al.,, 2013).
Extravillous trophoblasts (EVT) first invade into the uterine decidua and then reach
the myometrium (Lash et al., 2006). Subsets of the EVT invade into uterine spiral
arteries (endovascular trophoblast) or uterine glands (endoglandular trophoblast)
(Huppertz et al., 2014). Initially only maternal plasma flows through the intervillous
space of the placenta in the first trimester which is replaced by maternal blood after
the proper invasion of spiral arterioles (Huppertz et al., 2012).

Transplacental exchange, that depends on rates of uterine (maternal placental)
and umbilical (foetal placental) blood flow, provides for all the metabolic demands of
foetal growth and development (Reynolds and Redmer, 2001). This is mediated by
two key processes, vascularization and angiogenesis, in the developing placenta
(Huppertz and Peeters, 2005). Vasculogenesis is the process of formation of the
earliest primitive capillaries and is achieved by differentiation of hemangiogenic stem
cells that are derived from pluripotent mesenchymal cells (Burton et al., 2009). The
subsequent process, angiogenesis, is characterized by the development of new vessels
from already existing vessels and is a well coordinated process initiated by
stimulation of various growth factors (Demir et al., 2010). Additionally, the
developing placenta undergoes a process of vascular mimicry (referred to as
pseudovasculogenesis) as cytotrophoblasts convert from an epithelial to an

endothelial phenotype (Cerdeira and Karumanchi, 2012).
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Placental development is well regulated by various autocrine/paracrine factors
at the maternal-foetal interface (Chen, 2014). Every endothelial cell destined for
vessel formation is equipped with receptors for several angiogenic factors such as
vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), epidermal
growth factor (EGF), hypoxia inducible factor-1 (HIF-1) and transforming growth
factor (TGF) that regulates the process of neoangiogenesis (Gacche and Meshram,
2013). Patterns of placental angiogenesis are suggested to vary in pregnancy

pathologies (Mayhew et al., 2004).

3.1.2 BDNF Levels in Pregnancy

It is well known that the neurotrophins receptors are mainly expressed in the
nervous system. However, their mMRNAs have also been detected in several utero
foeto-placental tissues (Mayeur et al., 2011). BDNF has been shown to increase in the
uterus before implantation and the expression of TrkB in trophectoderm cells of
blastocysts suggests a potential paracrine role of BDNF in the blastocyst during
implantation (Kawamura et al., 2007). After implantation, BDNF suppresses
apoptosis in the embryo and promotes early embryonic development (Kawamura et
al., 2007). It has also been reported that BDNF levels significantly decrease in the
maternal serum before and after giving birth (Lommatzsch et al., 2006).

Altered BDNF levels have been observed in pregnancy complications. BDNF
levels have been shown to be significantly elevated in the umbilical cord and is
reported to be associated with increasing gestational age, reflecting the degree of
neural maturity in premature infants (Chouthai et al., 2003). Furthermore, studies
from our department have shown that the ratio of maternal/foetal BDNF levels are
altered in preterm deliveries with the maternal levels being higher compared to levels

in the umbilical cord (Dhobale et al., 2012a). Further, placental levels of the Trk B
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receptor were significantly higher in the case of preterm deliveries (Dhobale et al.,

2012a).

3.1.3 Longitudinal Changes of BDNF in Pregnancy

A recent longitudinal study in normotensive pregnant women demonstrates
that serum BDNF levels in the first trimester are lower than those in the second and
third trimester (Garcés et al., 2013). Alterations in BDNF levels may contribute to the
early abnormal placentation in women with preeclampsia. However there are no
longitudinal studies that have examined the levels of BDNF in women who develop
preeclampsia.

As discussed in the earlier chapter, the cross sectional study demonstrated
altered plasma BDNF levels at delivery in women with preeclampsia as compared to
normotensive control (NC) women. It is likely that the changes at delivery may be
secondary effects where the etiopathology has progressed for several weeks and
months. Therefore, in order to better understand the role of BDNF in the pathology of
preeclampsia, it is important to examine its levels in early gestation.

This study for the first time examines maternal BDNF levels across
gestation, cord BDNF levels and placental BDNF gene expression in the complex
pathology of preeclampsia. Their associations with the blood pressure (BP) of the

mother and pregnancy outcome are also examined.
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3.2 Materials and Methods

3.2.1 Participants

Pregnant women were enrolled for this longitudinal study from 2 major
hospitals, Bharati hospital and Gupte hospital, in Pune, India. The research protocols
and consent forms were approved by the Bharati Vidyapeeth Medical College
Institutional Ethical Committee. Written consent was obtained from all the study
subjects. This study is part of a large ongoing departmental study which recruits all
consecutive pregnant women at 16-20 weeks of gestation who are willing to
participate and give a written consent. The incidence of preeclampsia in this
population is about 8-10% of total pregnancies. The first blood sample was taken
between 16 - 20 weeks of gestation (T1), the second between 26 - 30 weeks of
gestation (T2) and the third sample was taken at delivery (T3). Umbilical cord blood
sample was also collected just after delivery. All women were followed up till
delivery and categorized as preeclampsia if there was a presence of high BP (systolic
BP > 140 mmHg and/or diastolic BP > 90 mmHg) and proteinuria (>1+ or 300mg) on
a dipstick test. BP was measured with a mercury sphygmomanometer, and
preeclampsia was confirmed by repeated recording of the BP with an interval of 6 h at
the time of diagnosis.

The pregnancies were dated by ultrasound as well as last menstrual period
(LMP). The cases in which there were discrepancies of more than a week in
gestational age between LMP and ultrasound were excluded from the study. Neonatal
growth measures like birth weight, length, head circumference and chest
circumference were recorded. Birth weight was recorded using a digital weighing
scale (Zeal medical private limited, India) with an accuracy of 10 g. The length was
measured to the nearest 0.1 cm using a portable Infantometer. The head circumference

was measured using a measuring fiber glass measuring tape which was placed around
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the head, just above the eyebrows anteriorly, and around the most prominent bulge
posteriorly. The chest circumference was measured using fiber glass measuring tape
which was placed around the lower chest. These procedures have been described in

our earlier departmental study (Sundrani et al., 2013).

3.2.2 Power of the Study

Till date there are no studies examining plasma BDNF levels at various time
points across gestation. This is the first longitudinal study of BDNF in women with
preeclampsia. Therefore, we calculated the power of the study based on our earlier
cross sectional study on BDNF levels in preeclampsia. Based on results from this
study the Power and Sample Size Calculation version 3.0.43 software was used to
calculate sample size of the current study. In the earlier chapter BDNF levels in NC
(458.5 £ 151.6 pg/ml) and preeclampsia (379.6 £ 92.9 pg/ml) group were normally
distributed having a population standard deviation = 122.25. If the true difference in
the means of BDNF levels between preeclampsia and NC is 78.9, we would need to
study 39 preeclampsia subjects and 78 NC subjects to be able to reject the null
hypothesis that the population means of the preeclampsia and NC groups are equal
with probability (power) 0.9. The Type | error probability associated with this test of
this null hypothesis is 0.05. In view of this, this study was undertaken on 89 NC and
61 preeclampsia women. (Fig. 18) Out of the 61 women with preeclampsia, 9 were

severe, 2 showed IUGR and 10 delivered preterm.
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Fig. 18: Flowchart of Number of Samples Analyzed for BDNF
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3.2.3 Sample Collection, Processing and Storage

10 ml of maternal venous blood was collected into the EDTA vials at all the
time points while 10 ml of cord blood was collected at the time of delivery and was
processed as described by us earlier in Chapter 2 Section 2.2.2.

Placental samples were collected on a random sub-sample. Thus, 21
preeclampsia and 22 control placental samples were collected and analyzed in this
study. Fresh placental tissues were obtained on a sub sample from normal (n=22) and
preeclamptic pregnancies (n=21) immediately after delivery. Briefly, the foetal
membranes were trimmed off and small pieces were randomly cut out from the
placental cotyledons. Tissue were rinsed in phosphate-buffered saline to wash off
maternal and foetal blood, snap frozen in liquid nitrogen and stored at —80°C until

assayed.

62



3.2.4 BDNF Assay
BDNF levels were measured in both maternal and cord plasma using the
BDNF Emax Immuno Assay System (Promega). The details of this assay have been

explained in Chapter 2, Section 2.2.3.

3.2.5 Extraction of Total RNA, cDNA Synthesis and Quantitative Real-Time

(RT)-PCR Assays

Extraction of total RNA, cDNA synthesis and mRNA expression of BDNF
and GAPDH genes from 22 NC and 21 preeclampsia placental samples was
performed. The detailed method has been described by our department earlier (Meher
et al., 2013). Total RNA from placenta samples was isolated using Trizol method and
quantified by the Eppendorf Biophotometer plus (Hamburg, Germany). For each
placental sample, 2 pg of RNA was reverse transcribed to cDNA using the High-
Capacity cDNA reverse transcription kit (Cat No. 4368814, Applied Biosystems).

RT-qPCR for BDNF and GAPDH were performed with the TagMan Universal
PCR Master Mix (Cat No. 4324018, Applied Biosystems, California, USA) using the
Applied Biosystems 7500 Standard Real Time PCR system. The relative expression
level of the gene of interest was examined with respect to GAPDH to normalize for
variation in the quality of mRNA and the amount of input cDNA. The real-time
quantitative PCR reactions for each gene were performed in duplicate. To analyze the
real-time quantitative PCR results, the average cycle number (Ct) of the reaction
when it crossed a threshold value was determined for each reaction. Differences in Ct
(ACt) between GAPDH and targeted gene BDNF were calculated by subtracting the
Ct of the targeted gene BDNF from Ct of GAPDH. Relative expression levels of

ACt
2

genes were calculated and expressed as . The following TagMan® Gene
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Expression Assays (Applied Biosystems) were used in this study: GAPDH

(Hs99999905_m1); BDNF (Hs00542425_s1).

3.2.6 Statistical Analysis

Continuous variables are reported as mean + S.D. and discrete variables as
percent (%). The data were checked for normal distribution by testing for skewness
and kurtosis and BDNF values were found normally distributed. Differences in
maternal and neonatal characteristics between preeclampsia and normotensive control
(NC) were assessed using Student's t test for continuous variables and chi-square tests
for categorical data. Pearson’s correlation was used to examine the associations
between BDNF levels and maternal age, body mass index (BMI), gestational age,
parity, socioeconomic status (SES), education and income as they have been shown to
affect BDNF levels (Pillai et al., 2012; Sher and La Bode, 2011; Rao et al., 2009;
Zdanys et al., 2009; Macbeth et al., 2008; Lasky-Su et al., 2007; Lommatzsch et al.,
2005). BDNF was correlated with maternal age, BMI and SES and hence BDNF
levels were adjusted for these variables using multiple linear regression.

