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1.0 Introduction and Genesis of the Thesis 

 

1.1. Nutritional Status of Mother and Pregnancy Outcome 

Studies have well established the need for adequately balanced nutrition 

during pregnancy for the well-being of both the mother and the growing fetus 

(Wood-Bradley et al., 2013). It is known that during pregnancy, the mother adapts 

her metabolism to cope with the nutritional needs of the fetus (Bautista and 

Zambrano, 2010) and any alterations in maternal nutritional intake or metabolism 

may irreversibly affect the growth and development of the fetus (Chapman et al., 

2000). Suboptimal maternal nutrition, is known to compromise fetal development 

during pregnancy (Ojha et al., 2013) and is associated with low pregnancy weight 

gain and increased infant morbidity and mortality (Lartey, 2008). Reports indicate 

that in developing countries, vital nutritional deficiencies are common and can lead 

to adverse maternal and fetal health (reviewed by Abu-Saad and Fraser, 2010). 

Maternal diet is composed of both macro- and micro-nutrients which are critical in 

determining the growth of the fetus (reviewed by Rao et al., 2012). 

 

1.1.1 Components of Nutrition 

1.1.1.1. Macronutrients 

Macronutrients include carbohydrates, proteins and lipids. Carbohydrates are 

energy giving nutrients and diseases such as obesity, type 2 diabetes mellitus, 
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hypertension and coronary heart disease are reported to be associated with high 

intake of carbohydrates (Hauner et al., 2012). Fruits, vegetables, legumes and whole 

grains are rich sources of carbohydrates. Proteins, also known as “building blocks of 

body tissue” are made up of amino acids linked together by peptide bonds. Dietary 

proteins promote growth, repair damaged cells and tissues and synthesize hormones. 

It has been reported that protein energy malnutrition leads to impairment of immune 

function and increase the vulnerability to infectious diseases (reviewed by Faria et 

al., 2013). Milk, milk products, pulses and eggs are good sources of protein. Lipids 

include sterols, phospholipids and triglycerides, which are primarily made up of 

glycerol and fatty acids and are the basic building material of cellular membranes 

(Fahy et al., 2009). Oils, milk, cheese, yogurt and butter are rich sources of fat.  

1.1.1.2. Micronutrients 

Micronutrients include vitamins and trace elements and are required in small 

quantities to carry out various physiological functions (reviewed by Shenkin, 2006). 

Vegetables and fruits serve as rich sources of micronutrients (Mirzaeian et al., 2013). 

Some of the key micronutrients which play a role in determining pregnancy outcome 

are listed below 

a. Folate (Vitamin B9)  

Folate is naturally found in a wide variety of foods, including vegetables 

(particularly dark green leafy vegetables), fruits, fruit juices, nuts, beans, peas, dairy 

products, poultry, meat, eggs, seafood and unprocessed grains (Dietary supplement 

fact sheet: Folate, retrieved in 2014). It plays a key role in various functions of the 

central nervous system, synthesis of purines, thymidine, nucleotides and DNA; 
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genomic and nongenomic methylation (reviewed by Reynolds, 2014). Maternal 

folate status during pregnancy plays a key role in determining pregnancy outcome. 

b. Vitamin B12 (Cobalamin) 

 Vitamin B12 is naturally found in animal products, including fish, meat, 

poultry, eggs, milk and milk products. It is an essential coenzyme and plays a key 

role in the regulation of the one-carbon cycle (Ho et al., 2013). It is transported into 

all other cells only when bound to another transport protein, transcobalamin II. 

Vitamin B12 deficiency is attributed to low dietary intake (i.e. a low intake of animal-

source foods) and its malabsorption (Allen, 2008). An increase in the levels of 

methylmalonic acid and/or total homocysteine (hyperhomocystenemia) indicates 

vitamin B12 deficiency (Wiersinga et al., 2005). In Asia, dietary vitamin B12 

deficiency is predominant among vegetarians and remains a severe problem in the 

Indian subcontinent, Mexico, Central and South America and selected areas of Africa 

(Stabler and Allen, 2004). Deficiency of vitamin B12 results in irreversible 

haematological and neurological consequences such as megaloblastic anaemia, 

tingling and numbness of the extremities, visual disturbances, memory loss and 

dementia (Gröber et al., 2013).  

c. Trace Elements 

Deficiencies of several micronutrients such as zinc, iron and iodine have been 

observed during pregnancy and are known to adversely affect pregnancy outcome 

(Pathak et al., 2007). Studies in both animals and humans have shown that zinc 

deficiency affects brain development and cognitive performance (Levenson and 

Morris, 2011; Bhatnagar and Taneja, 2001). Iron deficiency in infancy has been 
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shown to affect myelination (Algarín et al., 2013) and cause brain and behavioral 

deficits in rodent models (Unger et al., 2012).  

 

1.1.2 Micronutrients and Long Chain Polyunsaturated Fatty Acids (LCPUFA) 

Human and animal studies from our department have demonstrated the 

beneficial effects of maternal micronutrients (folic acid and vitamin B12) before 

conception and during pregnancy in influencing the growth and development of the 

fetus (Meher et al., 2013; Sable et al., 2013; Wadhwani et al., 2013a,b; Dhobale et 

al., 2012; Dangat et al., 2011; Kulkarni et al., 2011a). Micronutrients like folic acid 

are also known to alter the levels of long chain polyunsaturated fatty acids 

(LCPUFA) (Pita and Delgado, 2000). Studies conducted in our department on both 

animals and humans have indicated that micronutrients (folic acid, vitamin B12) and 

LCPUFA, especially docosahexaenoic acid (DHA), are interlinked in the one-carbon 

cycle, and are associated with pregnancy complications (Wadhwani et al., 2012; 

Kulkarni et al., 2011a; Sable et al., 2011; Kale et al., 2010) (Figure 1.1). 
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Figure 1.1: Micronutrients and LCPUFA in the One-Carbon Cycle 

 

1.2. Long Chain Polyunsaturated Fatty Acids (LCPUFA) 

LCPUFA and their metabolites play wide range of physiological roles such as 

energy provision, membrane structure, fluidity, flexibility and selective permeability 

of cellular membranes, cell signaling and regulation of gene expression (reviewed by 

Catalá, 2006). There are two main families of LCPUFA namely omega-6 and omega-

3 fatty acids which are derived from linoleic acid (LA) and alpha linolenic acid 

(ALA).  LA and ALA constitute a major part of dietary essential fatty acids and are 

precursors of fatty acids of longer and more unsaturated chain i.e. arachidonic acid 

(AA) and docosahexaenoic acid (DHA) (Youdim et al., 2000). 

During pregnancy, the developing fetus requires considerable amounts of 

LCPUFA for rapid cellular growth and activity (reviewed by Jones et al., 2014; 
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reviewed by Herrera, 2002). Reports indicate that both the maternal LCPUFA status 

and placental function are critical for their supply to the fetus (Larqué et al., 2012). 

Evidence from observational studies and randomised trials suggest a potential 

association between intake of omega-3 fatty acids during pregnancy and birth 

outcomes (reviewed by Imhoff-Kunsch et al., 2012). 

LCPUFA are structural elements of cell membranes and are precursors of 

prostaglandins. Throughout gestation, there is accretion of maternal, placental and 

fetal tissue and consequently the LCPUFA requirements of pregnant women and 

their developing fetuses are high, especially in the last trimester of pregnancy (Al et 

al., 2000). Maternal DHA and AA are known to influence neural development, 

including vision, cognition and motor functions in the offspring (reviewed by 

Koletzko et al., 2008). Previous studies from our department have also highlighted 

the importance of LCPUFA in determining pregnancy outcomes (Dhobale et al., 

2011; Dangat et al., 2010; Kilari et al., 2010, 2009; Mehendale et al., 2008). 

LCPUFA being important constituents of cell membrane phospholipids are 

highly susceptible for lipid peroxidation by the increased oxidative stress (Araya et 

al., 2004). Oxidative stress is now recognized to play a central role in the 

pathophysiology of many different disorders including complications of pregnancy 

like preeclampsia (Pimentel et al., 2013). Studies from our department on pregnant 

women have also demonstrated the presence of increased oxidative stress in 

preeclampsia and preterm pregnancies (reviewed by Dhobale and Joshi, 2012; 

Mehendale et al., 2008).  
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1.3. Oxidative Stress 

Oxidative stress is an imbalance between excessive production of reactive 

oxygen species (ROS) and inadequate antioxidant defence mechanisms (reviewed by 

Poljsak, 2011).  

ROS are products of normal cellular metabolism. An overproduction of ROS 

(arising due to mitochondrial electron-transport chain or excessive stimulation of 

nicotinamide adenine dinucleotide phosphate (NADPH) leads to oxidative stress. 

This is an important mediator of damage to cell structures and can cause increased 

oxidation of DNA, proteins and membrane phospholipids (reviewed by Valko et al., 

2007) as shown in the figure (Figure 1.2). Oxidative stress is known to play an 

important role in the pathogenesis of various cardiovascular diseases (reviewed by 

Majzunova et al., 2013). 
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Figure 1.2: Oxidative Stress Affecting Cells 

 

1.4. Oxidative Stress and Pregnancy Outcome 

Oxidative stress is the first event as a result of pregnancy that generally 

increases metabolic stress. During pregnancy the rapidly growing fetus has increased 

cellular activity which leads to increased oxidative stress (reviewed by Al-Gubory et 

al., 2010). It is well known that deficiencies of micronutrients like folate and vitamin 

B12 leads to elevated plasma homocysteine concentrations (reviewed by Simpson et 

al., 2010). Increased oxidative stress occurs through oxidation of the highly reactive 

thiol group of homocysteine (reviewed by Jacobsen, 2000) or by reducing nitric 

oxide concentrations (Förstermann, 2010). Maternal hyperhomocysteinemia has been 

reported to be associated with placental-mediated diseases, such as preeclampsia, 

spontaneous abortion and placental abruption (Micle et al., 2012). Maternal oxidative 
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stress has been shown to decrease the placental antioxidant enzymes playing a key 

role in the development of placental-related diseases (Poston et al., 2011). 

It also results in the excess release of placental factors, such as soluble fms-

like tyrosine kinase-1 (sFlt-1) which is the soluble receptor for vascular endothelial 

growth factor (VEGF) into the maternal circulation, where they trigger an 

inflammatory response and endothelial dysfunction in pregnancy complications 

(Borzychowski et al., 2006). Recent study suggests that maternal oxidative stress is 

associated with lower body weight/head circumference and small for gestational age 

(SGA) infants (Weber et al., 2014). 

 

1.5. Pregnancy Complications 

Over half a million women each year and approximately 800 women every 

day, die from complications related to pregnancy and childbirth (WHO, 2012). 

Mothers, who survive, often suffer for the rest of their life from medical and 

emotional problems with high monetary cost and poor quality of life. Maternal 

mortality is reported to be higher in women living in rural areas and among poorer 

communities and reports indicate that almost 99% of all maternal deaths occur in 

developing countries. 

The worldwide status of maternal mortality is as shown in Figure 1.3 and 

according to a report on trends in maternal mortality between 1990 to 2010, India 

accounts for one third of global maternal deaths (WHO, 2012). 
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Source: WHO Report, 2012
 

Figure 1.3: Maternal Mortality Status (Worldwide) 

 

Pregnancy complications such as preeclampsia, IUGR, placental abruption, 

pregnancy loss, stillbirth etc. are the leading causes of death among women of 

reproductive age (Duley, 2009). These complications are primarily of placental 

origin (Kovo et al., 2013). 

 

1.6. Preeclampsia 

1.6.1 Definition of Preeclampsia 

Preeclampsia is a disorder of pregnancy and is primarily defined by the 

occurrence of new-onset hypertension plus new-onset proteinuria during pregnancy. 

Hypertension is defined as ≥140 mmHg systolic blood pressure and/or ≥90 mmHg 



 

- 11 - 

diastolic blood pressure. Proteinurea is defined as urinary excretion of 300mg protein 

or higher in a 24 hr urine specimen or 1+ or higher in a dipstick test conducted on 

two random urine samples collected at least 4 hrs apart or protein/ creatinine ratio 

greater than or equal to 0.3 (ACOG, 2013).  

 

1.6.2 Prevalence of Preeclampsia 

Preeclampsia is one of the most severe complications of pregnancy (reviewed 

by von Dadelszen and  Magee, 2014; Hebisch, 2003). It is reported to have a 

prevalence of 9.5% worldwide (Direkvand-Moghadam et al., 2013) and is one of the 

leading causes of both maternal morbidity and mortality (Ghulmiyyah and Sibai, 

2012). In developing countries, the prevalence of preeclampsia ranges from 1.8% to 

16.7% (reviewed by Osungbade and Ige, 2011).  

A rise by 25% in the occurrence of preeclampsia has been reported in 

developed countries such as USA (Wallis et al., 2008). Further, in developing 

countries like India, the incidence of preeclampsia, eclampsia, maternal 

complications and maternal and neonatal mortality rates are very high due to poor 

prenatal care, access to hospital, insufficient availability of resources as well as 

inappropriate diagnosis and management of patients (Ghulmiyyah and Sibai, 2012). 
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1.6.3 Risk Factors of Preeclampsia 

Women with a history of previous preeclampsia are reported to be at higher 

risk of preeclampsia and other adverse pregnancy outcomes in subsequent 

pregnancies. The magnitude of this risk depends upon gestational age at the time of 

disease onset, severity of disease and presence or absence of pre-existing medical 

disorders (Barton and Sibai, 2008). Hypertension, diabetes mellitus, obesity, family 

history, nulliparity, multiple pregnancies and thrombotic vascular disease are the 

known risk factors for preeclampsia (reviewed by Al-Jameil et al., 2014). The 

occurrence of preeclampsia is more among nulliparous than multiparous women (Loi 

et al., 2007) and in both, women under 20 years of age as well as in advanced 

maternal age (>35 years) (Lamminpää et al., 2012). Further, the prevalence of 

preeclampsia is higher in women with a history of preeclampsia, hypertension and 

infertility (Direkvand-Moghadam et al., 2013). 

 

1.6.4 Placental Development in Preeclampsia 

Mammalian placenta is the first specialized organ formed during the 

development of embryo and is required for the normal growth and development of 

the fetus. It plays an important role in the exchange of nutrients and waste products 

between maternal and fetal circulatory systems (Gude et al., 2004). Fetal growth and 

development requires the proper arrangement of blood vessels in the placenta 

(Arroyo and Winn, 2008; Kingdom et al., 2000). Normal placentation is important to 

avoid complications in pregnancy and diseases later in life. The aetiology of 

pregnancy disorders, caused due to poor placentation may be due to decreased 
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interaction between the trophoblasts and the endometrium/deciduas (reviewed by 

Bjercke, 1999). Implantation is to a large extent controlled by a complex interplay 

between surface molecules on trophoblasts and cells in the uterus, where, different 

cytokines, enzymes, receptors and adhesion molecules play an essential role 

(reviewed by van Mourik et al., 2009). Further, sufficient uteroplacental blood flow 

is essential for normal pregnancy outcome which is accomplished through 

coordinated growth and remodelling of the entire maternal uterine vasculature 

(Mandala and Osol, 2012). Constant maternal hypertension leads to alterations in the 

vascular integrity of the placenta, thereby adversely affecting the fetal blood supply 

leading to stunted growth and subsequently resulting in LBW or fetal death (Kang 

and Struben, 2008). 

Preeclampsia is known to occur as a consequence of disturbed growth and 

remodelling of the maternal uterine vasculature. It develops in stages; beginning with 

inadequate placental cytotrophoblastic invasion and remodelling of uterine arteries. It 

results in disturbed angiogenesis and vasculogenesis, reduced placental blood flow, 

coupled with low oxygen concentration and oxidative stress, leading to impaired 

placental functions (Redman et al., 2014; Guibourdenche et al., 2013; Kang and 

Struben, 2008). This causes edema and widespread maternal endothelial dysfunction 

(Powe et al., 2011) (Figure 1.4). 
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Figure 1.4: Probable Mechanism of Preeclampsia 

 

Preeclampsia results in fetal intrauterine growth restriction (IUGR), 

(Caniggia et al., 2000). Developmental stages of preeclampsia involves reduced 

uteroplacental interface in the first trimester and reduced cytotrophoblastic plugging 

and incomplete transformation of the spiral arteries in later pregnancy as shown in 

Figure 1.5 (Jauniaux et al, 2006). 
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Figure 1.5: Developmental Stages of Preeclampsia 

 

1.6.5 Maternal and Fetal Consequences of Preeclampsia 

a. Maternal Consequences 

Epidemiologic and experimental studies provide a strong link between 

exposure to preeclampsia and subsequent risk of diseases in women. Untreated 

preeclampsia leads to a more serious condition known as eclampsia. Preeclampsia 

triggered metabolic stress causes vascular injury, thus contributing to the 

development of cardiovascular disease (CVD) and/or chronic kidney disease (CKD) 

in future (reviewed by Al-Jameil et al., 2014; Anderson, 2007; Manten et al., 2007). 

Women with preeclampsia are reported to experience worse perinatal outcomes as 

compared to women with isolated gestational hypertension (Ray et al., 2001). 
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b. Fetal Consequences 

Almost four million deaths occur every year across the globe in the first 

month of life (Lawn et al., 2005). These neonatal deaths take place mostly (99%) in 

low-income and middle-income countries. In India alone, around one million babies 

die each year before they complete their first month of life, contributing to one-

fourth of the global burden (reviewed by Upadhyay et al., 2012). Pregnancy 

disorders contribute to neonatal mortality and severe preeclampsia is reported to be a 

significant risk factor for intrauterine fetal demise, with estimated stillbirth rate of 21 

per 1000 (reviewed by Backes et al., 2011). Prenatal exposure to both preeclampsia 

and eclampsia are associated with increased risk for cardiovascular diseases 

(Anderson, 2007) and neurodevelopmental disorders in children in later life. A large 

number of retrospective and prospective studies have well established the link 

between adverse embryonic, fetal or infant environment and long-term health 

consequences on the adult organism and this concept is referred to as the 

Developmental Origins of Health and Disease (DOHaD) (reviewed by Hanson and 

Gluckman, 2008). 

 

1.7. Pregnancy and Developmental Origins of Health and Disease (DOHaD) 

Pregnancy is a period during which there is extensive physiological stress, 

and adaptation to this stress requires a number of coordinated adjustments in the 

maternal physiological state. In order to maintain maternal homeostasis, there is a 

need for proper regulation of energy, fluid and electrolyte balance to meet the needs 

of the rapidly growing fetus (Gilbert et al., 2013). Any alteration in the maternal-fetal 
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balance results in a suboptimal intrauterine environment leading to adverse 

pregnancy outcomes (reviewed by Guilloteau et al., 2009). These changes are 

mediated through permanent effects on growth, structure and metabolism which 

influence the fetal and postnatal life thereby increasing the risk of non-communicable 

diseases (NCDs) in adult life (reviewed by Fall, 2013; reviewed by Barker, 2004 a, 

b). 

 

1.7.1 Developmental Origins of Health and Disease (DOHaD) 

The concept of Developmental Origins of Health and Diseases (DOHaD) was 

initially put forth by Late Prof. David Barker, Southampton University, UK as the 

“Fetal Origin of Adult Diseases” hypothesis which believed that the origins of 

disease in adults begin in utero (reviewed by Swanson et al., 2009). A number of 

studies by Prof. Barker and colleagues’ demonstrated an association of LBW with a 

range of diseases like atherosclerosis, coronary heart disease, type 2 diabetes 

mellitus, stroke and chronic bronchitis in adult life (reviewed by Barker and 

Clark,1997; Barker et al.,1993). This was further confirmed by various other 

epidemiological studies from Europe and USA (Boyko, 2000; Curhan et al., 1996). It 

is believed that an organism irreversibly changes its structure and function in 

response to an environmental stimulus and is termed as ‘developmental plasticity’ 

(Gluckman et al., 2011). Thus, the fetus develops adaptive responses to the 

intrauterine environment through cues that it receives from its mother. These 

responses may manifest as changes in maternal metabolism and hormone production 
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which lead to persistent alterations in homeostatic set points (reviewed by Cutfield et 

al., 2007). 

It is suggested that the intrauterine environment such as maternal malnutrition 

not only influences fetal life but also postnatal life and has lifelong consequences in 

the offspring (Solomons, 2009; Ismail-Beigi et al., 2006; Delisle, 2002). A number of 

reviews have elaborately discussed this link between maternal nutrition, birth weight 

and risk for NCDs (coronary heart disease and type 2 diabetes mellitus) in the 

offspring at adult age (reviewed by Fall, 2013; reviewed by Pasternak et al., 2013). 

Human studies have also demonstrated that maternal undernutrition can lead to 

abnormal metabolism and body composition in the adult offspring (Victora et al., 

2008). Animal studies also support the role of early life influences during gestation 

and lactation on disease risk in later life (Watkins et al., 2011) and may progress 

across generations (Jimenez-Chillaron et al., 2009). 

Growth during early postnatal period has also been shown to play a critical 

role in determining risk for diseases in later life (Cianfarani et al., 1999). Reports 

suggest that infants born as a result of poor intrauterine growth often demonstrate 

postnatal catch-up growth (Karlberg et al., 1995). This accelerated catch-up growth 

phase enables infants to reach their normal growth curve, resulting in reduced infant 

morbidity and mortality (Victora et al., 2001). However, reports also indicate that 

catch-up growth may be detrimental, leading to the onset of certain chronic diseases 

in later life (Singhal et al., 2003; Huxley et al., 2000; Cianfarani et al., 1999; Falkner 

et al., 1998). Reports on early postnatal growth of infants born to women with 

preeclampsia are limited and inconclusive. Some studies suggest that pregnancy 
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induced hypertension per se does not affect early infant growth (Baulon et al., 2005). 

In contrast, a recent study on infants born to women with preterm hypertensive 

disorders of pregnancy, reported that majority of children born growth restricted had 

catch-up growth of height within the normal range at 4.5 years of age (Beukers et al., 

2013). Therefore, long-term follow up studies are needed to examine if growth 

restricted babies born to mothers with preeclampsia are at higher risk of developing 

diseases in later life. 

The DOHaD hypothesis in its essence presents several critical themes which 

include the prominent role of placenta, the presence of critical periods of 

vulnerability and the presence of sex differences in the progression and development 

of adult diseases (reviewed by Gilbert and Nijland, 2008). In consensus to the above 

statement, gender (sex) differences have been observed in most of the non-

communicable diseases (hypertension, cardiovascular disease, psychiatric and 

neurological disorders and cancer) and are suggested to have their origins early in 

development (reviewed by Gabory et al., 2009; Kaminsky et al., 2006). However, 

although epidemiological data demonstrate that developmental programming of 

various diseases may occur as a consequence of dietary alterations during pregnancy 

there is a scarcity of data regarding sex-specific differences in developmental 

programming as a consequence of maternal nutrition.  

 

1.8. Maternal Nutrition, DOHaD and Sexual Dimorphism 

It is well known that changes in maternal diet at different stages of 

reproduction can have marked influences on the health and well-being of the 
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offspring. At the same time, it is suggested that these responses of the offspring is 

gender specific (Symonds et al., 2009). Various clinical and experimental studies on 

the concept of DOHaD suggest a role of sex hormones in the progression and 

development of adult diseases. A number of studies report that insults in utero 

exhibit different phenotypes in the male and female offspring (reviewed by Aiken 

and Ozanne, 2013). It has been suggested that sex differences may result from 

genetic, hormonal or environmental factors, like infection, diet, drugs and stress 

(reviewed by Gabory et al., 2013). A number of animal and human studies have 

observed sex-specific differences in relation to DOHaD and are described below. 

 

1.8.1 Animal Studies (Sex-Specific Differences) 

Evidence from animal studies suggests that male offspring are more 

susceptible to high blood pressure as compared to the female offspring in response to 

various developmental insults like low-protein diet, methyl-deficient diet, 

dexamethasone exposure and reduced uterine perfusion (Maloney et al., 2011; 

Woods et al., 2005; Alexander, 2003; Dodic et al., 2002). Further, in a number of 

animal models it has been demonstrated that the male offspring are more susceptible 

to various developmental programming insults which lead to impaired nephrogenesis 

(Gilbert et al., 2007), increased proteinuria (Loria et al., 2007), increased insulin 

resistance (Nivoit et al., 2009), decreased learning ability (Mueller and Bale, 2007), 

renal insufficiency (Reverte et al., 2011) and increased liver weight (Micke et al., 

2010). In contrast, reports indicate that low-protein maternal diet in mouse results in 

severe hypertension and increased blood glucose levels in females, whereas males 
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were only moderately affected (Goyal and Longo, 2013). Recent evidence from 

animal studies suggests that prenatal stress has differential sex-specific effects, where 

females demonstrate increased anxiety, depression and stress responses while males 

demonstrate learning and memory deficits (reviewed by Glover and Hill, 2012). 

Evidence from animal studies also suggest that early neonatal environment such as 

maternal care, contributes to sex differences and early programming of the neonatal 

brain (Edelmann and Auger, 2011). A recent study in sheep also suggests that 

undernutrition in early gestation induces sex-specific changes in lipid and glucose 

metabolism (Poore et al., 2014). 

 

1.8.2 Human Studies (Sex-Specific Differences) 

Human studies have also demonstrated the existence of sex differences in 

embryonic metabolism starting from the blastocyst stage (Bermejo-Álvarez et al., 

2008). Observational and epidemiological studies suggest that adverse conditions 

during pregnancy have sexually dimorphic effects. The developmental insults studied 

are wide-ranging, including maternal smoking (Zaren et al., 2000), antenatal steroid 

administration (Stark et al., 2009), famine (Roseboom et al., 2001), asthma (Clifton, 

2005) and obesity (Mingrone et al., 2008). It has been observed that these insults lead 

to growth restriction, increase insulin secretion and plasma cortisol preferentially in 

the male offspring (Zaren et al., 2000), whereas it affects the placental function more 

in case of female offspring (Stark et al., 2009; Clifton, 2005; Roseboom et al., 2001). 

Reports indicate that changes in maternal diet during pregnancy alter the 

relationship between placental size and later hypertension among  the male offspring 
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but not women (van Abeelen et al., 2011). However, epidemiological studies also 

demonstrate that maternal overnutrition leads to hypertension in females but not in 

the male offspring. In contrast, maternal undernutrition is reported to lead to 

hypertension in males rather than in females (reviewed by Gilbert and Nijland, 

2008). Reports indicate that there is a need to establish the components of the 

maternal diet that can be modified in order to optimise the maternal endocrine 

environment with respect to fetal gender (Symonds et al., 2009). 

In addition to effect of maternal nutrition, there is evidence on sex-specific 

differences in developmental programming in response to various maternal 

characteristics. A study reported that male neonates were more likely to be large for 

gestational age or macrosomic than females if mothers had high pre-gestational body 

mass index (BMI), or altered maternal glucose tolerance status during pregnancy 

(Ricart et al., 2009). Another study, reported that tallest maternal height, pre-

pregnancy maternal weight and BMI positively influence fetal weight in males 

(Lampl et al., 2008). 

Studies report differential sex-specific cardiovascular responses in male and 

female children who were growth restricted in utero. Small size at birth is reported to 

be associated with sex-specific alterations in cardiac physiology at later age, with 

boys demonstrating higher systemic vascular resistance and girls having increased 

cardiac sympathetic activation (Jones et al., 2008). It has been suggested that markers 

of impaired fetal growth are related to autonomic cardiovascular control involving 

modulation of both sympathetic and parasympathetic function in a sex-specific 

manner (Jones et al., 2007). Another report indicates that women born small were far 
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more susceptible to stress-induced increase in systolic blood pressure as compared to 

men (Ward et al., 2004). 

Reports from Norway indicate that intrauterine growth restriction (IUGR) 

was associated with impaired renal function only in men at 20-30 years of age 

(Hallan et al., 2008). Similarly, women born preterm are reported to have increased 

blood pressure but no signs of adverse renal function as young adults (Kistner et al., 

2000).  

 

1.8.3 Mechanisms Underlying Sex Differences in Developmental Programming 

The mechanisms by which biological sex contribute to the progression of 

human diseases in later life is a rapidly expanding area of investigation with studies 

examining the systems at molecular and cellular levels. Despite the extensive 

literature on the importance of sexual dimorphism in developmental programming 

outcomes, the mechanisms underlying the differential susceptibility to programming 

insults are unclear. 

Several studies have proposed various interesting hypotheses. A recent 

review suggests that three major factors give rise to sex-specific differences during 

development: 1) differences in patterns of development (genetic, transcriptional and 

morphological), 2) differences in timing of development and 3) the influence of 

steroid hormone exposure during life in utero and postnatally. These factors result in 

sexually dimorphic adults who differ in terms of anatomy, physiology, reproductive 

capacity and behavior (reviewed by Aiken and Ozanne, 2013) (Figure 1.6). Some 



 

- 24 - 

studies also suggest that there may be sex-specific responses to stressors during fetal 

life (Gilbert and Banek, 2012). 

 

Source: reviewed by Aiken and Ozanne, 2013, Reproduction 145 R1–R13
 

Figure 1.6: Sex Differences Arising in Male and Female Development from 
Conception to the Sexually Dimorphic Adult 

 

1.8.4 Epigenetics and Sex Differences 

Evidence suggests that early neonatal environment also contributes to sex 

differences via the epigenetic mechanism (Edelmann and Auger, 2011). Epigenetics 

is defined as persistent and heritable changes in gene expression patterns that occur 

without any alterations in the DNA sequence (reviewed by Pozharny et al., 2010). 

Epigenetic mechanisms include DNA methylation, histone modifications and 

regulation by non-coding RNAs (reviewed by Goldberg et al., 2007). These 
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mechanisms are responsible for different tissue- and cell-type-specific gene 

expression patterns (Waterland and Michels, 2007). DNA methylation and histone 

modifications are implicated in the silencing of gene expression, X-inactivation and 

X-linked dosage differences (reviewed by Chow et al., 2005) indicating that sex bias 

in differential gene expression patterns may possibly be a consequence of epigenetic 

changes.  

It is suggested that sex-specific changes in epigenetic marks are established 

early after fertilization, before adrenal or gonad differentiation, in the absence of sex 

hormones (Gabory et al., 2013). Before gonadal differentiation, male and female 

embryos only differ in their sex chromosome content. This difference results in a sex 

bias in the expression level of sex chromosome-encoded genes, which may also 

affect the expression of autosomal genes. Male and female genomes may react 

differently to environmental stress, as a result of transcriptional sexual dimorphism 

leading to sex-specific long-term effects, altering epigenetic marks in a sex-specific 

way, or altering sex ratio, as embryo survival rates may depend on sex (reviewed by 

Bermejo-Alvarez et al., 2011) (Figure 1.7). Further, it is suggested that these 

epigenetic marks which are under the influence of hormonal regulation i.e. hormone 

induced DNA methylation and histone modification change at a specific gene may 

increase or reduce the risk of disease (reviewed by Kaminsky et al., 2006). 
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Figure 1.7: Effect of Environmental Stress on the Male and Female Genomes 
Leading to Sex-Specific Long-Term Effects and Embryo Survival 

 

1.8.5 Periods of Susceptibility to Developmental Programming leading to Sex-
Specific Differences 

Developmental programming is defined as the response by the developing 

organism to specific stimuli during critical periods of organogenesis that results in 

persistent effects on the adult phenotype. It is known that the developing organisms 

undergo more physiological changes prior to birth than during any other time in life. 

Hence, any alterations in the timing or nature of these developmental steps may lead 

to altered functional consequences in later life (Gilbert and Banek, 2012). An 

overview of the timing of the susceptibilities for various organ systems and processes 

in developmental programming has been shown in the following figure (Figure 1.8). 
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Figure 1.8: Stages of Mammalian Organ Development and Maturation 

 

It has been suggested that males and females undergo development at 

different rates, both in utero and postnatally until the post-pubertal stage (reviewed 

by Gatford et al., 1998). It has been reported that a fetus growing faster in utero has a 

greater exposure to a given insult than one that undergoes fewer cell cycles during 

the period of exposure (reviewed by Aiken and Ozanne, 2013). Male infants born to 

diabetic mothers are reported to have relatively greater weight at lower gestational 

age as compared to female infants, despite being exposed to the same level and time 

of hyperglycaemia leading to an increased risk of adverse neonatal outcomes 

(reviewed by Di Renzo et al., 2007).  

In addition, it has been reported that environment during the pre-implantation 

period can affect embryo development in a sex-specific manner, resulting in either a 
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short-term sex ratio adjustment or long-term sex-specific effects on adult health 

(reviewed by Gardner et al., 2010). It has been suggested that male and female 

embryos display sex-specific transcriptional regulation (Bermejo-Alvarez et al.,  

2008). Thus male and female development could be viewed as separate processes 

right from conception resulting in variable outcomes (reviewed by Aiken and 

Ozanne, 2013). From the above review of literature it is clear that intrauterine 

environment is an important determinant for fetal sex-specific differences where 

placental functions may be critical. 

