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Chapter 1
Introduction and Genesis of the 

Thesis



1 
 

1.1 Global Nutritional Scenario 

1.1.1 Evolution of Dietary Patterns  

Nutrition plays a key role in the maintenance of good health throughout the 

life span of an individual (WHO, 2003). It is a continuously evolving field (reviewed 

by German and Dillard, 2004) and reports indicate that over the past three centuries, 

changes in the dietary patterns have accelerated to varying degrees in different regions 

of the world (Popkin, 2006). These dietary changes are mainly attributed to 

socioeconomic changes during the last 100-150 years, i.e. since the advent of the 

industrial revolution (reviewed by Gómez Candela et al., 2011). Further, advancement 

in agricultural practices in the last 50 years is also responsible for alterations in 

dietary patterns and consequently, nutrient intakes throughout the world (reviewed by 

Kearney, 2010). In developing countries, the supply of foods and the dietary patterns 

are undergoing rapid transition and seem to be converging on a „Western diet‟ - high 

in saturated fats, sugar and refined foods but low in fiber (reviewed by Popkin and 

Gordon-Larsen, 2004). 

1.1.2 Nutrition Transition 

The concept of nutrition transition involves major shifts in the nutritional 

profile of human populations directly related to modifications in dietary intake and 

nutrient expenditure patterns. This is essentially determined by an interaction of 

economic, demographic, environmental and cultural changes occurring in the society 

(reviewed by Uauy and Monteiro, 2004). There are five patterns of nutrition transition 

which are described below (reviewed by Misra and Khurana, 2008): 

 Pattern 1 – Hunter-Gatherer: The first pattern (Paleolithic pattern), linked 

with hunter-gatherer societies had a diet rich in fibrous plants and high in 

http://www.ncbi.nlm.nih.gov/pubmed?term=German%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=15321792
http://www.ncbi.nlm.nih.gov/pubmed?term=Dillard%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=15321792
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protein from lean wild animals. However, this population had a shorter life 

span due to infectious diseases and other natural causes.  

 Pattern 2 – Early Agriculture: The second pattern involved the appearance 

of modern agricultural practices and a period of famine during which the 

nutritional status worsened leading to reduced growth and body fat of 

individuals. 

 Pattern 3 – End of Famine: In the third pattern, famine began to recede as 

income and food storage increased and nutrition pattern improved. 

 Pattern 4 – Overeating, Obesity-Related Diseases: As income continued to 

rise, changes in diet and activity patterns were observed. Individuals had 

access to an abundant source of high-calorie foods resulting in the appearance 

of diseases such as obesity and obesity-related chronic diseases (diabetes and 

heart disease).  

 Pattern 5 – Behaviour Change: Individuals changed their behaviour and 

communities further promoted these behavioural changes to reverse the 

negative tendencies of the preceding patterns and facilitate a process of 

successful aging (Fig. 1). 

Today, the global population is associated with the nutrition shifts observed in 

the last three patterns. However, in developing countries like India, the nutritional 

pattern is rapidly moving from pattern 3 to pattern 4 thus having a major impact on 

the health and nutritional status of populations (WHO, 2003).  
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Figure 1: Patterns of Nutrition Transition 

 

 
 

Source: reviewed by Misra et al., 2010, J Am Coll Nutr. 29:289S-301S. 

 

1.1.3 Indian Scenario of Nutrition Transition 

India has emerged as one of the most rapidly growing developing countries, 

with the introduction of economic liberalization policy in 1991 (reviewed by Misra et 

al., 2011). This developmental transition is mainly characterized by the rapid 

urbanization and the large shifts in population from rural to urban areas (reviewed by 

Shetty, 2002). India is passing through an evolutionary phase where subsistence 

conditions are being replaced by plentiful food but reduced physical work and 

therefore, there is a need to understand the changing nutritional scenario (reviewed by 
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Rao, 2001). The entire process of nutrition transition in India has occurred in three 

stages (reviewed by Misra et al., 2011): 

Stage 1: Consumers moved away from conventional staple items to food products 

more common in „„Westernized‟‟ diets, such as the increased consumption of wheat 

in the form of bread, cakes and cookies.  

Stage 2: As a result of globalization the consumers had access to a range of 

convenience foods (processed, ready-to-eat, deep-fried and with added preservatives). 

Most Indians are currently at this stage of nutrition transition.  

Stage 3: Some people particularly those belonging to the high socioeconomic stratum, 

realize the adverse effects of altered eating habits and try to adapt a healthy lifestyle. 

 This nutrition transition is reported to result in increased risk for non-

communicable diseases (NCD) (Popkin, 2006). 