Associations of BDNF with BP and neonatal growth measures were analyzed
after adjusting for maternal age, BMI and SES. The variable sample number (n) in
different measures was either due to loss of follow up at various time points across
gestation or insufficient sample volume available. Results corresponding to p-values
lower than 0.05 are described as significant. The data were analyzed using the

SPSS/PC+ package (Version 20.0, Chicago, IL, USA).
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3.3 Results

3.3.1 Maternal and Neonatal Characteristics

The maternal body mass index (BMI) at all time points in women with
preeclampsia (T1, p<0.01; T2, p<0.01; T3, p<0.01) was higher than NC women.
Maternal systolic (T1, p<0.01; T2, p<0.01; T3, p<0.01) and diastolic BP (T2, p<0.01;
T3, p<0.01) of women with preeclampsia was higher than NC women. The
percentage of nulliparous women was higher in the preeclampsia (n=61) group
compared to the NC (n=89) group (72% vs. 46%, p<0.01). There was no difference in
education between groups (Table 3). Neonatal characteristics show that birth weight,
head circumference and chest circumference was lower (p<0.05) in preeclampsia than

in the NC group (Table 4).
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Table 3: Maternal Characteristics

NC PE
(n=89) (n=61)
Age in years 27+ 4 275
BMI in kg/m?
Tl 22+4 25 £ 5**
T2 24 £ 4 28 £ 6**
T3 26 £4 30 + 6**
Gestation in weeks
(range)
Tl 19+ 2 (16 - 20) 18 + 2 (16 — 20)**
T2 29 +2 (26 —30) 29 + 3 (26 — 30)
T3 39+1(37-41) 38 £ 2 (28 — 40)**
Sys BP in mmHg
Tl 111+9 117 + 12**
T2 112 +8 122 + 13**
T3 120+ 9 142 + 18**
Dias BP in mmHg
Tl 72+7 74+8
T2 717 76 £ 9**
T3 77+6 94 + 12**
Education in n (%)
lower 28 (32) 13 (21)
higher 11 (12) 9 (15)
graduation 31 (35) 26 (43)
post graduation 19 (21) 13 (21)
Parity in n (%)
nulliparous 41 (46) 44 (72)
multiparous 48 (54) 17 (28)
Income in INR 3000 - 75000 5000-75000
(range)

Values are expressed as mean = S.D.; **p<0.01 (compared to NC); BMI -
body mass index; Dias BP - diastolic blood pressure; NC - normotensive
control; n — number; PE - preeclampsia; Sys BP - systolic blood pressure; T1 -
16-20 weeks of gestation; T2 - 26-30 weeks of gestation; T3 - at delivery
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Table 4: Neonatal Characteristics at Birth

NC PE
(n=89) (n=61)
Weight (kg) 29+0.3 2.8+ 0.4*
Length (cm) 48 +2.9 475123

Head Circumference (cm) | 33.9+1.3 33.2+1.3*

Chest Circumference (cm) | 32.2+1.6 31.5+25*

Values are expressed as mean + S.D.; *p<0.05 (compared to NC);
NC - normotensive control; PE — preeclampsia

3.3.2 Maternal BDNF Levels

Maternal BDNF levels at T1 were lower (p<0.05) in women with
preeclampsia (455 + 128 pg/mL) as compared to NC women (486 + 148 pg/mL).
Maternal BDNF levels at T2 were comparable in women with preeclampsia (462 +
151 pg/mL) and NC women (467 £117 pg/mL). Maternal BDNF levels at T3 were
lower (p<0.05) in women with preeclampsia (426 + 118 pg/mL) as compared to NC

women (478 + 135 pg/mL) (Fig. 19).

3.3.3 Cord BDNF Levels

Cord BDNF levels were lower in preeclampsia (381 + 76 pg/mL) (p<0.05) as

compared to the NC group (429 £ 92 pg/mL) (Fig. 19).
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Fig. 19: Maternal and Cord BDNF Levels across Gestation in Women with Preeclampsia
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Values are expressed as Mean + S.D.; *p<0.05, **p<0.01 as compared to NC. A - all samples; B - all
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3.3.4 Placental BDNF Gene Expression

Placental BDNF gene expression was lower (p<0.01) in women with

preeclampsia than in NC women (Fig. 20).

Fig. 20: Placental BDNF Gene Expression
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3.3.5 Association between Maternal BDNF Levels and Maternal Blood
Pressure at T3
Maternal systolic BP was negatively associated with BDNF levels at T3 (r = -
304, p = 0.0050, n=82) in NC women. However, there was no association between

maternal BP and BDNF in women with preeclampsia.

3.3.6 Association between Maternal BDNF Levels and Neonatal Growth Measures
There was no association between maternal BDNF levels at any time point and

neonatal growth measures in both NC women and women with preeclampsia.

3.3 Discussion

This study for the first time reports levels of maternal plasma BDNF across
gestation, cord plasma BDNF and placental BDNF gene expression in women with
preeclampsia compared with NC women. Our results indicate that 1) Maternal BDNF
levels were lower at T1 and T3 in women with preeclampsia than those in NC women
2) Cord BDNF levels were lower in the preeclampsia group as compared to NC group
3) Placental BDNF gene expression levels were also lower in women with

preeclampsia than in the NC women.

3.4.1 Lower Maternal BDNF Levelsat T1and T3

This study reports lower maternal BDNF levels in women with preeclampsia
at T1 and T3 as compared to NC women. As mentioned in chapter 2, we observed
lower maternal BDNF and cord BDNF levels in preterm preeclampsia as compared to
NC group at delivery in a cross sectional study. BDNF levels are known to be
influenced by number of factors such as urbanicity, age, food intake and SES (Bus et

al., 2011). Lower BDNF levels observed in this study may be a result of increased
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oxidative stress and reduced omega-3 fatty acids like docosahexaenoic acid (DHA)
both of which are known to influence the levels of BDNF (Bhatia et al., 2011;
Kapczinski et al., 2008; Wu et al., 2008). Further, the studies in our department have
reported increased oxidative stress at delivery in women with preeclampsia as
compared with NC women (Mehendale et al., 2008). Similarly these studies have
also demonstrated a negative association between DHA and BDNF in preterm
pregnancy (Dhobale et al., 2012a) and lower levels of DHA in preeclampsia as
compared to control in a cross sectional cohort (Kulkarni et al., 2011).

This data is a part of a large multi-investigator study where detailed
information on nutritional intakes has been recorded and is reported separately where
the frequency of consumption of omega 3 fatty acid (ALA and DHA) rich foods was
similar in both groups at all time points (Wadhwani et al., 2014). Studies have shown
that omega-3 fatty acids influence levels of neurotrophins (Sharma et al., 2012; Bhatia
et al., 2011; Wu et al., 2004). Our earlier cross sectional studies indicate that there is
no difference in the intake of omega-3 fatty acids between NC women and women
with preeclampsia (Kulkarni et al., 2011). In addition, studies have shown that serum
BDNF concentrations are season dependent (Molendijk et al., 2012; Comasco et al.,
2011). However, in contrast others do not report seasonal changes in BDNF levels
(Katoh-Semba et al., 2007). Three seasons define the Indian subtropical climate,
summer (from February to May), the monsoon (from June to September) and winter
(from October to January) and climatic variations in Pune, Western India are not
drastic. In our study women from both groups have been recruited all around the year
and the BDNF values at each time point are an average of women recruited across all
the seasons. In view of this, it is unlikely that seasonality would affect the levels of

BDNF. Further, it has been reported that in the tropical climate of western India,
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seasonal variation is not associated with incidence of preeclampsia (Subramaniam,
2007).

It is known that the implantation of the blastocyst and early development of
the placenta are crucial for a successful pregnancy (James et al., 2012) and
neurotrophic factors like BDNF potentiate placental development (Kawamura et al.,
2009). Recent reports suggest that as pregnancy progresses, the placenta and foetus
may have a role in the production of BDNF (Garcés et al., 2013). Maternal BDNF is
reported to reach the foetal brain through the utero-placental barrier and might
contribute to its development (Kodomari et al., 2009). BDNF is known to stimulate
angiogenesis in the endothelial cells in the placenta (Caporali and Emanueli, 2009).
Further, reports indicate that during embryonic development BDNF expresses its
TrkB receptor resulting in a direct angiogenic action on endothelial cells involved in
cardiac vessel wall stability (Kermani et al., 2007). This may be due to a cross talk
between neurons and endothelial cells via VEGF, neurotrophins and their cognate
receptors on both neurons and endothelial cells (Li et al., 2006). Our findings suggest
that reduced BDNF levels in early pregnancy may be partly responsible for reported

abnormal foeto-placental development in preeclampsia.

3.4.2 Lower Placental BDNF Gene Expression and Cord BDNF Levels

In the current study, placental BDNF gene expression in women with
preeclampsia was lower as compared to NC women. Studies indicate that BDNF is
expressed in the human placenta, immunolocalized in the membranous chorion,
trophoblast layer and endothelium, supporting its role in the regulation of several
metabolic functions during pregnancy (Garcés et al., 2013; Fujita et al., 2011). It has
been reported that the BDNF/Trk B signaling system is localized in the utero-foetal

tissue in the placenta, suggesting a transient action of the ligand in these tissues
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throughout pregnancy (Mayeur et al., 2011). Our data suggests that the lower BDNF
gene expression may be associated with impaired placental development in
preeclampsia.

Our findings suggest that low levels of BDNF exist in women with
preeclampsia from the 16" week of pregnancy and may be implicated in the
improper placental development observed in these women. Further, lower levels
of cord BDNF was also observed in preeclampsia which may have long-lasting
consequences in their babies.

Like BDNF, NGF too is an important neurotrophin. It was the first
neurotrophin to be discovered playing an important role in the nervous system.
NGF also plays a role in angiogenesis and may regulate the development of the
placenta. The next chapter therefore examines the levels of NGF across gestation
in women with preeclampsia. Further, the associations of NGF with BP and birth

outcome are also examined.
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Abstract

Preeclampsia (PE) is a major pregnancy complication of placental origin which
leads to adverse pregnancy outcome. Brain derived neurotrophic factor
(BDNF) is suggested to promote trophoblast growth and regulate placental and
fetal development. This study for the first time examines the levels of maternal
plasma BDNF at various time points during gestation, cord plasma and
placental BDNF levels and their association with birth outcome in women with
PE. Normotensive control (NC) women (n=89) and women with PE (n=61)
were followed at three different time points [16-20 weeks (T1), 26-30 weeks
(T2) and at delivery (T3)]. Maternal blood at all time points and cord blood
was collected. Results indicate that maternal BDNF levels at T1 (p=0.050) and
T3 (p=0.025) were lower in women with PE than in NC women. Cord BDNF
levels at delivery in women with PE were lower (p=0.032) than those in NC
women. Placental BDNF gene expression was also lower (p=0.0082) in women
with PE than in NC women. Our data suggests that BDNF plays an important
role in the development of the materno-fetal-placental unit during pregnancy.
Alteration in the levels of BDNF during pregnancy may be associated with an
abnormal development of the placenta resulting in PE.




CHAPTERA4

Gestation Dependent Changes in Nerve
Growth Factor Levels in Preeclampsia




4.1 Introduction

In Chapter 3 we have demonstrated changes in the levels of BDNF from
early pregnancy. Studies have also shown that nerve growth factor (NGF) is
essential for a successful pregnancy as it constitutes a functional link between the
maternal nervous, endocrine and immune system. There are very few studies,
which have examined the levels of NGF in preeclampsia. This study for the first
time examines the levels of NGF in women with preeclampsia throughout

gestation and compares them with normotensive pregnant women.

4.1.1 Nerve Growth Factor

NGF is a member of the neurotrophin family of proteins that was discovered
in the 1950’s (McKelvey et al., 2013) (Fig. 21). NGF has been characterized first in
the sensory and autonomic nervous system, then in central nervous, endocrine and
immune systems (Aloe et al., 2012). The molecular weights of NGFs from human
serum, saliva and urine have been found to be 36 kDa (Lipps, 2000). It has a tertiary
structure based on a cluster of 3 cystine disulfides and 2 very extended, but distorted

beta-hairpins (Bradshaw et al., 1994).
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Fig. 21: NGF and its Trk A Receptor
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NGF is a signaling protein that interacts with specific receptors in autocrine,
paracrine and endocrine modes (Rachaneni et al., 2013). Its biological activity is
mediated by two classes of receptors: (i) p75 neurotrophin receptor (p75NTR), a 75
kDa glycoprotein, belonging to a superfamily of cytokine receptors including TNF
receptors, and (ii) Trk A, a transmembrane tyrosine kinase of 140 kDa (Fiore et al.,
2009) (Fig. 22). Different intracytoplasmic signaling pathways that may be activated
by binding of NGF to Trk A receptor include phosphatidylinositol-3-kinase (PI3K)
and mitogenic activated protein kinase (MAPK) to promote cell survival and
proliferation and activation of the phospholipase type Cy (PLCy) pathway. This
results in the production of diacylglycerol (DAG) and inositol triphosphate (IP3),
culminates in the release of calcium from the intracytoplasmic cellular stocks (Chaves

etal., 2013).
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Fig. 22: NGF- Trk A Signalling Pathways
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4.1.2 Functions of NGF in the Nervous System
NGF was discovered as a molecule that stimulates the survival and maturation

of developing sensory neurons in the peripheral nervous system (PNS) and has later
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been shown to protect adult neurons in the degenerating mammalian brain (Roberti et
al., 2014; Manni et al., 2013). Additionally, NGF is known to have trophic and
differentiating activity on several populations of cholinergic neurons of the CNS
(Roberti et al., 2014). NGF ensures the maintenance of phenotypic and functional
characteristic of several populations of neurons as well as immune cells (Aloe et al.,
2012). It has important functions in the maintenance of viability and proliferation of
neuronal and non-neuronal cells (Chaves et al., 2013). Recent studies have recognized
the role of NGF beyond nerve cells and the peripheral PNS and CNS and that topical
application of NGF give a protective effect on corneal ulcer and glaucoma (Manni et

al., 2013).