 

1.8.6 Sex Differences Affect Placental Functions 

Placenta is at the interface between mother and fetus and is a key moderator 

of fetal growth and development (Gabory et al., 2013).  The placenta plays a key role 

in buffering environmental effects transmitted by the mother. Proper development of 

placenta involves appropriate arrangement of blood vessels, implantation of the 

blastocyst and coordinated development of the fetal villous tree (James et al., 2012; 

Arroyo and Winn, 2008; Kingdom et al., 2000). During the course of 9 months, the 

placenta develops into a highly vascular organ and plays an important role in 

exchange of nutrients and waste products between the maternal and fetal circulatory 

systems (Gude et al., 2004; Janet and James, 2001). Evidence suggests that there may 

be a sex-specific adaptation of placenta which plays a central role in fetal growth and 

survival (reviewed by Clifton, 2010).  

During pregnancy, the consequences of maternal exposure (stress, 

metabolism, diet, hormonal changes) is known to be transmitted from the maternal to 
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the fetal compartment via the placenta. It is suggested that this transmission occurs in 

a sex-specific manner and affects fetal tissue development. Studies report that sex of 

the embryo affects the size of both the fetus and the placenta, together with the 

ability of the placenta to respond to adverse stimuli (reviewed by Clifton, 2010; Mao 

et al., 2010). Numerous studies indicate that sex differences can originate early in 

development and in particular in the placenta (reviewed by Moritz et al., 2010).  

Report suggests that prenatal stress early in pregnancy may contribute to male 

neurodevelopmental disorders through alterations in placental function and fetal 

development (Mueller and Bale, 2008). A study in pregnant mice suggests that lower 

placental weights in females may contribute towards sex-specific fetal programming 

of adult diseases (Cuffe et al., 2011).  

Changes in placental structure are also known to contribute to programming 

in a sex-specific manner. Reports from the Helsinki birth cohort of 1990s indicate 

that placental diameter was associated with later life hypertension in the male 

subjects. In contrast, hypertension in women is reported to be associated with a small 

placental area at birth, indicating lower levels of nutrient delivery to the fetus (Barker 

et al., 2010). Another recent study also indicates that birth weight to placental weight 

ratio differs by gender (Wallace et al., 2013). Studies suggest that fetal sex exerts 

differential effects on the placental structure and function which may result in 

inadequate placental development and mediate various pregnancy complications 

(Kovo et al., 2013; Walker et al., 2012). 
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1.8.7 Fetal Sex-Specific Differences in Preeclampsia 

Preeclampsia is one such pregnancy complication that has provided valuable 

insight into the way in which the fetoplacental unit influences maternal physiology in 

a sex-specific manner (reviewed by Clifton et al., 2012). Report suggests that there is 

male fetal preponderance in a variety of pregnancy complications attributable to 

severe placental dysfunction. However, the underlying mechanisms are not clear 

(Murji et al., 2012). Reports suggest differences in maternal peripheral microvascular 

function in relation to fetal sex in women with preeclampsia (Stark et al., 2006). 

Fetal growth has also been shown to be more impaired among male preterm infants 

born to women with preeclampsia (Reynolds et al., 2012). Male fetus placentas are 

known to exhibit higher rates of chronic deciduitis, velamentous umbilical cord 

insertion and a significantly lower frequency of villous infarction than female fetus 

placentas in preeclampsia (Walker et al., 2012).  Further, a Swedish study reports 

spontaneous abortions with male fetuses, in pregnancies affected with preeclampsia, 

and calls for studies which are based on fetal gender effects and their occurrences 

(Elsmén et al., 2006).  

Various studies have reported sex-specific alterations in various biomarkers 

and signaling molecules in case of pregnancies affected with preeclampsia 

(Sathishkumar et al., 2012). Higher angiogenic marker i.e. angiotensin (Ang)- 1-7 

levels at 15 weeks of gestation in women with preeclampsia carrying a female fetus 

has also been reported suggesting the existence of fetal sex-specific differences in 

maternal circulation (Sykes et al., 2014). Women with preeclampsia carrying a male 

fetus are reported to have early gestational blood pressure as compared to women 
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carrying a female fetus (Naeye et al., 1987). Thus, the above studies underline the 

importance of incorporating sex differences in the study of biological mechanisms 

for immediate- and long-term consequences of preeclampsia. 

 

1.9. Genesis of the Thesis 

Reports highlight the presence of an epidemic of NCD as a global health 

crisis. Developmental factors, especially those that occur in utero and during early 

postnatal life are reported to play a significant role in the pandemic (Benyshek, 

2007). In India, NCD account for 53% of total deaths (Thakur et al., 2011). 

Cardiovascular diseases (CVD) account for almost one-third of the deaths worldwide 

(Deaton et al., 2011). More than 60% of the global burden of coronary heart disease 

occurs in developing countries (The Atlas of Heart Disease and Stroke, WHO 2002), 

and is expected to increase (Gaziano et al., 2010). Similarly, brain disorders are a 

new challenge to health systems around the world and account for ~12% of the 

global disease burden. Epidemiological studies from India indicate a range of 9.5 to 

102 per 1000 population suffer from mental disorders (reviewed by Reddy et al., 

2013). 

Different environmental factors during sensitive prenatal periods are 

suggested to have a negative impact on neurodevelopment and lead to various 

psychiatric conditions in later life (Richetto and Riva, 2014). Recent reports indicate 

that the world wide prevalence of Attention Deficit Hyperactivity Disorder (ADHD) 

is around 2.5 % (Gaynes et al., 2014). It is believed that this rise in risk for NCD is 

due to LBW, infant catch-up growth, environmental exposures (i.e. developmental 
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programming) and sedentary lifestyle (Leunissen et al., 2012; Lau et al., 2011; Li et 

al., 2011; Armitage et al., 2008). 

Reports suggest that the onset of cardiovascular disease is delayed by 7 to 10 

years in women than in men (Maas and Appelman, 2010). Similarly, age-specific 

stroke rates have been reported to be higher in men as compared to women (reviewed 

by Gargano et al., 2008). Recently, the morphological, neurochemical and functional 

organization of brain has been reported to be gender-dependent (Chung and Auger, 

2013). Neurobiological differences are also known to exist between males and 

females with respect to brain injuries with the male being more prone to cerebral 

palsy (Johnston and Hagberg, 2007) and autism spectrum disorder (Pfaff et al., 

2011). Studies indicate that men are at 1.5 time’s higher risk of developing 

Parkinson's disease than women (Wooten et al., 2004). Smoking during pregnancy, 

maternal urinary tract infection and induced labor through oxytocin augmentation are 

reported to increase gender specific risk of ADHD, suggestive of being protective for 

girls (Silva et al., 2014). Reports suggest a need for an improved understanding of 

the gender dimensions of mental health (Maguen et al., 2010). 

Prenatal exposure to both preeclampsia and eclampsia are reported to be 

associated with cardiovascular diseases and neurodevelopmental disorders in later 

life (Morsing  and Maršál, 2014; Bakhshaee et al., 2008; Wu et al., 2008b; 

Thorngren-Jerneck and Herbst, 2006; Vestergaard et al., 2003). Children born to 

mothers with preeclampsia tend to develop diseases of endocrine, nutritional, 

metabolic or respiratory origin (Wu et al.,  2011, 2009) and are more prone to 

hypertension, diabetes mellitus, neurological problems, stroke and mental disorders 
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in later life (Tranquilli et al., 2013). A recent report also suggests that preeclampsia 

can lead to neuronal apoptosis, thereby leading to an adverse neurological outcome 

(Cosar et al., 2013). Cord anomaly in preeclampsia is known to initiate hypertension 

in utero and further amplify during childhood and adulthood (Romanowicz and 

Galewska, 2011). Recent studies have reported that IUGR owing to placental 

dysfunction results in increased systolic blood pressure and smaller aorta in 

adulthood (Bjarnegård et al., 2013).  

Reports also suggest that altered synthesis, metabolism and accumulation of 

estrogens and its metabolites may result in vascular dysfunction in preeclampsia 

(Jobe et al., 2013). Studies suggest that sex-specific differences exists in the feto-

placental perfusion indices in adverse pregnancy outcomes like preeclampsia and 

adversely affects the male fetus (Prior et al., 2013; Murji et al., 2012). The risk of 

neurodevelopmental impairment associated with male sex has also been reported to 

be higher in pregnancies complicated with preeclampsia (Spinillo et al., 2009). It is 

therefore important to understand the nature and origins of sex-specific pathological 

conditions (Gillies and McArthur, 2010). Studies indicate that females have an 

advantage over males with a better outcome in the perinatal period and these gender 

differences persist throughout life (Ingemarsson, 2003). However, exact mechanisms 

responsible for the gender differences originating in early life and continuing 

throughout life are unclear. 

Poor maternal nutrition has been suggested to play a key role in the 

pathogenesis of preeclampsia (reviewed by Wu et al., 2012) which is known to be 

associated with placental oxidative stress and inflammation. A series of studies in our 
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department have shown lower levels of maternal and placental omega-3 fatty acids 

especially docosahexaenoic acid levels in women with preeclampsia, possibly due to 

altered metabolism or transport of fatty acids, increased homocysteine, increased 

oxidative stress in preeclampsia (Kulkarni et al., 2011a, b, 2010; Mehendale et al., 

2008). Recent reviews indicate a need to examine the association of omega-3 fatty 

acids and risk of preeclampsia (reviewed by De Giuseppe et al., 2014; reviewed by 

Jones et al., 2014).  

Reports indicate that in early pregnancy the concentration of angiogenic 

marker in the maternal circulation is influenced by fetal sex (Sykes et al., 2014). 

Studies from our department have also demonstrated altered angiogenesis thereby 

affecting the placental growth and development in preeclampsia (Kulkarni et al., 

2010). In addition, our department has also reported a negative association between 

LCPUFA and angiogenic marker (sFlt-1) (Kulkarni et al., 2010). In view of this it is 

of importance to understand the association of maternal LCPUFA and oxidative 

stress in women with preeclampsia delivering male and female babies. 

 

1.10. Hypothesis 

“Maternal long chain polyunsaturated fatty acids and oxidative stress 

levels will be differentially regulated in women with preeclampsia delivering 

male or female babies both at term or preterm leading to long-term adverse 

neurodevelopmental consequences”(Figure 1.9).  
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Figure 1.9: Possible Mechanism which results in Sex-Specific Effects in 
Preeclampsia 

 

With the above mentioned background, the current thesis aims to 

understand the mechanisms linking the adverse in utero events with differential 

risks for long-term adult diseases in a sex-specific manner in preeclampsia. 

Work described in this thesis consists of two parts including studies conducted 

on humans and an animal study to understand the mechanisms involved in 

brain development. The human study was undertaken to understand the 

association of maternal LCPUFA and oxidative stress in normotensive women 

and women with preeclampsia (delivering both at term and preterm) with 

respect to the gender of the baby. Further, a time dependant analysis of the 

postnatal growth of babies in terms of growth measures till six months of age 

and their association with maternal LCPUFA and oxidative stress (at the time 
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of delivery) was also undertaken. An animal study was conducted to examine 

the key mechanisms as a consequence of altered maternal micronutrients (folic 

acid and vitamin B12) and omega-3 fatty acids on indices of brain oxidative 

stress and its implications for neurodevelopmental risk in the offspring.  
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2.0 Long Chain Polyunsaturated Fatty Acid Status in Women 

with Preeclampsia 

 

2.1. Introduction 

Long chain polyunsaturated fatty acids (LCPUFA) play a vital role in 

the normal development of the placenta and thereby influence pregnancy 

outcome. Maternal LCPUFA are also critical for the development and 

functional maturation of the central nervous system of the infant. Cross- 

sectional studies in the department have shown lower levels of maternal and 

placental omega-3 fatty acids especially docosahexaenoic acid (DHA) in women 

with preeclampsia. Studies suggest that sex hormones may influence the 

enzymatic synthesis of LCPUFA, which may lead to sex-specific differences in 

LCPUFA status and hence infant gender needs to be taken into account while 

assessing data on fatty acid composition. This chapter mainly examines the 

levels of maternal and cord plasma LCPUFA in women with preeclampsia 

(delivering male and female babies, both at term and preterm) and compares 

them with the levels in normotensive women (delivering male and female 

babies). 
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2.1.1 Fatty Acids 

Fatty acids are important biological constituents which play significant roles 

as energy substrates, components of cellular structure and signalling molecules 

(reviewed by Turner et al., 2014). They are important constituents of all cell 

membranes and play a significant role in maintaining membrane fluidity (Yang et al., 

2011). 

A fatty acid consists of a straight chain of even number of carbon atoms, with 

hydrogen atoms along the length of the chain and a terminal carboxylic group 

(−COOH). Further, if the carbon-to-carbon bonds are all single, they are called 

saturated fatty acids and if the bonds are double or triple, they are called unsaturated 

fatty acids. They are discussed briefly below. 

 

2.1.2 Saturated Fatty Acids 

Saturated fatty acids like stearic acid have no double bonds between the 

individual carbon atoms of the fatty acid chain and largely contribute to the total fat 

intake. 

They include myristic acid, palmitic acid and stearic acid. These saturated 

fatty acids are mainly found in animal fats such as cream, cheese, butter and ghee as 

well as certain vegetable oils like coconut, cottonseed and palm (reviewed by 

O'Sullivan et al., 2013). Diets rich in saturated fatty acids and trans fatty acids are 

reported to increase low density lipoprotein cholesterol levels and risk of coronary 

diseases (reviewed by Siri-Tarino et al., 2010; Mensink et al., 2003). 
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2.1.3 Unsaturated Fatty Acids 

Fatty acids having one or more double bonds between carbon atoms are 

called unsaturated fatty acids. These unsaturated fatty acids are further classified as 

monounsaturated (MUFA) if they contain one double bond and polyunsaturated 

(PUFA) if they contain more than one double bond. 

2.1.3.1. Monounsaturated Fatty Acids (MUFA) 

The common monounsaturated fatty acids are palmitoleic acid, cis-vaccenic 

acid, oleic acid and nervonic acid. Nervonic acid (NA) is a monounsaturated fatty 

acid produced by elongation of oleic acid (18:1; n9) and plays an important role in 

the biosynthesis of nerve cell myelin. It is found in nervous tissue, especially 

sphingolipids, such as sphingomyelin, in the myelin sheath of nerve fibres. The most 

common dietary sources of MUFA include oils like the olive, sunflower, safflower, 

canola; nuts like walnut, almond and cashew. 

2.1.3.2. Polyunsaturated Fatty Acids (PUFA) 

Polyunsaturated fatty acids contain more than one double bond between the 

two carbon atoms. They are further classified as omega-3 and omega-6 fatty acids, 

based on the position of the first double bond. 

a. Omega-3 Fatty Acids 

These are polyunsaturated fatty acids with a double bond (C=C) at the third 

carbon atom from the carboxylic end of the fatty acid chain (reviewed by Cockbain 

et al., 2011). Omega-3 fatty acids mainly include alpha-linolenic acid (ALA; 18:3); 
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eicosapentaenoic acid (EPA 20:5) and docosahexaenoic acid (DHA; 22:6). ALA is 

found in algal oil, flaxseed oil, rapeseed oil (canola), walnuts and some green leafy 

vegetables while EPA and DHA are mainly found in marine fish or fish oils (Burri et 

al., 2012; Siriwardhana et al., 2012; Kris-Etherton et al., 2000) or purified 

preparations from microalgae (Mansour et al., 2005).  

b. Omega-6 Fatty Acids 

The omega-6 fatty acids contain a double bond (C=C) at the sixth carbon 

atom from the carboxylic end of the fatty acid chain. The major omega-6 fatty acids 

include linoleic acid (LA; 18:2) and arachidonic acid (AA; 20:4). AA is a 

physiologically important omega-6 fatty acid and precursor for prostaglandins and 

other physiologically active moleculesis a data paper (reviewed by Rapoport, 2008). 

Omega-6 fatty acids are found abundantly in fats, oils, meat, poultry, cereals, 

vegetables, nuts and seeds (González-Rodríguez et al., 2013; Meyer et al., 2003).  

Figure 2.1and Figure 2.2 shows the structure and International Union of Pure 

and Applied Chemistry (IUPAC) nomenclature of key fatty acids. 
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Figure 2.1: Structure and IUPAC Nomenclature of SFA and MUFA 
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Figure 2.2: Structure and IUPAC Nomenclature of PUFA 

 

2.1.4 Long Chain Polyunsaturated Fatty Acid (LCPUFA) Synthesis 

LCPUFA are essential since they cannot be produced in the body and have to 

be ingested through the diet. As mentioned earlier, there are two families of 
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LCPUFA; the omega-3 and omega-6 family. The precursor molecule for omega-3 

fatty acid synthesis is α-linolenic acid (ALA, 18:3) and for omega-6 fatty acid 

synthesis, it is linoleic acid (LA, 18:2) (reviewed by Bradbury, 2011; Gao et al., 

2011). Desaturases are the key enzymes involved in the regulation of unsaturated 

fatty acid synthesis and are mainly present in the liver (reviewed by Nakamura and 

Nara, 2002). In the body, the conversion of LA and ALA to gamma linolenic acid 

(GLA; 18:3) and stearidonic acid (18:4) is determined by the enzymatic activity of 

delta 6-desaturase (Δ6D) (reviewed by Hussain et al., 2013). The delta 5-desaturase 

(Δ5D) introduces another double bond at the ∆-5 position of dihomo-gamma-

linolenic acid (DGLA; 20:3) and eicosatetraenoic acid (ETA; 20:4) to synthesize AA 

and EPA, respectively. Further, ∆-6 desaturase is also required for the synthesis of 

DHA from EPA. 

Fatty acid desaturases like Δ5D, Δ6D and stearoyl-CoA desaturase (SCD) are 

enzymes which regulate the biosynthesis of unsaturated fatty acids, like DHA and 

AA, through a series of elongation and desaturation reactions. These give rise to the 

anti-inflammatory and pro-inflammatory eicosanoinds respectively. Eicosanoids 

derived from AA and DHA give rise to pro-inflammatory and anti-inflammatory 

resolvins and protectins respectively (reviewed by Calder, 2013) (Fig.11). 
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Modified from Source: Evans et al., 2012; PLoS One. 2012; 7(1): 
e29297.

 

Figure 2.3: LCPUFA Synthesis Pathway 

 

2.1.5 Role of LCPUFA in Pregnancy 

LCPUFA plays a critical role in determining pregnancy outcome and are . 

implicated in inducing labor (Yoshida et al., 2002). Reports indicate that low DHA 

and high concentrations of AA during early pregnancy are associated with reduced 

birth weight and/or an increased risk of SGA babies (Smits et al., 2013). A recent 

review suggests that higher omega-3 LCPUFA intake enhances fetal growth and 

reduces the risk of pregnancy complications (reviewed by Jones et al., 2014). Several 
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studies have also demonstrated the role of omega-3 fatty acids in increasing the 

length of gestation (reviewed by Haggarty, 2014; reviewed by Salvig and Lamont, 

2011; Olsen et al., 1991) and improving birth weight of the newborn (Giorlandino 

and Giannarelli, 2013; Larqué et al., 2012). 

During early life, the fetus has a limited capacity to convert ALA to DHA and 

is completely dependent on the maternal source of DHA (reviewed by Singh, 2005). 

Infants acquire DHA from their mothers, either prenatally via the placenta or 

postnatally through milk (commentary by Huppi, 2008). Further, a recent study 

highlights the importance of an adequate and balanced supply of maternal fatty acids 

for optimal fetal brain development (Loomans et al., 2014). 

 

2.1.6 LCPUFA in Placental Growth and Development 

Reports indicate that maternal omega-3 LCPUFA are associated with 

placental growth (Jones et al., 2013). DHA has been shown to influence the 

placentation process by stimulating tube formation in the first trimester trophoblast 

cells (Johnsen et al., 2011). Studies conducted on trophoblast cells have reported that 

the human placenta utilizes fatty acids as a significant metabolic fuel and derives 

energy from fatty acid oxidation (Shekhawat et al., 2003). 

As per recent reports, DHA and other fatty acids stimulate angiogenesis in 

placental first trimester cells (reviewed by Basak et al., 2013). Reports suggest a 

possible role of impaired placental fatty acid oxidation in the pathogenesis of 

preeclampsia (Rakheja et al., 2002). Recent studies from our department also 
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indicate that disturbances in placental fatty acid metabolism exist in preeclampsia 

(Wadhwani et al., 2014). 

 

2.1.7 Maternal Placento-Fetal Transfer of LCPUFA 

It has been reported that the maternal metabolic and physiological changes 

influence placental function to ensure an uninterrupted supply of omega-3 and 

omega-6 LCPUFA to the fetus (reviewed by Haggarty, 2010). During early 

pregnancy, the LCPUFA assimilate in maternal fat stores and are transferred through 

the placenta during late pregnancy when fetal requirements are the highest (reviewed 

by Herrera et al., 2006). Although the fatty acid composition delivered to the fetus is 

largely determined by maternal circulating levels, the placenta preferentially 

transfers physiologically important LCPUFA, particularly omega-3 LCPUFA to the 

fetus (reviewed by Gil-Sánchez et al., 2011; reviewed by Lauritzen and Carlson, 

2011).  

It has been reported that the amount of LCPUFA produced from essential 

fatty acids is insufficient to match the in utero accretion rate. The placenta is known 

to have limited ability to convert the essential fatty acids into LCPUFA (Chambaz et 

al., 1985). Further, since low levels of LCPUFA are synthesised in the fetus, and 

with limited desaturase activity, their primary source of LCPUFA is the maternal 

circulation (Gil-Sánchez et al., 2011). 

Maximum fatty acid transfer occurs in the last trimester of pregnancy for 

neural and retinal development of the fetus (reviewed by Greenberg et al., 2008; 
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reviewed by Haggarty, 2004). Children born preterm may therefore miss out on this 

opportunity resulting in poor brain growth and development (reviewed by Makrides 

et al., 2010).  

It is well established that fetal growth is largely determined by nutrient 

supply, which is dependent upon placental nutrient transport (reviewed by Lager and 

Powell, 2012) thereby determining the lifelong health consequences for the child 

(reviewed by Jansson and Powell, 2007; reviewed by Myatt, 2006). Thus, DHA 

concentrations in the brain throughout life are largely dependent on the initial supply 

from early life (reviewed by Hadders-Algra, 2010). 

 

2.1.8 LCPUFA Requirements during Pregnancy and Lactation 

The recommended dietary allowances for essential fatty acids, is 4.5% and 

5.7% of total energy for pregnant and lactating women respectively (ICMR, 2010). A 

300 mg intake of essential fatty acids has been suggested for Indian pregnant and 

lactating women of which, 200 mg should be in the form of DHA 

(Recommendations – ICMR. Nutrient requirements and recommended dietary 

allowances for Indians, 2010). In populations consuming fish, it is recommended that 

during pregnancy two portions of fish should be consumed per week, with one 

portion of an oily fish like mackerel, herring, sardines or salmon (reviewed by 

Koletzko et al., 2013).  
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2.1.9 LCPUFA in Brain and Nervous System Development 

Recent studies have revealed that amongst nutritionally important 

polyunsaturated omega-3 fatty acids, α-linolenic acid (ALA), eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA) have anti-oxidative, anti-inflammatory and 

anti-apoptotic effects and are highly concentrated in the brain and (reviewed by 

Crupi et al., 2013). In the brain, the eicosanoids derived from DHA are known to 

play important roles in neural function, spatial learning and synaptic plasticity 

(reviewed by Tassoni et al., 2008). Diets deficient in omega-3 fatty acids during the 

developmental phase are reported to have significant adverse effects on brain 

function (reviewed by Schuchardt, 2010). Many clinical and animal studies 

demonstrate the importance of AA and DHA in neural development and 

neurodegeneration (reviewed by Janssen and Kiliaan, 2014). Both AA and DHA are 

involved in cell signaling pathways and are critical for growth and development of 

fetal and infant central nervous system (CNS) (reviewed by Innis, 1991). A number 

of neurocognitive disorders such as ADHD, dyslexia and autism spectrum disorders 

have often been associated with lack of omega-3 fatty acids (reviewed by 

Schuchardt, 2010). 

 

2.1.10 LCPUFA and Preeclampsia 

Maternal fat deficiency during pregnancy is reported to have long-term 

effects on the growing fetus (reviewed by Wood-Bradley et al., 2013). As mentioned 

earlier, linoleic acid (LA), an omega-6 fatty acid and alpha-linolenic acid (ALA), an 

omega-3 fatty acid, are converted to arachidonic acid (AA) and docosahexaenoic 
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acid (DHA) by a series of elongation and desaturation reactions using elongases and 

desaturases (reviewed by Jump et al., 2012). 

LCPUFA are substrates for eicosanoid and cytokine synthesis which play an 

important role in fetal growth and development (Cetin et al., 2009). These eicosanoid 

metabolites derived from both omega-3 and omega-6 series are vital in determining 

the duration of gestation and parturition (reviewed by Greenberg et al., 2008; 

reviewed by Allen and Harris, 2001). 

There are limited studies which have reported lower levels of omega-3 fatty 

acids from erythrocytes in preeclampsia (Mahomed et al., 2007; Qiu et al., 2006; 

Williams et al., 2006). Most of these studies have been reported on small numbers 

(NC: 40; PE: 22) (Williams et al., 1995) and different ethnic populations (Mahomed 

et al., 2007). Report suggests that lower concentrations of maternal and fetal 

LCPUFA in women with preeclampsia may be due to the decreased maternal 

synthesis by fatty acid desaturases (FADS) (Mackay et al., 2012). 

AA and DHA are known to play a vital role in brain development (reviewed 

by Abu-Ouf et al., 2014) and influence cognitive performance (reviewed by Carlson 

et al., 2013; reviewed by Larque et al., 2012). Recent study also suggests the 

involvement of nervonic acid, an omega-9 fatty acid in learning and memory (Yuan, 

et al., 2013). These fatty acids, both in the mother and cord, are of significance since 

children born to women with preeclampsia are reported to be at an increased risk of 

developing neurodevelopmental disorders in later life (Mann and McDermott, 2011; 

Many et al., 2003). Reports indicate that many early onset neurodevelopmental 

disorders occurr significantly more often in males than females (reviewed by 
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Knickmeyer and Davenport, 2011). Recent studies indicate that the gender 

distribution needs to be taken into account while assessing data on fatty acid 

composition as females are reported to have a higher DHA status than males 

(Sibbons et al., 2014; reviewed by Lohner et al., 2013).  Studies also suggest that the 

enzymatic synthesis of LCPUFA may be influenced by sex hormones (reviewed by 

Decsi and Kennedy, 2011). Reports indicate that there is an association of plasma 

and tissue fatty acid composition and circulating sex hormone concentrations (Childs 

et al., 2008). Estrogen is known to stimulate, whereas testosterone is known to 

inhibit, the conversion of essential fatty acids into their long chain metabolites 

(reviewed by Decsi and Kennedy, 2011).  

It has been suggested that hypoxia, placental oxidative stress, excessive or 

atypical maternal immune response to trophoblasts and exaggerated inflammation 

may play a role in poor placentation in preeclampsia (reviewed by Saito and 

Nakashima, 2014). Sex-specific alterations in placental genes involved with growth 

and inflammation are reported in cases of maternal hypoxia suggesting that 

aberrations in placental functions can occur in a sex-specific manner (reviewed by 

Clifton, 2010). Further, recent reports also indicate that there exists a sex-specific 

difference in feto-placental perfusion indices (Prior et al., 2013).  

Earlier studies from our department have reported lower plasma DHA levels 

in women with preeclampsia on a smaller number (55 healthy pregnant women and 

60 women with preeclampsia) (Mehendale et al., 2008). To date there are no studies 

which report maternal and cord LCPUFA levels in male and female babies born to 

women with preeclampsia delivering either at term or preterm. Besides it is unclear 
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whether the sex of the fetus is associated with maternal and cord levels of LCPUFA 

in preeclampsia. 

The present study examines the maternal and cord LCPUFA levels in women 

delivering male and female babies born to women with preeclampsia and compares 

them with normotensive women. Recent reports indicate that multiple phenotypes 

exist in preeclampsia (Phillips et al., 2010; Roberts and Catov, 2008). In view of this, 

the current study also examines the differences in maternal and cord LCPUFA levels 

in different subsets of women with preeclampsia i.e. those delivering at term and 

preterm. 

 

2.2. Materials and Methods 

2.2.1 Study Subjects 

This study was conducted at the Department of Obstetrics and Gynaecology, 

Bharati Hospital, Pune. The research protocol was approved by the Institutional 

Ethical Committee (Ethical no: 5608; dated 19th February 2010). A written consent 

was taken from women participating in the study. Healthy pregnant women with no 

medical or obstetrical complications and delivering at term (total gestation ≥ 37 

weeks) were recruited for the normotensive control (NC, n = 122) group. Women 

with preeclampsia (PE; n = 90) were also recruited and were further divided into 

those delivering at term i.e. total gestation ≥ 37 weeks i.e. term- preeclampsia (T-PE; 

n = 61) and preterm i.e. total gestation < 37 weeks i.e. preterm- preeclampsia (PT-

PE; n = 29). Further, these groups were divided on the basis of infant gender i.e. 
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women delivering male (NC = 69, T-PE = 38, PT-PE = 16) and female (NC = 53, T-

PE = 23, PT-PE = 13) babies. 

PE was defined by systolic and diastolic blood pressures (BP) greater than 

140/90 mm Hg respectively, with the presence of proteinuria (>1+ or 300mg) on a 

dipstick test and recorded at two time points > 6 hour apart. This diagnosis of PE has 

been reported in a series of our departmental studies (D'Souza et al., 2013; Dangat et 

al., 2010; Kulkarni et al., 2010; Mehendale et al., 2008). The gestational age in the 

current study was based on last menstrual period (LMP) and ultrasound. 

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

pregnancy complications such as chronic hypertension, type 1 or type 2 diabetes 

mellitus, seizure disorder and renal or liver disease. The women recruited in the 

study came from a background where traditional values of this population do not 

allow smoking or drinking in women. This was confirmed when the women were 

interviewed for demographic and nutritional history. 

 

2.2.2 Sample Collection and Processing 

10 ml of maternal blood was collected into the ethylenediamine tetra-acetic 

acid (EDTA) vials just before delivery, cord samples were also collected. All blood 

samples were immediately layered on histopaque (a density gradient obtained from 

Sigma-Alderich) and centrifuged at 2000 rpm for 30 minutes to separate into the 

plasma and erythrocyte fractions . The plasma and erythrocyte aliquots were stored at 

-80ºC until further analysis.  
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2.2.3 Plasma Fatty Acid Estimation 

The procedure for fatty acid analysis used in this study was revised from the 

original method of Manku et al. (Manku et al., 1983) and is also reported earlier in 

our department in separate studies (Kulkarni et al., 2011; Dangat et al., 2010; Kilari 

et al., 2009; Mehendale et al., 2008). The transesterification of plasma and 

erythrocyte fraction was carried out using hydrochloric acid-methanol. These esters 

were separated using a Perkin Elmer gas chromatograph using a capillary column 

(SP 2330, 30m Supelco column). Helium was used as the carrier gas at a flow rate of 

1ml/min. Oven temperature was held at 150ºC for 10 min, programmed to rise from 

150ºC to 220ºC at 10ºC / min and held at 220ºC for 10 min. The detector temperature 

was 275ºC and the injector temperature was 240ºC. Retention times and peak areas 

were automatically computed. Peaks were identified by comparison with standard 

fatty acid methyl esters (Sigma). Fatty acids were expressed as g/100g fatty acid i.e. 

percentage of total fatty acids. 

Omega-3 fatty acids included α-linolenic acid (ALA), eicosapentaenoic acid 

(EPA) and docosahexaenoic acid (DHA) while the omega-6 fatty acids included 

linoleic acid (LA), di- γ-linoleic acid (DGLA), arachidonic acid (AA) and 

docosapentaenoic acid (DPA). Saturated fatty acids (SFA) included myristic acid, 

palmitic acid and stearic acid while the monounsaturated fatty acids (MUFA) 

included myristoleic acid, palmitoleic acid, oleic acid and nervonic acid. 
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2.2.4 Power of the Study 

The statistical power was calculated based on our earlier departmental study 

in preeclampsia which has reported significant group differences in plasma DHA 

concentrations in 30 women with preeclampsia as compared to 55 normotensive 

women (p<0.05) (Dangat et al., 2010). Thus, with such an effect size, we proposed a 

sample size of which would give greater than 90% probability of detecting a 

difference at an alpha of 0.05. 