1.1.4 The Global Burden of Chronic Diseases 

Scientific evidence suggests that nutrition is a key modifiable determinant of 

chronic disease and any alteration in diet may impose both positive and negative 

effects on health throughout life (WHO, 2003). The prevalence of NCD such as 

obesity, dyslipidemia, diabetes mellitus, cardiovascular disease (CVD), hypertension, 

stroke and cancer are rapidly increasing worldwide resulting in increased morbidity 

and mortality (reviewed by Misra et al., 2010). The growing rates of overnutrition 

along with undernutrition and infectious diseases have created a “double burden” of 

communicable and non-communicable diseases in the developing world (reviewed by 

Darnton-Hill et al., 2004). Reports suggest that India alone is burdened with 

approximately 25% of cardiovascular-related deaths (reviewed by Gupta et al., 2013). 

This may possibly be a result of increased consumption of Westernized diets.  
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1.1.5 Westernized Diets 

Westernized diets are high in saturated fat, sugar, salt, refined and highly-

processed carbohydrates, processed foods and animal-based foods and have rapidly 

replaced the traditional plant-based diets high in fiber and low in fat (Popkin, 2006). 

These Western dietary patterns mainly characterized by higher consumption of 

unhealthy fast foods that are high in calories contribute to obesity, insulin resistance 

and elevated blood pressure (Pan et al., 2012). It is well established that dietary fat is 

a key player in the development of chronic diseases (reviewed by German and 

Dillard, 2004). Therefore, the next section covers the importance of dietary fats 

during various phases of life.  

1.2 Dietary Fats 

Fat is an essential constituent of the diet which provides energy to meet the 

body‟s metabolic requirements, facilitates the absorption of fat soluble vitamins, helps 

to insulate the body and also perform various important cellular functions. 

1.2.1 Global Intake of Dietary Fats and Risk for Diseases 

In the Palaeolithic period, the human diet was characterized by a low calorie 

intake in the form of fats (20- 25%), a low intake of saturated fats (<6%) and the trans 

fatty acid intake was negligible (reviewed by Eaton et al., 1996). However, with a 

dramatic shift in the intake of dietary fat, rise in Western lifestyle diseases or chronic 

diseases have been observed (reviewed by Bradbury, 2011). Modern societies 

consume Western diets high in saturated fats (reviewed by Popkin and Gordon-

Larsen, 2004) and have significant caloric content above the recommended 30-35% 

(reviewed by Gómez Candela et al., 2011). The widespread availability and 

commercial use of low-cost unhealthy vegetable oils further increase dietary intake of 

http://www.ncbi.nlm.nih.gov/pubmed?term=German%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=15321792
http://www.ncbi.nlm.nih.gov/pubmed?term=Dillard%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=15321792
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fats and trans fatty acids  (reviewed by Maire et al., 2002), thereby adversely 

affecting the lipid profile (Rao, 2010). A number of epidemiologic studies indicate 

that high intakes of both saturated fat and trans fatty acids elevate blood cholesterol 

levels and thereby increase the risk of heart diseases (reviewed by German and 

Dillard, 2004).  

1.2.2 Dietary Fat Intake in India 

In India, reduced intake of coarse cereals, fruits and vegetables and the 

increased intake of unhealthy fats (saturated and trans fatty acids), dietary salt and 

animal foods is observed. Importantly, over the last three decades total fat intake has 

increased in both rural and urban populations (reviewed by Misra et al., 2011; 

reviewed by Shetty, 2002). The energy sources of dietary fat for Indians are reported 

to come from visible and invisible sources (Rao, 2010). The „visible fats‟ are obtained 

from animal sources such as ghee (clarified butter having a high content of saturated 

fat), butter and vegetable oils (reviewed by Misra et al., 2010; reviewed by 

Ghafoorunissa, 1994) while „invisible fats‟ are obtained from cereals, pulses, tubers, 

vegetables and fats of meat, eggs, cheese and milk (Nigam, 2000). Studies indicate 

differences in the dietary fat intake between rural and urban groups which are mainly 

attributable to the large differences observed for the intakes of visible fats (reviewed 

by Shetty, 2002). It is believed that fat intake in India is highly variable across 

different regions and is also based on the socioeconomic status (reviewed by Misra et 

al., 2011) (Fig. 2). 
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Figure 2: Nutrition Pattern in India 

 

 
 

Fatty Acids 

Dietary fats provide fatty acids which play a key role in a number of metabolic 

reactions. Fatty acids are simple in structure, with a carboxyl group at one end and a 

methyl group at the other end of a carbon backbone. Fatty acids can be classified as 

saturated (no double bonds) and unsaturated (one or more double bonds) fatty acids. 

Based on the number of double bonds in the hydrocarbon chain, unsaturated fatty 
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acids are further classified as monounsaturated fatty acids (MUFA) (presence of one 

double bond) and polyunsaturated fatty acids (PUFA) (presence of two or more 

double bonds). The double bonds observed in these fatty acids are mostly in the cis 

configuration where the adjacent hydrogen atoms are on the same side of the double 

bond. 