4.1.3 NGF and Neurodevelopment

Neurodevelopment is coordinated by a series of growth factors including NGF
which are involved in neuritogenesis (Li et al., 2014). NGF is related to the growth
and differentiation of nerve cells, as well as to a decline in cognitive function (Bae et
al., 2014). Enhancement in NGF levels after brain injury is a part of neuronal
recovery process (Dincel et al.,, 2013). NGF concentrations in serum and
cerebrospinal fluid (CSF) may be enhanced in various cerebral pathologies such as
hypoxia, ischaemia, trauma, seizures, neuroimmunological diseases and intracranial
hypertension syndrome (Gioiosa et al., 2009; Sofroniew et al., 2001; Dixon et al.,
1997). A recent study has shown that maternal psychological and biological factors
are associated with infant motor development and are mediated by changes in NGF

levels (Pinheiro et al., 2014).
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4.1.4 NGF and Placenta

Human placental tissue contains a significant amount of NGF (Purcell and
Atterwill, 1994). Reports indicate that NGF is expressed, localized and active in the
trophoblast, amnion/chorion and maternal decidua of the placenta both in early
gestation and at term (Toti et al., 2006; Marvin et al., 2002). Growth factors such as
NGF, VEGF, produced by nerves and blood vessels may contribute to the process of
normal placentation and may be compromised in pregnancy complications (Quinn,

2005).

4.1.5 NGF and Angiogenesis

NGF has historically been implicated in several functions of the nervous
system, however, it can also regulate hypertension (Hennigan et al., 2009; Supowit et
al., 2001) and elicit cardiovascular actions, including angiogenesis during foetal and
neonatal stages (Meloni et al., 2010; Cabrera-Vasquez et al., 2009). Blood vessel and
nerve growth are linked by common pathways that involve the release of
proangiogenic factors, such as vascular endothelial growth factor, B-NGF and
neuropeptides (Mapp and Walsh, 2012). Every endothelial cell destined for vessel
formation is equipped with receptors for angiogenic peptides such as NGF (Gacche
and Meshram, 2013). NGF has been shown to have an influence on the functional
activity of the cardiovascular system and can regulate the functional state of
endothelial and vascular smooth muscle cells and cardiomyocytes (Kryzhanovskii and

Vititnova, 2011).

77



4.1.6 NGF and Preeclampsia

Recent studies have revealed that preeclampsia appears to originate in placenta
and is characterized by widespread maternal endothelial dysfunction (Petla et al.,
2013). Abnormal placentation and reduced blood flow in preeclampsia is a result of
impaired invasion of maternal spiral arteries (Steegers et al., 2010; Myatt and
Webster, 2009). In a normal pregnancy, development of the placenta is controlled by
a plethora of growth factors, such as cytokines, neurotrophins like NGF and
angiogenic molecules controlling trophoblast motility, which are secreted from
numerous trophoblast cells that regulates trophoblast invasiveness (Kndofler, 2010).

Defective expression and activity of these molecules are potential candidates
for triggering preeclampsia (Ong, 2004). NGF is expressed and is active in different
parts of the placenta in early gestation and at term (Toti et al., 2006; Marvin et al.,
2002).This expression may be differentially regulated in preeclampsia due to
improper development of placenta.

NGF plays an important role in the regulation of growth, survival and
differentiation of neurons in both the CNS and PNS (Bibel and Barde, 2000).
Although NGF has historically been implicated in several functions of the nervous
system, it can also regulate hypertension (Hennigan et al., 2009; Supowit et al., 2001)
and elicit cardiovascular actions, including angiogenesis during foetal and neonatal
stages (Meloni et al., 2010; Cabrera-Vasquez et al., 2009). It has been reported that
NGF is mandatory for the success of pregnancy as it constitutes a functional link
between the nervous, endocrine and immune system translating environmental or
endocrine signals (Tomettan et al., 2005). It has been reported that NGF levels
increase as the trimester progresses in monkeys (Neubert et al., 2014). A recent study

suggests that a local threshold of NGF expression is necessary to ensure maternal
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tolerance in healthy pregnancies, but when surpassed may result in foetal rejection
due to exacerbated inflammation (Frank et al., 2014).

There are very few studies, which have studied the levels of NGF in different
pregnancy complications like ITUGR (Malamitsi-Puchner et al., 2007) but not in
women with preeclampsia. Xia et al. (2011) have shown reduced NGF levels in
amniotic fluid specimens were obtained during amniocentesis or caesarean section
(Xiaetal., 2011).

Our earlier cross sectional study on women with preeclampsia has shown
altered NGF levels as compared to normotensive women (Kilari et al., 2011).
Although preeclampsia is characteristically diagnosed in the last third of pregnancy, it
is evident that many of these pathophysiological changes can be detected long before
clinically evident disease (Roberts and Bell, 2013). Further, infants born to women
with preeclampsia are at increased risk for cardiovascular and neurodevelopmental
disorders (Akcakus et al., 2010; Silveira et al., 2007). Hence there is a need to study
the maternal and cord NGF levels across the pregnancy to study the mechanism and
severity of preeclampsia.

Therefore, in order to better understand the role of NGF in
preeclampsia, the present study for the first time examines maternal NGF levels
across gestation along with cord NGF levels in women with preeclampsia and

their associations with mother’s blood pressure (BP) and foetal outcome.
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4.2 Materials and Methods

4.2.1 Participants
The recruitment of study population and the inclusion and exclusion criteria
are as mentioned in Chapter 3 (Section 3.2.1). Neonatal growth measures were

recorded as mentioned in Chapter 3 (Section 3.2.1).

4.2.2 Power of the Study

Till date there are no studies examining plasma NGF levels at various time
points across gestation. This is the first longitudinal study of NGF in women with
preeclampsia. Therefore we calculated the power of the study based on our earlier
cross sectional study on NGF levels in preeclampsia (Kilari et al., 2011). Based on
results from this study the Power and Sample Size Calculation version 3.0.43 software
was used to calculate sample size of the current study. In our earlier study, NGF
levels in NC (316.3 + 109.7 pg/ml) and preeclampsia (257.6 + 122.85 pg/ml) group
were normally distributed having a population standard deviation = 116.275. If the
true difference in the means of NGF levels between preeclampsia and NC is 58.7, we
would need to study 47 PE subjects and 94 NC subjects to be able to reject the null
hypothesis that the population means of the preeclampsia and NC groups are equal
with probability (power) 0.8. The Type | error probability associated with this test of
this null hypothesis is 0.05. In view of this, this study was undertaken on 88 NC who
had complete data for all three time-points and the cord-blood sample. In case of
preeclampsia, a total of 48 women were recruited out of which 25 women had

complete data at all time points (Fig. 23).
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Fig. 23: Flowchart of Number of Samples Analyzed for NGF

Normotensive Preeclampsia
Control
v
Maternal
Plasma

atT1

|
[o0]
[eo]
=)

]
'S
(o]

Maternal
Plasma
atT2

il
H
i

Maternal
Plasma
atT3

8]
]
5]

Cord
Plasma at
delivery

kl
5]
5]

Plasma

samples
analyzed at
all time
points

NGF — nerve growth factor; n — number; T1 - 16-20
weeks of gestation; T2 - 26-30 weeks of gestation; T3
- at delivery

4.2.3 Sample Collection, Processing and Storage
Blood sample collection was as described in Chapter 2 (Section 2.2.2) while

placental sample collection was as described in Chapter 3 (Section 3.2.2)

424 NGF Assay

NGF levels were measured in maternal and cord blood plasma samples using
the NGF Emax Immuno Assay System Promega kit (Zettler et al., 1996). Briefly, the
NGF Emax® Immunoassay system is designed for the sensitive and specific detection
of NGF in the antibody sandwich format. In this format, flat bottom 96-well plates are
coated with anti-NGF polyclonal antibody (pAb) which binds soluble NGF. The
captured NGF is bound by a second monoclonal antibody (mAb). After washing, the
amount of specifically bound mAb is then detected using a species-specific antibody

conjugated to horse radish peroxidase (HRP) as a tertiary reactant.
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The unbound conjugate is removed by washing and following incubation with
a chromogenic substrate. The colour change is measured by a spectrophotometer
using an ELISA plate reader. The amount of NGF in the test solutions is proportional
to the colour generated in the oxidation—reduction reactions. NGF concentrations
were expressed as pg/ml. We have reported this method in our earlier studies

(Dhobale et al., 2012b; Kilari et al., 2011).

4.25 Extraction of Total RNA, cDNA Synthesis and Quantitative Real-Time
(RT)-PCR Assays
Extraction of total RNA, cDNA synthesis and mRNA expression of NGF and
GAPDH genes from 22 NC and 24 preeclamptic placental samples was performed.
The detailed method has been described by us earlier in Chapter 3 (Section 3.2.4)
(D’Souza et al., 2014). The following TagMan® Gene Expression Assays (Applied
Biosystems) were used in this study: GAPDH (Hs99999905 m1l); NGF

(Hs01113193 m1). The NGF mRNA levels are expressed as mean + SE.

4.2.6 Statistical Analysis

Continuous variables are reported as mean + S.D. and discrete variables as
percent (%). The data were checked for normal distribution by testing for skewness
and kurtosis and NGF values were found normally distributed. Differences in
maternal and neonatal characteristics between preeclampsia and NC women were
assessed using Student's t test for continuous variables and chi-square tests for
categorical data. Pearson’s correlation was used to examine the associations between
NGF levels and maternal age, body mass index (BMI), gestational age, parity,

socioeconomic status (SES), education and income as they have been shown to affect
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NGF levels (Kumar et al., 2012; Hackman et al., 2010; L6opez-Valladares et al., 2010;
Bulld et al., 2007; Marx et al., 1999). NGF was correlated with gestational age, BMI
and SES and hence NGF levels were adjusted for these variables using multiple linear
regression.

Associations of NGF with BP and neonatal growth measures were analyzed
after adjusting for gestational age, BMI and SES. Results corresponding to p-values
lower than 0.05 (5%) are described as significant and reported. The data were

analyzed using the SPSS/PC+ package (Version 20.0, Chicago, IL, USA).

4.3 Results

4.3.1 Maternal and Neonatal Characteristics

The maternal BMI at all time points in women with preeclampsia (T1, p<0.05;
T2, p<0.05; T3, p<0.01) was higher than NC women. Maternal systolic at T1, T2 and
T3 and diastolic BP at T1, T2 and T3 (p<0.01 for all) in women with preeclampsia
was higher than NC women. The percentage of nulliparous women was higher in the
preeclampsia group as compared to the NC group (65% vs. 35%, p = 0.038). Parity
was found to be different between groups. There was no difference in education and

income between the groups (Table 5).
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Table 5: Maternal Characteristics

NC PE
(n=88) (n=48)
Age in years 27+ 4 26+5
BMI in kg/m2
T1 224 24 + 5*
T2 24 £ 4 27 £ 5*
T3 26 £ 4 29 £ 5**
Gestation in weeks
(range) 182 172
T1 292 30+ 2*
T2 39+1 37 £ 3**
T3
Sys BP in mmHg
T1 110+ 9 118 £ 11**
T2 112+38 122 + 13**
T3 120+ 9 145 £+ 15**
Dias BP in mmHg 7947 75 4 g*
$; 707 77 £ 8**
T3 77+6 95 £ 12**
Education in n (%)
lower 29 24
higher 10 15
graduation 36 42
post graduation 25 19
Parity in n (%)
nulliparous 47 65
multiparous 53 35
Income in INR (range) | 344 75000 5000-75000

Values are expressed as Mean + S.D.; *p<0.05, **p<0.01 as compared to
NC; BMI - body mass index; Dias BP - diastolic blood pressure; n —
number; NC - normotensive control; PE - preeclampsia; Sys BP - systolic
blood pressure; T1 - 16-20 weeks of gestation; T2 - 26-30 weeks of

gestation; T3 - at delivery
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Table 6: Neonatal Characteristics at Birth

NC PE
(n=88) (n=48)
Weight (kg) 2.0+0.3 2.8 +0.6*
Length (cm) 48.1+2.9 47.6 +2.4
Head Circumference
(cm) 33.9+13 33.3+£1.3*
Chest Circumference
(cm) 322+1.7 315+1.8*

Values are expressed as Mean + S.D.; *p<0.05, as compared to NC.
NC - normotensive control; PE - preeclampsia

Neonatal characteristics show that birth weight (p<0.05) and head

circumference (p<0.05) was lower in preeclampsia than in the NC group (Table 6).