 

2.2.5 Statistical Analysis 

Values are expressed as mean ± SD. The data was analysed using SPSS/PC+ 

statistical package (Version 20, Chicago IL). Data was checked for normal 

distribution by testing for skewness and kurtosis. Skewed variables were transformed 

to normality using the following transformations: log to the base 10 (DHA, AA, NA, 

ALA and LA). Mean values of the estimates of various parameters for PE (T-PE, PT-

PE) were compared with those of NC group at conventional levels of significance 

(p<0.05, p<0.01) using one way ANOVA method. The interaction between the 

variables (DHA, AA, NA, ALA, LA, omega-3 and omega-6) with gender in each 

group was analysed by two way ANOVA method.  
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2.3. Results 

2.3.1 Maternal Characteristics 

The systolic and diastolic blood pressures were higher (p<0.01 for both) in 

the PE women as compared to the NC women. Further, the systolic blood pressure 

was higher (p<0.01) in the PT-PE women as compared to the T-PE women (Table 

2.1). 

 

Table 2.1: Maternal Characteristics in Different Groups 

 
Characteristics NC 

(n = 122) 
PE 

(n = 90) 
T-PE 

(n=61) 
PT-PE 
(n = 29) 

Age (Years) 24.34  ± 4.06 23.57  ± 3.58 23.31  ± 3.53 24.10 ± 3.70 
BMI 24.73  ± 4.18 25.25  ± 4.62 22.54  ± 4.61 20.65  ± 4.11 

Gestation(Wks) 39.10  ± 1.05 37.30  ± 2.56** 38.73  ± 1.15 34.27  ± 2.03**$$ 
Systolic BP 

(mmHg) 
120.70 ± 
10.24 149.35 ±16.80** 146.37 ± 15.88** 155.52 ± 17.23**$$ 

Diastolic 
BP(mmHg) 78.12 ± 7.18 98.13 ± 10.57** 96.93 ± 11.01** 100.62 ± 9.30** 

Income 8622 ± 9972 9800  ± 9381 11068  ± 10628 7074 ± 5041 
Parity 

Nulliparous (%) 
Multiparous (%) 

 
38.5 
61.5 

 
63.3 
36.7 

 
66.7 
32.7 

 
58.6 
41.4 

Mode of delivery 
Normal (%) 

Caesarean (%) 

 
73.8 
23.8 

 
64.0 
36.1 

 
60.7 
36.1 

 
24.1 
72.4 

Education (grade) (%) 
Illiterate  5.7 7.8 9.8 3.4 
Primary  6.6 6.7 1.6 17.2 

Secondary 45.1 44.4 45.9 41.4 
Higher 20.5 18.9 18.0 20.7 

Graduation 1.6 1.1 0 3.4 

Values are expressed as Mean ± SD. p: Level of significance: **p<0.01 when compared with NC. 
$$p<0.01 when compared with T-PE; NC: normotensive control; T-PE: women with 
preeclampsia delivering at term; PT-PE: women with preeclampsia delivering preterm.  
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2.3.2 Maternal Plasma Fatty Acid Levels in Normotensive Controls (NC) and 
Preeclampsia (PE) 

Maternal plasma MUFA levels were higher (p<0.01) in women with PE as 

compared to women in NC group (Table 2.2). 

However, no change was seen in case of SFA in the PE group. Further, levels 

of ALA (p<0.05), DHA (p<0.01) and total omega-3 fatty acids (p<0.01) were lower 

in the PE group as compared to NC women (Figure 2.4). In case of total omega-6 

fatty acids they were comparable in women with PE group as compared to NC group. 

There was also no difference in case of maternal plasma nervonic acid levels (Figure 

2.5). 
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Table 2.2: Maternal Plasma Fatty Acid (g/100g fatty acids) Levels in 
Normotensive Controls (NC) and Preeclampsia (PE) 

Fatty acid 

(g/100 g fatty acids) 

Normotensive Control 

(n = 122) 

Preeclampsia 

(n = 90) 

Myristic acid 0.85 ± 0.32 0.96 ± 0.30 

Myristoleic acid 0.04 ± 0.06 0.06 ± 0.07 

Palmitic acid 27.01 ± 2.97 28.22 ± 3.23 

Palmitoleic acid 1.66 ± 0.90 2.13 ± 1.06 

Stearic acid 6.17 ± 2.57 6.21 ± 2.04 

Oleic acid 15.82 ± 2.50 17.60 ± 2.63 

Linoleic acid 31.65 ± 8.00 30.31 ± 6.89 

γ-Linoleic acid 0.21 ± 0.09 0.26 ± 0.14 

α-Linolenic acid 0.39 ± 0.25 0.32 ± 0. 20* 

Di- γ-linoleic acid 1.48 ± 0.55 1.49 ± 0.45 

Arachidonic acid 6.66 ± 3.11 5.92 ± 2.08 

Eicosapentaenoic acid 0.35 ± 0.32 0.26 ± 0.25 

Nervonic acid 0.61 ± 0.33 0.54 ± 0.24 

Docosapentaenoic acid 0.30 ± 0.20 0.18 ± 0.11** 

Docohexaenoic acid 1.20  ± 0.49 1.07 ± 0.34** 

Saturated fatty acids 34.04 ± 4.44 35.39 ± 4.05 

Monounsaturated fatty acids 18.16 ± 2.61 20.34 ± 3.04** 

Total Omega-3 fatty acids 1.95 ± 0.66 1.67 ± 0.51 ** 

Total Omega-6 fatty acids 40.32 ± 5.79 38.17 ± 5.75 

Omega-6:Omega-3 ratio 23.25 ± 9.01 25.65 ± 10.73* 

Values are expressed as Mean ± SD. p: level of significance: *p<0.05; **p<0.01 as compared to 
NC. NC: normotensive control; PE: women with preeclampsia 

Fatty Acids: SFA (myristic acid + palmitic acid + stearic acid); MUFA (myristoleic acid + 
palmitoleic acid + oleic acid + nervonic acid); omega-3 (alpha linolenic acid + eicosapentaenoic 
acid + docosahexaenoic acid); omega-6 (linoleic acid + gamma linolenic acid + di-homo-gamma-
linoleic acid + arachidonic acid + docosapentaenoic acid).  
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Values are expressed as Mean ± SD. p: Level of Significance:*p<0.05; **p<0.01 as compared to NC 
women. NC: normotensive control; PE: women with preeclampsia
Fatty Acids: ALA: alpha linolenic acid; DHA: docosahexaenoic acid; omega-3 (alpha linolenic acid + 
eicosapentaenoic acid + docosahexaenoic acid); LA: linoleic acid; AA: arachidonic acid; omega-6 
(linoleic acid + gamma linolenic acid + di-homo-gamma-linoleic acid + arachidonic acid + 
docosapentaenoic acid).
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Figure 2.4: Maternal Plasma Omega-3 and Omega-6 Fatty Acid Levels in 
Normotensive Controls (NC) and Preeclampsia (PE) 

 

Values are expressed as Mean ± SD. p: Level of 
Significance:*p<0.05; **p<0.01 as compared to NC women. 
NC: normotensive control; PE: women with preeclampsia

 

Figure 2.5: Maternal Plasma Nervonic Acid Levels in Normotensive Controls 
(NC) and Preeclampsia (PE) 
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2.3.3 Maternal Plasma Omega-3 and Omega-6 Fatty Acid Levels in 
Normotensive Controls (NC) and Preclampsia (Based on Gestation i.e. 
Term-PE [T-PE] and Pretrem-PE [PT-PE]) 

Levels of LCPUFA in women with preclampsia based on gestation (T-PE and 

PT-PE) have been compared with those of normotensive controls (Table 2.3). The 

DHA (p<0.05) levels were lower only in the T-PE group as compared to NC group. 

However, total omega-3 fatty acids were lower both in the T-PE (p<0.01) and PT-PE 

(p<0.05) groups as compared to the NC group. Maternal plasma AA (p<0.05) and 

total omega-6 fatty acids (p<0.01) were lower in the PT-PE group as compared to 

NC group (Figure 2.6). 
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Table 2.3: Maternal Plasma Fatty Acid (g/100g fatty acids) Levels in 
Normotensive Controls (NC) and Preclampsia based on Gestation (T-PE and 

PT-PE) 

Fatty acids 

(g/100g fatty acids) 

Groups 

NC 

(n=122) 

T-PE 

(n=61) 

PT-PE 

(n=29) 

Myristic Acid 0.85 ± 0.32 0.90 ± 0.29 1.08 ± 0.30**# 

Myristoleic Acid 0.04 ± 0.06 0.06 ± 0.09 0.06 ± 0.03 

Palmitic Acid 27.01 ± 2.97 27.75 ± 3.08 29.22 ± 3.35**# 

Palmitoleic Acid 1.66 ± 0.90 1.95 ± 1.08 2.51 ± 0.93**# 

Stearic Acid 6.17 ± 2.57 6.43 ± 2.38 5.73 ± 0.86 

Oleic Acid 15.82 ± 2.50 17.09 ± 2.54 18.69 ± 2.55**## 

Linoleic Acid 31.65 ± 8.00 30.93 ± 7.55 29.01 ± 5.12 

γ-Linoleic acid 0.21 ± 0.09 0.22 ± 0.10 0.33 ± 0.18**## 

α-Linolenic acid 0.39 ± 0.25 0.33 ± 0.22 0.31 ± 0.15 

Di- γ-linoleic acid 1.48 ± 0.55 1.51 ± 0.49 1.45 ± 0.38 

Arachidonic acid 6.66 ± 3.11 6.11 ± 2.42 5.51 ± 0.96* 

Eicosapentaenoic acid 0.35 ± 0.32 0.28 ± 0.25 0.24 ± 0.27 

Nervonic acid 0.61 ± 0.33 0.57 ± 0.26 0.49 ± 0.17* 

Docosapentaenoic acid 0.30 ± 0.20 0.18 ± 0.12** 0.18 ± 0.10** 

Docohexaenoic acid 1.20 ±0.49 1.05 ± 0.35* 1.12 ± 0.31 

Saturated fatty acids 34.04 ± 4.44 35.09 ± 4.09 36.03 ± 3.92* 

Monounsaturated fatty acids 18.16 ± 2.61 19.67 ± 2.95 21.76  ±2.81**## 

Omega- 3 Fatty Acids 1.95 ± 0.66 1.66 ± 0.55** 1.67 ± 0.45* 

Omega-6 Fatty Acids 40.32 ± 5.79 38.97 ± 5.99 36.49 ± 4.89** 

Omega-6:Omega-3 ratio 23.25 ± 9.01 26.56 ± 11.43* 23.73 ± 8.95 

Values are expressed as Mean ± SD. p: level of significance:*p<0.05; **p<0.01 as compared to 
NC; # p<0.05, ## p<0.01 as compared to T-PE. NC: Normotensive Control; T-PE: women with 
preeclampsia delivering at term; PT-PE: women with preeclampsia delivering preterm. 

Fatty Acids: SFA (myristic acid + palmitic acid + stearic acid); MUFA (myristoleic acid + 
palmitoleic acid + oleic acid + nervonic acid); omega-3 (alpha linolenic acid + eicosapentaenoic 
acid + docosahexaenoic acid); omega-6 (linoleic acid + gamma linolenic acid + di-homo-gamma-
linoleic acid + arachidonic acid + docosapentaenoic acid). 
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Values are expressed as Mean ± SD. p: Level of Significance:*p<0.05; **p<0.01 as compared to NC. 
NC: Normal Control; T-PE: women with preeclampsia delivering at term; PT-PE: women with 
preeclampsia delivering preterm.

Fatty Acids: ALA: alpha linolenic acid; DHA: docosahexaenoic acid; Omega-3 (alpha linolenic acid + 
eicosapentaenoic acid + docosahexaenoic acid); LA: linoleic acid; AA: arachidonic acid; Omega-6 
(linoleic acid + gamma linolenic acid + di-homo-gamma-linoleic acid + arachidonic acid + 
docosapentaenoic acid).
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Figure 2.6: Maternal Plasma Omega-3 and Omega-6 Fatty Acid Levels in 
Normotensive Controls and Preclampsia based on Gestation (T-PE and PT-PE) 

 

2.3.4 Maternal Plasma Fatty Acid Levels based on Gender of the baby in 
Normotensive Controls (NC) and Preeclampsia (PE) 

MUFA levels were higher (p<0.01) in PE women delivering male babies as 

compared to NC women delivering male babies. However, this was not observed in 

case of mothers delivering female babies. There was no change in case of SFA levels 

in any of these groups (Table 2.4). In contrast, DHA levels were lower (p<0.05) only 

in PE women delivering male babies in comparison to NC women delivering male 

babies. The total omega-3 fatty acid levels were lower in PE women delivering male 

(p<0.05) as well as female babies (p<0.05) when compared to NC women delivering 

male and female babies respectively. There was no change in case of omega-6 fatty 

acids and nervonic acid levels in any of these groups.  
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2.3.5 Maternal Plasma Omega-3 and Omega-6 Fatty Acid Levels in 
Preeclampsia based on Gestation (T-PE and PT-PE) and Gender of the 
Baby 

Total maternal plasma omega-6 and omega-3 fatty acid levels were lower 

(p<0.05 for both) only in the T-PE women delivering male babies as compared to 

NC women delivering male babies (Table 2.5). Similarly, total maternal plasma 

omega-3 fatty acid levels were lower (p<0.05) in the T-PE women delivering female 

babies as compared to NC women delivering female babies. The total omega-6 fatty 

acids were lower (p<0.01) in the PT-PE women delivering female babies as 

compared to NC women delivering female babies (Table 2.5). 
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Table 2.4: Maternal Plasma Fatty Acid (g/100g fatty acids) Levels in Women 
Delivering Male and Female Babies in Normotensive Controls (NC) and 

Preeclampsia (PE) 

 

Males Females 

NC 

(n=69) 

PE 

(n=54) 

NC 

(n=53) 

PE 

(n=36) 

Myristic Acid  0.88 ± 0.33 0.98 ± 0.28 0.81 ± 0.31 0.92 ± 0.33 

Myristoleic Acid  0.04 ± 0.07 0.06 ± 0.09* 0.04 ± 0.05 0.04 ± 0.03 

Palmitic Acid  26.99 ± 3.00 28.06 ± 3.03 27.04 ± 2.96 28.46 ± 3.53 

Palmitoleic Acid  1.69 ± 0.83 2.25 ± 1.11* 1.63 ± 1.00 1.94 ± 0.95 

Stearic Acid  6.27 ± 3.04 6.36 ± 2.43 6.04 ± 1.78 5.97 ± 1.26 

Oleic Acid  15.70 ± 2.62 17.79± 2.69** 15.98 ± 2.35 17.32 ± 2.56 

Linoleic Acid  31.40 ± 8.49 29.32 ± 7.26 31.97 ± 7.39 31.80 ± 6.11 

γ-Linoleic Acid  0.21 ± 0.09 0.26 ± 0.13 0.22 ± 0.09 0.25 ± 0.15 

α-Linolenic Acid  0.40 ± 0.27 0.33 ± 0.19 0.38 ± 0.22 0.31 ± 0.20 

Di- γ-linoleic Acid  1.49 ± 0.53 1.50 ± 0.43 1.46 ± 0.59 1.47 ± 0.49 

Arachidonic Acid  6.65 ± 3.16 6.16 ± 2.29 6.67 ± 3.08 5.54 ± 1.67 

Eicosapentaenoic Acid  0.34 ± 0.30 0.25 ± 0.24 0.36 ± 0.34 0.29 ± 0.27 

Nervonic Acid  0.65 ± 0.39 0.54 ± 0.28 0.57 ± 0.23 0.54 ± 0.18 

Docosapentaenoic Acid  0.30 ± 0.22 0.17 ± 0.12** 0.31 ± 0.16 0.19 ± 0.10@@

Docohexaenoic Acid  1.18 ± 0.51 1.09 ± 0.34* 1.22 ± 0.46 1.03 ± 0.33 

Saturated fatty Acids 34.15 ± 4.92 35.41 ± 4.06 33.90 ± 3.77 35.37 ± 4.06 

Monounsaturated fatty Acids 18.10 ± 2.68 20.66 ± 3.29** 18.23 ± 2.54 19.86 ± 2.62 

Omega- 3 Fatty Acids 1.94 ± 0.65 1.68 ± 0.50* 1.98 ± 0.67 1.65 ± 0.54@ 

Omega-6 Fatty Acids 40.07 ± 6.10 37.44 ± 5.89 40.65 ± 5.41 39.28 ± 5.43 

Omega-6:Omega-3 23.13 ± 8.43 24.96 ± 10.85 23.40 ± 9.80 26.69±10.61@ 

Values are expressed as Mean ± SD. p: level of significance: *p<0.05, **p<0.01 as compared to 
NC women delivering male babies. @p<0.05, @@p<0.01 as compared to NC women delivering 
female babies; NC: Normotensive Control; T-PE: women with preeclampsia delivering at term; 
PT-PE: women with preeclampsia delivering preterm. 

Fatty Acids: Omega-3 (alpha linolenic acid + eicosapentaenoic acid + docosahexaenoic acid), 
omega-6 (linoleic acid + gamma linolenic acid + di-homo-gamma-linoleic acid + arachidonic acid 
+ docosapentaenoic acid); SFA (myristic acid + palmitic acid + stearic acid); MUFA (myristoleic 
acid + palmitoleic acid + oleic acid + nervonic acid). 
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Table 2.5: Maternal Plasma Fatty Acid (g/100g fatty acids) Levels in Women 
Delivering Male and Female Babies in Term Preeclampsia and Preterm 

Preeclampsia and Normotensive Control 

Fatty acids 
(g/100g fatty acids) 

NC T-PE PT-PE 
Males 

(n=69  ) 
Females 
(n=53) 

Males 
(n= 38) 

Females 
(n=23 ) 

Males 
(n= 16) 

Females 
(n=13) 

Myristic Acid  0.88 ± 0.33 0.81±0.31 0.97 ± 0.29 0.78 ± 0.26 1.00  ± 0.28 1.17±0.30**$$ 

Myristoleic Acid  0.05±0.07 0.04±0.06 0.07 ± 0.10 0.03 ± 0.02 0.05 ± 0.03 0.06 ± 0.04 

Palmitic Acid  26.99±3.00 27.04±2.96 27.86 ± 3.20 27.56 ± 2.95 28.53 ± 2.63 30.06 ±4.01**$ 

Palmitoleic Acid  1.69±0.83 1.63±1.00 2.13 ± 1.21* 1.64 ± 0.73 2.55 ± 0.79** 2.46 ±1.11@@$ 

Stearic Acid  6.27±3.04 6.04±1.78 6.71 ± 2.80 5.98 ± 1.38 5.54 ± 0.65 5.97 ± 1.05 

Oleic Acid  15.07±2.62 15.98±2.35 17.22 ±2.67** 16.88 ± 2.33 19.15±2.26**# 18.22 ± 2.85 

Linoleic Acid  31.40±8.49 31.97±7.39 29.28 ± 8.12 33.67 ± 5.67 29.42 ± 4.83 28.50 ± 5.61$ 

γ-Linoleic Acid  0.21±0.09 0.22±0.09 0.24 ± 0.11 0.20 ± 0.08 0.32 ± 0.15**# 0.33 ± 0.20@@$ 

α-Linolenic Acid  0.40±0.27 0.38±0.22 0.34 ± 0.21 0.31 ± 0.23 0.31 ± 0.15 0.31 ± 0.15 

Di- γ-linoleic Acid  1.49±0.53 1.46±0.59 1.51 ± 0.46 1.50 ± 0.54 1.47 ± 0.37 1.42 ± 0.42 

Arachidonic Acid  6.65±3.16 6.67±3.08 6.39 ± 2.65 5.65 ± 1.96 5.64 ± 0.92 5.36 ± 1.02 

Eicosapentaenoic Acid  0.34±0.30 0.36±0.34 0.28 ± 0.27 0.27 ± 0.19 0.17 ± 0.10* 0.32 ± 0.39 

Nervonic Acid  0.65±0.39 0.57±0.23 0.57 ± 0.31 0.57 ± 0.18 0.48 ± 0.18 0.50 ± 0.18 

Docosapentaenoic Acid  0.30±0.22 0.31±0.16 0.17 ± 0.13** 0.20± 0.11@@ 0.18 ± 0.11* 0.18 ± 0.09@@ 

Docohexaenoic Acid  1.18±0.51 1.22±0.46 1.06 ± 0.35 1.03 ± 0.36 1.17 ± 0.33 1.05 ± 0.27 

Saturated fatty Acids 34.15±2.68 18.23±2.54 35.55 ± 4.47 34.33 ± 3.32 35.08 ± 2.95 37.21±4.72@@$ 

Monounsaturated fatty 

Acids 18.10±4.92 33.90±3.77 20.00 ± 3.39** 19.12 ± 1.98 22.24±2.50**# 21.16±3.15@@$ 

Omega- 3 Fatty Acids 1.94±0.65 1.98±0.67 1.69 ± 0.54* 1.62 ± 0.57@ 1.66 ± 0.40 1.68 ± 0.52 

Omega-6 Fatty Acids 40.07±6.10 40.65±5.41 37.60 ± 6.50* 41.24 ± 4.29 37.05 ± 4.29 35.80± 5.64@@ 

Omega-6:Omega-3 23.13±8.43 23.40±9.80 25.28 ± 11.41 28.68±11.41* 24.20±9.71 23.16±8.28 

Values are expressed as Mean ± SD. p: level of significance: *p<0.05, **p<0.01 as compared to 
NC women delivering male babies; @p<0.05, @@p<0.01 when compared with NC women 
delivering female babies; # p<0.05, ## p<0.01 as compared to T-PE women delivering male 
babies; $p<0.05, $$p<0.01 as compared to T-PE women delivering female babies. NC: Normal 
Control; T-PE: women with preeclampsia delivering at term; PT-PE: women with preeclampsia 
delivering preterm. 

Fatty Acids: SFA (myristic acid + palmitic acid + stearic acid); MUFA (myristoleic acid + 
palmitoleic acid + oleic acid + nervonic acid); omega-3 (alpha linolenic acid + eicosapentaenoic 
acid + docosahexaenoic acid); omega-6 (linoleic acid + gamma linolenic acid + di-homo-gamma-
linoleic acid + arachidonic acid + docosapentaenoic acid).  
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2.3.6 Cord Plasma Fatty Acid Levels in Normotensive Controls (NC) and 
Preeclampsia (PE) 

Cord plasma MUFA levels were higher (p<0.01) in the PE group as 

compared to NC group while there was no change in case of SFA levels between the 

groups (Table 2.6). Cord plasma ALA (p<0.01), DHA (p<0.05) and total omega-3 

fatty acids were lower (p<0.05) in the PE group as compared to NC group. In case of 

total omega-6 fatty acids only AA was lower but not statistically significant in 

women with preeclampsia as compared with normotensive control group (Figure 

2.7). Similarly, levels of nervonic acid were also lower (p<0.05) in the PE as 

compared to NC group (Figure 2.8). 
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Table 2.6: Cord Plasma Fatty Acid (g/100g fatty acids) Levels in Normotensive 
Controls (NC) and Preeclampsia (PE) 

Fatty acids 

(g/100g fatty acids) 

Control 

(n=86) 

PE 

(n=74) 

Myristic Acid  0.73 ± 0.29 0.84 ± 0.26** 

Myristoleic Acid  0.04 ± 0.07 0.10 ± 0.16** 

Palmitic Acid  28.55 ± 3.42 29.20 ± 3.18 

Palmitoleic Acid  2.51 ± 0.83 2.98 ± 0.84** 

Stearic Acid  10.17 ± 2.53 10.20 ± 2.30 

Oleic Acid  14.64 ± 2.07 16.30± 2.48** 

Linoleic Acid  15.69 ± 7.93 15.25 ± 7.08 

γ-Linoleic Acid  0.33 ± 0.16 0.31 ± 0.10 

α-Linolenic Acid  0.43 ± 0.16 0.34 ± 0.17** 

Di- γ-linoleic Acid  2.34 ± 0.71 2.22 ± 0.69 

Arachidonic Acid  13.72 ± 4.42 12.22 ± 3.67 

Eicosapentaenoic Acid  0.34 ± 0.31 0.35 ± 0.39 

Nervonic Acid  1.07 ± 0.41 0.89 ± 0.36** 

Docosapentaenoic Acid  0.47 ± 0.22 0.29 ± 0.26* 

Docohexaenoic Acid  1.92 ± 0.85 1.68 ± 0.64* 

Saturated fatty Acids 39.45 ± 4.45 40.25 ± 3.95 

Monounsaturated fatty Acids 18.28 ± 2.24 20.27 ± 2.71** 

Omega- 3 Fatty Acids 2.69 ± 0.90 2.37 ± 0.75* 

Omega-6 Fatty Acids 32.57 ± 4.94 30.31 ± 5.23 

Omega-6:Omega-3 13.83 ± 6.66 14.73 ± 7.99 

Values are expressed as Mean ± SD. p: level of significance: *p<0.05; **p<0.01 as compared to 
NC. NC: normotensive control; PE: women with preeclampsia.  

Fatty Acids: SFA (myristic acid + palmitic acid + stearic acid); MUFA (myristoleic acid + 
palmitoleic acid + oleic acid + nervonic acid); omega-3 (alpha linolenic acid + eicosapentaenoic 
acid + docosahexaenoic acid); omega-6 (linoleic acid + gamma linolenic acid + di-homo-gamma-
linoleic acid + arachidonic acid + docosapentaenoic acid).  
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Values are expressed as Mean ± SD. p: Level of Significance: *p<0.05, **p<0.01 as compared to 
NC. NC: normotensive control; PE: women with preeclampsia.

Fatty Acids: LA: linoleic acid; AA: arachidonic acid; Omega-6 (linoleic acid + gamma linolenic
acid + di-homo-gamma-linoleic acid + arachidonic acid + docosapentaenoic acid); ALA: alpha 
linolenic acid; DHA: docosahexaenoic acid; omega-3 (alpha linolenic acid + eicosapentaenoic acid 
+ docosahexaenoic acid).
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Figure 2.7: Cord Plasma Omega -3 and Omega -6 Fatty Acid Levels in 
Normotensive Controls (NC) and Preeclampsia (PE) 

 

Values are expressed as Mean ± SD. p: Level of Significance:
*p<0.05, **p<0.01 as compared to NC. NC: normotensive
control; PE: women with preeclampsia
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Figure 2.8: Cord Plasma Nervonic Acid (g/100g fatty acids) Levels in 
Normotensive Controls (NC) and Preeclampsia (PE) 
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2.3.7 Cord Plasma Omega-3 and Omega-6 Fatty Acid Levels in Normotensive 
Controls and Preclampsia based on Gestation (T-PE and PT-PE) 

Cord plasma ALA levels were lower in both T-PE (p<0.01) and PT-PE 

(p<0.05) groups as compared to NC group (Table 2.7). Levels of DHA and total 

omega-3 fatty acids were also lower (p<0.05 for both) in the T-PE group as 

compared to NC group. Similarly, levels of AA were lower in both T-PE and PT-PE 

groups (p<0.05 for both) as compared to NC group. Levels of omega-6 fatty acids 

were also lower in the T-PE (p<0.05) group and PT-PE (p<0.01) group as compared 

to NC group (Figure 2.9). 
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Table 2.7: Cord Plasma Fatty Acid (g/100g fatty acids) Levels in Women with 
Preeclampsia based on Gestation (T-PE and PT-PE) 

Fatty acids 

(g/100g fatty acids) 

Groups 

NC 
(n=86) 

T-PE 
(n=47) 

PT-PE 
(n=27) 

Myristic Acid  0.73 ± 0.29 0.83 ± 0.27* 0.85 ± 0.24 
Myristoleic Acid  0.04 ± 0.08 0.09 ± 0.14* 0.10 ± 0.19* 
Palmitic Acid  28.55 ± 3.42 28.96 ± 2.26 29.63 ± 4.36 
Palmitoleic Acid  2.51 ± 0.83 2.91 ± 0.86* 3.10 ± 0.82** 
Stearic Acid  10.17 ±  2.53 10.47 ± 2.52 9.72 ± 1.80 
Oleic Acid  14.64 ± 2.07 15.82 ± 2.35** 17.12 ± 2.54**# 
Linoleic Acid  15.69 ± 7.93 15.24 ± 6.85 15.28 ± 7.59 
γ-Linoleic acid  0.33 ± 0.16 0.32 ± 0.10 0.29 ± 0.08 
α-Linolenic acid  0.43 ± 0.16 0.34 ± 0.16** 0.35 ± 0.19* 
Di- γ-linoleic acid  2.34 ± 0.71 2.36 ± 0.73 1.97 ± 0.55*# 
Arachidonic acid  13.72 ± 4.42 12.50 ± 4.21* 11.73 ± 2.46* 
Eicosapentaenoic acid  0.34 ± 0.31 0.35 ± 0.42 0.34 ± 0.34 
Nervonic acid  1.07 ± 0.41 0.91 ± 0.39* 0.86 ± 0.33* 
Docosapentaenoic acid  0.47 ± 0.22 0.31 ± 0.28** 0.26 ± 0.24** 
Docohexaenoic acid  1.92 ± 0.85 1.62 ± 0.68* 1.77 ± 0.56 
Saturated fatty acids 39.45 ± 4.45 40.27 ± 3.49 40.21 ± 4.72 
Monounsaturated fatty acids 18.28 ± 2.24 19.75 ± 2.47** 21.20 ± 2.91**# 
Omega- 3 Fatty Acids 2.69 ± 0.90 2.32 ± 0.77* 2.47 ± 0.71 
Omega-6 Fatty Acids 32.57 ± 4.94 30.75 ± 4.61* 29.54 ± 6.18** 
Omega-6:Omega-3 ratio 13.83 ± 6.66 15.42 ± 7.99 13.53 ± 8.00 

Values are expressed as Mean ± SD. p: level of significance:*p<0.05; **p<0.01 as compared to 
NC women; # p<0.05 as compared to T-PE women. NC: Normal Control; T-PE: women with 
preeclampsia delivering at term; PT-PE: women with preeclampsia delivering preterm 

Fatty Acids: SFA (myristic acid + palmitic acid + stearic acid); MUFA (myristoleic acid + 
palmitoleic acid + oleic acid + nervonic acid); omega-3 (alpha linolenic acid + eicosapentaenoic 
acid + docosahexaenoic acid); Omega-6 (linoleic acid + gamma linolenic acid + di-homo-gamma-
linoleic acid + arachidonic acid + docosapentaenoic acid),. 
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Values are expressed as Mean ± SD. p: Level of Significance: *p<0.05, **p<0.01 as compared to 
NC. NC: normotensive control; PE: women with preeclampsia.

Fatty Acids: LA: linoleic acid; AA: arachidonic acid; Omega-6 (linoleic acid + gamma linolenic
acid + di-homo-gamma-linoleic acid + arachidonic acid + docosapentaenoic acid); ALA: alpha 
linolenic acid; DHA: docosahexaenoic acid; omega-3 (alpha linolenic acid + eicosapentaenoic acid 
+ docosahexaenoic acid).