4.3.2 Maternal NGF levels

Maternal NGF levels at T1 (NC: 96 + 53 pg/mL; PE: 103 % 44 pg/mL), T2
(NC: 90 + 51pg/mL; PE: 86 % 40 pg/mL) and T3 (NC: 84 + 44 pg/mL; PE: 76 + 32
pg/mL) were comparable in women with preeclampsia as compared to NC women

(Fig. 24).

4.3.3 Cord NGF levels

Cord NGF levels were higher in preeclampsia (70 £ 53 pg/mL) (p<0.05) as
compared to the NC group (53 £ 44 pg/mL) when compared between all samples (Fig
24A). However, cord NGF levels showed a trend but were not significant in samples

obtained at all time points (Fig 24B).
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Fig. 24: Maternal and Cord NGF Levels in Women with Preeclampsia as Compared to
Normotensive Control Women
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4.3.4 Placental NGF Gene Expression
Placental NGF gene expression was higher although not significant in women

with preeclampsia as compared to NC women (Fig. 25).

Fig. 25: Placental NGF Gene Expression
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4.3.5 Association between Maternal NGF Levels and Maternal Blood Pressure
atTland T2
There was a negative association between maternal NGF levels and maternal
diastolic BP at T1 (r = -0.471, p = 0.027, n = 25) and T2 (r = -0.412, p = 0.063, n =

25) in women with preeclampsia.

4.3.6 Association between Cord NGF Levels and Neonatal Growth Measures
There was a positive association between cord NGF levels and baby head
circumference (r = 0.218, p = 0.041, n = 92) and chest circumference (r = 0.218, p =

0.041, n = 92) in the whole cohort.

4.4 Discussion

This study reports novel findings 1) Maternal NGF levels in women with
preeclampsia were comparable to NC women at all time points 2) Cord NGF levels at
delivery were higher in women with preeclampsia as compared to NC women 3) A
negative association was observed between maternal diastolic BP and NGF levels at
T1 in women with preeclampsia 4) There was a positive association between cord

NGF levels and baby head and chest circumference in the whole cohort.

4.4.1 Higher Cord NGF Levels

In this study, maternal NGF levels in women who develop preeclampsia were
comparable to NC women. In contrast, there was an increase in cord levels in women
with preeclampsia. NGF is of major importance in prenatal and postnatal brain
development, due to its neuroprotective action. One study has shown lower

circulating levels of NGF in mothers delivering intrauterine growth restricted babies
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(IUGR) as compared to mothers delivering appropriate for gestational age (AGA)
babies (Malamitsi- Puchner et al., 2007). Studies have shown that loss of neural
connections through the process of partial uterine denervation may cause reduced
foetal growth without the maternal circulatory changes of preeclampsia (Quinn,
2005).

Studies suggest that NGF is involved in angiogenesis (Park et al., 2007) and
acts in a pleiotropic manner at both neuronal and vascular levels (Nico et al., 2008).
Our earlier study in women with preeclampsia has shown altered levels of angiogenic
factors (Kulkarni et al., 2010). Studies suggest that there is a cross talk between
cardiovascular and nervous systems. Growth factors like VEGF and NGF have been
implicated in both neurodegenerative and vascular diseases (Lazarovici et al., 2006).
It has been reported that physiological actions of NGF and VEGF are mediated by
receptors (Trk A for NGF and VEGFR-2 for VEGF) which activate a complex and
integrated network of signaling pathways in neurons and endothelial cells (Lazarovici
et al., 2006).

In the current study, although there was no change in maternal NGF levels in
women with preeclampsia there was an increase in cord NGF levels. Further,
placental NGF mRNA levels were higher though not statistically significant possibly
due to the small sample size in women with preeclampsia as compared to NC women.
Studies from our department have earlier reported increased oxidative stress in
women with preeclampsia (Mehendale et al., 2008). This increase in the expression of
NGF may possibly lead to an increase in cord NGF levels. Our findings suggest that
this may be a compensatory mechanism to protect the developing foetus from adverse

outcomes.
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Studies from our department have earlier reported that maternal NGF levels
are lower in women with preeclampsia delivering low birth weight babies as
compared to normotensive women delivering low birth weight babies (Kilari et al.,
2011). Our departmental study has also reported lower cord NGF levels in preterm
pregnancy (Dhobale et al., 2012b). Future studies need to understand the mechanisms

influencing NGF levels in pregnancy.

4.4.2 Negative Association between Maternal NGF and Maternal Diastolic

Blood Pressure at T1

A negative association was observed between maternal diastolic BP and NGF
levels at T1 in women with preeclampsia. Neurotrophins are involved in sympathetic
hyperinnervation and progression of systemic hypertension (Ricci et al., 2004).
Recent studies indicate that a reduction in maternal/adult NGF level plays an
important role in reducing/increasing metabolic syndrome (Histova, 2013). Reports
indicate that an enhanced excitation of the sympathetic nervous system by NGF may
be a common mechanism underlying hypertension (Chen et al., 2011). NGF released
during and following stress may serve to prevent possible deficits and/or damage
linked to sympathetic and cardiovascular activation (Manni et al., 2008). However the

exact mechanisms associated with the NGF and BP need additional research.

4.4.3 Positive Association between Cord NGF and Baby Head Circumference
There was a positive association between cord NGF levels and baby head

circumference in the whole cohort. NGF plays a role in neurodevelopment and is

reported to be altered in several neurodevelopmental disorders such as schizophrenia

and attention deficit hyperactivity disorder (ADHD) (Syed et al., 2007; Shoval and

89



Weizman, 2005). Our results are similar to an earlier study that reports a positive
correlation between maternal NGF levels and birth weight in IUGR infants
(Malamitsi-Puchner et al., 2007). NGF levels are reported to correlate with
customized centiles and birth weights of infants (Malamitsi and Puchner et al., 2007).
Reports indicate that Beta-NGF levels show developmental changes and may be used
to assess NGF utilization under normal and pathologic conditions (Haddad et al.,
1994).

Studies suggest that maladaptive or repeated activation of NGF, early during
postnatal life, may influence stress sensitivity at adulthood and increase vulnerability
for stress-related psychopathology (Cirulli et al., 2009). During early developmental
phases, experiences such as maternal deprivation or exposure to an enriched
environment are known to markedly affect NGF levels (Branchi et al., 2004). Further,
studies in rats have suggested that the offspring that were exposed to increased
maternal care had reduced methylation of transcription factor NGF-inducible A,
increased expression of hippocampal glucocorticoid receptor and a modest HPA
responses to stress (Champagne, 2008; Weaver, 2007). Environment enrichment is
reported to upregulate the expression of cellular signals that are involved in activity
dependent synapse formation involving neurotrophins such as NGF (van Praag et al.,
2000). Preeclampsia is known to be a stressful condition and increased oxidative
stress in women with preeclampsia has been reported by us earlier (Mehendale et al.,
2008).

Thus, our data suggests that neurotrophins may influence pregnancy outcome
possibly by regulating angiogenesis. Studies from our department have earlier
reported lower placental LCPUFA levels and altered fatty acid metabolism in

preeclampsia (Wadhwani et al, 2014; Kulkarni et al, 2010). Our department has also
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demonstrated that DHA influences global methylation levels in the placenta (Kulkarni
et al, 2011). It is therefore likely that the expression of neurotrophins may be
influenced by prenatal LCPUFA metabolism. Future studies need to examine the role
of DHA in epigenetically regulating neurotrophins on a larger sample size.

The current longitudinal study for the first time reports maternal and
cord NGF levels in women with preeclampsia and compares them with NC
women. Studies have shown that oxidative stress can regulate neurotrophins
such as NGF and BDNF. Our data suggests that higher cord NGF levels may
possibly be a response to higher oxidative stress observed in preeclampsia.

The next chapter therefore examines oxidative stress markers
throughout gestation in women with preeclampsia and also examines their

association with neurotrophins such as BDNF and NGF.
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CHAPTERS

Gestation Dependent Changes in Oxidative
Stress Markers and their Association with
Neurotrophins in Preeclampsia




5.1 Introduction

Oxidative stress is defined as a process resulting from an imbalance
between production of reactive oxygen species (ROS) and antioxidant capacity
that damages cell structures, including lipids, proteins and DNA. Reports
indicate that oxidative stress can influence neurotrophin levels. This study
therefore examines oxidative stress levels across gestation in women with
preeclampsia and compares it with normotensive women. Their association with
neurotrophins (BDNF and NGF), blood pressure and birth outcome is also

examined.

5.1.1 Free Radicals and Reactive Oxygen Species

A molecule with one or more unpaired electron in its outer shell is called a
free radical. Once formed free radicals participate in several reactions yielding ROS
(Ortiz et al., 2008). Free radicals such as superoxide, nitric oxide and hydroxyl
radicals and ROS such as hydrogen peroxide, peroxynitrite and hypochlorous acid are
produced in the body, primarily as a result of aerobic metabolism (Fang et al., 2002).
They play a dual role as both toxic and beneficial compounds, since they can be either
harmful or helpful to the body (Pham-Huy et al., 2008) (Fig. 26). A cross-talk of
molecular oxygen, nitric oxide and superoxide radicals regulates the circulation,
energy metabolism, apoptosis and functions as a major defense system against
pathogens (Inoue et al., 2003). In contrast, imbalance between ROS production and
antioxidant systems induces oxidative stress (Al-Gubory et al., 2010). Oxidative
stress may be detrimental in acquired immunity by activation of nuclear factor kappa
B, which governs gene expression involving various cytokines, chemokines and cell

adhesion molecules (Knight, 2000).
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Fig. 26: Dual Role of Reactive Oxygen Species
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Source: Modified from Finkel and Holbrook, 2000 Nature 408:239-47.

5.1.2 Biological Generation of ROS

ROS are a family of molecules that are continuously generated, transformed
and consumed in all living organisms as a consequence of aerobic life (Dickinson and
Chang, 2011). The main routes of their formation in living organisms include
interaction of physical agents with cells and organisms, auto-oxidation of biochemical
intermediates, xenobiotics and biochemical synthesis for defence (Bartosz, 2003).
Components of tobacco smoke, air pollutants, the metabolism of certain chemicals
and exposure to radiation lead to the origin of exogenous free radicals (Machlin
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and Bendich, 1987). Free radicals can originate endogenously from normal metabolic
enzymatic reactions involved in respiratory chain, phagocytosis, prostaglandin
synthesis and in the cytochrome P-450 system (Lobo et al., 2010). ROS such as
superoxide, hydrogen peroxide, single oxygen and lipid peroxides are derived from
many sources including mitochondria, xanthine oxidase, uncoupled nitric oxide

synthases and NADPH oxidase (Mueller et al., 2005).

5.1.2.1 Homocysteine

Homocysteine, which is biosynthesized from methionine in the one carbon
cycle is also known to be associated with oxidative stress. It has been suggested that
thiol group of homocysteine can rapidly auto-oxidize in circulation in the presence of
ceruloplasmin, the major copper binding protein in plasma, to form homocysteine and
hydrogen peroxide (H.0,), thereby generating oxidative stress (Starkbaum and

Harlan, 1986) (Fig. 27).
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Fig. 27: Mechanism of Oxidative Stress Leading to Pregnancy Complications
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superoxide anion, OH - hydroxy ion; NO - Nitric oxide; ONOO" - peroxy nitrite; SOD -
superoxide dismutase
5.1.3 ROS and Cell Damage

Excessive production of ROS can cause progressive oxidative damage and
ultimately cell death (Sharma et al., 2012). Free radicals and ROS are highly reactive
molecules that can cause tissue damage by reacting with polyunsaturated fatty acids in
cellular membranes, nucleotides in DNA and critical sulfhydryl bonds in proteins
(Machlin and Bendich, 1987). Specific ROS can lead to different molecular cell death
mechanisms such as necrosis and apoptosis (Valencia and Moran, 2004). The trigger
for diseases may be diverse but inflammation and/or oxidative stress may be basic

mechanisms increasing the severity or complicating the condition of the disease

(Chaudhari et al., 2014).
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5.1.4 Products of Oxidative Damage

Oxidative stress and oxidative modification of biomolecules are involved in a
number of physiological and pathophysiological processes such as aging,
artheroscleosis, inflammation, carcinogenesis and drug toxicity (Lobo et al., 2010).
Overproduction of ROS results in oxidative stress and is an important mediator of
damage to cell structures, including lipids and membranes, proteins and DNA (Valko

etal., 2007).

5.1.4.1 Lipid Peroxidation

ROS can react with the PUFA of lipid membranes and induce lipid
peroxidation (Barrera, 2012). Lipid peroxidation is known to be involved in
endothelial cell dysfunction in preeclampsia (Gupta et al., 2005). Phosphatidylcholine
hydroperoxide is the primary product of lipid peroxidation, which undergoes non-
enzymatic reactions, leading to the formation of 4-hydroxynonenal (HNE) and
malondialdehyde (MDA), secondary products of lipid peroxidation (Uchida, 2003;
Esterbauer et al., 1991). Lipid peroxidation products are known to regulate gene

expression, signalling and activate receptors (Noguchi et al., 2008; Niki, 2008).

5.1.4.2 Protein Oxidation

Proteins can be oxidatively modified in three ways: oxidative modification of
specific amino acid, free radical mediated peptide cleavage and formation of protein
cross-linkage due to reaction with lipid peroxidation products (Lobo et al., 2010).
Protein containing amino acids such as methionine, cysteine, arginine, and histidine
are the most vulnerable to oxidation (Freeman and Crapo, 1982). One of the

hallmarks of severe oxidative stress is the accumulation of oxidized proteins, which
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tend to form high molecular weight aggregates (Bader and Grune, 2006). Protein
aggregation occurs if protein repair and degradative systems are unable to act upon

oxidized proteins and restore cellular function (Squier, 2001).

5.1.4.3 DNA Oxidation

ROS can cause severe damage to DNA which can determine cell fate through
cell cycle arrest and DNA repair or the activation of apoptotic pathways (Barzilai and
Yamamoto, 2004). DNA bases are vulnerable to oxidative stress damage involving
hydroxylation, protein carbonylation and nitration (Lovell and Markesbery, 2007).
The main oxidation product in cellular DNA is 8-0x0-7, 8-dihydroguanine (Cadet et
al., 2014). Hydroxymethylcytosine, formylcytosine, and carboxylcytosine are
products generated by oxidation of methylated DNA (Delatte et al., 2014).
Oxidatively damaged DNA has been associated with aging, cancer and some

degenerative diseases (Chao et al., 2013).

5.1.5 Antioxidants

The human body has several mechanisms to counteract oxidative stress one of
which is by producing antioxidants, which are either naturally produced in situ
(endogenous), or externally supplied through foods and/or supplements (exogenous)
(Pham-Huy et al., 2008). Antioxidants including antioxidant enzymes and antioxidant
metabolites exert synergistic actions in scavenging free radicals and ROS (Fang et al.,
2002). Antioxidants act as safeguard against the accumulation of ROS and their
elimination from the system (Rajendran et al., 2014). However their target selectivity

and antioxidant effectiveness vary for different oxidants (Winterbourn, 2008).
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5.1.5.1 Antioxidant Enzymes

Antioxidant enzymes play a major role in ROS scavenging and changes of
their expression or/and activity are reported to be associated with several disorders
(Tokarz et al., 2013; Fujita et al., 2012). In order to overcome the oxidative damage,
there are some protective signalling pathways related to transcriptional upregulation
of antioxidant enzymes (Fujita et al., 2012). Antioxidant enzymes include superoxide
dismutase (SOD), catalase (CAT), glutathione transferase (GST), glutathione

reductase (GR) and glutathione peroxidases (GPx) (Fang et al., 2002).

Superoxide Dismutase

SODs were discovered by McCord and Fridovich between 1968-1969
(Buettner, 2011). They are major antioxidant enzymes for the removal of superoxide
radicals in different subcellular compartments (Huang et al., 2012). SOD is the first
line of defence against oxidative stress under physiological and pathological
conditions (Batini¢-Haberle et al., 2010). They catalyze the breakdown of the
superoxide anion into oxygen and hydrogen peroxide (Lobo et al., 2010). SODs
consist of three isoforms in mammals: the cytoplasmic Cu/ZnSOD (SOD1), the
mitochondrial MnSOD (SOD2), and the extracellular Cu/ZnSOD (SOD3) (Fukai and
Ushio-Fukai, 2011). The human gene for SOD1 has been localized to the 21g22.1

region of chromosome 21 that encodes the 32kDa homodimer (Levanon et al., 1985).

Glutathione Peroxidase
Cellular GPx was the first enzyme recognized as a selenoprotein. In GPx
selenium (Se) was found in the form of selenocysteine. The enzyme is a tetrameric

protein and is composed of four apparently identical subunits (Zachara, 1992). GPx
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protects the organism from oxidative damage by catalyzing the reduction of harmful
hydroperoxides with thiol cofactors (Pieczynska and Grajeta, 2015; Bhabak and
Mugesh, 2010). The selenocysteine residue at the active site of this enzyme forms a
"catalytic triad" with tryptophan and glutamine, which activates the selenium moiety
for an efficient reduction of peroxides (Bhabak and Mugesh, 2010). GPx removes
H,0, by using it to oxidize reduced glutathione (GSH) into oxidized GSH (Lobo et
al., 2010). A total of eight mammalian GPx are classified according to their functions
in the system (Ramming and Appenzeller-Herzog, 2013). GPx are involved in
signalling cascades, e.g. in the insulin signalling pathway by GPx1; GPx2 plays a dual
role in carcinogenesis depending on the mode of initiation and cancer stage; GPx3 is
membrane associated possibly explaining a peroxidatic function despite low plasma
concentrations of GSH; GPx4 has novel roles in the regulation of apoptosis and,
together with GPx5, in male fertility. Functions of GPx6 are still unknown, and the
proposed involvement of GPx7 and GPx8 in protein folding awaits elucidation

(Brigelius-Flohé and Maiorino, 2013).

Endothelial Nitric Oxide Synthase

Nitric oxide (NO-) is an important protective molecule in the vasculature, and
endothelial NO- synthase (eNOS) is responsible for most of the vascular NO-
produced (Forstermann and Minzel, 2006). eNOS couples with essential cofactor
(6R)-5,6,7,8-tetrahydro-L-biopterin (BH,) and catalyzes the conversion of arginine,
oxygen and NADPH to NO- and citrulline (Solomonson et al., 2003). Cardiovascular
risk factors such as hypertension, hypercholesterolemia, diabetes mellitus, or chronic
smoking stimulate the production of reactive oxygen species in the vascular wall

(Tousoulis et al., 2011). Superoxide reacts avidly with vascular NO- to form
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peroxynitrite which is known to accumulate in placental tissues in pregnancy
complications such as preeclampsia (Matsubara et al., 2015). Peroxynitrite oxidizes
BH,4 promoting superoxide production by eNOS (Férstermann and Minzel, 2006). It
is believed that new information about redox regulation of eNOS may point to ways

of controlling oxidative stress in the vasculature (Hoang et al., 2013).

5.1.5.2 Antioxidant Metabolites

Antioxidant metabolites or non-enzymatic antioxidants include GSH, arginine,
citrulline, taurine, creatine, selenium, zinc, vitamin E, C, A and tea polyphenols (Fang
et al., 2002). The section below discusses the role of GSH as it plays a role in the one

carbon cycle.

Glutathione

GSH was discovered in yeast cells in 1888 (Aoyama and Nakaki, 2013). It is
the main non-protein thiol in cells whose functions are dependent on the redox-active
thiol of its cysteine moiety that serves as a cofactor for a number of antioxidant and
detoxifying enzymes (Ribas et al., 2014). GSH is a small redox-active molecule
existing in two main stable forms: the thiol and the disulphide. Challenging
environmental conditions are known to alter this ratio, notably by inducing the
accumulation of GSSG (Rahantaniaina et al., 2013). GSH is responsible for supplying
reducing equivalents to neutralize hydrogen peroxide, a toxic oxidizing agent that is
produced during normal metabolism. Without GSH, hydrogen peroxide can rise to
toxic levels in tissues and blood where it can cause severe oxidative injury to organs
and to the microvasculature (Pravda, 2014). It is involved in nutrient metabolism,

antioxidant defence and regulation of cellular metabolic functions ranging from gene
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expression, DNA and protein synthesis to signal transduction, cell proliferation and
apoptosis (Aquilano et al., 2014). GSH is the major antioxidant in the brain, and as
such plays a key role in the detoxification of reactive oxidants (Carvalho et al., 2014;
Aoyama and Nakaki, 2013). Several antioxidant systems depend on GSH (Mailloux et

al., 2013).

5.1.6 Factors Affecting Oxidative Stress in Pregnancy

Pregnancy, placental abnormality and preexisting maternal constitutional
conditions are the major factors influencing placental oxidative stress (Yang et al.,
2012). Maternal factors like age, smoking, socioeconomic status (SES), infections,
and nutritional status influence oxidative stress (Langie et al., 2012). Modern lifestyle
including exposure to pollutants, poor diet and lack of exercise cause excess
inflammation, oxidative stress and ultimately DNA damage which increases the risk

of infertility, miscarriage and pregnancy complications (Furness et al., 2011).

5.1.6.1 Maternal Nutrition
Maternal diet, specifically the intakes of antioxidants and polyunsaturated fats
are implicated in the development of oxidative stress with subsequent effects on the

offspring health (Thornburg et al., 2010; Turpeinen et al., 1998).

Antioxidants

Antioxidant nutrients including vitamin E, vitamin C, vitamin Bg, beta-
carotene, zinc and selenium have a beneficial role in oxidative stress (Hsu and Guo,
2002). The reduced levels of trace elements associated with inadequate amount of

antioxidant enzymes are suggested to be important factors associated with oxidative
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stress leading to endothelial dysfunction in preeclamptic mothers (Negi et al., 2012).
Further, antioxidants have a beneficial role in early status of brain development in rats
against  oxidative stress  (Antonio-Garcia and Mass6-Gonzalez, 2008).
Complementation with micronutrients during pregnancy is an early and innovative
alternative to strengthen the prevention of chronic diseases in the population
(Ramirez-Vélez et al., 2011).

Oxidative stress resulting from folic acid deficiency is reported to be
responsible for neural tube defects (Wegrzyn et al., 2013). Low folate supply during
early life may leave an epigenetic mark that can predispose the offspring to further
dietary insults, causing adverse effects during adult life (Langie et al., 2013).
Supplementation with high-dose folic acid during pregnancy in mice is known to
protect against lipopolysaccharide-induced neural tube defects through its anti-
inflammatory and anti-oxidative effects (Zhao et al., 2014). Fortification of flour with
folic acid has a major impact on neural tube defects in many countries (Castillo-
Lancellotti et al., 2013).

Vitamin D supplementation for 9 weeks among pregnant women has been
reported to have beneficial effects on oxidative stress (Asemi et al., 2009). The
neuroprotective effect of vitamin D is associated with its influence on neurotrophin
production and release, neuromediator synthesis, intracellular calcium homeostasis,
and prevention of oxidative damage to nervous tissue (Wrzosek et al., 2013).

Vitamins A, C, E are potent antioxidants (Poston et al., 2011) but their effect
on oxidative stress markers has been inconsistent (Schnorr et al., 2011; Pasquali et al.,
2010). Supplementation of these vitamins during pregnancy to reduce the risk of
preeclampsia and preterm birth has not been consistent (Talaulikar and Manyonda,

2011; Bastani et al., 2011; Conde-Agudelo et al., 2011; Basaran et al., 2010; Pandey
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et al., 2000). Studies suggest a need to investigate the optimum dose and timing of
antioxidant administration (Woods et al., 2001; Buettner, 1993)

Selenium supplementation can up-regulate endogenous antioxidant systems
and protect trophoblast cells from oxidative stress (Watson et al., 2012). Studies have
reported that selenium could play an important role in adverse outcomes such as
miscarriages, neural tube defects, diaphragmatic hernia, premature birth, low birth
weight, preeclampsia, glucose intolerance and gestational diabetes (Mariath et al.,
2011). Antioxidant activity of selenium is via its incorporation into selenoproteins
such as glutathione peroxidase enzymes, levels of which have been shown to be
reduced in miscarriage and preeclampsia (Mistry and Williams, 2011). It is important
to maintain an adequate selenium supply in pregnancy complications (Khera et al.,
2013).