NC PE

0

5

10

15

20

25

30

35

40

45

50

LA AA Omega-6

(g
/1

00
g 

of
 fa

tty
 a

ci
ds

)

Omega ‐3 Fatty Acid

0.059

0

0.5

1

1.5

2

2.5

3

3.5

4

ALA DHA Omega-3

(g
/1

00
g 

of
 fa

tty
 a

ci
ds

)

Omega ‐6 Fatty Acid

*

*

**

 

Figure 2.9: Cord Plasma Omega-3 and Omega-6 Fatty Acid Levels in 
Preclampsia based on Gestation (T-PE and PT-PE) 

 

2.3.8 Cord Plasma Fatty Acid Levels based on Gender of the Baby in 
Normotensive Controls (NC) and Preeclampsia 

MUFA levels were higher in PE (p<0.05) women delivering male and female 

babies as compared to those women in NC group respectively (Table 2.8). There was 

no change in case of SFA levels in any of these groups. ALA (p=0.056) and total 

omega-3 fatty acid levels were marginally lower (p=0.054) and DHA levels were 

significantly lower (p<0.05) in PE women delivering female babies as compared to 

NC group. ALA levels were lower (p<0.05) in PE women delivering male babies as 

compared to NC group. AA levels were lower (p<0.05) in PE women delivering 

male babies as compared to NC group (Figure 2.10). The nervonic acid levels were 

lower (p<0.01) in PE women delivering male babies as compared to NC group 

(Figure 2.11). 
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Table 2.8: Cord Plasma Fatty Acid (g/100g fatty acids) Levels in Women 
Delivering Male and Female Babies in Normotensive Controls (NC) and 

Preeclampsia (PE) 

Fatty acids 

(g/100g fatty acids) 

Males Females 

NC 
(n=54) 

PE 
(n=46) 

NC 
(n=32) 

PE 
(n=28) 

Myristic Acid  0.75 ± 0.31 0.91 ± 0.26** 0.70 ± 0.26 0.72 ± 0.22$$ 

Myristoleic Acid  0.04 ± 0.09 0.13 ± 0.19** 0.03 ± 0.05 0.03 ± 0.05$$ 

Palmitic Acid  27.95 ± 3.27 29.28 ± 3.50 29.55±3.48* 29.08 ± 2.61 

Palmitoleic Acid  2.50 ± 0.70 2.94 ± 0.98* 2.54 ± 1.02 3.04 ± 0.57 

Stearic Acid  10.30 ± 2.49 10.04 ± 2.52 9.93 ± 2.63 10.45 ± 1.89 

Oleic Acid  14.77 ± 2.15 16.37 ± 2.45* 14.43 ± 1.94 16.17 ± 2.58 

Linoleic Acid  15.25 ± 6.72 16.04 ± 7.68 16.44 ± 9.71 13.96 ± 5.86 

γ-Linoleic Acid  0.33 ± 0.17 0.29 ± 0.10 0.34 ± 0.15 0.32 ± 0.09 

α-Linolenic Acid  0.43 ± 0.17 0.33 ± 0.18* 0.42 ± 0.15 0.36 ± 0.15@ 

Di- γ-linoleic Acid  2.35 ± 0.68 2.10 ± 0.68 2.33 ± 0.77 2.41 ± 0.68 

Arachidonic Acid  14.06 ± 4.32 11.73 ± 3.34* 13.14 ± 4.61 13.03 ± 4.09 

Eicosapentaenoic Acid  0.32± 0.31 0.29 ± 0.26 0.37 ± 0.33 0.44 ± 0.53 

Nervonic Acid  1.16 ± 0.42 0.85 ± 0.37** 0.93 ± 0.37* 0.96 ± 0.35 

Docosapentaenoic Acid  0.50 ± 0.23 0.29 ± 0.26** 0.41 ± 0.20 0.29 ± 0.27 

Docohexaenoic Acid  1.89 ± 0.73 1.72 ± 0.65 1.97 ± 1.04 1.60 ± 0.63@ 

Saturated fatty Acids 39.01 ± 4.45 40.24 ± 4.31 40.19 ± 4.43 40.26 ± 3.35 

Monounsaturated fatty Acids 18.48 ± 2.44 20.31 ± 2.77* 17.94 ± 1.83 20.21 ± 2.66@ 

Omega- 3 Fatty Acids 2.65 ± 0.83 2.36 ± 0.72 2.77 ± 1.03 2.40 ± 0.80 

Omega-6 Fatty Acids 32.50 ± 4.50 30.47 ± 5.64 32.68 ± 5.68 30.04 ± 4.56 

Omega-6:Omega-3 13.71 ± 5.67 14.82 ± 8.35 14.03 ± 8.17 14.59 ± 7.52 

Values are expressed as Mean ± SD. p: level of significance:  *p<0.05 as compared to NC women 
delivering male babies. @p<0.05 as compared to NC women delivering female babies. NC:  
Normotensive control; PE: women with preeclampsia. 

Fatty Acids: SFA (myristic acid + palmitic acid + stearic acid), MUFA (myristoleic acid + 
palmitoleic acid + oleic acid + nervonic acid); Omega-3 (alpha linolenic acid + eicosapentaenoic 
acid + docosahexaenoic acid); Omega-6 (linoleic acid + gamma linolenic acid + di-homo-gamma-
linoleic acid + arachidonic acid + docosapentaenoic acid).  
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Values are expressed as Mean ± SD. p: level of significance:  *p<0.05 as compared to NC women 
delivering male babies. @p<0.05 as compared to NC women delivering female babies.  NC:  
ormotensive control; PE: women with preeclampsia.

Fatty Acids: ALA: alpha linolenic acid; DHA: docosahexaenoic acid; Omega-3 (alpha linolenic acid 
+ eicosapentaenoic acid + docosahexaenoic acid); LA: linoleic acid; AA: arachidonic acid; Omega-6 
(linoleic acid + gamma linolenic acid + di-homo-gamma-linoleic acid + arachidonic acid + 
docosapentaenoic acid).
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Figure 2.10: Cord Plasma Fatty Acid Levels in Women Delivering Male and 
Female Babies in Normotensive Controls (NC) and Preeclampsia (PE) 

 

Values are expressed as Mean ± SD. p: level of significance:  
**p<0.001 as compared to NC women delivering male babies. 
NC: normotensive control; PE: women with preeclampsia
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Figure 2.11: Cord Plasma Fatty Acid Levels in Women Delivering Male and 
Female Babies in Normotensive Controls (NC) and Preeclampsia (PE) 

(Including both T-PE and PT-PE) 
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2.3.9 Cord Plasma Fatty Acid Levels in Women with PE based on Gestation 
(T-PE and PT-PE) and Gender of the Baby 

Cord plasma AA levels were lower in both T-PE and PT-PE groups as 

compared to NC group in women delivering male babies (Table 2.9).  

Further, ALA was also lower in the T-PE (p<0.05) and PT-PE (p<0.05) 

groups as compared to women in NC group delivering male babies (Table 2.9). The 

PT-PE group showed lower (p<0.05) total omega-6 fatty acids as compared to NC 

group in women delivering female babies. Further, cord plasma ALA (p<0.05), DHA 

(p<0.05) and total omega-3 fatty acids (p = 0.054) were lower in the T-PE group as 

compared to women in NC group delivering female babies.  
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Table 2.9: Cord Plasma Fatty Acid (g/100g fatty acids) Levels in Women Delivering 
Male and Female Babies in Term Preeclampsia and Preterm Preeclampsia 

Fatty acids 
(g/100g fatty acids) 

NC T-PE PT-PE 
Males 
(n=54) 

Females 
(n=32) 

Males 
(n= 31) 

Females 
(n=16) 

Males 
(n= 15) 

Females 
(n=12) 

Myristic Acid  0.75±0.31 0.70 ±0.26 0.90±0.28* 0.71 ± 0.24 0.94 ± 0.25* 0.74 ± 0.19 

Myristoleic Acid  0.04±0.09 0.03 ±0.05 0.12±0.16* 0.04 ± 0.04 0.16±0.24** 0.04 ± 0.07 

Palmitic Acid  27.95±3.27 29.55±3.48 28.99±2.15 28.89±2.55 29.88 ± 5.39 29.33±2.79 

Palmitoleic Acid  2.5±0.70 2.54±1.02 2.88 ± 0.95 2.99 ± 0.68 3.09±1.07** 3.11 ± 0.41 

Stearic Acid  10.30±2.49 9.93±2.63 10.50±2.67 10.41±2.28 9.09 ± 1.94 10.51±1.31 

Oleic Acid  14.77±2.15 14.43±1.94 15.90±2.30** 15.67±2.52 17.36±2.56**# 16.84±2.61@@ 

Linoleic Acid  15.25±6.72 16.44±9.71 15.40 ± 6.75 14.93±7.27 17.38 ± 9.45 12.67 ± 3.04 

γ-Linoleic Acid  0.33±0.17 0.34±0.15 0.31 ± 0.11 0.35 ± 0.10 0.28 ± 0.08 0.29 ± 0.08 

α-Linolenic Acid  0.43±0.17 0.42±0.15 0.35 ± 0.18* 0.33±0.14@ 0.30 ± 0.20* 0.42 ± 0.16 

Di- γ-linoleic Acid  2.35±0.68 2.33±0.77 2.27 ± 0.68 2.54 ± 0.82 1.75 ± 0.58**# 2.24 ± 0.40 

Arachidonic Acid  14.06±4.32 13.14±4.61 12.13 ± 3.56* 13.23±5.31 10.90± 2.77** 12.77 ± 1.57 

Eicosapentaenoic Acid  0.32 ±0.31 0.37±0.33 0.29 ± 0.30 0.49 ± 0.58 0.32 ± 0.19 0.38 ± 0.48 

Nervonic Acid  1.16±0.42 0.93±0.37 0.89 ± 0.41** 0.94 ± 0.37 0.76 ± 0.28** 0.99 ± 0.36 

Docosapentaenoic Acid  0.50±0.23 0.41±0.20 0.31 ± 0.30** 0.33 ± 0.24 0.26 ± 0.18** 0.26 ± 0.31 

Docohexaenoic Acid  1.89±0.73 1.97± 1.04 1.74 ± 0.65 1.39±0.69@ 1.70 ± 0.67 1.87 ± 0.42 

Saturated fatty Acids 39.01±4.45 40.19±4.43 40.40 ± 3.36 40.02±3.86 39.91 ± 5.97 40.59 ± 2.66 

Monounsaturated fatty 

Acids 
18.48±2.44 17.94±1.83 19.80 ± 2.48* 9.65±2.53@ 21.38 ± 3.13* 20.98 ± 2.74@ 

Omega- 3 Fatty Acids 2.65±0.83 2.77±1.03 2.38 ± 0.68 2.21 ± 0.95 2.32 ± 0.85 2.67 ± 0.46 

Omega-6 Fatty Acids 32.50±4.50 32.68±5.68 30.42 ± 4.44 31.39±5.01 30.58 ± 7.74 28.24 ± 3.28@ 

Omega-6:Omega-3 13.71±5.67 14.03±8.17 14.42±7.47 17.37±8.85 15.64±10.16 10.90±2.48 

Values are expressed as Mean ± SD. p: level of significance: *p<0.05, **p<0.01 as compared to 
NC women delivering male babies at Term; @p<0.05, @@p<0.01 when compared with NC 
women delivering female babies at Term; # p<0.05, ## p<0.01 as compared to PE women 
delivering male babies at Term; $p<0.05, $$p<0.01 as compared to PE women delivering female 
babies at Term. NC: Normal Control; T-PE: women with preeclampsia delivering at term; PT-
PE: women with preeclampsia delivering preterm. 

Fatty Acids: Omega-3 (alpha linolenic acid + eicosapentaenoic acid + docosahexaenoic acid); 
Omega-6 (linoleic acid + gamma linolenic acid + di-homo-gamma-linoleic acid + arachidonic 
acid + docosapentaenoic acid), SFA (myristic acid + palmitic acid + stearic acid), MUFA 
(myristoleic acid + palmitoleic acid + oleic acid + nervonic acid). 
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2.4. Discussion 

This study for the first time reveals several novel findings: 

1) Maternal plasma DHA levels were lower in women with 

preeclampsia as compared to normotensive women. The 

reduction of DHA levels was more prominent in women with 

preeclampsia delivering male babies.  

2) Maternal DHA levels were lower only in women with PE 

delivering at term but not preterm. However, there was no 

difference in maternal DHA levels based on gender of the baby in 

the individual preeclamptic groups. 

3) Maternal AA levels were lower only in women with PE delivering 

preterm but not at term. However, there was no difference in 

maternal AA levels based on gender of the baby in the individual 

preeclamptic groups. 

4) Cord plasma DHA and AA levels were lower in PE as compared 

to the normotensive group. Cord AA levels were significantly 

lower in both T-PE and PT- PE groups while cord DHA was 

lower only in the T-PE group. Cord DHA levels were lower in 

women delivering female babies while cord AA levels were lower 

in PE group in women delivering male babies.  
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5) Reductions in cord NA were observed in both T-PE and PT-PE 

groups. This reduction was observed only in women delivering 

male babies in both T-PE and PT-PE groups. 

 

2.4.1 Maternal and Cord Fatty Acids in Preeclampsia 

In the current study, maternal and cord plasma DHA and total omega-3 fatty 

acid levels were lower in the PE group. The lower levels of these fatty acids may be 

either due to changes in the diet, metabolism or transport of fatty acids. Our earlier 

study from the department indicates that the frequency of consumption of omega-3 

fatty acid rich foods is similar between the preeclampsia and normotensive control 

group (Wadhwani et al., 2014; Kulkarni et al., 2011). It is therefore likely that the 

reduction in maternal plasma DHA levels may be due to altered metabolism in 

women with PE. It is known that in utero, the placenta selectively and substantially 

extracts AA and DHA from the mother and then transfers to the fetus (reviewed by 

Haggarty, 2010). Therefore, lower levels of cord DHA may be due to altered 

synthesis or transport of fatty acids in the placenta. Our departmental study in 

women with preeclampsia has recently reported lower placental mRNA levels of 

delta 5 destaurase and transport proteins like fatty acid transport proteins (FATP1 

and FATP4) (Wadhwani et al., 2014). 

Arachidonic acid (AA) is a physiologically important omega-6 fatty acid 

which is essential for normal growth and development (reviewed by Berry, 2001) 

and is the precursor of ecosanoids (reviewed by Schmitz and Ecker, 2008). Our 

earlier departmental study has shown higher levels of oxidative stress in women with 
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PE (Mehendale et al., 2008). Oxidative stress is known to play an important role in 

the pathogenesis of preeclampsia (Hilali et al., 2013). Our study therefore suggests 

that  lower maternal and cord AA levels may be a result of increased oxidative stress 

since it is known that AA, a major unsaturated fatty acid is the target of free radical 

attack, leading to lipid peroxidation (Marmunti and Catalá, 2007).  

 

2.4.2 LCPUFA levels based on Gestation in Preeclampsia 

In the current study, there were significant differences in maternal blood 

pressure in the term and preterm preeclampsia groups. The maternal DHA and AA 

levels were differentially affected in term and preterm preeclampsia groups. 

However, cord AA levels were lower in both the term and preterm PE groups. In 

contrast, cord DHA levels were lower only in the T-PE group. Although the exact 

mechanisms are unclear, it is likely that a compensatory mechanism involving the 

placental synthesis and transfer of fatty acids may play a role. Our department has 

earlier reported differential placental gene expression and methylation patterns of 

angiogenic factors in the term and preterm preeclampsia groups (Sundrani et al., 

2013). The present study supports the existence of these two different subsets within 

the preeclampsia group. 

 

2.4.3 LCPUFA levels based on Gender of the Baby 

This study for the first time reports the maternal and cord LCPUFA levels 

based on gender of the baby in preeclampsia. Higher amount of DHA concentrations 
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in females as compared to the males has been reported in healthy adult humans 

(Crowe et al., 2008; Giltay et al., 2004). Similarly, animal studies report higher AA 

and DHA levels in plasma and liver phospholipid in female rats (Extier et al., 2010; 

Burdge  et al., 2008). 

Sex hormones are suggested to influence the activity of desaturase enzymes 

which are involved in the synthesis of LCPUFA. Both animal studies (Extier et al., 

2010) and human stable-isotope studies (Burdge and Wootton, 2002; Pawlosky et al., 

2003), indicate that females have a higher capacity than males to synthesize DHA 

from ALA. Both estradiol and testosterone hormones are reported to alter the 

expression of desaturase (Δ9/Δ5/Δ6-desaturase) and elongase enzymes in the liver  

In the current study, DHA and omega-3 fatty acids levels were lower, 

although there was no change in AA levels in women with PE delivering male 

babies. The altered levels of PUFAs in women delivering male babies in our study 

may possibly be due to the steroid hormones which modify desaturase by increasing 

Δ9 expression and by decreasing Δ5 and Δ6 desaturase enzymes (Alaniz and Marra, 

2003). 

In contrast, in the current study, the cord levels of DHA were lower in 

women with PE delivering female babies as compared to those women in NC group. 

The mammalian placenta is known to provide a highly estrogenic environment for 

both female and male fetuses (Flinsenberg et al., 2010). However, it has also been 

reported that estrogen levels in women with PE are lower than normotensive women 

(Tamimi et al., 2003). The lower cord DHA levels of women delivering female 

babies in the preeclampsia group observed in this study may possibly be due to the 
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lower levels of estrogens which are known to regulate the levels of desaturase 

enzymes (Giltay et al., 2004). 

 

2.4.4 Cord Nervonic Acid Levels- Risk for Neurodevelopmental Disorders in 
Children 

Nervonic acid is an important monounsaturated omega-9 fatty acid found in 

sphingomyelin and functions in the biosynthesis of nerve cell myelin in the brain 

(reviewed by Sargent et al., 1994). The accretion of nervonic acid is a good marker 

to track myelinogenesis (Martinez and Mougan, 1998). In the current study, cord 

nervonic acid levels were lower in the PE group as compared to NC group. These 

lower levels of nervonic acid may affect fetal brain growth and development in the 

PE group and may have long-term consequences on brain functions. Studies have 

also reported lower plasma and erythrocyte nervonic acid levels in major depressive 

disorder patients (Assies et al., 2010). Further, we observed lower cord levels of 

nervonic acid in women with PE delivering male babies but not female babies. 

Children born to mothers with PE are reported to have a greater risk for developing 

neurodevelopmental and metabolic disorders in later life (Fraser et al., 2013; Mann 

and McDermott, 2011). Our data indicates that male babies may be at increased risk 

for developing neurodevelopmental disorders. 

In conclusion, our data indicates that maternal LCPUFA levels may be 

differentially regulated in women delivering male and female babies in preeclampsia. 

As mentioned in chapter 1, it has been reported that early neonatal environment also 

contributes to sex differences via the epigenetic mechanism (Edelmann and Auger, 

2011). Further, a recent review suggests that fatty acids can modify the epigenome, 
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thereby altering the gene function and metabolism (reviewed by Burdge and 

Lillycrop, 2014). Thus the altered levels of LCPUFA may have implications for the 

growth and development of children born to women with preeclampsia. 

 

Summary 

The findings in the current chapter suggest that lower levels of LCPUFA 

exist in women with preeclampsia at delivery and in their cord samples.  

Further, these maternal LCPUFA levels are also associated with gender of the 

baby. The lower levels of LCPUFA may be associated with differential levels of 

oxidative stress in different phenotypes of preeclampsia and may also be 

associated with gender of the baby. Therefore, the next chapter examines the 

oxidative stress indices i.e. plasma malondialdehyde (MDA) and erythrocyte 

membrane levels of antioxidants enzymes, glutathione peroxidase (GPx) and 

superoxide dismutase (SOD) from maternal and cord samples in preeclampsia. 

 



 

                                                                                                          

Original Article 

Differential Levels of Long Chain Polyunsaturated Fatty Acids in Women 
with  Preeclampsia Delivering Male and Female Babies  

Suchitra Roy1, Madhavi Dhobale1, Kamini Dangat1, Savita Mehendale2,Girija Wagh2, Sanjay 
Lalwani3, Sadhana Joshi1 

1: Department of Nutritional Medicine, Interactive Research School for Health 
AffairsBharatiVidyapeeth University, Pune, India, 2:Department of Obstetrics and 
GynaecologyBharati Medical College and Hospital, BharatiVidyapeeth University, Pune, India, 
3:Department of Paediatrics, Bharati Medical College and Hospital, BharatiVidyapeeth University,  
Pune, India 

 ABSTRACT  

Maternal long chain polyunsaturated fatty acids (LCPUFA) play a key role in fetal 
growth  and development. This study for the first time examines the maternal and 
cord LCPUFA  levels in preeclamptic mothers delivering male and female infants. 
In this study 122 normotensive control pregnant women (gestation ≥ 37 weeks) 
and 90 women with  preeclampsia were recruited. Results indicate lower maternal 
plasma docosahexaenoic acid (DHA) levels (p<0.05) in women with preeclampsia 
delivering male babies as compared to  normotensive control omen delivering 
male babies. Similarly, cord nervonic acid levels  were lower (p<0.01) in women 
with preeclampsia delivering male babies as compared to  normotensive control 
group. However, cord nervonic acid levels were comparable in women  with 
preeclampsia and normotensive control women delivering female babies. This 
data  suggests that male babies born to mothers with preeclampsia may be at 
increased risk of developing neurodevelopmental disorders as compared to female 
babies. Future studies need  to follow up both male and female children born to 
mothers with preeclampsia since altered levels of LCPUFA at birth may have 
differential implications for the growth and  development. 

KEY WORDS : Nervonic acid; Docosahexaenoic acid; Neurodevelopmental disorders 

  Accepted in July 2014 

( In Press)  



 

- 81 - 

3.0 Oxidative Stress Levels in Women with Preeclampsia 

 

3.1. Introduction 

Oxidative stress is known to affect feto-placental growth and 

development. Recent studies have highlighted the role of maternal oxidative 

stress in epigenetic mechanisms thereby increasing the risk of disease in the 

offspring. The previous chapter demonstrated that maternal LCPUFA levels 

are differentially regulated based on gender of the baby in preeclampsia. It is 

well established that oxidative stress influences levels of LCPUFA.  In view of 

this, the present chapter compares the maternal levels of oxidative stress 

marker malondialdehyde (MDA) and antioxidant enzymes like superoxide 

dismutase (SOD) and glutathione peroxidase (GPx) in women with 

preeclampsia delivering male and female babies. 

 

3.1.1 Oxidative Stress 

Oxidative stress is a condition caused by an imbalance between pro-oxidants 

and antioxidants and can either be altered by increased levels of reactive oxygen 

species  (ROS) and/or reactive nitrogen species, or a decrease in antioxidant defence 

mechanisms (reviewed by Agarwal et al., 2012). It is known that 85-90% of the 

oxygen present in the cell is utilized by the mitochondria, a process, which leads to 

the undesirable production of ROS (reviewed by Ramalho-Santos et al., 2009).  
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Atomic oxygen has two unpaired electrons in separate orbits in its outer 

electron shell.  This electron structure makes oxygen susceptible to radical 

formation.  The sequential reduction of oxygen through the addition of electrons 

leads to the formation of a number of ROS including: superoxide, hydrogen 

peroxide, hydroxyl radical, hydroxyl ion and nitric oxide. 

ROS are involved in a variety of biological phenomena, such as mutation, 

carcinogenesis, degenerative conditions, inflammation and aging (reviewed by 

Kohen and Nyska, 2002). Cellular sources of ROS production include the 

mitochondria, NADPH oxidases and a range of intracellular enzymes like xanthine 

oxidase, cyclooxygenases and cytochrome p450 (reviewed by Finkel, 2011). Excess 

production of ROS may hamper the body’s natural antioxidant defence system and 

create an environment which is inappropriate for carrying out normal physiological 

functions.   

 

3.1.2 Antioxidants 

An antioxidant is a substance capable of preventing or slowing the oxidation 

of other molecules. They protect the cell against metal toxicity by trapping free 

radicals and thus terminate the chain reaction. Antioxidants are often referred to as 

reducing agents since they oxidize themselves. They include all substances which 

protect biomolecules from free radical-mediated damage both in vivo and in vitro. 

They are classified as enzymatic antioxidants and non-enzymatic antioxidants. 
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3.1.3 Antioxidant Enzymes 

Cells contain different types of antioxidant enzymes to prevent or repair the 

damage caused by ROS, as well as to regulate redox-sensitive signalling pathways 

(Weydert and Cullen, 2010). All the enzymatic defences present in the system 

contain a transition metal at their core which is required for electron transfer process 

taking place during the detoxification procedure (reviewed by Burton and Jauniaux, 

2011). It is suggested that the effectiveness of antioxidant protection under oxygen 

deprivation or other environmental stress is dependent on number of factors like 

compartmentalization of ROS formation and antioxidant localization, synthesis and 

transport of antioxidants, the ability to induce antioxidant defense and cooperation 

and/or compensation between different antioxidant systems (reviewed by Blokhina et 

al., 2003). Three of the primary antioxidant enzymes SOD, catalase (CAT)  and GPx 

are present in aerobic cells in various amounts and are discussed in the following 

sections. 

3.1.3.1. Superoxide Dismutase (SOD) 

Superoxide dismutases (SOD) a group of metal-containing enzymes have a 

vital antioxidant role in scavenging superoxide anion (reviewed by Johnson and 

Giulivi, 2005). This enzyme catalyzes the dismutation of superoxide into oxygen and 

hydrogen peroxide. There are three forms of SODs in humans: (i) the Cu- and Zn-

containing SOD (Cu, Zn-SODs) that is found almost exclusively in the intracellular 

cytoplasmic spaces; (ii) the SODs that are specific for Fe or Mn or function with 

either of the two (Fe-SODs, Mn-SODs or Fe/Mn-SODs) that is exclusively present in 

the mitochondrial spaces and (iii) the SODs that use Ni (Ni-SODs) (reviewed by 
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Miller, 2004). All the isozymes of SOD have similar function, but the characteristics 

of their protein structure, metal cofactor requirement, gene distribution and cellular 

compartmentalization are different (Parge et al., 1992). 

3.1.3.2. Catalase (CAT) 

Catalase is a tetrameric enzyme consisting of four identical, tetrahedrally 

arranged subunits of 60 KD and present mainly in the peroxisomes of mammalian 

cells. Catalase has two enzymatic activities depending on the concentration of 

hydrogen peroxide. When the concentration of hydrogen peroxide is high, catalase 

removes hydrogen peroxide by forming water and oxygen. At a low concentration of 

hydrogen peroxide and in the presence of a suitable hydrogen donor (e.g. ethanol, 

methanol or phenol) catalase removes hydrogen peroxide, by oxidizing its substrate 

(reviewed by Scibior  and Czeczot, 2006).  

3.1.3.3. Glutathione Peroxidase (GPx) 

The GPx enzyme catalyzes the reduction of H2O2 or organic hydroperoxides 

into water or corresponding alcohols using reduced GSH as an electron donor (Roy 

et al., 2005 ). In mammalian tissues there are four major selenium dependent GPx 

isozymes: (i) classical GPx (GPx1) identified in the cytosol, nucleus and 

mitochondria. It is found in red blood cells, liver, lung and kidney; (ii) 

gastrointestinal GPx (GPx2) accumulates in the cytosol and nucleus; (iii) plasma 

GPx (GPx3) present in the kidney, lungs, placenta, seminal vesicle, heart and 

muscle; (iv) phospholipid GPx (GPx4) found in the nucleus, cytosol and 

mitochondria (Margis et al., 2008; Herbette et al., 2007). GPx5 and GPx6 are 

identified in mammals and are closely related to GPx3 (reviewed by Dayer et al., 
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2008). The GPx7 isozyme has been reported to be more related to GPx4. Recent 

studies indicate that GPx1 modulates nuclear factor- kappa B activation (Li et al., 

2001) and leads to pro-inflammatory cytokine production (Bozinovski et al., 2012). 

The reactions catalysed by antioxidant system are depicted in Fig 20. 

 

O-2: Superoxide radical; H2O-2: Hydrogen peroxide radical; OH-: Hydroxyl radical; SOD: 
Superoxide dismutase; GSH: Glutathione; 
GSSG: Glutathione disulphide (oxidised glutathione); GSH Peroxidase: Glutathione 
peroxidase; H2O: Water; O2 : Oxygen

 

Figure 3.1: Cellular Antioxidant Enzyme System 

 

3.1.4 Non-Enzymatic Antioxidants 

Non-enzymatic antioxidants include vitamins, metal ions and some 

biomolecules like polyphenols, glutathione and thiols. Along with antioxidant 

enzymes, these non-enzymatic antioxidants act in a cooperative or synergistic way to 

ensure a global cell protection and are grouped as  
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(1) Primary or natural antioxidants. 

(2) Secondary or synthetic antioxidants. 

 

3.1.4.1. Primary or Natural Antioxidants 

They are the chain breaking antioxidants which react with lipid radicals and 

convert them into more stable products (reviewed by Niki, 2014). The natural non-

enzymatic antioxidants include vitamins and minerals, other biomolecules like uric 

acid, glutathione, thiols and polyphenols. They are referred to as dietary or natural 

antioxidants. These antioxidants are obtained from diet. 

• Antioxidant minerals - These are cofactors of antioxidant enzymes and also 

involved in metabolism of many macromolecules such as carbohydrates eg: 

selenium, copper, iron, zinc and manganese.  

• Antioxidant vitamins – Vitamins like vitamin C, E and B are potent 

antioxidants and are needed for most body metabolic functions.  

• Phytochemicals - These are phenolic compounds and include flavonoids, 

catechins, carotenoids, lycopene, herbs and spices.  

 

3.1.4.2. Secondary or Synthetic Antioxidants 

These are phenolic compounds that perform the function of capturing free 

radicals and stopping the chain reactions and include butylated hydroxy anisole 

(BHA), butylated hydroxy toluene (BHT), tert-butyl hydroquinone (TBHQ), 
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nordihydroguaretic acid (NDGA), propyl gallate (PG) and 

ethylenediaminetetraacetic acid (EDTA) (Hurrell, 2003). 

3.1.4.3. Other Metabolites (Protectins and Resolvins) 

Recent reports suggest that omega-3 and omega-6 fatty acids, such as DHA 

and AA are antioxidant in nature (Maruyama et al., 2014). Anti-inflammatory lipids 

called resolvins and protectins are hydroxylated derivatives of EPA and DHA 

(Serhan et al., 2011). They are associated with signal transduction processes involved 

in down-regulation of oxidative stress, neuro-inflammation and apoptosis. Apart 

from counteracting inflammatory process, they are involved in clearance of apoptotic 

cells and debris from injured brain tissue and vasculature leading to tissue 

homeostasis (reviewed by Farooqui, 2012). Protectins are produced in the retinal 

cells when confronted with excessive oxidative stress protective mechanism 

(Mukherjee et al., 2007). These are mainly found in neuronal tissue as well as retinal 

tissues but their presence is also reported in rat placenta (Jones et al., 2013).   

 

3.1.5 Oxidative stress in Cell Signaling 

ROS serve as signaling molecules to regulate biological and physiological 

processes (Schieber and Chandel, 2014). Their role is counterintuitive, where ROS 

can either promote cell survival or cell death depending on the cellular context. 

There are numerous potential sources of ROS within the cell. One important 

generator of intracellular oxidants is a family of membrane-bound enzymes that rely 

on NADPH for their activity in the phagocytic cells as part of a host defense 
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mechanism (reviewed by Finkel,, 2011). Mitochondria represent another source for 

intracellular oxidant production and produce ROS as part of aerobic respiration. ROS 

generated in the mitochondria are involved in signaling transduction of feedback 

regulation after metabolic excess (Nemoto et al., 2000), as well as the regulation of 

the hypoxia-inducible factor 1 alpha (HIF-1a) during low oxygen conditions 

(Brunelle et al., 2005; Guzy et al., 2005; Mansfield et al., 2005) and inflammatory 

response (Bulua et al., 2011; Nakahira et al., 2011; Zhou et al., 2011).  

The intracellular targets of oxidants are the family of tyrosine kinases and 

phosphatases (Salmeen et al., 2003). Ligand binding of the growth factors such as 

platelet derived growth factor and epidermal growth factor stimulates a burst of ROS 

production. Low ROS levels have been shown to block the normal tyrosine kinase 

signaling induced by growth factors (Kruk et al., 2013). Oxidative stress is a 

mediator and modulator of angiogenesis, either directly or via the generation of 

active oxidation products, including peroxidized lipids (Kim and Byzova, 2014).  

 

3.1.6 Oxidative stress in Cell Growth, Differentiation and Apoptosis 

ROS directly influence cell growth, development and cell survival. They play 

a fundamental role in both cell proliferation and apoptosis by modulating cell 

adhesion and integrin signalling cascade (Chiarugi et al., 2003). Low levels of ROS 

in skin epidermis are known to impair differentiation of stem cells into mature apical 

epidermal cells (Hamanaka et al., 2013). Similarly, lowering ROS levels decreases 

the regenerative capacity of neural stem cells and spermatogonial stem cells 

(Morimoto et al., 2013; Le Belle et al., 2011). Bone marrow mesenchymal stem cells 
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require ROS for differentiation into adipocytes while ROS generated by 

mitochondria are reported to trigger muscle differentiation (Malinska et al., 2013; 

Tormos et al., 2011). Production of hydrogen peroxide is also essential for normal 

growth factor signaling (Bae et al., 1997; Sundaresan et al., 1995). ROS are 

signalling molecules in starvation-induced autophagy (Scherz-Shouval et al., 2007) 

which degrades intracellular structures in response to stress, such as nutrient 

starvation (Azad et al., 2009). High concentrations of hydrogen peroxide can initiate 

apoptosis and in very high levels may create necrosis. ROS is implicated in a broad 

range of degenerative alterations e.g. carcinogenesis, aging and other oxidative stress 

related diseases by causing cellular damage and death (Saeidnia and Abdollahi, 

2013). The possible mechanisms leading to oxidative damage in the cell is illustrated 

in the figure given below (Fig. 21). 