Zinc deficiency during foetal life and lactation induces an early decrease in
renal functional units, associated with a decrease in nitric oxide activity and an
increase in oxidative stress (Tomat et al., 2013). Zinc is a widely studied
microelement in infant feeding because it is a component of several enzymes involved
in intermediary metabolism ranging from growth to cell differentiation and
metabolism of proteins, carbohydrates, and lipids (Tomat et al., 2011).

Oxidative stress is a characteristic of copper (Cu) deficiency (Uriu-Adams et
al., 2005). In dietary-induced foetal growth restriction, Cu deficiency plays a major
etiologic role in the decrease of foetal growth and anti-oxidant capacity (Ergaz et al.,
2012). Premature and low birth weight infants can be born with low Cu stores which
may be due to increased oxidative stress (Uriu-Adams et al., 2010)

Iron, deficiency and excess, can result in free radical mitochondrial damage

(Casanueva and Viteri, 2003). Supplementation with Fe and particularly in
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combination with vitamins (riboflavin, folic acid) has been shown to improve the
haematological status as well as oxidative stress in anaemic pregnant women (Ma et

al., 2010).

Long Chain Polyunsaturated Fatty Acids

Cell membranes rich in LCPUFA are particularly susceptible to oxidative
stress (Shichiri, 2014). Oxidative stress promotes damage to plasma membrane
omega-3 fatty acids such as DHA thereby, disrupting neuronal signalling (Gomez-
Pinilla and Tyagi, 2013). Primary prevention of cardiovascular disease and mental ill
health starts, crucially, with maternal nutrition that includes consuming more omega-3
fatty acids to lower transient short-lived meal-induced oxidative stress (Robson,
2009).

Supplementation of omega-3 fatty acids have shown significantly reduced
lipid peroxidation, nucleic acid and protein oxidation, thereby promoting neuronal and
glial cell survival on brain tissue analysis of traumatic brain injury models (Kumar et
al., 2014).

Omega-3 fatty acid supplementation is reported to have beneficial effects on
oxidative stress supporting their role as antioxidants (Chaudhary et al., 2014;
Fernandez-Iglesias et al., 2013; Patten et al., 2013). Maternal dietary omega-3 fatty
acid supplementation during pregnancy is reported to reduce placental oxidative
damage and increase placental levels of pro-resolving mediators in rats (Jones et al.,
2014). However, omega 3 fatty acids are also known to be highly susceptible to lipid
peroxidation (Jones et al., 2013). During pregnancy the ability of DHA to alter
placental pro-oxidant/antioxidant balance is dependent on the DHA concentration

used and the gestational age of the placental tissue (Stark et al., 2013).
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5.1.6.2 Maternal Characteristics influencing Oxidative Stress
Age

Increase in the risk of preeclampsia with maternal age could be due to an
increase in oxidative stress associated with age (Hague et al., 2010, Tikhonova et al.,
2014). Studies in animals have shown that delayed childbearing results in shortening
of oviduct and somatic ovarian telomere length possibly due to increased oxidative

stress (Aiken et al., 2013) and this may lead to several complications in pregnancy.

Weight

Inadequate or excessive pregnancy weight gain can complicate both maternal
and foetal health (Agarwal et al., 2012). Maternal obesity (BMI, 30-43 kg/m?) is
known to be associated with increased markers of inflammation and oxidative stress
(Saben et al., 2014). Excess maternal weight gain during pregnancy elevates oxidative
stress indicating a possible increased risk of CVD development in later life
(Stefanovi¢ et al., 2012).

Increased oxidative stress is thought to be a very early response to poor
maternal nutrition and suboptimal environment in utero, and these effects are
exacerbated by accelerated postnatal growth (Tarry Adkins et al., 2013). Intrauterine
malnutrition is associated with significant oxidative stress in small for gestational age

neonates born at term to malnourished mothers (Gupta et al., 2004).

Socioeconomic Status
Lower SES is associated with higher oxidative stress and lower antioxidant
levels (Janicki-Deverts et al., 2009). Poor people age faster than rich people due to the

unhealthy environments and high oxidative stress to which they are exposed and
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results in socioeconomic differences in health (Adams and White, 2004). The
response of a person to resource scarcity depends on the harshness of their early-life

environment and increase in oxidative stress (Griskevicius et al., 2013).

Exercise

A well-planned program of exercise is an important component of a healthy
lifestyle and is also recommended during pregnancy (Golbidi and Laher, 2013).
Exercise training can promote the synthesis and release of nitric oxide, improve
angiogenesis and decrease oxidative stress (Gasiorowski and Dutkiewicz, 2013).
However excessive maternal activity during pregnancy is associated with smaller

foetal size in rural India (Rao et al., 2003).

Alcohol/ Smoking/ Drug Addiction

The adverse effects of smoking and alcohol on birth outcomes have been well
documented, and growing evidence indicates that exposure to either can delay the
time to conception possibly through increases in oxidative stress (Ruder et al., 2009).
Ethanol and nicotine, which harm the development of foetus, may induce both
oxidative and endoplasmic reticulum stress responses in human placental
trophoblastic cells (Repo et al., 2014). The ingestion of alcohol and/or cigarette
smoke during pregnancy can lead to the generation of ROS and produce an imbalance
in the intracellular redox state, leading to an overall increase in oxidative stress
resulting in abnormal foetal development (Dittrich et al., 2012). Smoking mothers are
reported to have more oxidative stress than non-smoking mothers (Aydogan et al.,

2013). Environmental tobacco smoke in the early postnatal period adversely affects
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pro-oxidative/antioxidative status within first weeks of life in very early infancy

(Noakes et al., 2007).

5.1.7 Oxidative Stress and Antioxidants in Preeclampsia

Reports indicate that decreased levels of antioxidants and increased lipid
peroxidation play an important role in the pathogenesis of preeclampsia (Genc et al.,
2011; Karacay et al., 2010; Rani et al., 2010; Gupta et al., 2009; Patil et al., 2007;
Rudra et al., 2006). Oxidative stress associated with preeclampsia may be a
consequence of reduced antioxidant defence pathways. It has been suggested that
GSH, GPx and antioxidant vitamin status contribute to the endothelial dysfunction
and hypertension in preeclampsia (Mistry et al., 2008; Krishna Mohan and
Venkataramana, 2007). Reduced levels of enzymatic antioxidants like SOD, catalase,
GPx and glutathione reductase (GSR) have also been observed (Dordevi¢ et al., 2008;
Vanderlie et al., 2008).

Several mechanisms have been proposed for the protection of developing
embryo from ROS. An internal protection system exists which is comprised of both
enzymatic and nonenzymatic antioxidant defences such as SOD, GPx and GSH
(Finkel 2000). In addition there also exists an association between ROS and the
enzyme eNOS which produces nitric oxide in endothelial cells which works as
vasodilator and has been linked with preeclampsia (Kim et al., 2006).

Studies from our department and other studies have reported an imbalance
between oxidative stress and antioxidants in women which is associated with poor
birth outcome in preeclampsia (Hilali et al., 2013; Mehendale et al., 2008; Kulkarni et
al., 2010). However, these results were observed when the pathology had progressed

and may have been secondary to the effects of the disease. Further, it is suggested that
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early pregnancy is susceptible to oxidative stress, and thus characterization of
antioxidant systems would improve the understanding of placental development and
function (Garrel et al., 2010).

Hypoxic conditions that prevail in the placenta after the first trimester increase
the production of ROS and leads to oxidative stress associated with preeclampsia
(Murray, 2012; Tal, 2012; van Patot et al., 2012). Oxidative damage leads to breaks in
DNA providing access to sites for DNA methyltransferases, which promote DNA
methylation (O'Hagan et al., 2011). Studies in humans and animal models have
reported that oxidative stress plays an important pathophysiological role in the foetal
programming of neurodevelopmental and metabolic diseases (Sartori et al., 2012,
Estringer et al., 2012). A compromised pregnancy such as preeclampsia may expose
the foetus to increased oxidative stress and through epigenetic changes may alter its
development in later life (Chen et al., 2013).

Several longitudinal studies have examined changes in oxidative stress
parameters across gestation in women with preeclampsia. However, these are on a
small sample size (Genc et al., 2011; Loverro et al., 1996). They have mainly
examined parameters like thiols, uric acid, thiobarbituric acid, vitamin E, vitamin C
and selenium (Anastasakis et al., 2008; Roes et al., 2006). They are on a
heterogeneous population and from varying ethnicities (Medrano Rodriguez et al.,
2008; Ademuyiwa et al., 2007; Jahn et al., 1997) and had women that smoked (Rudra
et al., 2006). These studies may be confounded by a heterogeneous population and
smoking that may result in altered oxidative stress levels (Szanton et al., 2012;
Noakes et al., 2007; Janicki-Deverts et al., 2009, Bizon et al., 2011). Further, there

are limited studies examining the association of maternal levels of oxidative stress
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markers with those in the cord blood (Mihailovi¢ et al., 2000) or birth outcome (Min
et al., 2009).

A departmental study in an animal model suggests that antioxidant defence
system of the brain may be programmed during the critical developmental windows
and may be the key mechanism leading to impaired cognition in later life (Roy et al.,
2013). We hypothesize that an abnormal antioxidant defence mechanism exists early
in pregnancy in mothers who develop preeclampsia. This may increase the risk for
adverse foetal programming of metabolic and neurodevelopmental disorders in later
life. Thus, there is a need to understand the levels of oxidative stress and antioxidant
enzymes from early gestation until delivery in women with preeclampsia and examine
their association with blood pressure (BP) and birth outcome.

This prospective study reports the maternal and cord MDA, SOD, GPx
and GSH levels at different gestational time-points in women who developed
preeclampsia as compared to normotensive controls (NC), associating it with the

birth weight and maternal systolic and diastolic BP.

5.2 Materials and Methods
5.2.1 Study Subjects

The recruitment of study population and the inclusion and exclusion criteria
are as mentioned in Chapter 3 (Section 3.2.1). Neonatal growth measures were

recorded as mentioned in Chapter 3 (Section 3.2.1).

5.2.2 Power of the Study
The power of the study based on our earlier cross sectional study on MDA

levels in mothers with preeclampsia using Power and Sample Size Calculation
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software (version 3.0.43) (Mehendale et al., 2008). For 3 controls per preeclampsia
subject we would need to study 46 preeclampsia subjects and 138 NC subjects to be
able to reject the null hypothesis. The incidence of preeclampsia in this population is
about 8-10% of total pregnancies. In view of this, during the period of our sample
collection 148 women for NC group were selected randomly among which 123 had
complete data for all three gestational time-points with cord blood samples. In case
of preeclampsia, a total of 63 women were recruited out of which 34 women had

complete data at all gestational time-points including cord samples.

5.2.3 Sample Collection, Processing and Storage
Blood sample collection was as described in Chapter 2 (Section 2.2.2) while

placental sample collection was as described in Chapter 3 (Section 3.2.2)

5.2.4 Biochemical Estimations

MDA levels were measured from maternal and cord plasma using the Oxis
Research TM Bioxytech® (New York, USA) MDA-586TM Spectrophotometric
Assay and are expressed as pM/mL. Levels of GPx were measured from maternal
and cord erythrocytes using Oxis Research TM Bioxytech® (New York, U.S.) GPx-
340TM Colorimetric Assay for Cellular Glutathione Peroxidase and are expressed as
mU/ml. SOD levels were measured from maternal and cord erythrocytes using
Cayman’s Superoxide Dismutase Assay Kit (Michigan, USA). SOD activity was
expressed as U/ml. GSH levels were measured in maternal and cord erythrocytes
using Cayman’s (Michigan, USA) Glutathione Assay Kit and was expressed as
MM/mL. eNOS levels were measured in placental homogenates using Quantikine

Human eNOS Quantikine ELISA Kit by R&D Systems and was expressed as pg/ml.
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5.2.5 Extraction of Total RNA, cDNA Synthesis and Quantitative Real Time

(RT)- PCR Assays

Isolation of total RNA, cDNA synthesis and mRNA levels of SOD, GPx,
GAPDH genes from NC and preeclampsia placental samples was performed. Total
RNA from placenta samples was isolated using Trizol method and quantified by the
Eppendorf Biophotometer Plus (Hamburg, Germany) by the method described by us
earlier (Meher et al., 2014). For each placental sample, 2 ug of RNA was reverse
transcribed to cDNA using the High-Capacity cDNA reverse transcription Kit from
Applied Biosystems (California, USA). RT-PCR for SOD, GPx and GAPDH were
erformed with the TagMan Universal PCR Master Mix (California, USA) using 7500
Standard Real Time PCR system from Applied Biosystems (California, USA). The
relative expression level of the gene of interest was examined with respect
to GAPDH. Relative expression levels of genes were calculated and expressed as 2°<'.
The following TagMan® primers were used inthis study: GAPDH

(Hs99999905_m1); SOD (Hs00829989_gH): GPx (Hs00166575_m1).

5.2.6 Statistical Analysis

The data were analyzed using the SPSS/PC+ package (Version 20.0, Chicago,
IL, USA). Continuous variables are reported as mean + S.D and discrete variables as
percent (%). Logo transformation was used for skewed distributions. Mean values of
the estimates of various parameters were compared at conventional levels of
significance (p<0.05 and p<0.01) using the independent ‘t’ test and one-way analysis
of variance (ANOVA). The data was also analyzed after adjusting for gestational age
and SES. Association between different parameters with birth outcome and BP were

analyzed after adjusting for maternal age, BMI, gestational age and SES. In the
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current study, the variable sample numbers for different time-points and different
parameters are due to either loss in the follow up of subjects at various time-points or
insufficient sample volume available. This study reports results before and after
adjusting for confounders such as SES and gestation suggesting the importance of
confounders and appropriate statistical tools while analyzing the data. However, most
of the studies reported in literature have not defined confounders while comparing

means of the parameters.

5.3 Results

5.3.1 Maternal and Neonatal Characteristics

The maternal body mass index (BMI) at all gestational time-points in women
with preeclampsia was higher (p<0.01 for all) than NC women. Systolic BP of women
with preeclampsia were higher (p<0.01 for all) at all time-points than NC women.
Diastolic BP were higher at T2 and T3 (p<0.01 for both) in women with preeclampsia
than NC women. The percentage of nulliparous women was higher in the

preeclampsia group compared to the NC group (70% vs. 45%, p<0.01) (Table 7).

112



Table 7: Maternal and Neonatal Characteristics

NC PE
(n=148) (n=63)
Maternal Characteristics
Age in years 26+ 4 26 + 8
BMI in kg/m®
Tl 22+3 25 £ 5**
T2 24+ 4 28 £ 6**
T3 25+4 30 £ 6**
Gestation in weeks (range)
Tl 19+2 18 £ 2**
T2 29+3 302
T3 39+1 37 + 3**
Sys BP in mmHg
Tl 112 +8 117 + 12**
T2 113 +8 122 + 13**
T3 120+ 9 142 + 18**
Dias BP in mmHg
Tl 73+7 74+8
T2 72+7 76 £ 9**
T3 78+ 6 94 + 12**
Education in n (%)
lower 35 22
higher 12 14
graduation 36 43
post graduation 18 21
Parity in n (%)
nulliparous 45 70
multiparous 55 30
Income in INR (range) 26+ 4 26+ 8
Neonatal Characteristics
Birth weight (Kg) 29+0.3 2.8+ 0.6**
Baby length (cm) 482+2.8 474 +£23
Baby head circumference (cm) 33.7+13 33.2+1.3*
Baby chest circumference (cm) 321+1.6 31.5+25*

Values are expressed as Mean * S.D.; *p<0.05, **p<0.01 as compared to NC; NC —
normotensive control; PE — preeclampsia;
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Neonatal characteristics show that birth weight (p<0.01), baby head and chest
circumference (p<0.05) were lower in preeclampsia group as compared to the NC

group (Table 7).

5.3.2 Maternal and Cord Malondialdehyde Levels

Maternal plasma MDA levels at T1 (p<0.01), T2 (p<0.01) and T3 (p<0.05)
were higher in women with preeclampsia than those in NC women. No difference in
cord plasma MDA levels were observed in preeclampsia group as compared to NC
group. Levels of MDA were lower at only T1 (p<0.01) and T2 (p<0.01) after
adjusting for gestational age and SES (Fig. 28 A & B).

In the NC group the MDA levels at T3 were significantly higher (p<0.01 for
both) than T1 and T2. Similarly cord levels were also higher (p<0.01 for both) than
T1 and T2. However in women with preeclampsia the levels of MDA did not vary

across gestation.
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Fig. 28: Levels of Maternal and Cord Plasma MDA at Different Time Points in
Normotensive Control Women and Women with Preeclampsia
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Values are expressed as Mean + SD; *p<0.05, **p<0.01 as compared to NC. A — before adjusting for
confounders; B — after adjusting for confounders; MDA - malondialdehyde; NC - normotensive
control; PE - preeclampsia; T1 - 16 to 20 weeks of gestation; T2 - 26 to 30 weeks of gestation; T3 - at
delivery.

5.3.3 Maternal and Cord Glutathione Peroxidase Levels

There was higher maternal erythrocyte GPx levels at T1 (p<0.05) and T3
(p<0.01) in women with preeclampsia than NC (Fig. 29 A). After adjustment for
gestational age and SES there were higher levels of GPx at only T3 (p<0.05) in
women with preeclampsia than NC women (Fig. 29 B).

In the NC group the GPx levels were significantly lower (p<0.01) at T3 than
T2. Cord GPx levels were lowest (p<0.01 for all) as compared to all the three i.e. T1,
T2 and T3 time-points. However in women with preeclampsia the levels of GPx did
not show any difference across gestation but was lowest (p<0.01 for all) in the cord as

compared to all the time-points.
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Fig. 29: Levels of Maternal and Cord Erythrocyte GPx at Different Time Points in
Normotensive Women and Women with Preeclampsia
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delivery
5.3.4 Maternal and Cord Superoxide Dismutase Levels
The levels of maternal erythrocyte SOD were lower at T2 (p<0.05), T3
(p<0.05) and in cord (p<0.05) in the preeclampsia group than NC group (Fig. 30 A).
After adjusting for gestational age and SES, SOD levels were lower at T2 (p<0.05),
T3 (p<0.01) and in cord (p<0.05) in preeclampsia group than NC group (Fig. 30 B).

There was no longitudinal difference within the NC and preeclampsia groups.
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Fig. 30: Levels of Maternal and Cord Erythrocyte SOD at Different Time Points in
Normotensive Control Women and Women with Preeclampsia
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Values are expressed as Mean = S.D.; *p<0.05, **p<0.01 as compared to NC. A — before adjusting for
confounders; B — after adjusting for confounders; NC - normotensive control; PE - preeclampsia; SOD —
superoxide dismutase; T1 - 16 to 20 weeks of gestation; T2 - 26 to 30 weeks of gestation; T3 - at delivery

5.3.5 Maternal and Cord Glutathione Levels

The maternal erythrocyte GSH levels at T1 (p<0.05) and T2 (p<0.05) were
lower in women with preeclampsia than NC women (Fig. 31 A). However, after
adjusting for gestational age and SES the GSH levels were lower only at T1 (p<0.05)
in women with preeclampsia than NC (Fig. 31 B).

In the NC group the maternal GSH levels showed reducing trend towards term
where the levels at T3 was lower (p=0.05) than T2 although it was not statistically

significant. However in women with preeclampsia the levels of GSH did not show

any difference across gestation.
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Fig. 31: Levels of Maternal and Cord Erythrocyte GSH at Different Time-Points in
Normotensive Control Women and Women with Preeclampsia
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adjusting for confounders; GSH - glutathione; NC - normotensive control; PE - preeclampsia; T1 -
16 to 20 weeks of gestation; T2 - 26 to 30 weeks of gestation; T3 - at delivery

5.3.6 Placental SOD and GPx Gene Expression
Placental GPx mRNA levels were lower (p<0.05) in women with
preeclampsia than in NC women (Fig. 32 A). However placental SOD gene mRNA

levels were comparatively higher in preeclampsia than NC group although it was not

statistically significant (Fig. 32 B).
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Fig. 32: Placental SOD and GPx Gene Expression
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Values are expressed as Mean + S.E.; *p<0.05 as compared to NC. A — expression of
SOD; B - expression of GPx; GPx — glutathione peroxidase; NC - normotensive control;
PE - preeclampsia; SOD — superoxide dismutase

5.3.7 Placental Endothelial Nitric Oxide Synthase Levels
Placental levels of eNOS were comparatively lower in preeclampsia than NC
group although it was not statistically significant (Fig. 33).
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5.3.8 Association of MDA with Blood Pressure
Maternal MDA was positively (r = 0.176, p = 0.049, n = 129) associated with

diastolic BP at T2 in the NC group but not in the preeclampsia group.

5.3.9 Association of SOD with Blood Pressure
Maternal SOD was positively (r = 0.267, p = 0.043, n = 62) associated with

diastolic BP at T1 in preeclampsia group.

5.3.10 Association of GPx with Blood Pressure and Birth Outcomes

Maternal GPx was negatively (r = -0.22, p = 0.02, n = 115) associated with
diastolic BP at T2 in NC group. Maternal GPx of T3 was negatively (r = -0.195, p =
0.035, n = 122) associated with birth weight in NC group while at T2 it was positively

(r=0.386, p =0.026, n = 37) associated with birth weight in preeclampsia group.

5.3.11 Association between Oxidative Stress Markers and Neurotrophins
Maternal MDA levels were negatively associated with BDNF at T2 (r = -
0.198, p = 0.028, n = 124) in the whole cohort and at T2 (r = -0.368, p = 0.020, n =

40) in women with preeclampsia.

5.4 Discussion

This study demonstrates some important findings in the preeclampsia group
(1) Higher plasma MDA levels at T1 and T2 (2) Higher erythrocyte GPx levels at T3
(3) Lower erythrocyte SOD at T2, T3 and in cord (3) Lower erythrocyte GSH levels
at T1 (4) Lower expression of GPx in the placenta (5) The cord GPx was lowest as

compared to maternal levels at all the three time-points (6) There was a positive
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association of maternal SOD with diastolic BP at T1 and positive association of
maternal GPx at T2 with birth weight. In addition in the NC group (1) MDA levels
were highest at term while GPx levels were lowest in cord (2) Positive association
between MDA and diastolic BP but a negative association between GPx and diastolic

BP at T2. (3) Negative association between GPx of T3 with birth weight.

5.4.1 Higher MDA Levels in Women with Preeclampsia

In the current study, maternal plasma MDA levels were higher in women with
preeclampsia at T1, and T2 as compared to NC women. However at delivery, the
difference between preeclampsia and NC women MDA levels were significant only
without adjusting for gestational age and SES. This is similar to studies which have
shown higher MDA levels in serum, plasma and placental tissue samples in women
with preeclampsia at delivery (Can et al., 2014; Siddiqui et al., 2013; Suhail et al.,
2009). Further, higher MDA levels during 20-23 weeks of gestation have been
reported in preeclampsia (Rudra et al. 2006, Anastasakis et al., 2008). Lipid
peroxidation has been shown to induce endothelial dysfunction in experimental
models, endothelial cell swelling, and damage cell membranes directly and reduced
endothelium-dependent vasorelaxation (Molyneux et al., 2002). It has been suggested
that higher MDA levels parallel the severity of preeclampsia (Wiktor and Kankofer,
2001). Reports indicate that oxidative stress is a cause of apoptosis in feto-placental
unit which predates abnormalities in the foetus and foetal growth restriction
(Nakatsukasa et al., 2013).

In the NC group MDA levels were highest at term and in cord blood. MDA
level in umbilical cord blood is suggested to serve as an indication of perinatal

oxidative stress (Gulbayzar et al., 2011). However, in women with preeclampsia the
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levels of MDA were high right from T1 and remained similar throughout suggesting
that this may be affecting the early developmental processes. MDA levels at T2 were
positively associated with diastolic BP in a normotensive pregnancy and support
studies which indicate that oxidative stress increases mid gestation possibly

elevating blood pressure in normal pregnancy (Casanueva and Viteri, 2003).

5.4.2 Higher GPx Levels in Women with Preeclampsia

In this study maternal erythrocyte GPx levels were higher at delivery in
women with preeclampsia as compared to NC women. There are several studies
which report higher GPx levels in mothers with preeclampsia at term (Krishna Mohan
and Venkataramana, 2007; Sharma et al., 2006; Llurba et al., 2004). In contrast lower
maternal serum levels of GPx have also been reported (Negi et al., 2012).