 

Source: Mates et al., 2009; Clinical Biochemistry, Vol.32.No.8, 595-603
 

Figure 3.2: Mechanism of Oxidative Damage in the Cell 
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3.1.7 Protein Modifications 

Phosphatases are also important redox targets of ROS as it causes covalent 

modification of specific cysteine residues found within redox-sensitive target 

proteins. Oxidation of these specific and reactive cysteine residues are known to lead 

to the reversible modification of enzymatic activity (reviewed by Finkel, 2011). 

 

3.1.8 Lipid Peroxidation 

ROS leads to the formation of lipid peroxides which alter cell membranes by 

increasing incorporation of cholesterol and oxidized free fatty acids (FFAs) and low-

density lipoproteins (LDLs) (Hubel et al., 1989). Lipid peroxides are directly 

involved in mediating endothelial dysfunction by increasing the production of 

thromboxane A2 and the expression of cell adhesion molecules in the vasculature 

(Wang and Walsh, 2001, 1995; Myatt et al., 1996; Poranen et al., 1996. 

 

3.1.9 DNA Oxidation, Epigenetic Modifications and Mutation 

ROS can cause genetic, as well as, epigenetic changes by directly interacting 

with DNA base pairs (Cerda and Weitzman, 1997). One of the most prevalent forms 

of oxidative DNA damage caused by hydroxyl radicals is the formation of 8-

hydroxyguanine, or its physiologically prevalent keto form, 7, 8-dihydro-8-oxo 

guanine, commonly termed 8-oxoguanine (8-oxoGua) (reviewed by Schieber and 

Chandel, 2014). In developing cells accumulation of 8-oxoGua causes teratological 
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effects. It affects the expression and activity of proteins required for normal 

development and function. It alters gene transcription by disrupting the function of 

RNA polymerase II and stalling of basal transcriptional machinery (Viswanathan and 

Doetsch, 1998).Thus, altered signal transduction may lead to altered gene expression. 

Hydrogen peroxide is known to mediate epigenetic changes (Kim et al., 

2013). Elevated levels of homocysteine, a marker of increased oxidative stress have 

been implicated in epigenetic changes. Homocysteine either directly affects lipid 

metabolism and transport or decreases the bioavailability of NO and modulates the 

levels of other metabolites, like S-adenosyl methionine and S-adenosyl homocysteine 

(Sharma et al., 2006). 

 

3.1.10 Oxidative Stress in Pathological Conditions 

Abnormally high levels of free radicals and the simultaneous decline of 

antioxidant defence mechanisms can damage cellular lipids, proteins or DNA 

inhibiting their normal function. Hence oxidative stress has been implicated in a 

number of human diseases. Cellular structures such as carbohydrates, nucleic acids, 

lipids and proteins are injured by these highly reactive molecules and their functions 

are altered.  

Increasing evidence suggests that the generation of oxygen free radicals play 

an important role in the pathophysiology of various diseases like cancer, neurological 

disorders, atherosclerosis, hypertension, ischemia/perfusion, diabetes, acute 
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respiratory distress syndrome, idiopathic pulmonary fibrosis, chronic obstructive 

pulmonary disease and asthma (Birben et al., 2012, Balaban et al., 2005).  

 

3.1.11 Antioxidants in Health and Disease 

Antioxidant systems, including enzymatic and non-enzymatic antioxidants 

are effective in blocking harmful effects of ROS. Dietary antioxidants, at sufficient 

concentrations in tissues or body fluids, have beneficial effects in vivo by radical 

scavenging or effects on redox potential and hence protect against diseases (Rizvi et 

al., 2014). However, the antioxidant systems can be overwhelmed in pathological 

conditions (Birben et al, 2012).  Ascorbic acid is an effective water-soluble 

antioxidant and is associated with decline in risk of some degenerative diseases, 

especially cancer and eye cataracts (Bartlett and Eperjesi, 2004). Studies have shown 

that high intakes of vitamin E are associated with reduced risk of coronary heart 

disease (Jacob and Burri, 1996). A diet rich in polyphenolic or other forms 

of antioxidants is reported to help delay the onset of age-related disorders (Ergin et 

al., 2013). 

 

3.1.12 Oxidative Stress in Pregnancy 

It has been suggested that ROS and antioxidant enzyme systems are 

important components of the mammalian reproductive functions, such as ovarian 

follicular development, ovulation, fertilization, luteal steroidogenesis, endometrium 

receptivity and shedding, embryonic development implantation and early placental 
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growth and development (reviewed by Al-Gubory et al., 2010). ROS is required for 

normal pregnancy as it induces transcription of genes like hypoxia-inducible 

factors 1α and cAMP response element-binding protein 1 and also plays a role in cell 

differentiation. Hypoxia is known to be essential for early embryonic and placental 

development (Dunwoodie, 2009). Reports suggest that hypoxia regulates the peri-

implantation angiogenesis in humans (reviewed by Tuuli et al., 2011; De Marco and 

Caniggia, 2002). Excess production of ROS can have deleterious effects on the 

embryo and include a) adverse effects of lipid peroxidation on cell membrane b) 

induction of nuclear DNA strand breaks c) mitochondrial damage d) ATP depletion 

and e) embryo fragmentation (reviewed by Guerin et al., 2001). 

In the early stages of the first trimester, the gestational sac is designed to limit 

fetal exposure to O2 and thereby protects the developing fetus against the deleterious 

and teratogenic effects of oxygen free radical (Jauniaux et al., 2003a). Throughout 

pregnancy the oxygen pressure is relatively low compared to the maternal 

circulation, and is known to influence cytotrophoblast proliferation and 

differentiation (Genbacev et al., 1997) and villous vasculogenesis (Charnock-Jones 

and Burton, 2000). Spacio-temporal differences in the opening of the spiral arteries 

are known to be governed by the oxygen gradient in placental tissue (Burton et al., 

2010).  

There are two important physiological phenomena during pregnancy wherein 

excessive production of oxygen radicals occurs. At the end of the first trimester, 

there is a burst of oxidative stress in the periphery of the early placenta due to higher 

local O2 concentrations (Jauniaux et al., 2000) as maternal blood flow enters the 
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placenta. At this stage the trophoblast possesses low concentrations and activities of 

the antioxidant enzymes superoxide dismutase, catalase and glutathione peroxidase. 

This trophoblastic oxidative damage and progressive villous degeneration is a trigger 

for the formation of the fetal membranes (Jauniaux et al., 2003b).  

It is suggested that during normal pregnancy, at term, the fetus and placenta 

extract large quantities of O2 from the intervillous space (Hung et al., 2001) leading 

to reduced oxidative stress by upregulating the antioxidant defense in the placenta. It 

has been reported that the antioxidant enzyme system is upregulated during the last 

trimester of gestation, a timeframe when non-enzymatic antioxidants are also 

crossing the placenta in increasing concentrations (Davis and Auten, 2010). 

Therefore, it is believed that a well-controlled oxidative stress may play a key role in 

placental development, transport of nutrients and hormonal synthesis. Maladaptation 

to a changing O2 environment may result in miscarriage, preeclampsia (Jauniaux et 

al., 2006). 

During pregnancy the materno nutritional demands of the mother increases in 

order to provide sufficient nutrition to the growing fetus. Reports indicate that an 

inadequate supply of micronutrients increases the level of oxidative stress and leads 

to adverse pregnancy outcomes (Mistry and Williams, 2011). 

 

3.1.13 Oxidative Stress in Preeclampsia 

Oxidative stress is now recognized to have a central role in the 

pathophysiology of many different disorders including complications of pregnancy 
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like preeclampsia (Pimentel et al., 2013). Impaired placental growth which is a key 

factor in the pathogenesis of preeclampsia triggers maternal oxidative stress 

(reviewed by Hung and Burton, 2006). The increased demand for O2 for the placenta 

and fetus is suggested to result in transient hypoxia and consequently a chronic low-

grade intermittent ischemia-reperfusion type injury to the placenta (Jauniaux et al., 

2006; Hung et al., 2001). 

Studies from our department and others have reported higher plasma MDA 

levels in women with preeclampsia (Silva et al., 2013; Ahmadi et al., 2012; Babu et 

al., 2012; Catarino et al., 2012; Gohil et al., 2011; Mehendale et al., 2008; Sharma et 

al., 2006; Atamer et al., 2005). Reports also indicate the existence of increased 

oxidative stress in the placenta of women with preeclampsia (Shaker and Sadik, 

2013; Staff et al., 1999; Wang and Walsh, 1998,1995; Myatt et al., 1996; Lorentzen 

et al., 1995). Increased cord plasma concentrations of MDA have also been reported 

by others (Bowen et al., 2001) and our department (Mehendale et al., 2008) in 

women with preeclampsia. Altered levels of oxidative stress markers and 

inflammatory mediators have been reported to be associated with blood pressure in 

preeclampsia (Bernardi et al., 2008).  

 

3.1.14 Antioxidants in Preeclampsia 

In preeclampsia, antioxidant nutrients are presumed to be utilized to a greater 

extent to counteract the ROS (Mikhail et al., 1994). The rapid decrease in antioxidant 

capacity would propagate lipid peroxidation leading to the biological cascade of 

leukocyte activation, platelet adhesion and aggregation and the consequent release of 
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vasoconstriction agents (Jauniaux et al., 2006). Vitamin C and E supplementation 

during the second trimester of pregnancy is reported to improve the biochemical 

indices of oxidative stress (Chappell et al., 2002, 1999). A systematic meta-analysis 

indicates that lower levels of vitamin E and C exist in women with preeclampsia as 

compared to normotensive women (Gupta et al., 2009). Studies from our department 

have also reported reduced levels of vitamin E and C in women with preeclampsia 

(Mehendale et al., 2008). 

There are reports on levels of antioxidant enzymes in women with 

preeclampsia. However, the results are inconsistent. Some studies report enhanced 

antioxidant enzyme SOD and GPx activities in erythrocytes of women with 

preeclampsia (Llurba et al., 2004; Orhan et al., 2003) while others report lower 

activities of SOD, CAT and glutathione reductase (GR) (Dordević et al., 2008). The 

above findings suggest that an imbalance in oxidants and antioxidant defence may 

play a critical role in pathophysiology of preeclampsia. 

 

3.1.15 Oxidative Stress and Fetal Programming 

In the developing embryo and fetus, intrauterine stressors like ROS may lead 

to birth defects, postnatal functional deficits and an increased risk of adult diseases 

through fetal programming mechanisms (reviewed by Thompson and Al-Hasan, 

2012; Wells et al., 2009). Fetal programming through oxidative stress may be 

mediated either a) through the modulation of gene expression, b) through the adverse 

effects of oxidized lipids or c) by having a negative impact on important molecules 
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during vulnerable phases of development eventually resetting/programming the fetus 

for non-communicable disease (reviewed by Luo et al., 2006).  

Moreover, ROS molecules can also directly interact with DNA base pairs 

causing both genetic, as well as, epigenetic changes (reviewed by Rang and 

Boonstra, 2014; reviewed by Cerda and Weitzman, 1997). The role of redox balance 

in modulating gene expression is well demonstrated and recent studies indicate that 

both the insulin functional axis and blood pressure could be sensitive targets to 

oxidative stress programming (reviewed by Luo et al., 2006). Animal studies report 

that maternal oxidative stress throughout gestation results in fetal programming of 

vascular oxidative stress in the offspring during adulthood (reviewed by Lim and 

Sobey, 2011). It has also been hypothesized that oxidative stress may be an initiating 

trigger for developmental programming of hypertension eventually leading to 

cardiovascular and metabolic diseases (reviewed by Nuyt and Szyf, 2007). Thus, it is 

likely that oxidative stress may be the nucleus of fetal programming as it arbitrates 

the effects of early life insults on programming.   

 

3.1.16 Oxidative Stress and Neurodevelopmental Disorders 

ROS and oxygen have been implicated in neurogenesis and self-renewal of 

neural progenitor cells (NPCs). Oxidative stress due to either impairment of 

antioxidant defences or by an intensified production of ROS is related to risk factors 

of neurodevelopmental disorders, such as schizophrenia (Paulsen Bda et al., 2013). 

Changes in the cellular redox environment are suggested to be involved in neuronal 

differentiation (Ostrakhovitch and  Semenikhin, 2013). Elevated levels of ROS are 
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reported to modulate the redox state of tyrosine phosphorylated proteins, thereby 

influencing transcriptional networks and signaling cascades important for 

neurogenesis (Kennedy et al., 2012).  

The high rate of O2 consumption by mitochondrial metabolism in the brain 

generates reactive oxygen and nitrogen species (Brown and Neher, 2010; Szabo et 

al., 2007; Tieu et al., 2003). The brain also contains high levels of polyunsaturated 

fatty acids which are targets for the initiation of lipid peroxidation which in turn are 

capable of modifying proteins which accumulate in the brain (Higdon et al., 2012; 

Butterfield and Lauderback, 2002). Oxidative DNA damage initiates a series of 

signaling events (e.g. activation of p53) which have been shown to promote neuronal 

loss following CNS injury (Smith et al., 2013). 

 

3.1.17 Risk of Neurodevelopmental Disorders in Children born to Women with 

Preeclampsia 

Pregnancy complications are reported to be associated with psychiatric 

disorders, such as schizophrenia, ADHD and mood disorders, epilepsy and mental 

disorders in children at later age (Eide et al., 2013; Getahun et al., 2013; Tranquilli et 

al., 2013; Wu et al., 2008b; Cannon et al., 2002; Verdoux and Sutter, 2002). Studies 

have shown an association between preeclampsia and neonatal encephalopathy, 

cerebral palsy, febrile seizures and neurologic impairment (Vestergaard et al., 2003; 

Thorngren-Jerneck and Herbst, 2006; Martikainen et al., 1988; Baud et al., 2000; 

Impey et al., 2001).  
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Preeclampsia is also associated with a four fold increase in the risk of IUGR 

and preterm delivery (Odegard et al., 2000; Critchfield et al., 2013). Children born 

preterm are reported to have neurologic sequelae and psychomotor developmental 

disorders (Saigal and Doyle, 2008). Neonates born to women with preeclampsia are 

reported to have elevated levels of various inflammatory markers which are 

suggested to modify the risk of a variety of neurological disorders (Hagberg et al., 

2012). 

A recent study suggests the involvement of oxidative stress in the 

pathogenesis of neurological conditions may be due to alterations in the levels of 

antioxidant enzymes especially SOD (Sunday et al., 2014). Reports also indicate that 

in utero exposure to ischemic-hypoxic conditions (IHCs) is associated with ADHD 

(Getahun et al., 2013).  

 

3.1.18 Sex-Specific Susceptibility of Fetus: Risk for Adult Diseases 

Both human and animal studies indicate that estrogen provides protection 

against hypoxia and ischemic injury in the neonatal brain (Johnston and Hagberg , 

2007). Further, a recent report indicates that the morphological, neurochemical and 

functional organization of the brain is gender-dependent and primarily controlled by 

sex hormones during the perinatal period (Chung and Auger, 2013). Studies in our 

department have demonstrated low LCPUFA levels, increased oxidative stress and 

increased homocysteine in the pathophysiology of preeclampsia (Kulkarni et al., 

2011; Mehendale et al., 2008). Our earlier departmental studies indicate differences 

in angiogenic factors in subsets (i.e. preterm-preeclampsia (PT-PE) and term 
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preeclampsia (T-PE)) of preeclampsia (Sundrani et al., 2013; Kulkarni et al., 2011). 

Preterm births in preeclampsia are considered as more severe form of the disease 

with strong underpinnings of clinical presentation (Ananth et al., 2010). However, it 

is unclear whether these subsets also differ with respect to the response to oxidative 

stress during pregnancy. 

Further, there is very little information about the mechanisms underlying the 

early sex-specific expression of genes which is suggested to result from epigenetic 

regulation in the placenta (reviewed by Gabory et al., 2013). It is likely that these sex 

dependant effects may be mediated by a differential response to oxidative stress.  

This study for the first time compares the maternal levels of oxidative 

stress markers (malondialdehyde (MDA), superoxide dismutase (SOD) and 

glutathione peroxidase (GPx)) in 1) women with preeclampsia delivering at 

term and preterm 2) women with preeclampsia delivering male and female 

babies. 

 

3.2. Materials and Methods 

 

3.2.1 Study Subjects 

The criteria for recruitment of study population and sample collection are as 

mentioned in Chapter 2 (Section 2.2.1 and 2.2.2). 
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3.2.2 Malondialdehyde (MDA) Assay 

Levels of the oxidative stress marker MDA was estimated from maternal 

plasma using the Oxis kit (MDA-586, Oxis International, Foster City, CA, USA). 

Briefly, thiobarbituric acid reacts with MDA to form a pink colour and the 

absorbance was measured at 586 nm. Tetramethoxypropane is used as a standard. 

MDA concentration was expressed as µmol/ml.  

 

3.2.3 Superoxide Dismutase (SOD) Assay 

Antioxidant enzyme assays were done from erythrocyte lysates.  Erythrocyte 

pellet was washed, following which it was resuspended in 4 packed-cell volumes of 

ice-cold deionized water and tubes were kept on ice for 10 minutes. Further, these 

lysates were diluted with sample diluent and assayed immediately within one hour 

after dilution. 

SOD assay was done by using Cayman’s microplate kit. It utilizes a 

tetrazolium salt for detection of superoxide radicals which are generated by xanthine 

oxidase and hypoxanthine. In each plate first the radical detector was added and 

further standard and erythrocyte lysates were added. Reaction was initiated by 

adding radical detector and the colour change was measured (440-460 nm) 

spectrophotometrically using ELISA reader. SOD activity was expressed as U / ml. 
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3.2.4 Glutathione Peroxidase (GPx) Assay 

The GPx assay is an indirect measure of the activity of cellular-GPx (c-GPX). 

The assay was performed using a colorimetric kit for GPx (GPx-340™: Oxis 

Research Internationals; Bioxytech®). Oxidized glutathione (GSSG), produced upon 

reduction of organic peroxide by c-GPx was recycled to its reduced state by the 

enzyme glutathione reductase (GR):  The oxidation of NADPH to NADP+ was 

accompanied by a decrease in absorbance at 340 nm (A340) providing a 

spectrophotometric means for monitoring GPx enzyme activity. The enzyme reaction 

was initiated by adding the substrate, tert-butyl hydroperoxide and the A340 was 

recorded. The rate of decrease in the A340 was directly proportional to the GPx 

activity in the sample. GPx activity was expressed as mU / ml. 

 

3.2.5 Statistical analysis 

Values are expressed as mean ± SD. The data was analysed using SPSS/PC+ 

statistical package (version 20.0, Chicago IL). Data was checked for normal 

distribution by testing for skewness and kurtosis. Mean values of the estimates of 

various parameters for PT-PE and T-PE was compared with those of NC group at 

conventional levels of significance (p<0.05, p<0.01) using one way ANOVA. 

Pearson’s correlation was used to examine the association of MDA, SOD and GPx 

with maternal age, body mass index (BMI), duration of gestation and parity. Since 

MDA, SOD and GPx correlated with maternal age, BMI and duration of gestation, 

these parameters (MDA, SOD and GPx) were adjusted with the above variables 

using multiple linear regression. 
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3.3. Results 

3.3.1 Maternal Plasma MDA Levels in Normotensive Controls and 
Preeclampsia (T-PE and PT-PE) 

Maternal plasma MDA levels were higher in both the T-PE (p<0.05, 14.23 ± 

4.5 µmol/ml) and PT- PE (p<0.01, 15.44 ± 5.94 µmol/ml) groups as compared to the 

NC group (12.58 ± 4.4 µmol/ml). No significant differences were seen between T-PE 

and PT-PE groups although a higher trend was observed in PT-PE group as 

compared to T-PE group (Figure 3.3). 

 

Values are expressed as Mean ± SD; p: Level of significance; 
*p<0.05, **p<0.01 as compared to NC; @p<0.05 as compared to NC 
women delivering male babies; $p<0.05 as compared to T-PE women 
delivering male babies. NC: Normotensive Control; T-PE: women 
with preeclampsia delivering at term; PT-PE: women with 
preeclampsia delivering preterm.
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Figure 3.3: Maternal Plasma MDA Levels in Normotensive Controls and 
Preeclampsia (T-PE and PT-PE) 
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3.3.2 Maternal Plasma MDA levels based on Gender of the Baby 

Higher levels of maternal plasma MDA were observed in T-PE (p<0.05, 

15.39 ± 4.5 µmol/ml) and PT-PE (p<0.05, 15.82 ± 5.4 µmol/ml) women delivering 

male babies as compared to NC women delivering male babies (13.11 ± 4.26 

µmol/ml) (Figure 3.4).  

In case of women delivering female babies the maternal plasma MDA levels 

showed borderline significance only in PT-PE group (p = 0.073, 14.86 ± 6.81 

µmol/ml) but not in T-PE (12.47 ± 4.06 µmol/ml) as compared NC women 

delivering female babies (11.95 ± 4.53 µmol/ml) (Figure 3.4). 

 

Values are expressed as Mean ± SD; p: Level of significance; 
*p<0.05, **p<0.01 as compared to NC; @p<0.05 as compared to NC 
women delivering male babies; $p<0.05 as compared to T-PE women 
delivering male babies. NC: Normotensive Control; T-PE: women 
with preeclampsia delivering at term; PT-PE: women with 
preeclampsia delivering preterm.

Male                   Female      

 

Figure 3.4: Maternal Plasma MDA Levels Based on Gender of the Baby 
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3.3.3 Comparison of Maternal Plasma MDA Levels Based on Gender of the 
Baby within Groups 

In addition higher levels of MDA were seen in T-PE women delivering male 

babies (p<0.05, 12.47 ± 4.06 µmol/ml) as compared to the T-PE women delivering 

female babies (12.12 ± 3.79 µmol/ml). However, none of the other groups (PT- PE 

and NC) showed any difference between the genders (Figure 3.4).  

 

3.3.4 Maternal Erythrocyte SOD Levels in Normotensive Controls and 
Preeclampsia (T-PE and PT-PE) 

Maternal erythrocyte SOD levels were higher in the T-PE (p<0.05, 1669.37 ± 

469.82 U/ml) and PT- PE (p<0.05, 1711.88 ± 475.17 U/ml) groups as compared to 

NC group (1485.82 ± 422.22 U/ml). However, no significant differences were seen 

between the T-PE and PT-PE groups (Figure 3.5). 
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Figure 3.5: Maternal Erythrocyte SOD Levels in Normotensive Controls and 
Preeclampsia (T-PE and PT-PE) 

 

3.3.5 Maternal Erythrocyte SOD Levels based on Gender of the Baby 

The T-PE women delivering male babies showed higher levels of maternal 

erythrocyte SOD (p<0.05, 1692.21 ± 507.16 U/ml) as compared to NC women 

delivering male babies (1487.2 ± 463.24 U/ml) but not with respect to PT-PE women 

delivering male babies (1683.43 ± 440.18 U/ml) (Figure 3.6).  

 Women from PT-PE group delivering female babies showed borderline 

significance in maternal erythrocyte SOD levels (p = 0.059, 1757.4 ± 548.19 U/ml) 

as compared to NC women delivering female babies (1484.03 ± 367.36 U/ml) but 

not as compared to T-PE group (1630.56 ± 407.99 U/ml) (Figure 3.6).  
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Values are expressed as Mean ± SD; p: Level of significance; 
*p<0.05, **p<0.01 as compared to NC; @p<0.05 as compared to NC 
women delivering male babies; $p<0.05 as compared to T-PE women 
delivering male babies. NC: Normotensive Control; T-PE: women 
with preeclampsia delivering at term; PT-PE: women with 
preeclampsia delivering preterm.

Male                   Female      

 

Figure 3.6: Maternal Erythrocyte SOD levels Based on Gender of the Baby 

 

3.3.6 Comparison of Maternal Erythrocyte SOD levels based on Gender of the 
Baby within Groups 

There was no gender difference in individual groups i.e. T-PE, PT- PE and 

NC (Figure 3.6). 

 

3.3.7 Maternal Erythrocyte GPx Levels in Normotensive Controls and 
Preeclampsia (T-PE and PT-PE) 

Maternal erythrocyte GPx levels were higher in the T-PE (p<0.05, 124.57 ± 

65.78 mU/ml) and PT- PE (p<0.01, 138.47 ± 61.5 mU/ml) groups as compared to 

NC group (97.1 ± 53.67 mU/ml. No significant differences were seen within the T-

PE and PT-PE groups) (Figure 3.7).  
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Values are expressed as Mean ± SD; p: Level of significance; 
*p<0.05, **p<0.01 as compared to NC. NC: Normotensive 
Control; T-PE: women with preeclampsia delivering at term; 
PT-PE: women with preeclampsia delivering preterm.

 

Figure 3.7: Maternal Erythrocyte GPx Levels in Normotensive Controls and 
Preeclampsia (T-PE and PT-PE) 

 

3.3.8 Maternal Erythrocyte GPx Levels Based on Gender of the Baby 

The T-PE and PT-PE women delivering male babies showed higher levels of 

maternal erythrocyte GPx in PT-PE (p<0.01, 155.24 ± 68.46 mU/ml) and T-PE 

group (p=0.158, 120.68 ± 63.53 mU/ml) as compared to NC women delivering male 

babies (100.99 ± 55.82 mU/ml) (Figure 3.8). 

In case of women delivering female babies the maternal erythrocyte GPx 

levels were higher in T-PE (p<0.05, 131.53 ± 70.87 mU/ml) and PT-PE group 

(p=0.151, 111.64 ± 37.36 mU/ml) as compared to NC women delivering female 

babies (91.8 ± 50.95 mU/ml) (Figure 3.8).  
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Values are expressed as Mean ± SD; p: Level of significance; @p<0.05, 
@@p<0.01 as compared to NC women delivering male babies; #p<0.05 as 
compared to NC women delivering female babies; $p<0.05 as compared to 
T-PE women delivering male babies. NC: Normotensive Control; T-PE: 
women with preeclampsia delivering at term; PT-PE: women with 
preeclampsia delivering preterm.

 

Figure 3.8: Maternal Erythrocyte GPx Levels Based on Gender of the Baby 

 

3.3.9 Comparison of Maternal GPx Levels Based on Gender of the Baby 
within Groups 

There was no gender difference in the maternal erythrocyte GPx levels in any 

of the groups (T-PE, PT- PE and NC) (Figure 3.8). 

 

3.4. Discussion 

This study for the first time reports very interesting and several novel 

findings in women with preeclampsia delivering at term or preterm as 

compared to normotensive women delivering at term. The key findings are as 

follows:  
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1) Higher maternal plasma MDA levels in both T-PE and PT-PE 

groups as compared to NC group  

2) Higher levels of maternal SOD and GPx both in T-PE and PT-PE 

groups as compared to NC group  

3) Women delivering male babies in both the T-PE and PT-PE 

groups showed higher MDA and GPx levels as compared to NC 

women delivering male babies 

 

3.4.1 Higher Maternal Plasma MDA Levels in Both T-PE and PT-PE Groups 

The current study reports higher levels of MDA both in the T-PE and PT-PE 

groups as compared to NC group. There are no studies which have reported the 

maternal plasma MDA levels in PT-PE group although many studies have reported 

higher MDA levels in the preeclampsia group on a smaller size (Siddiqui et al., 2013, 

Gohil et al., 2011; Atamer et al., 2009). Studies analysing the MDA levels in women 

with preeclampsia suggest that there exists a close association between the degree of 

lipidic damage and clinical severity of preeclampsia (Chamy et al., 2006).  

During the first trimester, establishment of blood flow into the intervillous 

space increases oxidative stress, trophoblast apoptosis and altered placental vascular 

reactivity in complications like PE (reviewed by Myatt and Cui, 2004). Preeclampsia 

is known to be associated with placental hypoxia, which further generates excess free 

radicals (reviewed by Gilbert et al., 2008) that attack the membrane lipids especially 

LCPUFA (reviewed by Thompson and Al-Hasan, 2012). Proteins and nucleic acids 
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are targets of oxidative stress. Plasma and organelle membranes are particularly 

vulnerable to oxidative stress because phospholipids are easily oxidized by 

O2−radical. Few studies suggest that maternal MDA may be a marker to predict 

preeclampsia (Siddiqui et al., 2013; Gohil et al., 2011) which is responsible for the 

pathologic changes in the uteroplacental vasculature (Bulgan Kilicdag et al., 2005; 

Atamer et al., 2005). 

 

3.4.2 Higher Levels of Maternal SOD and GPx both in T-PE and PT-PE 
Groups 

In the current study, higher levels of SOD and GPx were observed in both T-

PE and PT-PE groups as compared to NC group suggesting that this may be a 

compensatory response to oxidative stress in the maternal-feto-placental unit. 

Reports on SOD levels are inconsistent, with some studies reporting higher levels of 

SOD (Gohil et al., 2011; Peraçoli et al., 2011; Kaur et al., 2008; Llurba et al., 2004) 

and others reporting lower levels in the preeclampsia group (Dordević et al., 2008; 

Yildirim et al., 2008; Bayhan et al., 2000). There are no studies which have 

examined the levels of SOD in the PT-PE group. Similarly, in case of GPx some 

report higher levels (Llurba et al., 2004) while others report lower levels (Kaur et al., 

2008; Bayhan et al., 2000) and some report no difference (Dordević et al., 2008) in 

the preeclampsia group as compared to control. 
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3.4.3 Maternal MDA and GPx Levels Based on Gender of the Baby 

Oxidative stress levels are reported to be sex dependant. Reports indicate that 

the mitochondria from female rats generate half the amount of hydrogen peroxide 

than those of males and have higher levels of antioxidant enzymes in order to reduce 

oxidative stress (reviewed by Borras et al., 2011). A recent study also suggests that 

there exists higher mitochondrial oxidative stress in males than females (reviewed by 

Vina et al., 2011). Interestingly, we have observed higher levels of plasma MDA in 

both subsets of women with preeclampsia (T-PE and PT-PE) delivering male babies. 

Further, the erythrocyte GPx levels were also higher in PT-PE women delivering 

male babies as compared to NC women delivering male babies. The SOD levels 

were also higher in the T-PE women delivering male babies. This data indicates that 

women with preeclampsia delivering male babies have higher oxidative stress than 

normotensive women delivering male babies. Higher oxidative stress in women with 

preeclampsia may have more pronounced consequences for growth and development 

of male babies not only in utero but such effects may also sustain during the early 

postnatal life. Our findings support other studies both, in animals and humans, which 

indicate sex-specific effects in the offspring as a result of adverse maternal nutrition 

(Kwong et al., 2000).  

 

3.4.4 Possible Mechanism Leading to Differential Oxidative Stress in Mothers 
with Preeclampsia Delivering Male and Female Babies 

One of the possible mechanisms for lower oxidative stress in women 

delivering female babies observed in the current study may be due to the presence of 

fetal estrogens (Figure 3.9). Estrogen is known to activate the MAPK /NFκB 
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pathway through the estrogen receptors and subsequently activate the expression of 

antioxidant enzymes such as SOD and GPx (Vina et al., 2011). Estrogen receptors 

are suggested to be the most extensively expressed protein antigens, particularly in 

fetal ovarian cortex in the immature first trimester human fetal ovary (Gould et al., 

2000). 
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Figure 3.9: Possible Mechanism in Women with Preeclampsia Delivering Male 
Babies having Higher Oxidative Stress and Implications for Fetal Programming 

 

This may also explain the higher levels of MDA in women delivering male 

babies with higher levels of antioxidant enzymes in response to increased oxidative 

stress. Thus, our results support studies that suggest the need to incorporate sex 
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differences in the immediate- and long-term consequences of suboptimal fetal 

growth (Reynolds et al., 2012).  

This is the first study that presents data comparing oxidative stress indices 

between T-PE and PT-PE pregnancies versus NC. This study also examines the 

effect of maternal oxidative stress based on gender of the baby. Our findings suggest 

that children born at term to women with preeclampsia may possibly have lower risk 

of developing neurodevelopmental disorder as compared to those born preterm. 

Future studies need to follow up these children for examining the risk of 

neurodevelopmental disorders in childhood and adult life. 

To summarize, our results indicate that the higher levels of oxidative 

stress in the PT-PE group may be one of the key etiologic components of 

preeclampsia. Our study also indicates that the levels of oxidative stress and 

antioxidant enzymes in women with preeclampsia delivering male babies differ 

significantly with respect to women delivering female babies. This may have 

implications for differential fetal programming of metabolic and 

neurodevelopmental disorders in male and female babies. This suggests that the 

concept of developmental origins of health and disease may need to have sex-

specific recommendations for a healthy life. Children born to women with 

preeclampsia may have altered early postnatal growth which has implications 

for disease in later life. The next chapter therefore reports the growth measures 

of these babies from birth till 6 months of age and their associations with 

maternal oxidative stress and LCPUFA levels. 
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delivering Male and Female Babies 	
Suchitra Roy1, Madhavi Dhobale1, Kamini Dangat1, Savita Mehendale2, Sanjay 
Lalwani3, Sadhana Joshi1 

1: Department of Nutritional Medicine, Interactive Research School for Health Affairs; Bharati 
Vidyapeeth University, Pune India; 2: Department of Obstetrics and Gynaecology, Bharati Medical 
College and Hospital, Bharati Vidyapeeth University, Pune, India; 3: Department of Pediatrics, Bharati 
Medical College and Hospital, Bharati Vidyapeeth University, Pune 411043, India  

 RUNNING TITLE:  Maternal oxidative stress and fetal growth  

KEYWORDS:  Superoxide dismutase, glutathione peroxidase, fetal programming, 
malondialdehyde, reactive oxygen species 

ABSTRACT 

Objectives: Increased oxidative stress is known to be associated with pregnancy 
complications like preeclampsia (PE). We hypothesize that increased maternal 
oxidative stress may differentially affect/program the pregnancy outcome during 
early postnatal periods in male and female babies. 

Materials and methods: One hundred three healthy pregnant women (gestation ≥37 
weeks) were recruited for the normotensive control group and 57 women with term-
preeclampsia (T-PE; gestation ≥37 weeks) and 28 women with preterm- 
preeclampsia (PT-PE; gestation <37 weeks) were also recruited. All infants were 
followed for anthropometric measurements until six months of age.  

Results: Higher maternal plasma MDA and erythrocyte SOD and GPx levels were 
observed in both T-PE and PT-PE groups. Higher maternal levels of MDA and GPx 
were seen in mothers delivering male babies in T-PE and PT-PE groups respectively 
as compared to mothers delivering female babies. Babies born to mothers with PT-
PE showed poor growth and development on all the anthropometric parameters 
compared to those born to mothers with T-PE and normotensive controls (NC).  

Conclusion: The altered levels of oxidative stress and antioxidant enzymes in 
mothers with preeclampsia delivering male babies suggest that they may be at higher 
risk for developing metabolic and neurodevelopmental disorders than female babies. 
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4.0 Postnatal Growth of Infants Born to Women with 
Preeclampsia 

 

4.1. Introduction 

As discussed in Chapter 3 children born to women with preeclampsia are 

at an increased risk for diseases in later life. Epidemiological studies have 

reported an inverse association not only of birth weight but also early postnatal 

growth with adverse health outcomes in later life. Reports also indicate that 

catch-up growth during the first few months of life in growth restricted infants 

may be linked to an increased risk of diseases in later life. Thus, appropriate 

postnatal growth plays a critical role in minimizing the adverse effect of 

disturbed fetal growth. This chapter therefore examines the growth measures 

(body size) of babies born to women with preeclampsia at different time points. 

Further, the association of maternal biochemical variables with growth 

measures is also explored. 

 

4.1.1 Growth and Development of the Infant 

Growth is a normal process of increase in the physical size of an organism. 

Development is defined as an increase in skill and complexity of function 

(Bernhardt, 1988). A synchronized balance of growth and development occurs 

simultaneously throughout the prenatal and postnatal stages of life. 
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4.1.2 Postnatal Stages of Life 

The five stages of postnatal development are: 1) neonatal, 2) infancy, 3) 

childhood, 4) adolescence and 5) adulthood (maturity). The neonatal period extends 

from birth to one month. Infancy begins at one month and continues to two years of 

age. Childhood begins at two years of age and lasts until adolescence. Adolescence 

begins at around 12 or 13 years of age and ends with the beginning of adulthood. 

Adulthood or maturity includes the years between ages 18 to 25 and old age (Jensen, 

1952). 

Growth during infancy is a complicated process and is known to be affected 

by a number of factors including nutritional status, infections and diseases, socio- 

economic, cultural and maternal biological factors.  Figure 4.1 shows various factors 

which influence postnatal growth.  
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Figure 4.1: Factors affecting Postnatal Growth 
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4.1.3 Factors affecting Postnatal Growth 

4.1.3.1. Biological Factors 

a. Maternal Age, Height and Parity 

Maternal age plays an important role in fetal development and reports 

indicate an association between young maternal age (>25 years) and adverse 

pregnancy outcomes in the offspring (Myrskylä and Fenelon, 2012). Similarly, older 

maternal age is also an independent and direct risk marker which influences 

gestational age and birth weight (reviewed by Newburn-Cook and Onyskiw, 2005). 

A recent prospective cohort study indicates that maternal age predicts the infant head 

circumference at one year of age thereby affecting the infant growth and 

development (Phuphaibul et al., 2014).  

Maternal body weight is also known to affect pregnancy outcome. Body 

weight before conception whether over weight/ obese as quantified by BMI for 

clinical purposes is reported to be associated with both maternal and fetal/neonatal 

risks (Kriebs, 2014) including children's cognitive performance at 5-7 years of age 

(Basatemur et al., 2013).  

Maternal height has also been shown to influence birth weight and height of 

the offspring during the growing period (Addo et al., 2013). Further, another recent 

study reports an association of maternal height and body mass index with childhood 

stunting in children below 5 years of age (Ikeda et al., 2013). 

Maternal parity is also known to affect infant growth and development. A 

recent study reports that infants born to nulliparous mothers have lower fetal but 
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higher infant growth rates and higher risk for childhood obesity and adverse 

metabolic profile (Gaillard et al., 2014). In contrast, infants of primiparous 

pregnancies have been reported to be thin at birth and showed dramatic catch-up 

growth. Further, at the age of 12 months and onwards, these infants were heavier and 

taller than infants of nonprimiparous pregnancies (Ong et al., 2002).  

b. Maternal Hormones 

It is suggested that maternal hypothalamic-pituitary-adrenal (HPA) axis, a 

hormone system that plays an essential role in the body’s response to stressful events 

can have lasting impacts on fetal growth and development (reviewed by Gabriel et 

al., 1998). A recent study reports that maternal socioeconomic status impacts the 

levels of maternal stress hormone cortisol during pregnancy and affects offspring 

cortisol reactivity soon after birth, leading to potential long-term effects on the health 

of the offspring (Thayer and Kuzawa, 2013). 

c. Maternal and Fetal Infections 

Maternal infection is known to increase the risk for behavioral dysfunctions 

in the offspring (Soumiya et al., 2011). Prenatal fetal infections caused before birth 

by various microorganisms like toxoplasma gondii, rubella, cytomegalovirus (CMV), 

herpes simplex virus (HSV), varicella-zoster virus (VZV), and treponema have been 

shown to account for approximately 5 to 15% of IUGR. Small for gestational age 

(SGA) preterm infants are known to be at an increased risk of postnatal infection due 

to delayed development in their immune system as compared to the age-matched 

appropriately grown controls (Longo et al., 2014). Various infections, particularly 

gastroenteritis, have been reported to affect the infant growth (reviewed by Seward 
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and Serdula, 1984). Further, LBW infants born at term are reported to have increased 

mortality and morbidity rate due to diarrheal and respiratory infections than 

appropriate birth weight infants (Das et al., 1993; Lira et al., 1996). 

d. Maternal Mental Health 

The process of nurturing and feeding an infant requires a large amount of 

tenacity, endurance and attention. A depressed mother who may be exhausted, 

unable to concentrate and perturbed by the feelings of guilt, worthlessness and 

hopelessness is unable to enjoy her interaction with her child (reviewed by Stewart, 

2007). Maternal depression during pregnancy and the postnatal period is common in 

both developed and developing countries (reviewed by Halbreich and Karkun, 2006). 

It is unclear whether maternal depression is a risk factor for poor infant growth, or 

having a poorly growing child is a precipitant to maternal depression. However, 

studies have established a positive association between maternal depression and poor 

infant growth. Studies conducted in a cohort from Pakistan report that maternal 

antenatal depression is associated with low birth weight (Rahman et al., 2004). 

Another study reports that babies born to depressed mothers are underweight and 

stunted, compared with those of non-depressed mothers (Patel et al., 2003).  

It is suggested that depression may be associated with poor physical health 

due to parasitic infection, tubercolosis or HIV/AIDS and this may affect both mother 

and child thereby leading to low maternal mood and low infant weight (Hert et al., 

2011). Further, maternal anaemia has also been shown to be associated with altered 

maternal mood and mother–infant interactions (Beard et al., 2005; Perez et al., 2005).  
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Maternal depression and anxiety during pregnancy have been reported to be 

associated with premature onset of labor and reductions in birth weight of the 

offspring (Rahman et al., 2007). It is suggested that maternal stress affects placental 

blood flow and fetal brain development (reviewed by Welberg and Seckl, 2001). 

e. Baby Weight at Birth 

Low birth weight (LBW) is defined as weight at birth of less than 2500 grams 

and face greater chances of death than the heavier babies. They are also susceptible 

to poor health consequences (reviewed by Kramer, 1987). Studies have reported that 

babies born at term but of low birth weight (2000-2499 g at birth), have a four times 

higher risk of neonatal death than for infants weighing 2500-2999 g, and ten times 

higher than for babies weighing 3000-3499 g. Studies have reported a higher risk of 

incidence of diarrhoea, vomiting and pneumonia in LBW term babies (Ashworth, 

1998).  

Birth weight and infant growth are reported to influence physical fitness, 

physical activity and sedentary behaviour in 8-9 year old children that may partly 

explain the higher obesity and cardiovascular risk associated with low birth weight 

and accelerated infant growth (van Deutekom et al., 2013). Children with birth 

weights below 3000 g are over three times more likely to be stunted relative to 

children with birth weights within the normal range (Varela-Silva et al., 2009). 
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4.1.3.2. Environmental Factors 

a. Socioeconomic Status 

A recent report indicates that various socioeconomic factors including 

maternal education, living with parents, family size, family income, locality and sex 

affect the weight, length and head circumference of the infant at one year of age. 

This indicates that infants' growth is affected by socioeconomic status of the family 

(Phuphaibul et al., 2014). Low maternal education has been shown to be associated 

with smaller head circumference of the infant at one, three and six months of age 

(Bouthoorn et al., 2012). Another study reported that babies born to mothers of lower 

socioeconomic status were shorter at two months of age. However, these children of 

low socioeconomic status showed an accelerated linear growth until the 18th month 

of life, leading to an overcompensation of their initial height deficit (Silva et al., 

2012). Further, childhood stunting has also been shown to be associated with 

socioeconomic factors like household wealth index score, parents' education and 

number of household members (Ikeda et al., 2013). Studies have reported differences 

in the brain growth owing to socioeconomic status (SES), with children from lower-

income households having slower trajectories of growth during infancy and early 

childhood (Hanson et al., 2013). It has been reported that low-socioeconomic status 

families are more likely to experience uncontrollable life events and may have less 

healthy home environments for children (reviewed by Bradley and Corwyn, 2002). 

b. Maternal Smoking 

Strong evidence has been reported for the association between smoking 

during pregnancy and low birth weight and intrauterine growth restriction (Sehested 
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and Pedersen, 2014). Further, the effect of this exposure on postnatal growth has also 

been studied indicating that exposure to tobacco during pregnancy leads to persistent 

effects on height during childhood (Durmus et al., 2011; Kanellopoulos et al., 2007). 

Another study suggests that children of smoking mothers grow more rapidly in 

infancy but slowly later in childhood (Howe et al., 2012). It is also suggested that 

growth reduction in children depends on the amount of maternal smoking during 

pregnancy (Kanellopoulos et al., 2007; Koshy et al., 2011). 

Exposure to maternal smoking not only during pregnancy, but also at early 

childhood has been reported to have long-term negative effect on height of children 

until adolescence. This effect persists even after adjustment for age, sex, maternal 

height, maternal schooling, socioeconomic position at preschool age and 

breastfeeding (Muraro et al., 2014). 

c. Maternal Stress 

Exposure to maternal pre- and postnatal anxiety has been shown to be 

associated with the risk of psychological (conduct) disorder among the offspring. 

Further, male offspring exposed to pre- and postnatal anxiety have been shown to be 

at higher risk of this disorder (Glasheen et al., 2013). In addition to human studies, 

various animal studies also demonstrate the effect of maternal stress on postnatal 

growth of the offspring. Maternal stress in rats is shown to have persistent effects on 

the body weight of the offspring (Gao et al., 2011). Another recent animal study in 

Wistar rats also indicates that maternal stress during pregnancy results in increased 

cortisol levels reduced food intake in mothers and adversely affects the offspring 

prenatal and postnatal growth (Amugongo and Hlusko, 2013). 
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d. Infant Gender 

Gender of the child has been shown to predict stunting. Girls are reported to 

be 40% more stunted as compared to boys (Varela-Silva et al., 2009). Infant gender 

has been reported to have opposite associations with birth weight and infant 

mortality, wherein female infants had lower birth weights but, are more likely to 

survive than males (reviewed by Cogswell and Yip, 1995). Lower maternal birth 

weight and elevated cortisol has been shown to be associated with lower birth weight 

in the offspring with the effect being significant only in males. It is suggested that 

sex differences in response to maternal stress hormones may help explain the 

stronger relationships between birth weight and cardiovascular disease (CVD) risk 

factors (Thayer et al., 2012). 

 

4.1.4 Maternal Nutrition and Postnatal Growth 

Maternal nutrition is known to play a key role in fetal growth and 

development. Higher prevalence of low birth weight (LBW) has been reported in 

Asia than anywhere else and has been attributed to undernutrition of the mother prior 

to and during pregnancy (reviewed by Muthayya, 2009).  

Poor maternal nutrition leads to impaired fetal growth as well as higher blood 

pressure measurements in adolescent offspring. Further, infants born small at birth 

have been shown to be vulnerable to stunting through adolescence and are at greater 

risk of cardiovascular disease later in life (Borja, 2013).  
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Human and animal observational studies have reported that postnatal growth 

induces lasting, programming effects on body size and adiposity. Rapid weight gain 

in infancy and the first two years has been shown to predict increased obesity risk in 

childhood and adulthood (reviewed Koletzko et al., 2013). A recent animal study 

reports that low-protein diet in utero results in low birth weight and 

accelerated postnatal growth which increases the risk of cardiovascular diseases 

(Tarry-Adkins et al., 2013).  

 

4.1.5 Prenatal Growth and Neurodevelopment 

Prenatal nutrition is known to play a key role in fetal programming and has a 

significant impact on brain development and/or function throughout life. Studies 

suggest that adverse environmental influences during pregnancy significantly affect 

offspring future neurodevelopment (reviewed by Kofink et al., 2013; Bale et al., 

2010). The  proliferation, differentiation, migration and aggregation of fetal neurons 

during gestation are genetically determined, epigenetically directed and 

environmentally influenced (reviewed by Tau and Peterson, 2010). It has been 

suggested that developmental processes, such as synaptic plasticity, neurogenesis and 

dendritic arborisation in the brain are vulnerable to the influences of prenatal 

exposure to suboptimal maternal nutrition. Deficits in maternal nutrient intake early 

in pregnancy have a great impact on cell proliferation and number; whereas deficits 

later in pregnancy affect cell differentiation, including size and complexity (reviewed 

by Monk et al., 2013). All nutrients are important for neuronal and glial cell growth 

and development, but some have more pronounced effects during the prenatal period, 
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specifically, on brain circuitry involved in basic neurocognitive processes relevant to 

behavioral adaptation (Georgieff, 2007). 

 

4.1.6 Postnatal Growth and Risk for Diseases 

Poor growth in childhood is associated with a number of complications in 

later life; hence early identification of impaired growth may help ameliorate the risk 

factors for disease in adulthood. Poor linear growth or stunting in young children is 

associated with unfavourable functional outcomes such as short adult stature, 

reduced lean body mass, poor cognition and educational performance, lower 

productivity and lower adult wages (WHO, 2011). It might lead to an increased risk 

of non communicable diseases if associated with excessive weight gain in childhood. 

Most catch-up growth occurs in the first six months of life and smallness at six 

months is a predictor of small size in adult life. Postnatal growth and nutrition and in 

particular accelerated weight gain in early childhood appear to induce adverse effects 

on long-term health and well-being (WHO, 2002). It is also reported that rapid early 

growth is associated with higher risk of obesity and cardiovascular disease (Lucas, 

2010).  

Studies have reported a positive linear association of weight gain from birth 

to eight weeks with IQ in childhood, at 8 years of age (Emond et al., 2007). Children 

born thin but showing rapid weight gain, in the first six months of life are reported to 

be associated with adverse outcomes such as obesity and increased early childhood 

systolic blood pressure (Belfort et al., 2007). Reports are suggestive of impaired 

cognitive development in case of poor weight gain of the infant (reviewed by Corbett 
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and Drewett, 2004). Recently, it has also been reported that a slower postnatal 

growth is an important predictor of adverse neurodevelopmental outcomes in infants 

born preterm (Vinall et al., 2013).  

 

4.1.7 Preeclampsia and Postnatal Growth 

Studies from our department as well as other studies suggest that 

dysregulation of angiogenic factors play an important role in the pathogenesis of 

preeclampsia (Kulkarni et al., 2010; Sundrani et al., 2013a; Maynard et al., 2003; 

Ahmad and Ahmed, 2004) and are associated with poor birth outcome (Kulkarni et 

al., 2010; Sundrani et al., 2013b). These associations suggest that the growth and 

development of the fetus depends on the adequate vascular development in the 

maternal and fetal compartment. Further, it has been suggested that catch-up growth 

of babies during the critical early infant period may be influenced by preeclampsia in 

the mother (Baulon et al., 2005). It is therefore essential to understand postnatal 

growth of infants born to mothers with preeclampsia both at term and preterm. 

Further, reports also indicate that newborns of preeclamptic women show 

evidence of sex-specific disparity in fetal growth (Reynolds et al., 2012). The male 

fetus is reported to experience the poorest outcome following complications such as 

preeclampsia, preterm delivery and infection (Clifton, 2005). A recent study 

indicates that fetal sex dependent placental gene-environment interactions exist 

(Brown et al., 2014). However, there is very little information about the mechanisms 

underlying the early sex-specific expression genes although it has been suggested to 

result from epigenetic regulation in the  placental (reviewed by Gabory et al., 2013).  
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It is likely that increased maternal oxidative stress, reduced maternal and cord 

LCPUFA levels may differentially affect pregnancy outcome and early postnatal 

growth in male and female babies. Therefore, there is a need to examine the gender-

specific differences in the postnatal growth of babies born to women with 

preeclampsia both at term and preterm.  

The present study therefore aims to follow up the babies born to mothers 

with preeclampsia as well as normotensive women, for their postnatal growth at 

various time points (at birth, 1.5 mo, 2.5 mo, 3.5 mo and 6 mo). The study also 

aims to examine  whether there is a gender-dependent change in postnatal 

growth of infants till 6 months of age, in three different categories, i.e. infants 

born to normotensive control (NC) mothers, infants born to mothers having 

preeclampsia delivering at term (T-PE) and preterm (PT-PE). The associations 

of infant growth with maternal LCPUFA status and oxidative stress are also 

examined. 

 

4.2. Materials and Methods 

4.2.1 Infant Growth Measures 

The study sample consists of babies born to 103 NC, 58 T-PE and 28 PT-PE 

women. The infants were followed for growth measures like baby weight, length, 

head and chest circumference at various time points up to 6 months of age (at birth, 

1.5 mo, 2.5 mo, 3.5 mo and 6 mo) (Figure 4.2). Baby weight was recorded using an 

infant weighing scale and baby length was measured by an infantometer. Head 
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circumference was determined by placing a measuring tape around the head, just 

above the eyebrows (or eyebrow ridges) anteriorly and around the most prominent 

bulge posteriorly. Chest circumference was measured by placing the measuring tape 

on the lower chest of the baby.  

 

NC normotensive control women; T-PE: women with preeclampsia delivering at term;
PT-PE: women with preeclampsia delivering preterm.

 

Figure 4.2: Flow Chart of Number of Children Followed for Growth Measures 
in Different Groups 

 

4.2.2 Infant Growth Percentage (IGP) 

An index of Infant Growth Percentage (IGP) was calculated to measure the 

infant growth rate (Baulon et al., 2005). This index creates a growth chart to see how 

the infant progresses with time. It is based on the difference in weight at a time point 

to birth weight and expressed as percentage relative to birth weight. It is calculated as 

follows:  
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(infant weight at 1.5 mo - birth weight) 
IGP% at 1.5 mo    =  ---------------------------------------------------× 100% 

birth weight.  

Similar calculations were done at 2.5, 3.5 and 6 mo of age. 

 

4.2.3 Statistical Analysis 

Values are expressed as mean ± SD. The data was analysed using SPSS/PC+ 

statistical package (version 20.0, Chicago IL). Data was checked for normal 

distribution by testing for skewness and kurtosis. Mean values of the estimates of 

various parameters for PT-PE and T-PE was compared with those of NC group at 

conventional levels of significance (p<0.05, p<0.01) using one way ANOVA. The 

extent of linear relationship between infant growth measures and maternal LCPUFA 

and oxidative stress was studied using partial correlation after adjusting for maternal 

age, body mass index (BMI), duration of gestation and parity as possible 

confounders. 
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4.3. Results 

 

4.3.1 Growth Measures of Infants from Birth upto 6 mo of Age 

The growth measures at various time points of the infants born to NC, T-PE 

and PT-PE women are summarized in Table 4.1. The data is also shown in the form 

of growth curves for better clarity (Figure 4.3). At birth, 1.5 mo, 2.5 mo and 3.5 mo 

of age the baby weight, length, head and chest circumference were lower in infants 

born to the PT-PE women as compared to T-PE women (p<0.01 for all) and the NC 

women (p<0.01 for all). At 6 mo of age the baby weight and chest circumference 

were lower in infants born to PT-PE women as compared to T-PE (p<0.01 for all) 

and NC women (p<0.01 for all). The baby length was also lower (p<0.05) in infants 

born to PT-PE women as compared to NC women.  

Similarly, at birth the baby weight, length and chest circumference were 

lower in babies born to the T-PE women as compared to NC women (p<0.01 for all). 

At 1.5 mo of age the baby weight (p<0.05) and length (p<0.01) were lower in infants 

born to the T-PE women as compared to NC women. At 2.5 mo of age only the baby 

weight (p<0.05) was lower in infants born to the T-PE women as compared to NC 

women. 
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Table 4.1: Growth Measures in Different Groups 

Baby Growth Measurements 
 

(Mean ± SD) 
NC T-PE PT-PE 

At birth (n = 103) (n = 58) (n = 28) 
Baby weight (kg) 2.91 ± 0.29 2.72 ± 0.47** 1.64 ± 0.50**$$ 
Baby length (cm) 48.16 ± 2.52 47.05 ± 2.25** 42.86  ± 3.08**$$ 

Baby head circumference (cm) 33.45 ± 1.33 33.53 ± 1.64 29.42 ± 2.04**$$ 
Baby chest circumference (cm) 32.15 ± 1.39 31.28 ± 2.18** 25.81 ± 2.89**$$ 

At 1.5 month (n = 79) (n = 35) (n = 14) 
Baby weight (kg) 4.38 ± 0.61 4.08  ± 0.65* 2.77± 0.98**$$ 
Baby length (cm) 55.10 ±  2.97 53.22 ±  3.70** 46.71 ±  5.16**$$ 

Baby head circumference (cm) 37.33 ± 1.40 37.15 ± 1.38 33.85  ± 2.27**$$ 
Baby chest circumference (cm) 37.13  ± 2.26 37.21 ± 2.81 32.67 ± 3.05**$$ 

At 2.5 month (n = 66) (n =28) (n = 13) 
Baby weight (kg) 5.41 ± 0.83 5.01 ± 0.75* 3.83 ± 1.12**$$ 
Baby length (cm) 58.41 ± 2.97 57.70 ± 3.73 51.50 ± 4.82**$$ 

Baby head circumference (cm) 39.05 ± 1.56 39.07 ± 1.68 36.96 ± 2.22**$$ 
Baby chest circumference (cm) 39.63  ± 2.45 40.42 ± 2.77 36.65  ± 4.23**$$ 

At 3.5 month (n = 64 ) (n = 31) (n = 12) 
Baby weight (kg) 6.11 ± 0.88 5.82 ± 0.96 4.69 ± 1.03**$$ 
Baby length (cm) 61.32 ± 2.98 60.23 ± 3.54 55.87 ± 5.11**$$ 

Baby head circumference (cm) 40.58 ± 1.97 40.95 ± 1.87 38.60 ± 2.35**$$ 
Baby chest circumference (cm) 41.44 ± 2.59 41.62 ±2.62 39.79 ±3.12*$ 

At 6.0 month (n = 61) (n = 25) (n = 10 ) 
Baby weight (kg) 7.48 ± 1.03 7.46 ± 0.90 5.93 ± 0.91**$$ 
Baby length (cm) 64.97  ± 4.11 63.70 ± 4.70 61.12 ± 3.98* 

Baby head circumference (cm) 43.98 ± 1.32 42.68 ± 1.24 41.11 ± 1.36 
Baby chest circumference (cm) 44.34  ± 3.21 44.54 ± 2.13 41.33 ± 2.00**$$ 

Values are expressed as Mean ± SD. p: Level of significance; *p<0.05; **p<0.01 when compared 
with NC. $p<0.05; $$p<0.01 when compared with T-PE. NC: Normotensive Control; T-PE: 
women with preeclampsia delivering at term; PT-PE: women with preeclampsia delivering 
preterm. 
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Values are expressed as Mean ± SD. NC: Normotensive Control; T-PE: women with
preeclampsia delivering at term; PT-PE: women with preeclampsia delivering preterm.

 

Figure 4.3: Growth Curves of Infants from Birth Till 6 mo of Age 

 

4.3.2 Comparison between growth measures of male and female infants at 

various time points 

The growth measures of infants born to NC, T-PE and PT-PE women at 

various postnatal time points, based on infant gender (male or female) is summarized 

in 
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Table 4.2. In male infants all the growth measures (weight, length, head 

circumference and chest circumference) were lower in infants born to the PT-PE 

women as compared to T-PE (p<0.01 for all) and NC women (p<0.01 for all) at all-

time points. Similarly, all the growth measures (weight, length, head circumference 

and chest circumference) in male infants born to T-PE women were lower (p<0.01 

for all) as compared to the NC women at birth. Further, weight (p<0.05) and length 

(p<0.01) of male infants born to T-PE women was lower at 1.5 mo of age; while only 

the weight (p<0.01) was lower at 2.5 mo of age as compared to the NC women. 

In female babies all the growth measures (weight, length, head circumference 

and chest circumference) were lower in infants born to the PT-PE women as 

compared to T-PE women (p<0.01 for all) and the NC women (p<0.01 for all) at 

birth. Further, weight and length were lower in infants born to PT-PE women as 

compared to T-PE women (p<0.01 for both) and the NC women (p<0.01 for both) at 

1.5 and 2.5 month of age. 
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Table 4.2: Growth Measures of the Male and Female Infants 

Growth 
Measures 

Males Females 
Control T-PE PT-PE Control T-PE PT-PE 

At birth (n= 56) (n= 35) (n= 17) (n= 47) (n=23 ) (n= 11) 
BW 2.97±0.29 2.71±0.52** 1.75±0.57**$$ 2.84±0.27 2.74±0.39 1.48±0.32**$$ 

BL 48.69±2.62 46.87±2.26** 43.23±3.49**$$ 47.53±2.25 47.33±2.26 42.22±2.24**$$

BHC 33.94±1.24 33.70±2.24* 29.79±2.27**$$ 32.87±1.20 34.00±1.34** 28.80±1.47**$$

BCC 32.39±1.34 31.12±2.44** 26.05 ± 3.39**$$ 31.86±1.40 31.52±1.79 25.40±1.83**$$

1.5 mo (n= 43) (n=19 ) (n=12 ) (n=36 ) (n=16 ) (n=2 ) 
BW 4.63±0.63 4.17±0.67* 2.81±1.03**$$ 4.09±0.45 3.97±0.62 2.48±0.90**$$ 

BL 56.27±2.67 53.26± 3.94** 46.5±5.32**$$ 53.77±2.76 53.18±3.52 48±5.65**$$ 

BHC 38.13±1.11 37.42±1.43 33.7±2.24**$$ 36.43±1.14 36.84±1.28 34.75±3.18 

BCC 38.16±2.23 37.42±2.93 32.34±3.03**$$ 35.95±1.65 36.96±2.72 34.50±3.53$ 

2.5 mo (n=38) (n=16) (n= 10) (n= 28) (n=12 ) (n=3) 
BW 5.86±0.68 5.10±0.82** 3.96±1.22**$$ 4.79±0.59 4.88±0.67 3.38±0.69**$$ 
BL 59.78±2.73 57.81±4.06 51.95±5.03**$$ 56.66±2.30 57.54±3.38 50.00±4.58**$$

BHC 40.05±1.08 39.46±1.28 36.90±2.30**$$ 37.77±1.08 38.54±2.05 37.16±2.36 
BCC 40.68±2.40 40.96±3.00 36.55±4.72**$$ 38.28±1.80 39.63±2.32 37.00±2.64 
3.5 mo (n=37 ) (n=16 ) (n= 10) (n=27) (n=15 ) (n=2) 
BW 6.53±0.80 6.08±1.21 4.71±1.13**$$ 5.55±0.65 5.55±0.51 4.62±0.24* 
BL 62.45±2.81 60.82±3.98 55.65±5.44**$$ 59.83±2.56 59.56±2.95 57.00±4.24 

BHC 41.22±1.55 41.61±2.05 38.52±2.55**$$ 39.73±2.16 40.20±1.34 39.00±1.41 

BCC 42.35±2.41 42.82±1.96 36.65±3.43**$$ 40.24±2.37 40.26±2.67 40.5±0.7 
6.0 mo (n=40) (n=15) (n=9) (n=21) (n=10) (n=1) 
BW 7.79±0.89 7.72±1.04 5.88±0.95**$$ 6.89±1.03 7.02±0.43 6.34±0 
BL 66.07±2.90 65.00±2.69 60.56±3.86**$$ 62.92±5.20 61.55±6.52 65.60±0 
BHC 43.68±1.36 42.96±1.46 41.06±1.45**$$ 44.55±1.67 42.22±0.56 41.50±0 
BCC 44.38±2.24 45.10±2.18 41.25±2.12**$$ 44.27±4.58 43.61±1.79 42.00±0 

Values are expressed as Mean ± SD. p: Level of significance; *p<0.05; **p<0.01 when compared 
with NC. $p<0.05; $$p<0.01 when compared with T-PE. NC: Normotensive Control; T-PE: 
women with preeclampsia delivering at term; PT-PE: women with preeclampsia delivering 
preterm. 
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4.3.3 Infant Growth Percentage at Different Postnatal Time Points 

The infant growth percentage (IGP) was significantly higher (p<0.01 for all) 

in infants of PT-PE group as compared to NC group at all postnatal time points. 

However, the IGP was similar in infants of T-PE group and NC group at all postnatal 

time points (Figure 4.4). 

Based on infant gender, the IGP was significantly higher (p<0.01 for all) in 

male infants of PT-PE group as compared to NC group at 2.5, 3.5 and 6 mo of age. 

In contrast, the IGP was significantly lower (p<0.05) in male infants of T-PE group 

as compared to NC group at only 2.5 mo of age. Further, the IGP was significantly 

higher (p<0.01 for all) in female infants of PT-PE group as compared to NC group at 

2.5 and 3.5 mo of age (Figure 4.4). 
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Values are expressed as percent (%). p: Level of significance; *p<0.05; **p<0.01 when 
compared with NC. NC: Normotensive Control; 
T-PE: women with preeclampsia delivering at term; PT-PE: women with preeclampsia 
delivering preterm.

 

Figure 4.4: Comparison of Infant Growth Percentage in Different Groups 

 

4.3.4 Association of Maternal LCPUFA with Baby Growth Measures 

In the whole cohort (NC+PE) maternal nervonic acid (NA) levels showed a 

positive association with infant HC at 3.5 mo (r = 0.247, p = 0.020, n = 92). When 

this data was analyzed based on infant gender maternal NA levels were positively 

associated with infant HC only in males at 3.5 mo (r = 0.335, p = 0.014, n = 56).  

In the PE group (including both T-PE group and PT-PE groups), there was a 

positive association of maternal NA levels with infant head circumference (r = 0.431, 

p = 0.006, n = 42) at 3.5 mo of age. Based on infant gender, there was a positive 

association of maternal NA levels with infant head circumference only in males (r = 

0.478, p = 0.018, n = 27) at 3.5 mo of age. 
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4.3.5 Association of Cord LCPUFA with Baby Growth Measures and Infant 
Growth Percentage 

In the whole cohort (NC+PE) cord nervonic acid (NA) showed a positive 

association with baby HC at 1.5 mo (r = 0.266, p = 0.013, n = 89). When data was 

analyzed based on infant gender there was a positive association of cord omega-3 

fatty acids with infant weight at 1.5 (r = 0.417, p = 0.022, n = 33) and at 3.5 (r = 

0.436, p = 0.033, n = 27) mo of age only in females. 