In the NC group, the GPx levels were lower at term and lowest in cord.
Similar trends were also observed in women with preeclampsia. This supports other
studies which report lower levels of antioxidants like GPx, SOD and GSH at term
(Patil et al., 2007; Davidge et al., 1992). In this study, the levels of GPx at T3 were
negatively associated with birth weight in normal pregnancy while on contrary at
delivery GPx levels were positively associated with birth weight in preeclampsia.
Further, higher GPx levels were associated with reduced diastolic BP in normal
pregnancy. Both the levels of GPx and MDA during T2 time-point and their
associations with blood pressure indicate that the level of oxidative stress during this
period of pregnancy affects endothelial functioning of the mothers. However further

studies are required to understand these associations.
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5.4.3 Lower SOD Levels in Women with Preeclampsia

In this study, lower levels of maternal erythrocyte SOD at T2, at delivery and
in cord was observed in preeclampsia as compared to control. It has been reported that
SOD levels are lower in women who develop preeclampsia at 10-14 and 20-24
weeks of gestation (Genc et al., 2011). Reports from cross-sectional studies indicate
lower maternal and cord SOD levels in women with preeclampsia (Negi et al., 2012;
Patil et al., 2009).

A positive association between maternal SOD and diastolic BP at T1 was
observed in the preeclampsia group. SOD is responsible for production of H,O, which
if not converted to H,O results in production of harmful radicals. It is reported that
accumulation of H,O, in kidney results in sustained hypertension and arterial BP
(Makino et al., 2003). However, treatment with SOD mimetics has been reported to

reduce blood pressure in rat models (Rodriguez-Iturbe et al., 2003).

5.4.4 Lower GSH Levels in Women with Preeclampsia

Maternal GSH levels were lower in women who develop preeclampsia as
compared to NC women at T1. Reports indicate that GSH and GSH-related enzymes
are involved in the metabolism and detoxification of cytotoxic compounds (Knapen et
al., 1999). However, no change in placental or serum GSH levels in women with
preeclampsia has also been reported (Das et al., 2012). A study in animals reports that
reduced GSH causes significant increase in blood pressure (Vaziri et al., 2000).

In the present study, higher levels of GSH were observed during early
pregnancy only in NC but not in preeclampsia women. Early embryos are sensitive to
oxidative stress and mitochondria are known to provide ATP for GSH production to

participate in the regeneration of NADPH (Dumollard et al., 2009).
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5.4.5 Lower Placental Expression of GPx Gene in Women with Preeclampsia

In this study, there was a lower expression of GPx gene in the placenta in the
preeclampsia group. This is in accordance with other studies that show highly
significant reductions in expression of GPx in placentae from women with
preeclampsia (Roland-Zejly et al., 2011; Mistry et al., 2010). The placenta is known
to synthesize extracellular GPx (Avissar et al., 1994). Reduced expression of GPx and
increased levels of GPx in maternal blood observed in this study may be due to the

placental pathology of preeclampsia.

5.4.6 Lower Placental eNOS Levels in Women with Preeclampsia

In our study, the levels of eNOS were comparatively lower in preeclampsia
than NC group but it was not statistically significant possibly due to small sample
size. The altered production of nitric oxide may influence the reduced placental blood
flow associated with preeclampsia. Our findings support earlier studies which report
lower placental tissue of nitric oxide synthase in preeclampsia (Brennecke et al.,

1997; Morris et al., 1995).

5.4.7 Negative Association between MDA and BDNF in Women with
Preeclampsia

In this study maternal MDA levels were negatively associated with BDNF at
T2 in the whole cohort and in women with preeclampsia. Oxidative stress is a factor
that has been identified as important in the pathogenesis of neurological diseases
(Crane, 2014). Antioxidant enzymes are associated with, and in some cases, prevent

neuronal death in animal models of neurodegenerative diseases (Fujita et al., 2012).
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Oxidants can traverse cell membranes to increase ROS and lipid peroxidation,
activate different proteins and lead to DNA damage (Lewén et al., 2000). It has been
shown that hydrogen peroxide treatment is capable of inducing apoptosis in nerve
cells, which was released through the mitochondrial pathway under oxidative stress
(Luo et al., 2010).

Growth factor signalling has the ability to control oxidative phosphorylation
(Patel et al., 2013). The dual action of BDNF in neuronal metabolism and synaptic
plasticity is crucial for activating signalling cascades under the action of diet and
other environmental factors, using mechanisms of epigenetic regulation (Gomez-

Pinilla and Tyagi, 2013; Jain et al., 2013).

This study demonstrates increased oxidative stress right from early
pregnancy in women who develop preeclampsia. Studies from our department
have earlier demonstrated and discussed that an altered one carbon cycle leads
to increased homocysteine levels, thereby increasing the oxidative stress
(Kulkarni et al. 2011). The inability of antioxidant enzymes to cope with
increasing oxidative stress levels in women with preeclampsia is observed in this
study.

This study also shows a negative association between oxidative stress and
BDNF early in pregnancy in women who develop preeclampsia. Oxidative stress
may cause epigenetic changes of antioxidant enzymes and neurotrophins in
pregnant women increasing their risk to develop preeclampsia. It is likely that
there may be epigenetic changes occurring at the gene specific level for
antioxidant enzymes which can be studied further. Therefore, studies in our

laboratory are currently focusing on the epigenetic mechanisms to explain the
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increased oxidative stress in women with preeclampsia. These changes can link
maternal nutrition, oxidative stress, altered placental development and foetal

programming of adult NCDs.
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SUMMARY




The present thesis entitled ‘“Neurotrophins and Oxidative Stress in
Preeclampsia” examines the levels of neurotrophins and oxidative stress markers in a
cross sectional study on women recruited at delivery as well as in a prospective study
at various time points across gestation. The cross sectional study was carried out on
95 normotensive control women and 106 women with preeclampsia (those delivering
at term [n = 60] and those delivering preterm [n = 46]). The prospective study
followed pregnant women at three time points i.e. 16 - 20 weeks of gestation (T1), at
26 - 30 weeks of gestation (T2) and the third at delivery (T3) and included 148
normotensive women women and 63 women with preeclampsia. The hypothesis of
the study is “Oxidative stress, through the dysregulation of the one carbon cycle leads
to altered levels and expression of antioxidant enzymes and neurotrophins in
preeclampsia.”

Preeclampsia is a pregnancy related disorder characterized by hypertension
and proteinuria that develops after 20 weeks of gestation and the precise origins are
unknown. Maternal nutrition is an important factor that contributes to adverse
pregnancy outcomes such as preeclampsia. Studies carried out earlier in our
department have shown altered levels of micronutrients (folic acid and vitamin Bjy),
lower docosahexaenoic acid (DHA), increased homocysteine and altered angiogenic
balance at the end of pregnancy in women with preeclampsia. However, these results
were observed when the pathology had progressed and may have been secondary to
the effects of the disease.

Aberrations in the one carbon cycle leading to increased homocysteine have
been suggested to induce oxidative stress. Oxidative stress is defined as an imbalance
between the generation of reactive oxygen species and the antioxidants that prevent

oxidative damages. Antioxidants like superoxide dismutase (SOD), catalase and
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glutathione peroxidase (GPx) are known to play a key role in combating oxidative
stress. Studies have shown that oxidative stress regulates neurotrophins such as nerve
growth factor (NGF) and brain derived neurotrophic factor (BDNF). These
neurotrophins play an important role in the implantation, placental development and
foetal growth. It is likely that an imbalanced one carbon cycle epigenetically
influences the expression of various growth factors like neurotrophins and antioxidant
enzymes. This will lead to pregnancy complications like preeclampsia and increase
risk for diseases in children at later life. (Fig. 34)

Fig. 34: Altered One Carbon Metabolism Leads to Epigenetic Modification of
Vital Genes (Antioxidant Enzymes and Neurotrophins) Resulting in Preeclampsia
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This is of significance since it is known that children born to mothers with
preeclampsia are said to be at increased risk for developing behavioral problems
during childhood and schizophrenia in later life.

The current study examines the levels of oxidative stress markers and
neurotrophins from early pregnancy in women who develop preeclampsia. Further,
the association of these parameters with blood pressure (BP) and birth outcome are

also examined.

The Novel Findings from the Cross Sectional Study

This study for the first time demonstrates the following interesting findings

1. Women with preeclampsia (both delivering at term and preterm) had lower
BDNF levels as compared to NC women.

2. Cord BDNF levels were higher in women with preeclampsia (term and
preterm) as compared to the normotensive group.

3. Among the preeclampsia groups it was lower in the preterm-PE group as
compared to the term-PE group. This may be due to either a preferential
transport for brain-sparing in babies born to women with preeclampsia or
impaired BDNF receptor signalling. Reduced cord BDNF levels observed in
the current study may have implications for neonates born to women with
preeclampsia delivering preterm, since they may be at increased risk of
neurodevelopmental disorders in later life.

4. Maternal BDNF levels showed a negative correlation with blood pressure.
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Our data based on altered angiogenesis reported earlier from our department
and the reduced levels of BDNF in preeclampsia in the present study
highlights the need to understand possible mechanisms underlying the
association between angiogenesis and neurotrophins like BDNF in

preeclampsia.

The Novel Findings from the Prospective Study:

Women with preeclampsia demonstrated the following

1.

Higher plasma malondialdehyde (MDA) levels at T1 and T2 as compared to
NC women indicating presence of increased oxidative stress in women with
preeclampsia from early pregnancy.

Higher erythrocyte GPx levels at T3 as compared to normotensive control
women.

Lower erythrocyte SOD at T2, T3 and in cord as compared to NC women.
Lower erythrocyte GSH levels at T1 as compared to NC women.

Lower expression of GPx in the placenta of women with preeclampsia as
compared to NC women. The placenta is known to synthesize extracellular
glutathione peroxidase and reduced expression observed in this study may be
due to the placental pathology of preeclampsia.

Lower maternal BDNF levels at T1 and T3 in women with preeclampsia than
those in NC women may be partly responsible for abnormal foeto-placental
development in preeclampsia.

Lower levels of cord BDNF was also observed in preeclampsia which may

have long-lasting consequences in their babies.
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8. The lower placental BDNF gene expression levels observed in women with
preeclampsia may be associated with impaired placental development in
preeclampsia.

9. Maternal NGF levels in women with preeclampsia were comparable to NC
women at all time points.

10. Cord NGF levels at delivery were higher in women with preeclampsia as
compared to NC women

11. A negative association was observed between maternal diastolic BP and NGF
levels at T1 in women with preeclampsia.

12. There was a positive association between cord NGF levels and baby head and

chest circumference in the whole cohort.

The current study demonstrates increased oxidative stress from early
pregnancy in women who develop preeclampsia. This study also shows the inability
of antioxidant enzymes to cope with increasing oxidative stress levels in women with
preeclampsia. Lower maternal BDNF levels in women with preeclampsia during early
pregnancy may be implicated in the improper placental development. This study also
shows a negative association between oxidative stress and BDNF early in pregnancy
in women who develop preeclampsia. It is likely that oxidative stress may be
associated with epigenetic changes of antioxidant enzymes and neurotrophins in

preeclampsia.

IMPLICATIONS OF THE STUDY

This study for the first time examines the levels of oxidative stress markers

and neurotrophins from early pregnancy in women who develop preeclampsia. The
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current study provides a plausible molecular mechanism leading to preeclampsia. Our
findings suggest that altered levels of neurotrophins and oxidative stress may affect
the placental development in preeclampsia. Lower levels of BDNF in the cord may

have implications for altered neurodevelopment in children born with preeclampsia.

SOCIETAL RELEVANCE OF THE STUDY

The incidence of preeclampsia is increasing in developing countries like India
making it an important health issue. Therefore, there is an urgent need to understand
the mechanisms of preeclampsia in order to develop strategies for prevention and
treatment. The current study highlights the role of oxidative stress and neurotrophins

in the pathophysiology of preeclampsia from early pregnancy.

FUTURE DIRECTIONS

Future studies need to be undertaken to examine gene specific methylation of
the antioxidant enzymes and neurotrophin genes. This will help in understanding the
epigenetic mechanism involved in the pathogenesis of preeclampsia. There is also a
need to follow-up children born to mothers with preeclampsia to identify whether they

are at risk of developing neurodevelopmental disorders in later life.
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