In the NC group, there was a positive association of cord AA levels with 

infant height (r = 0.379, p = 0.046, n = 31) at 3.5 mo of age. Based on infant gender, 

there was a positive association of cord AA with infant height only in females (r = 

0.567, p = 0.043, n = 16) at 3.5 mo of age. 

In the preeclampsia group, there was a positive association of cord DHA 

levels with infant weight (r = 0.453, p = 0.015, n = 31) at 2.5 mo of age. Similarly, 

there was a positive association of cord omega-3 fatty acid levels with infant weight 

at 1.5 mo (r = 0.343, p = 0.038, n = 40) and 2.5 mo (r = 0.448, p = 0.017, n = 31) of 

age. Based on infant gender, there was a positive association of cord DHA with 

infant weight only in females at 1.5 mo (r = 0.717, p = 0.013, n = 14), at 2.5 (r = 

0.824, p = 0.006, n = 12) and at 3.5 mo of age (r = 0.674, p = 0.046, n = 12). 

Similarly, there was a positive association of cord omega-3 fatty acids with infant 

weight only in females at 2.5 mo of age (r = 0.824, p = 0.006, n = 12).  
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4.3.6 Association of Maternal MDA Levels with Growth Measures and Infant 
Growth Percentage 

There was no association of maternal MDA levels with any of the growth 

measures in either of the groups at any time point. When associations were based on 

gender of the baby, maternal MDA levels were negatively associated with baby 

weight (n = 30, r = - 0. 357, p = 0.045) and baby chest circumference (n = 27, r = - 0. 

509, p = 0.005) in male babies at birth in PE group (including T-PE and PT-PE) but 

not in the female babies. No association was found in any other groups. 

 

4.4. Discussion 

The present study compared the growth measures of the infants born to 

normotensive women and women with preeclampsia (delivering at term and 

preterm) from birth till 6 months of age. Further, these comparisons were also 

analyzed based on the infant gender. Associations of various growth measures 

and infant growth percent with maternal LCPUFA and oxidative stress were 

also examined. 

Our results indicate several novel and interesting findings as follows: 

1. Growth measures of the infants were lower at birth and all time 

points up to 6 months of age in PT-PE group as compared to T-

PE and NC group while it was lower only up to 2.5 months of age 

in T-PE group. 
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2. Based on gender of infant, growth measures of male infants were 

lower in the PT-PE group as compared to the NC group at all 

time points, whereas the infant growth measures of female infants 

were not different between any of the groups. 

3. Infant growth percentage was significantly higher in infants in the 

PT-PE group as compared to NC group at all postnatal time 

points but infant growth percentage in the T-PE group was 

comparable to NC. 

4. Maternal omega-6 fatty acid levels were negatively associated 

with infant growth percent in the NC group at 6 mo of age. 

Similar association was also observed only in males of NC group. 

5. Maternal DHA levels were positively associated with infant 

growth percentage only in males in the PE group at 6 mo of age. 

6. Maternal oxidative stress was negatively associated with baby 

weight at birth only in male babies born to women with PE. 

 

4.4.1 Growth measures at birth and upto six months of age 

In the current study, postnatal growth of infants born to normotensive women 

and women with preeclampsia (delivering at term and preterm) were followed for six 

months and infant weight, length, head and chest circumference were measured. Our 

results indicate that all infant growth measures till 6 mo in the PT-PE group were 
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lower as compared with the T-PE and NC groups. It is suggested that maternal 

preeclampsia adversely affects the postnatal growth of infants (Friedman et al., 

1995). 

The differential effects of maternal preeclampsia on infant growth upto 6 

months of age observed in this study indicate that there are different subsets that 

need to be followed, namely offspring of mothers with preeclampsia delivering at 

term and at preterm. These subsets may have different pathogenesis, clinical 

manifestations and short- and long- term effects on both infants and mothers. An 

earlier study in the department has also reported differential placental gene 

expression and methylation patterns of angiogenic factors between women with 

preeclampsia delivering preterm and those delivering at term. Perhaps this could be 

causally related to the differences in the pathology of infants born either term or 

preterm to mothers with preeclampsia (Sundrani et al., 2013a). A recent study also 

reports that neonatal adverse outcomes are increased in preterm infants born to 

women with preeclampsia than normotensive women (Masoura et al., 2012). This 

indicates that pathology of preterm preeclampsia is more severe and therefore may 

affect the postnatal infant growth in preterm infants. 

It has been suggested that the presence of maternal hypertension during 

pregnancy may affect breastfeeding and thereby early infant growth (Baulon et al., 

2005).  In the current study, the percentage of mothers who exclusively breast fed 

their infants decreased gradually uptil 6 mo in NC group (97.5% at 1.5 mo, 96.9% at 

2.5 mo, 81.8% at 3.5mo, 28.1% at 6 mo); T-PE group (97.3% at 1.5 mo, 96.3% at 2.5 

mo, 75.0% at 3.5mo, 9.1% at 6 mo) and PT-PE group (94.7% at 1.5 mo, 88.2% at 2.5 
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mo, 62.5% at 3.5mo, 8.3% at 6 mo).  The percentage of mothers who exclusively 

breast fed their infants was the lowest in the PT-PE group. 

Studies from our department and others have shown a positive association of 

maternal DHA and AA status with birth measures at delivery in different 

populations, indicating that they serve as important fetal growth factors (Wadhwani 

et al., 2013; Smits et al., 2013; Kilari et al., 2011; van Eijsden et al., 2008). As 

mentioned in chapter 2, we observed reduced maternal levels of omega-3 and omega-

6 fatty acids in PT-PE group. In the current study, the anthropometric measures of 

infants born to the PT-PE women were lower as compared to T-PE women and the 

NC women at all time points indicating that this reduced infant growth could be 

attributable to reduced LCPUFA in the PT-PE group. This reduction could be due to 

reduced materno-fetal transfer of LCPUFA during pregnancy in the PT-PE group 

since DHA accretion to the fetus takes place mainly in the last trimester of pregnancy 

and children born preterm may miss out on this opportunity and may have significant 

developmental deficits. 

 

4.4.2 Gender  Differences in Growth Measures at Birth and Postnatally Upto  
Six Months of Age 

In the current study, the male infants born to women with preeclampsia 

delivering preterm demonstrated lower values for growth measures at birth and all 

time points upto 6 months of age, whereas female infants  (on a small sample) 

demonstrated lower values for growth measures only upto 2.5 months of age. In case 

of women with preeclampsia delivering at term, male infants demonstrated lower 

measures only up to 2.5 months of age, whereas females showed no difference as 
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compared to normotensive controls. This impaired growth in male infants may 

further increase the risk for immediate and long-term consequences in later life, since 

it is well known that poor infant growth can have both short- and long-term health 

consequences. This is supported by a number of findings which indicate that risk of 

neurodevelopmental impairment is higher in male children born to mothers with 

preeclampsia (Spinillo et al., 2009). Prevalence of brain disorders has also been 

reported to be higher in men than in women (reviewed by Gillies and McArthur, 

2010). It is suggested that different environmental and hormonal factors are 

associated with early onset neurodevelopmental disorders in males than females 

(reviewed by Knickmeyer and Davenport, 2011). 

Several studies have recognized head circumference (HC) as an important 

reflection of growth and development of the brain, especially in early childhood  and 

smaller HC is known to associated with a lower intelligence quotient (IQ) and 

learning problems (Ivanovic et al., 2004; Bartholomeusz et al., 2002). Suboptimal 

head size at 3 months is reported to be associated with adverse neurodevelopmental 

outcomes (Neubauer et al., 2013). Head circumference is considered to be of 

prognostic significance in relation to postnatal developmental outcomes since it is an 

indirect measure of intrauterine and postnatal brain growth failure in children with 

very low birth weight (Peterson et al., 2006). In the present study HC was lower in 

both male as well as female babies born to women with PE (both term and preterm). 

After 1.5 months HC was lower only in male babies born to women with PE 

delivering preterm. It has been reported that male babies born preterm are at an 

increased risk of neurodevelopmental impairment which is modulated by obstetric 
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risk factors like preeclampsia (Spinillo et al., 2009). Thus subnormal HC can be used 

as one of the indicators of neurodevelopmental assessments.  

In our study, the male babies born preterm to women with PE were shorter as 

compared to those from term PE as well as NC groups. Similar finding was reported 

by McCowen et al. where they have reported that the shortness and small head 

circumference at 6 months were predicted by shortness and small head circumference 

at birth, especially in boys who had failure of catch-up growth (McCowan et al., 

 1999). Further, adult height is thought to be determined by factors in utero, during 

infancy and in childhood (Paz et al., 1993; Seidman et al., 1993). Adult height has 

been found to be inversely associated with adult diseases like CVD.  It has been 

reported that adults who had abnormal body proportions at birth and a short body in 

relation to their head size had high serum concentrations of total cholesterol, LDL 

cholesterol, apolipoprotein B, fibrinogen, and factor VII (reviewed by Godfrey and 

Barker, 2000). Disproportion in body length relative to head circumference is 

thought to result from cranial redistribution of oxygenated blood away from the trunk 

to sustain brain metabolism as an adaptive response (Rudolph, 1984). This may lead 

to impaired liver growth resulting in permanent abnormalities in the regulation of 

cholesterol and clotting factors (reviewed by Godfrey and Barker, 2000). 

 

4.4.3 Catch-Up Growth in Infants born Preterm 

It is well known that newborns with poor intrauterine growth often 

demonstrate postnatal catch-up growth (Victora et al., 2001; Karlberg et al., 1995). 

However, the impact of this catch-up growth on the infant’s long term health is not 
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clear. It is suggested that in short-term, this catch-up growth enables the infants to 

accelerate growth in order to reach their normal growth curve, resulting in reduced 

infant morbidity and mortality (Victora et al., 2001). In contrast, studies have also 

suggested that catch-up growth may increase the risk of chronic diseases in later life 

(reviewed by Huxley et al., 2000). Some studies have found that hypertension, 

cardiovascular diseases and type 2 diabetes mellitus in adult life is correlated with 

the existence of a low birth weight and a catch-up growth in the early postnatal 

period (Cianfarani et al., 1999; reviewed by Joseph and Kramer, 1996; Law et al., 

1991). Our study indicates that only the infants born preterm to women with 

preeclampsia had significantly higher infant growth percent at all time points as 

compared to that of normotensive women. This was not observed in infants born to 

women with preeclampsia and delivering at term. It is therefore essential to follow 

up these infants to examine whether these infants born preterm and showing 

postnatal catch-up growth are at an increased risk of developing diseases in later life 

than those born to women with preeclampsia delivering at term.  

 

4.4.4 LCPUFA and Infant Growth 

To the best of our knowledge, this is the first study to show relationships of 

both maternal and cord plasma LCPUFA levels with size at birth and subsequent 

time points in preeclampsia. In the current study we observed a positive association 

of maternal nervonic acid levels with infant HC at various postnatal stages. Studies 

suggest that NA plays a key role in the biosynthesis of nerve cell myelin in the brain 

and is thought to reflect brain maturation (Sargent et al., 1994; Babin et al., 1993). 
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Earlier studies in our department have also reported a positive association of NA 

levels with baby HC in preterm pregnancies (Dhobale et al., 2011). Thus, our results 

indicate that lower levels of NA may lead to poor fetal brain development. Further, 

similar association was observed in women delivering male babies, suggesting that 

male infants may possibly be at an increased risk for neurodevelopmental disorders. 

In the NC group, we observed a positive association of cord AA levels with 

postnatal infant height.  This supports an earlier study which demonstrates a positive 

association between neonatal triacylglycerol AA concentrations and birth length 

(Elias and Innis, 2001). It is suggested that during early life, AA levels in infants 

may have a growth-promoting effect which could be related to its role as an 

eicosanoid precursor or to its structural function in membrane lipids (Koletzko and 

Braun, 1991).  

In the preeclampsia group, there was a positive association of cord DHA and 

omega-3 fatty acid levels with infant weight at various postnatal stages. Studies have 

reported positive associations of fish intake and birth weight (Guldner et al., 2007; 

Rogers et al., 2004; Olsen et al., 1990), suggesting that omega-3 fatty acids 

contribute to enhanced fetal growth (Hornstra et al.,1995). Further, a study in India, 

also found an increase in birth weight in mothers consuming fish/DHA (Muthayya et 

al., 2009).  

In this study, the associations of cord DHA and omega-3 fatty acids with 

birth weight were observed in female infants born to women with preeclampsia. 

Human studies have shown gender-related differences in omega-3 LCPUFA 

metabolism with females having higher levels. In addition, animal studies suggests 
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that the concentrations of omega-3 LCPUFA in rat plasma and tissues are positively 

associated with circulating concentrations of oestradiol and progesterone (reviewed 

by Childs et al., 2008). Various mechanisms have been proposed to explain the 

gender differences observed in omega-3 LCPUFA status such as gender differences 

in rates of β-oxidation and adipose tissue composition and mobilisation, and possible 

influences of sex hormones on the desaturase and elongase enzymes involved in the 

synthesis of omega-3 LCPUFA (Bakewell et al., 2006; Burdge and Wootton, 2002). 

Intervention trials with formulas containing both DHA and AA have 

demonstrated positive effects of supplementation on weight and length gains 

(reviewed by Makrides et al., 2005; Innis et al., 2002). Thus, the current data 

indicates that adequate LCPUFA status during pregnancy is essential for infant 

growth and development. 

 

4.4.5 Maternal Oxidative Stress and postnatal Growth 

Reports suggest that high levels of maternal oxidative stress affect the fetal 

size at birth and also result in postnatal growth retardation (reviewed by Thompson 

and Al-Hasan, 2012). Poor growth in childhood is associated with a number of 

complications in later life (reviewed by DeBoer et al., 2012; Gale, 2004).  

In the current study, there was a negative association between maternal 

plasma MDA and baby weight suggesting that oxidative stress may play a major role 

in determining the growth of the fetus. It is well established that male and female 

infant’s growth varies during the intrauterine and early postnatal period (Ahn et al., 
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2007). In our study, infant growth was adversely affected in the preeclampsia group 

till six month of age indicating that in utero oxidative stress may be a risk factor for 

fetal growth and development that may sustain in early postnatal life. This is the first 

study that presented data comparing oxidative stress indices between T-PE and PT-

PE pregnancies versus NC and a gender based disparity in the infants born to women 

with PE. 

 

To Summarize 

Our results suggest that preeclampsia affects birth weight as well as 

infant growth up to 6 months of age. Further, infants born preterm to women 

with preeclampsia had lower infant growth indicating that the pathology of 

preterm preeclampsia is more severe than that of term preeclampsia. Based on 

gender, male babies born preterm to women with preeclampsia demonstrated 

reduced infant growth upto 6 month of age, whereas females were affected only 

till 2.5 months of age. This suggests that there is male predominance towards 

reduced growth of infants born to women with preeclampsia. Further, these 

preterm infants showed a significantly higher catch-up growth in early infant 

period, and therefore may be at higher risk of developing certain diseases in 

later life. However, more studies on a large sample size are needed to confirm 

these results.   
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5.0 Role of Maternal Micronutrients and Omega-3 Fatty Acids in 
Brain Oxidative Stress of the Offspring 

 

5.1. Introduction 

The results of our earlier chapters suggest that higher oxidative stress 

and lower LCPUFA levels exist in women with preeclampsia. Children born to 

women with preeclampsia are known to be at an increased risk of developing 

neurodevelopmental disorders in later life.  In view of this, an animal study was 

carried out to understand the mechanism underlying the role of maternal 

oxidative stress in the fetal programming of neurodevelopmental disorders. This 

chapter examines the consequences of altered maternal micronutrition (folic 

acid, vitamin B12 and DHA) on brain oxidative stress indices 

(i.e.malondialdehyde (MDA), superoxide dismutase (SOD) and glutathione 

peroxidase (GPx)  in both, dams and their offspring. 

 

5.1.1 Micronutrients and Pregnancy Outcome 

Several epidemiological and animal studies have reported that the deficiency 

of macronutrients results in lower birth weight and subsequent metabolic syndrome 

in adulthood (reviewed by Lakshmy, 2013). However, the role of micronutrients is 

less extensively studied, but is gaining attention since they also play an important 

role in fetal growth and development (Christian and Stewart, 2010). In developing 

countries like India, micronutrient deficiencies are common and are associated with 

poor pregnancy outcomes (Owens and Fall, 2008).  
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5.1.2 Folic Acid and Pregnancy Outcome 

Importance of maternal folic acid in prevention of neural tube defects is well 

established (reviewed by Pitkin, 2007). In view of this, many countries like USA, 

Canada and Chile have introduced folic acid fortification program wherein all flour 

and uncooked cereal-grain products are fortified with folic acid (Jägerstad, 2012; 

Hertrampf and Cortés, 2004; Ray et al., 2004; Metz et al., 2002; Freire et al., 2000; 

Health Canada, 1997). This folic acid fortification has been shown to improve 

maternal folate status and reduce the prevalence and incidence of neural tube defects 

(De Wals et al., 2003; Shane , 2003; Bower et al., 2002; Gucciardi et al., 2002; 

Persad et al., 2002; Williams et al., 2002). However, the long-term effect of folic 

acid fortification on the risk of colorectal cancer and other malignancies remain 

unclear (Kim, 2004). Recent studies have raised concerns that folic acid fortification 

may mask symptoms and  worsen vitamin B12 deficiency which leads to adverse 

neurologic consequences (Carmel, 2008; Smith et al., 2006). 

 

5.1.3 Vitamin B12 and Pregnancy Outcome 

Vitamin B12 is required for cellular metabolism and is an essential coenzyme 

in mammals for conversion of homocysteine to methionine; and also the conversion 

of methylmalonyl-CoA to succinyl-CoA by the enzyme methylmalonyl-CoA mutase 

(Gröber et al., 2013; Moreno-Garcia et al., 2013). Most of the Indian women during 

pregnancy are known to have inadequate vitamin B12 levels (Yajnik et al., 2008) and 

is therefore a cause of concern. Micronutrients such as folic acid and vitamin B12 are 
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key constituents of the one- carbon cycle and play a critical role in determining 

pregnancy outcome. 

 

5.1.4 One-Carbon Cycle 

It has been reported that an altered one-carbon metabolism lies at the heart of 

intrauterine programming of adult diseases (Yajnik et al., 2008) and can affect 

epigenetic processes like DNA methylation and histone modifications leading to 

increased risk for diseases in the offspring (reviewed by Dominguez-Salas et al., 

2012) and may be transmitted to the next generation. Earlier human studies from the 

department have amply demonstrated that fatty acids, especially, docosahexaenoic 

acid and micronutrients like folic acid and vitamin B12 are interlinked in the one-

carbon cycle (reviewed by Dhobale and Joshi, 2012; Kulkarni et al., 2011a ; Kale et 

al., 2010). 

 

5.1.5 One-Carbon Cycle and Oxidative Stress 

Pregnancy is a period of increased metabolic demand and a certain amount of 

oxidative stress is required to allow the normal progression of embryonic and fetal 

growth (Dennery, 2010). It is well established that the environment encountered 

during fetal life and infancy is strongly related to increased risk of cardiometabolic 

and (Barker, 2004c) and neurodegenerative disorders (Mattson and Shea, 2003) in 

adult life. A recent review indicates that several mechanisms involving 

hypothalamic-pituitary axis, epigenetic regulation of gene expression and oxidative 
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stress may contribute to the developmental origin of adult diseases (reviewed by 

Lakshmy, 2013).  

Deficiency of micronutrients like folic acid and vitamin B12 are known to 

lead to increased levels of homocysteine and oxidative stress (Mattson and Shea, 

2003). A series of studies in our department on pregnant women, have well 

established the association between micronutrients, LCPUFA and oxidative stress in 

women with preeclampsia (Kulkarni et al., 2011; Mehendale et al., 2008). Reports 

indicate that reactive oxygen species (ROS) generated by a variety of intrauterine 

conditions are suggested to be one of the key downstream mediators that initiate 

epigenesis and programming of the offspring (Thompson and Al-Hasan, 2012). A 

recent review from our department highlights the influence of maternal nutrition on 

epigenetic programming and its importance during prenatal and early postnatal 

development, when epigenetic mechanisms undergo establishment and maturation. 

Thus, disruption of normal gene-specific methylation patterns by perturbations in 

maternal nutrition may affect pregnancy outcome having long-term implications in 

the offspring (reviewed by Dhobale and Joshi, 2012). 

 

5.1.6 Rationale for the Animal Study 

As discussed in the above sections, an altered one-carbon cycle is known to 

influence pregnancy outcome. Folic acid is a key constituent of the one-carbon cycle 

and deficiency of which is known to increase risk for neural tube defects. Further, in 

India, there is a policy for supplementing all pregnant women with iron and folic acid 

(60 mg and 500 µg per day) for prevention of neural tube defects (ICMR, 1989). 
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Folic acid supplementation is known to mask Vitamin B12 deficiency thereby 

delaying the diagnosis of B12 deficiency leading to irreversible neurological damage 

(Malouf and Grimley, 2008). 

Further, it has been reported that maternal micronutrient insufficiency can 

compromise brain development and function of the offspring (Wang et al., 2001). 

Reports suggest that many neurological disorders like childhood cognitive 

dysfunction, schizophrenia, which become apparent after birth, have their origin 

during fetal life (Cannon, 2008; Eriksson, 2005).  

Studies from our department have also shown that maternal micronutrient 

(excess folic acid and vitamin B12 deficiency) imbalance, altered the levels of brain 

fatty acids, and neurotrophins (both protein and mRNA) and impairs cognitive 

performance in the adult offspring (Sable et al., 2013, 2012, 2011). Studies in our 

department have also demonstrated that the adverse effects of a maternal diet 

imbalanced in micronutrients can be ameliorated by omega-3 fatty acid 

supplementation (Sable et al., 2013; Meher et al., 2013; Wadhwani et al., 2013; 

Dangat et al., 2011; Kulkarni et al., 2011).  However, it is not clear if these effects 

were mediated through alterations in oxidative stress related mechanisms. Further, it 

is also not clear whether there are any critical windows during which programming 

can be manipulated (Howie et al., 2012; Vickers, 2011; Burdge et al., 2009).  

This study for the first time, examines the effect of maternal micronutrients 

on the brain oxidative stress marker malondialdehyde (MDA) and the antioxidant 

defense system, glutathione peroxidase (GPx) and superoxide dismutase (SOD) in 

the offspring at birth and postnatal d21. Further, this study also examines the effect 
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of maternal omega-3 fatty acid supplementation to micronutrient imbalanced diet on 

the above parameters. 

 

5.2. Materials and Methods 

The experimental procedures carried out in the present study were as per the 

Institutional Animal Ethics Committee (IAEC) guidelines. The institute is recognized 

to undertake animal experiments as per the Committee for the Purpose of Control 

and Supervision of Experimental Animals, Government of India (No. 258/CPCSEA). 

The present study was approved by the institutional animal ethical committee (letter 

dated 29/10/2009). 

 

5.2.1 Animals 

Wistar albino rats (60F, 15M) of average weight 150 g were obtained from 

National Toxicology Center Animal House. They were maintained at 22ºC on a 

controlled 12-h light and 12-h dark cycle with appropriate ventilation system. 

Animals were marked with picric acid as Head (H), Back (B), Tail (T), etc. for 

identification. 
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5.2.2 Breeding 

Instead of using these procured animals directly for the experimental 

protocol, it was thought appropriate to use their progeny. These animals were fed a 

casein control diet till the female rats attained 190-200g weight and were bred in the 

ratio of 1 male: 3 females. Confirmation of pregnancy was done by microscopic 

(40X magnification) examination of vaginal smears taken on a clean slide to confirm 

the presence of sperm. This was considered as day 0 of pregnancy. 

 

5.2.3 Diet Composition 

The composition of control and treatment diets was as per AIN-93 guidelines 

for the laboratory rodent (Reeves et al., 1993).  
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Table 5.1: Composition of Diets 

S.No Diets (g/kg) Control NFBD EFB EFBD NFBDO EFBDO 
1. Corn Starch 398 398 398 398 398 398 
2. Casein  200 200 200 200 200 200 

3. 
Dextrinized 
Starch 

132 132 132 132 132 132 

4. Sucrose 100 100 100 100 100 100 
5.  Soya Bean  Oil 70 70 70 70 25 25 
6.  Fish Oil 0 0 0 0 45 45 
7. Fiber 50 50 50 50 50 50 
8. Mineral mixturea 35 35 35 35 35 35 

9. 
Vitamin mixtureb 
Folic acid  
Vitamin B12 (mg) 

10 10 10 10 10 10 
0.002 0.002 0.008 0.008 0.002 0.008 
0.025  0 0.025  0 0 0 

10. Cystine 3 3 3 3 3 3 
11. Choline Chloride 2.5 2.5 2.5 2.5 2.5 2.5 

12. 
Tertiary 
Butylhydroquinon
e 

0.014 0.014 0.014 0.014 0.014 0.014 

 Total Energy (kJ) 15.7 15.7 15.7 15.7 15.7 15.7 

a. Mineral mixture (g/kg mixture): Calcium carbonate, 357; Potassium Phosphate, 196; 
Potassium Citrate, 70.78; Sodium Chloride, 78; Potassium Sulphate, 46.6; Magnesium 
Oxide, 24; Ferric Citrate, 6.06; Zinc Carbonate, 1.65; Manganous Carbonate, 0.63; 
Cupric Carbonate, 0.3; Potassium Iodate, 0.01; Sodium Selenate, 0.01; Ammonium 
Paramolybdate, 0.007; Sodium Metasilicate, 1.45; Chromium Potassium Sulphate, 
0.275; Lithium Chloride, 0.01; Boric Acid, 0.08; Sodium Fluoride, 0.06; Nickel 
Carbonate, 0.03; Ammonium Vanadate, 0.006; Sucrose, 221.02. 

b. Vitamin mixture (g/kg mixture): Nicotinic Acid, 3; Calcium Pantothenate, 1.6; 
Pyridoxine-HCl, 0.7; Thiamine –HCl, 0.6; Riboflavin, 0.6; D-Biotin, 0.02; Vitamin B12 
(in 0.1 % Mannitol), 2.5;Vitamin E, 15;Vitamin A, 0.8; Vitamin D-3, 0.25;Vitamin K, 
0.075;Folic acid, 0.2 (control) and Sucrose 974.655, was used to make total weight of the 
vitamin mixture to 1 kg.  

Dietary Groups: Control: Normal folic acid, normal vitamin B12; NFBD: Normal folic 
acid, vitamin B12-deficient; EFB: Excess folic acid, normal vitamin B12; EFBD: Excess 
folic acid, vitamin B12-deficient; NFBDO: Normal folic acid, vitamin B12-deficient, 
omega-3 fatty acid supplemented; EFBDO: Excess folic acid, vitamin B12-deficient, 
omega-3 fatty acid supplemented 

 

There were a total of 5 treatment groups and a control group. Four diets were 

formulated to examine the effects of two levels of folic acid (i.e. 2 and 8mg folic 
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acid/kg diet) during pregnancy both in the presence and absence of vitamin B12. In 

addition, two more diets were formulated to examine the effects of omega-3 fatty 

acid (docosahexaenoic acid (DHA) + eicosapentaenoic acid (EPA)) supplementation 

(omega-3: omega-6 ratio is 1:1) to both the vitamin B12 deficient groups (Table 12). 

Omega-3 fatty acid supplementation was carried out using fish oil (Maxepa tablets, 

Merck Darmstadt, Germany) which contained a combination of DHA (120mg) and 

EPA (180mg). Dams and offspring on the vitamin B12 deficient diet were housed in 

special cages to prevent coprophagy. 

 

5.2.4 Study Design 

The study design has been depicted in Fig. 31. Following confirmation of 

pregnancy the dams were randomly assigned to either the control (n=16) or any of 

the 5 treatment groups (n=24/group). 8 dams in each group were delivered by C 

section on d20 of gestation while the remaining 8 dams delivered normally on day 22 

of gestation following which litter size of pups was culled to 8 to maintain nutritional 

adequacy. Following delivery, in case of the control group, all the animals that 

delivered continued on the same diet. In each of the treatment groups, 8 dams and her 

offspring were shifted to a control diet and the remaining 8 continued on the same 

treatment diet till the end of lactation. Thus, this resulted in a total of 11 groups.  
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Offspring were dissected at the end of lactation to collect brain tissue 

for estimation of oxidative stress indices and stored at -800C till analysis

8 dams and their offspring in each group were dissected on d20 of gestation to collect blood and brain tissue 

for estimation of oxidative stress indices and stored at -800C till analysis

Caesarean Section (d20 of Gestation)

Control: Normal folic acid, normal vitamin B12 (Control), NFBD: normal folic acid, 
vitamin B12 deficient, NFBDO: normal folic acid, vitamin B12 deficient, omega-3 fatty 
acid supplemented, EFB: Excess folic acid, normal vitamin B12, EFBD: Excess folic acid, 
vitamin B12 deficient, EFBDO: Excess folic acid, vitamin B12 deficient, omega-3 fatty 
acid supplemented. NFBD-NFBD (NFBD continuing on NFBD after delivery), NFBD-C 
(NFBD shifting to control after delivery), NFBDO-NFBDO (NFBDO continuing on 
NFBDO after delivery), EFB-EFB (EFB continuing on EFB after delivery), EFB-C (EFB 
shifting to control after delivery), EFBD-EFBD (EFBD continuing on EFBD after 
delivery), EFBD-C (EFBD shifting to control after delivery), EFBDO-EFBDO (EFBDO 
continuing on EFBDO after delivery), EFBDO-C (EFBDO shifting to control after 
delivery). 

 

Figure 5.1: Study Design 

 

Observations recorded during this study include: 

a. Feed intake of dams during pregnancy. 

b. Weight of dams on d0, 7, 14 and 21 of pregnancy to obtain weight 

gains. 

c. Litter weight and litter size was recorded at birth 

The offspring were dissected at two time points, namely, at birth and 

postnatal d21. At each time point, one offspring from each of the 8 dams in each 

group was dissected to collect the brain. Blood was collected from the dams by 
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cardiac puncture into tubes containing ethylenediaminetetraacetic acid (EDTA). All 

the collected tissues and blood samples were snap frozen in liquid nitrogen and 

stored at -80°C for analysis.  

 

5.2.5 Brain Weights 

The offspring were dissected to collect the whole brain and the absolute 

weight of the brain was recorded on a Schimadzu electronic balance with a least 

count of 0.001 g and maximum capacity of 220g. The relative brain weights were 

expressed in relation to the offspring weights i.e. [(absolute brain weight/offspring 

weight) x 100]. 

 

5.2.6 Estimation of Lipid Peroxidation (MDA Levels) 

Malondialdehyde (MDA) levels were estimated from dam plasma and 

offspring brain using kit from Bioxytech MDA-586 kit (Oxis International, USA) as 

described previously in chapter 3 section 3.2.2. MDA concentration is expressed as 

nmol/ml. 

 

5.2.7 Estimation of Glutathione Peroxidase Enzyme (GPx) Levels 

Glutathione peroxidase (GPx) levels were estimated from offspring brain at 

birth and postnatal d21 using Cayman’s GPx assay kit (Catalog Number 703102) as 
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described previously in chapter 3 section 3.2.4. Brain GPx levels are expressed as 

GPx U/ml/mg protein. 

 

5.2.8 Estimation of Superoxide Dismutase Enzyme (SOD) Levels 

Superoxide dismutase (SOD) levels were estimated from offspring brain at 

birth and postnatal d21 using Cayman’s SOD assay kit (Catalog Number 706002) as 

described previously in chapter 3 section 3.2.3. The SOD levels in brain are 

expressed as SOD U/ml/mg protein. 

 

5.2.9 Statistical Methods 

Litter means were used as the unit of analysis. Values are mean ± SD. Mean 

values of the estimates of various parameters for the treatment groups were 

compared with those of control group at conventional levels of significance (p < 

0.05; p < 0.01), using least significant difference estimated from one way analysis of 

variance (ANOVA) and the post-hoc least significant difference test. The data were 

analyzed using SPSS/PC + package (Version 20, Chicago, IL). 
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5.3. Results 

 

5.3.1 Feed Intake of Dams during Pregnancy 

The daily feed intake was (19.44 ± 1.86 g) for control; (17.80 ± 3.12 g) for 

NFBD; (18.22 ± 2.14 g) for EFB and (18.49 ± 3.72 g) for EFBD groups, suggesting 

that imbalance in maternal micronutrients (folic acid and vitamin B12) did not affect 

feed intake during pregnancy. In contrast, feed intake in both the omega-3 fatty acid 

supplemented groups i.e. NFBDO (14.91 ± 1.33 g) and EFBDO (15.32 ± 2.15 g) was 

lower (p < 0.01) than control. Further, feed intake in omega-3 fatty acid 

supplemented groups were also lower than their respective B12 deficient groups 

(NFBD vs. NFBDO, p < 0.05) and (EFBD vs. EFBDO, p < 0.05). 

 

5.3.2 Reproductive Performance 

Weight gain of dams during pregnancy was similar in all the groups i.e. 

control (106.5 ± 19.97), NFBD (111.75 ± 20.10), EFB (103.00 ± 37.78) and EFBD 

(113.50 ± 26.30). Further supplementation of omega-3 fatty acids to the vitamin B12 

deficient groups was also similar i.e. NFBDO (107.87 ± 13.88) and EFBDO (103.75 

± 19.36). The pup weight was comparable between all treatment groups i.e. control 

(3.51 ± 0.92), NFBD (3.74 ± 0.61), EFB (3.61 ± 1.23), EFBD (3.36 ± 0.51), NFBDO 

(3.15 ± 0.81) and EFBDO (3.40 ±0.41). 
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5.3.3 Relative Brain Weights 

There was no difference in relative brain weights of offspring among all the 

groups at birth i.e. control (0.04 ± 0.007%), NFBD (0.04 ± 0.005%), EFB (0.04 ± 

0.008%), EFBD (0.04 ± 0.008%), NFBDO (0.04 ± 0.01%) and EFBDO (0.04 ± 

0.001%). 

 

5.3.4 Dam Plasma and Pup Brain MDA Levels at the End of Pregnancy 

Dam plasma MDA levels in the EFBD group were higher (p < 0.01) as 

compared to control, NFBD and EFB groups (Figure 5.2). However, plasma MDA 

levels in dams from the other groups were comparable to control. Pup brain MDA 

from the EFBD group was also higher (p<0.01) as compared to control, NFBD and 

EFB groups. Omega-3 fatty acid supplementation to these vitamin B12 deficient diets 

did not alter the MDA levels (Figure 5.2). 
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Values are Mean ± SD. p: Level of significance. **p<0.01 as compared to control (NFB); 
##p<0.01as compared to NFBD; $$p<0.01 as compared to EFB,Dietary groups: Control: Normal 
Folic Acid & Vitamin B12; NFBD: Normal Folic Acid & Vitamin B12 deficient; EFB: Excess Folic 
Acid & Vitamin B12; EFBD: Excess Folic Acid & Vitamin B12 deficient. NFBDO: Normal Folic 
Acid, Vitamin B12 deficient & Omega-3 fatty acid supplemented; EFBDO: Excess Folic Acid, 
Vitamin B12 deficient & Omega-3 fatty acid supplemented 

Pup Brain MDA Dam Plasma MDA

 

Figure 5.2: Dam Plasma and Pup Brain MDA Levels at the End of Pregnancy in 
Different Dietary Groups 

 

5.3.5 MDA levels in the Offspring Brain at Postnatal d21 

At postnatal d21, MDA levels were similar to control in the NFBD-NFBD 

group. However, they were higher in the NFBD-C, EFBD-C and EFBD-EFBD 

(p<0.05 for all) groups as compared to control. Omega-3 fatty acid supplementation 

normalized the levels of MDA to that of control (Figure 5.3). 
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Values are Mean ± SD. p: Level of significance.*p<0.05, **p<0.01 as compared to 
control; ^^ p<0.01 as compared to EFB-C NFBD: Normal folic acid, vitamin B12 
deficient; NFBDO: Normal folic acid, vitamin B12 deficient, omega-3 fatty acid 
supplemented; EFB: Excess folic acid, normal vitamin B12; EFBD: Excess folic 
acid, vitamin B12 deficient; EFBDO: Excess folic acid, vitamin B12 deficient, 
omega-3 fatty acid supplemented; NFBDNFBD: NFBD continuing on NFBD 
after delivery; NFBD-C: NFBD shifting to control after delivery; NFBDO-
NFBDO: NFBDO continuing on NFBDO after delivery; EFB-EFB: EFB 
continuing on EFB after delivery; EFB-C: EFB shifting to control after delivery; 
EFBD-EFBD: EFBD continuing on EFBD after Delivery; EFBD-C: EFBD 
shifting to control after delivery; EFBDO-EFBDO: EFBDO continuing on 
EFBDO after delivery; EFBDO-C: EFBDO shifting to control after delivery.
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Figure 5.3: MDA levels in the Offspring Brain at End of Lactation 
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5.3.6 Glutathione Peroxidase Levels in Offspring Brain at d20 of Gestation 
and Postnatal d21 

At d20 of gestation, the glutathione peroxidase levels were lower in the 

NFBD, EFBDO (p<0.05 for both) and EFB (p<0.01) as compared to control in 

offspring at birth. Omega-3 fatty acid supplementation to the vitamin B12 deficient 

groups did not show beneficial effect (Figure 5.4). At postnatal d21 glutathione 

peroxidase levels were higher in the NFBD-C (p<0.05) and EFBD-EFBD group 

(p<0.01) as compared to control. Omega-3 fatty acid supplementation normalized the 

levels of GPx to that of control (Figure 5.5). 

 

Values are Mean ± SD. p: Level of significance. *p<0.05, **p<0.01 as compared to control. Study 
groups at d20: Control; NFBD: Normal folic acid, vitamin B12 deficient; NFBDO: Normal folic acid, 
vitamin B12 deficient, omega-3 fatty acid supplemented; EFB: Excess folic acid, normal vitamin 
B12; EFBD: Excess folic acid, vitamin B12 deficient; EFBDO: Excess folic acid, vitamin B12 
deficient, omega-3 fatty acid supplemented.
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Figure 5.4: GPx Levels in Offspring Brain at Day 20 of Gestation 
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Values are Mean ± SD. p: Level of significance. *p<0.05, **p<0.01 as compared to control; # # 
p<0.01 as compared to NFBD-C; ++ p<0.01 as compared to EFBD-C
Study groups at End Of Lactation: NFBD: Normal folic acid, vitamin B12 deficient; NFBDO: 
Normal folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented; EFB: Excess folic 
acid, normal vitamin B12; EFBD: Excess folic acid, vitamin B12 deficient; EFBDO: Excess 
folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented; NFBD-NFBD: NFBD 
continuing on NFBD after delivery; NFBD-C: NFBD shifting to control after delivery; 
NFBDO-NFBDO: NFBDO continuing on NFBDO after delivery; EFB-EFB: EFB continuing 
on EFB after delivery; EFB-C: EFB shifting to control after delivery; EFBD-EFBD: EFBD 
continuing on EFBD after Delivery; EFBD-C: EFBD shifting to control after delivery; 
EFBDO-EFBDO: EFBDO continuing on EFBDO after delivery; EFBDO-C: EFBDO shifting 
to control after delivery

 

Figure 5.5: GPx Levels in Offspring Brain at End of Lactation 
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5.3.7 Superoxide Dismutase Levels in Offspring Brain at d20 of Gestation and 
Postnatal d21 

At d20 of gestation, SOD levels were lower in the EFBD group (p<0.05) as 

compared to control. Omega-3 fatty acid supplementation did not significantly alter 

the levels of SOD (Figure 5.6). At postnatal d21, SOD levels were similar to control 

in the NFBD-NFBD, NFBD-C, EFBD-EFBD, EFBD-C groups. In contrast, Omega-

3 fatty acid supplementation reduced the level of SOD in the NFBDO-C (p<0.01), 

EFBDO-C and EFBDO-EFBDO (p<0.05 for both) (Figure 5.7). 

 

Values are Mean ± SD. p: Level of significance. *p<0.05 as compared to control
Study groups at d20: Control; NFBD: Normal folic acid, vitamin B12 deficient; 
NFBDO: Normal folic acid, vitamin B12 deficient, omega-3 fatty acid 
supplemented; EFB: Excess folic acid, normal vitamin B12; EFBD: Excess folic 
acid, vitamin B12 deficient; EFBDO: Excess folic acid, vitamin B12 deficient, 
omega-3 fatty acid supplemented.

 

Figure 5.6: SOD Levels in Offspring Brain at Day 20 of Gestation 
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Values are Mean ± SD. p: Level of significance. *p<0.05, **p<0.01 as compared to control; # # 
p<0.01 as compared to NFBD-C; ++ p<0.01 as compared to EFBD-C
Study groups at End Of Lactation: NFBD: Normal folic acid, vitamin B12 deficient; NFBDO: 
Normal folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented; EFB: Excess folic 
acid, normal vitamin B12; EFBD: Excess folic acid, vitamin B12 deficient; EFBDO: Excess 
folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented; NFBD-NFBD: NFBD 
continuing on NFBD after delivery; NFBD-C: NFBD shifting to control after delivery; 
NFBDO-NFBDO: NFBDO continuing on NFBDO after delivery; EFB-EFB: EFB continuing 
on EFB after delivery; EFB-C: EFB shifting to control after delivery; EFBD-EFBD: EFBD 
continuing on EFBD after Delivery; EFBD-C: EFBD shifting to control after delivery; 
EFBDO-EFBDO: EFBDO continuing on EFBDO after delivery; EFBDO-C: EFBDO shifting 
to control after delivery

 

Figure 5.7: SOD Levels in the Offspring Brain at End of Lactation 

 

5.4. Discussion 

This is study for the first time reports several novel findings on the effect 

of imbalance of maternal micronutrients (folic acid and vitamin B12) and 

omega-3 fatty acid supplementation on maternal and offspring brain oxidative 

stress indices at d20 of gestation and postnatal d21 and are as follows: (1) 



 

- 168 - 

Imbalance in maternal micronutrients a) did not affect weight gain during 

pregnancy; b) increased oxidative stress levels both in the dam at end of 

pregnancy and offspring at birth and postnatal d21 c) Reduced levels of SOD 

and GPx at birth and increased GPx levels at postnatal d21 d) maternal omega-

3 fatty acid supplementation ameliorated most of the negative effects. 

 

5.4.1 Reproductive Performance 

In the current study, there was no difference in the total weight gain of 

animals among all the groups. Our results are similar to those by Achon et al. (Achon 

et al., 2000) who showed that folic acid supplementation at 40 mg/kg diet did not 

affect the gestation outcome. There are no reports which have examined effects of 

folic acid supplementation in absence of vitamin B12 on birth outcome. However, in a 

recent study when male rats were supplemented with folic acid in the absence of 

vitamin B12 there was no difference in the body weights before and after 

supplementation (Min, 2009). In our study, omega-3 fatty acid did not influence the 

weight gain of dams. Others also report that varying ratios of omega-3 fatty acids: 

omega-6 fatty acids during pregnancy on a control diet do not show any effect on 

weight gain (Jen et al., 2009). 

There was no difference in litter weight or size in all groups due to altered 

levels of maternal micronutrients in this study. An  earlier study examining the 

effects of folic acid supplementation (8 mg/kg) at marginal protein diet during 

pregnancy also found no change in litter weight or litter size (Joshi et al., 2003). In 

contrast, a study examining the effect of supplementation of excess folic acid (40 
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mg/kg) during pregnancy showed reductions in body weight of the fetuses as 

compared to control (Achon et al., 2000). In this study, when omega-3 fatty acid was 

given along with excess folic acid in the absence of vitamin B12, there was no change 

in pup weight. Maternal diets containing varying ratios of omega-3 fatty acids: 

omega-6 fatty acids (Jen et al., 2009), or docosahexaenoic acid and eicosapentaenoic 

acid (Destaillats et al., 2010) have also shown no alterations in pup weights at birth. 

However, in a human study, when pregnant women were given 200 mg DHA 

supplements from gestation week 21 until the end of third month of lactation, their 

infants had lower body weight (Lucia et al., 2007). In contrast, maternal consumption 

of omega-3 fatty acids during pregnancy have reported an increase in birth weight 

(Smuts et al., 2003; Sattar et al., 1998; Olsen and Secher, 1990; Olsen et al., 1987). 

 

5.4.2 MDA Levels at end of Pregnancy 

In our study maternal vitamin B12 deficiency did not increase plasma MDA 

levels in the dams. However, excess folic acid in the absence of vitamin B12 

increased plasma MDA levels. It is known that the brain is vulnerable to free radical 

attack and lipid peroxidation (LPO) (Ansari et al., 2008). There are no studies which 

have examined the effect of imbalance of maternal micronutrients on brain plasma 

MDA levels, an index of lipid peroxidation. A study in adult rats reports increased 

malondialdehyde (MDA) levels in kidney tissue of vitamin B6 deficient male rats 

(Keles et al., 2010) while folic acid and folic acid + vitamin B12 supplementation in 

adult rats has also been shown to reduce systemic oxidative stress in male rats 

(Majumdar et al., 2009). Patients with severe neonatal cobalamin (vitamin B12) 
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deficiency have been reported to have elevated intracellular ROS content (Richard et 

al., 2007).  

It has been suggested that dietary vitamin B12 folic acid, and omega-3 PUFAs 

may influence plasma and neuronal levels of oxidative stress, that may ultimately 

determine the susceptibility of an individual to develop neurodegenerative disorders 

(reviewed by Das, 2008). It is known that LCPUFA is susceptible for degradation 

due to increased oxidative stress (Song et al., 2000). The imbalances in 

micronutrients often lead to increased oxidative stress through the generation of 

oxygen free radicals which interact with polyunsaturated fatty acids in membranes or 

lipoproteins. Reactive oxygen species attack the double bonds of polyunsaturated 

fatty acids and initiate chain reactions leading to lipid peroxide formation. Our earlier 

departmental study in women with pregnancy complications like preeclampsia also 

suggests that increased peroxidative reactions would further promote decomposition 

of polyunsaturated fatty acids (Mehendale et al., 2008).  

 

5.4.3 One-Carbon Cycle Components 

Vitamin B12 and folate are essential for methylation of homocysteine to 

methionine and for synthesis of s-adenosyl methionine whichs is involved in the 

metabolism of proteins, phospholipids and neurotransmitters (Kale et al., 2010). This 

also can reduce levels of glutathione, a major antioxidant during pregnancy in mother 

and fetus. In the liver, phosphatidylcholine (PC) is also synthesized by the sequential 

methylation of phosphatidylethanolamine (PE), which is catalyzed by 

phosphatidylethanolamine N-methyltransferase (PEMT) (Vance, 2008). In vitamin B 
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deficiency, the amount of methionine available for phosphatidylcholine synthesis is 

reduced and a lower methylation of phosphatidylethanolamine to 

phosphatidylcholine has been reported (Akesson et al., 1979). A defect in 

methylation process is hypothesized to be the biochemical basis of neuropsychiatric 

manifestations of vitamin B12 deficiency (Bottiglieri, 1996). Folic acid and vitamin 

B12 are the major determinants of one - carbon metabolism which alter levels of both 

homocysteine and oxidative stress (MDA). One of the major functions of one - 

carbon metabolism is also to regulate the membrane phospholipid levels especially 

DHA, through the transfer of methyl groups. Therefore, altered intake/metabolism of 

maternal micronutrients may alter levels of DHA (Figure 5.8). 

 

Altered Maternal Nutritional 
Intake/Metabolism
Folate / Vitamin B12

Hyperhomocysteinemia

Omega‐3 (DHA)

Oxidative Stress

Impaired Fetal 
Brain Development

 

Figure 5.8: Probable Mechanism of Altered Micronutrients, DHA and 
Oxidative Stress 
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5.4.4 Antioxidant Enzyme Levels in Brain at Birth 

In the current study, the levels of both GPx and SOD were lower in the 

offspring born to dams fed a micronutrient imbalanced diet during pregnancy. Our 

findings support earlier reports which suggest that the function of the key 

intracellular antioxidant enzymes may be interdependent (Valko et al., 2007). An 

earlier study suggests that a decrease in the activities of antioxidant enzymes is one 

of the main alterations that promote oxidative damage to proteins and lipids (Slater et 

al., 1987). There are limited studies which have examined the effect of maternal 

micronutrients on the levels of antioxidant enzymes. It has been reported that there is 

an increase in oxidative stress and decrease in antioxidant status (SOD and GPx in 

liver), in vitamin-restricted offspring (Raghunath et al., 2009). The reduced 

antioxidant enzyme levels observed in this study may be a compensatory mechanism 

of the body to cope with the increase in oxidative stress.  

 

5.4.5 Antioxidant Enzyme Levels in Brain at postnatal d21 

In the current study, the offspring born to dams fed a micronutrient 

imbalanced diet during pregnancy and continuing on the same diet in later life 

showed an increase in MDA and GPx levels suggesting an imbalance in the 

functioning of the enzymatic antioxidant defence system. Similar findings of 

increased GPx activity in the liver of the pups during the lactating period have been 

reported as a consequence of folate supplementation (Ojeda et al., 2009). In this 

study, there was a trend towards reduction in the levels of SOD although it was not 

significant. It is well known that the first line of enzymatic defence against ROS 
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results in alterations in levels of SOD. Earlier reports too have demonstrated the 

opposite changes in activity of brain mitochondrial SOD (Mn-SOD), catalase and 

GPx in rats fed a folate/ methyl-deficient diet for 36 weeks (Bagnyyukova et al., 

2008).  

 

5.4.6 Omega-3 Fatty Acid Supplementation and Management of Oxidative 
Stress 

In the current study, omega-3 fatty acid supplementation improved SOD 

levels in the brain of the offspring at postnatal d21 possibly as a compensatory 

defence mechanism in response to increased MDA levels. Our studies are in line 

with earlier studies where a postnatal omega-3 fatty acid supplementation to a 

prenatal omega-3 deficient diet has been shown to increase the activity of 

mitochondrial SOD2 in the cerebrum (Garrel et al., 2012). DHA is suggested to have 

a role as an antioxidant since DHA supplementation to a DHA deficient rat during 

pregnancy was able to rescue brain tissue from oxidative stress consequences (Yavin, 

2006). A study reports that fish oil diet during the last two weeks of pregnancy 

lowers the activity of SOD2 in heart of the rat offspring (Chapman et al., 2000). It 

has been suggested that a high content of PUFA in biological membranes may be 

substrates for ROS induced peroxidation reactions leading to the formation of 

malondialdehyde (Song et al., 2000).  
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5.4.7 Maternal Nutrition and Oxidative Stress 

Maternal malnutrition is suggested to be a major non-genetic factor which 

can lead to a disturbed brain development (Morgane et al., 2002). It has been 

suggested that oxidative stress during pregnancy may be a result of maternal 

under/overnutrition (Thompson and Al-Hasan, 2012). As discussed above, an 

imbalance in maternal micronutrients like folic acid and vitamin B12 leads to 

increased brain MDA levels, both in the mother and offspring. These findings 

highlight that the fetus is sensitive and responsive to the maternal milieu. 

Oxidative stress reflects a marked imbalance between Reactive Oxygen 

Species (ROS) and their removal by antioxidant systems. ROS play a key role in the 

brain and neuronal tissue and serve as sources of oxidative stress while antioxidants 

combat the oxidative stress (Uttara et al., 2009). Studies have shown, that 

antioxidants (enzymatic and/or non-enzymatic) can protect the brain against 

oxidative damage (Ozturk et al., 2005) and the presence of antioxidant enzymes, 

CAT, GPx and SOD in brain region has been reported earlier (Manikandan et al., 

2005).  

 

5.4.8 Oxidative Stress and Cognitive Function 

It is known that oxidative damage induces a decline of cognitive function in 

cerebral cortex and hippocampus leading to an impairment of learning and memory 

in the hippocampus (Ondera et al., 2003). Recent reports suggest that the 

programming of antioxidant defense system during the prenatal period is critical for 
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the long-term health of the offspring (Strakovsky and Pan, 2012). Several 

neurodevelopmental disorders like schizophrenia (Arvindakshan et al., 2003) and 

ADHD (Richardson, 2006) are associated with increased oxidative stress. However, 

there is no information when and how oxidative stress, triggered by an 

etiopathogenetic factor(s) affects early neurodevelopment and contributes to the 

onset of psychopathology, and its course and treatment throughout life.  

Our data for the first time highlights the relationship between the brain 

antioxidant enzymes and maternal DHA supplementation to a micronutrient 

imbalanced diet. Our results suggest that oxidative stress is most likely, triggered due 

to imbalance in maternal micronutrients like folic acid and vitamin B12 during fetal 

growth. This may continue through adolescence, thereby contributing to 

neurodevelopmental deficits and onset of illness. These micronutrients are involved 

in one-carbon metabolism and act as co-factors or molecular donors for epigenetic 

processes such as DNA methylation, which modulate gene expression, and therefore 

cellular proliferation and apoptosis, in early pregnancy (Mattson and Shea, 2003). 

There is a need to determine the underlying mechanisms of action of these nutrients, 

including effects mediated via epigenetic modifications. Our laboratory has therefore 

undertaken studies to examine the epigenetic changes occurring at the gene-specific 

level for antioxidant enzymes (SOD and GPx) and neurotrophins like brain-derived 

neurotrophic factor (BDNF) which are known to be regulated by levels of DHA (Wu 

et al., 2008, 2004). These findings are of significance in view of the fact that adverse 

maternal nutrition is suggested to lead to impaired neurocognitive function (Bale et 

al., 2010) and autism in later life (Schmidt et al., 2011). 
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To summarize, the present study reveals a possibility that the anti 

oxidant defense system of the brain may be vulnerable to programming by 

maternal micronutrient imbalance (especially folic acid and vitamin B12) and 

may be a key mechanism leading to impaired cognition in later life. This data 

provides clues for planning intervention strategies to reduce risk for  

neurodevelopmental disorders in later life. 
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Abstract 

Altered maternal micronutrients (folic acid, vitamin B12) are suggested to be 
at the heart of intra-uterine programming of adult diseases. We have recently 
described interactions of folic acid, vitamin B12 and docosahexaenoic acid in 
one carbon metabolism that is considered to play a key role in regulation 
oxidative stress and chromatin methylation. However its impact on fetal 
oxidative stress and brain fatty acid levels has been relatively unexplored. 
The present study examined the effect of imbalance in maternal 
micronutrients (folic acid and vitamin B12) and maternal omega 3 fatty acid 
supplementation on oxidative stress parameters and brain fatty acids and in 
the offspring at birth. Pregnant female rats were divided into six groups at 
two levels of folic acid both in the presence and absence of vitamin B12. 
Both the vitamin B12 deficient groups were supplemented with omega 3 fatty 
acid. Oxidative stress marker (malondialdehyde) and polyunsaturated fatty 
acid profiles in plasma and brain were analyzed in dam and offspring at d20. 
Our results for the first time indicate that imbalance in maternal 
micronutrients (excess maternal folic acid supplementation on a 
B12 deficient diet) increases (p < 0.01) oxidative stress in both mother and 
pups. This increased maternal oxidative  stress  resulted  in  lower  (p < 0.01) 
fetal  brain DHA  levels. Omega  3  fatty  acid  supplementation was  able  to 
restore  (p < 0.05) the  levels of brain DHA  in both the vitamin B12 deficient 
groups. Our data has  implications for neurodevelopmental disorders since 
micronutrients and DHA are important modulators for neural functioning. 
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Effect of maternal micronutrients (folic acid and vitamin B12) and 
omega 3 fatty acids on indices of brain oxidative stress in the offspring 
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Abstract 
INTRODUCTION: 
Our earlier studies have shown that a maternal diet imbalanced with micronutrients like 
folic acid, vitamin B12 has adverse effects on fatty acid metabolism, global methylation 
patterns and levels of brain neurotrophins in the offspring at birth. However, it is not clear 
if these effects are mediated through oxidative stress. The role of oxidative stress in 
influencing epigenetic mechanisms and thereby fetal programming is not well studied. 

METHODS AND RESULTS: 
Pregnant female rats were divided into six treatment groups at two levels of folic acid 
both in the presence and absence of vitamin B12. Omega 3 fatty acid supplementation 
was given to the vitamin B12 deficient groups. Following delivery, 8 dams from each 
group were randomly shifted back to control and the remaining 8 continued on the same 
treatment diet. Our results indicate for the first time that an imbalance in maternal 
micronutrients reduces the antioxidant enzymes superoxide dismutase (SOD) and 
glutathione peroxidase (GPx) (p<0.05 for both) at birth. At d21 of life, the levels of MDA 
and GPx (p<0.05 for both) in pup brain from the micronutrient imbalanced group were 
higher as compared to control while omega 3 fatty acid supplementation normalizes the 
levels of GPx. 

CONCLUSION: 
Our data shows that maternal micronutrient imbalance adversely affects 
antioxidant defense mechanisms while omega 3 fatty acid supplementation 
ameliorates some of the negative effects. Our study throws light on the 
role of oxidative stress in fetal brain programming and consequential risk 
for neurodegenerative disorders in later life. 

Copyright © 2013 The Japanese Society of Child Neurology. Published by 
Elsevier B.V. All rights reserved. 
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Summary 

The present thesis entitled “Role of Long Chain Polyunsaturated Fatty Acids 

and Oxidative Stress in Pregnancy and their Association with Infant Growth” aims to 

understand the consequences of adverse environment in utero and differential 

postnatal growth in a sex-specific manner in preeclampsia which may influence risk 

for diseases in later life.  

Work described in this thesis comprises of two parts; a human study and an 

animal study.  The human study was undertaken to compare the levels of maternal 

long chain polyunsaturated fatty acids (LCPUFA) and oxidative stress markers in 

normotensive women and women with preeclampsia (delivering both at term and 

preterm) with respect to the gender of the baby. A time dependant analysis of the 

postnatal growth of infants till six months of age and their association with the 

maternal and cord LCPUFA and oxidative stress (at the time of delivery) was also 

undertaken. Children born to women with preeclampsia are known to be at an 

increased risk for neurodevelopmental disorders, and hence an animal study was 

conducted to understand the mechanisms involved in brain development as a 

consequence of altered maternal micro nutrition. 

We hypothesize that maternal long chain polyunsaturated fatty acids 

and oxidative stress levels will be differentially regulated in women with 

preeclampsia delivering male or female babies both at term or preterm leading 

to long-term adverse neurodevelopmental consequences 
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Studies have well established the link between maternal nutrition and 

pregnancy outcome, where suboptimal maternal nutrition, is known to affect fetal 

growth and development. Preeclampsia is a pregnancy disorder characterized by high 

blood pressure and proteinuria and is known to affect 2-8% pregnancies worldwide. 

It is one of the major causes of maternal and fetal morbidity and mortality and 

increases the risk of NCD in both mother and children at later life.  

Gender differences have been reported in most of the NCDs. Evidence 

suggests that early neonatal environment also contributes to sex differences via 

epigenetic mechanisms which are also under the influence of hormones. Male and 

female embryos have been reported to display sex-specific transcriptional regulation 

and their development is suggested to be as separate processes beginning from 

conception. Limited studies have demonstrated sex-specific differences in adverse 

pregnancy outcomes like preeclampsia.  

Maternal nutrients like LCPUFA play a critical role in determining pregnancy 

outcome. Among the LCPUFA AA and DHA are known to be crucial for fetal and 

infant central nervous system growth and development. This study aims to 

understand the association of maternal LCPUFA and oxidative stress with postnatal 

infant growth and risk of adult diseases in male and female offspring born to women 

with preeclampsia. 
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Novel Findings of the Study 

Human Study 

This study for the first time demonstrated the following interesting 

findings in women with preeclampsia as compared to normotensive women: 

1. Maternal and cord LCPUFA levels were lower in women with 

preeclampsia. These levels vary in women delivering at term and 

preterm suggesting that LCPUFA levels are differentially regulated in 

the different phenotypes of preeclampsia. 

2. Maternal LCPUFA levels were also associated with gender of the 

baby; DHA levels being lower in women delivering male babies. It is 

likely that the sex hormones influence the enzymatic synthesis of 

LCPUFA, leading to sex-specific differences in LCPUFA levels.  

3. Cord nervonic acid levels were lower in preeclampsia especially in 

women delivering male babies. Nervonic acid is known to influence 

myelination in the brain. The lower levels of nervonic acid may 

hinder fetal brain growth and development in the preeclampsia group 

which may have long term consequences on brain function especially 

in male babies. 

4. Higher maternal plasma MDA in women with preeclampsia possibly 

due to placental hypoxia.  
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5. Higher maternal antioxidant enzymes levels (SOD and GPx) in 

women with preeclampsia may be due to a compensatory response to 

oxidative stress. 

6. Higher oxidative stress in women delivering male babies compared to 

women delivering female babies possibly due to the presence of fetal 

estrogens. 

7. Babies born to women with preeclampsia delivering preterm showed 

lower growth measures from birth till 6 mo of age as compared to 

women with preeclampsia delivering at term and normotensive 

women. In contrast, infant growth percentage was higher in infants 

born to women with preeclampsia delivering preterm at all postnatal 

time points.  

8. Growth measures of male infants were lower in preeclampsia group as 

compared to the normotensive group at all postnatal time points.  

9. Maternal and cord nervonic acid levels were positively associated 

with head circumference in male infants suggesting they may possibly 

at risk of developing neurodevelopmental disorders in later life. 

10.  Cord DHA and omega-3 fatty acid levels were positively associated 

with postnatal infant weight. 

11. Maternal oxidative stress was negatively associated with baby weight 

at birth only in male babies born to mothers with preeclampsia 
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suggesting that maternal oxidative stress may play a major role in 

determining the growth of the infant. 

The findings of the human study indicate that maternal LCPUFA and 

oxidative stress influence the postnatal growth of the infant. 

 

Animal Study 

An animal study was undertaken to examine the mechanisms underlying the 

role of altered maternal micro nutrition on brain oxidative stress indices in the 

offspring. It is well established that micronutrients (folic acid, vitamin B12 and DHA) 

are interlinked in the one-carbon cycle.  

Our results for the first time indicate that an imbalance in maternal 

micronutrients: 

1. Increases oxidative stress in both dams at end of pregnancy and in 

offspring at birth and postnatal d21 of life.  

2. Reduces the antioxidant enzymes superoxide dismutase (SOD) and 

glutathione peroxidase (GPx) at birth. However, at postnatal d21 of 

life GPx levels in the offspring brain were higher as compared to 

control.  

3. Omega-3 fatty acid supplementation normalized the levels of GPx and 

MDA at postnatal d21 of life. 
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Data from the current animal study suggests that maternal micronutrient 

imbalance adversely affects antioxidant defense mechanisms while omega-3 fatty 

acid supplementation ameliorates some of the negative effects. Our study highlights 

the role of oxidative stress in fetal brain programming and consequential risk for 

neurodegenerative disorders in later life (refer figure below). 
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Figure: Maternal Nutrition and Risk for Neurodegenerative Disorders in later 
Life 

 

Implication 

Non-communicable diseases (NCDs) like diabetes, cardiovascular diseases 

and brain disorders are leading causes of morbidity and premature death worldwide 

and are on the rise in India. Recent research has shown that maternal nutrition 
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influences pregnancy outcome and children born to mothers with adverse pregnancy 

outcome are at more risk of developing NCD in adult life. Further, males are known 

to be more susceptible for risk for NCD. The present study points towards gender 

specific differences in maternal and cord LCPUFA levels and oxidative stress 

markers in preeclampsia which may influence infant growth. Our animal study 

suggests that the antioxidant defence system of the brain may be programmed during 

the critical developmental windows which may lead to impaired cognition in later 

life. This study would be helpful in planning intervention strategies during the early 

postnatal life to reduce risk for diseases in adulthood. 

 

Societal Relevance 

This research as a whole, aims to inform public health policy to ameliorate 

the common and important problems of poor reproductive outcomes and rising rates 

of NCD in India. Maternal nutrition plays a critical role in the overall development of 

the fetus not only in utero but also has both short and long-term consequences. Our 

study attempts to understand the mechanisms behind gender specific differences in 

LCPUFA and oxidative stress in preeclampsia and not for determining fetal sex. This 

study does not approve of prenatal sex determination. We strongly recommend no 

diagnostic technique/s to be followed to determine the fetal sex. There is a need to 

address the issue of maternal nutrition in India in order to improve pregnancy 

outcomes both in normotensive pregnancies as well as in preeclampsia. 
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Future Directions 

This study was undertaken in women with preeclampsia at the end of 

pregnancy and infants were followed only till 6 mo of age. Future studies should 

examine women from early pregnancy on a larger sample size to better understand 

the association of maternal LCPUFA and oxidative stress in determining pregnancy 

outcome. Further, children born to mothers with preeclampsia need to be followed up 

till adult age to assess the role of maternal nutrition and risk for diseases. In addition, 

epigenetic studies are also needed for better understanding of the molecular 

mechanisms involved in the concept of DOHaD. 
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