Saturated fat is found in animal products such as meat, seafood, egg yolks and 

whole milk dairy products like cheese, milk and ice cream. Trans fatty acids contain 

at least one double bond which is in the trans configuration (Aronis et al., 2012) i.e. 

the two hydrogen atoms are bound to opposite sides of the double bond. Majority of 

the trans fatty acids are uncommon in nature and are created artificially by 

hydrogenation process, that occurs when hydrogen is added to vegetable oil. 

 Indian diets mostly obtain saturated fatty acids from butter and ghee (reviewed 

by Misra et al., 2010; reviewed by Ghafoorunissa, 1998). Trans fatty acids are 

obtained from hydrogenated vegetable oil i.e. vanaspati, in commercially fried, 

processed, baked, ready-to eat foods due to its low cost and long shelf life (reviewed 

by Uauy et al., 2009; reviewed by Misra and Khurana, 2008).  

It is well known that increased consumption of unhealthy fats increases the 

occurrence of obesity and NCD. However, dietary PUFA on the other hand has been 

implicated in controlling and remediating the effects of metabolic syndrome 

(Burghardt et al., 2010). 

1.2.3 Polyunsaturated Fatty Acids (PUFA) 

Polyunsaturated fatty acids are subdivided into omega-3, omega-6 and omega-

9 series. Fatty acids of the omega-3 family contain a double bond at the third carbon; 

the omega-6 family contains a double bond at the sixth carbon and those of the 

omega-9 family contain a double bond at the ninth carbon. Among PUFA, linoleic 
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acid (LA, omega-6) and α-linolenic acid (ALA, omega-3) are called „essential fatty 

acids‟ (EFA): it is essential to health and the human body cannot produce them. These 

EFA exclusively come from vegetables and further give rise to long chain 

polyunsaturated fatty acids (LCPUFA) such as arachidonic acid (AA) and 

docosahexaenoic acid (DHA). An adequate intake of both fatty acids, omega-6 and 

omega-3, is essential for good health (reviewed by Gómez Candela et al., 2011). 

1.2.4 Importance of Omega-3 and Omega-6 Fatty Acid Balance 

Evolutionary studies indicate that major modifications have occurred in our 

diet, particularly in the type and amount of EFA (reviewed by Simopoulos, 2008). 

Before the agricultural revolution 10,000 years ago, humans consumed about equal 

amounts of both omega-3 and omega-6 fatty acids i.e. 1:1 proportion (reviewed by 

Simopoulos, 2000). However, over the past 150 years this balance has been upset and 

it has now been estimated that the present Western diet is “deficient” in omega-3 fatty 

acids with a ratio of omega-6 to omega-3 being 15-20:1 (reviewed by Russo, 2009; 

reviewed by Allen and Harris, 2001). This ratio of omega-6 to omega-3 fatty acids 

may have increased in industrialized societies due to increased consumption of 

vegetable oils rich in omega-6 fatty acids and reduced consumption of foods rich in 

omega-3 fatty acids (reviewed by Connor, 2000). 

The ratio of omega-6 to omega-3 fatty acids is an important determinant of 

health (reviewed by Harris, 2006). Human physiology depends in various ways on 

these omega-6 and omega-3 fatty acids as they are the parent fatty acids for the 

production of eicosanoids, e.g., prostaglandins, thromboxanes and leukotrienes 

(reviewed by Jump, 2002). Omega-6 derived eicosanoids propagate inflammatory 

signals while omega-3 derived eicosanoids are anti-inflammatory (reviewed by 

Calder, 2010). Due to the increased use of LA rich vegetable oils, omega-6 PUFA 
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consumption has become progressively much higher than that of omega-3 PUFA 

(reviewed by Anderson and Ma, 2009). This results in the shift of the physiological 

state to one that is pro-inflammatory and pro-thrombotic with increase in vasospasm, 

vasoconstriction and blood viscosity resulting in the development of diseases 

associated with these conditions (reviewed by Patterson et al., 2012).  

Alterations in omega-3 and omega-6 pathway results in chronic inflammation, 

cancer, heart disease, stroke, diabetes, arthritis, auto-immune and mental disorders 

(reviewed by Gómez Candela et al., 2011; reviewed by Connor, 2000; reviewed by 

James et al., 2000; reviewed by Kremer, 2000). It is therefore, essential to decrease 

the omega-6 fatty acid intake while increasing the omega-3 fatty acid in the 

prevention and management of chronic disease (reviewed by Simopoulos, 2002a). An 

optimal omega-6:omega-3 ratio is also recommended during various phases of life 

that includes infancy, pregnancy, adulthood and old age (reviewed by Yehuda, 2003). 

Today, it is well known that chronic adult diseases are also known to be 

influenced by early life events of fetal development, thereby affecting the health of 

the offspring in adult life. This concept referred to as the developmental origins of 

health and disease (DOHaD) is discussed in the next section (reviewed by Byrne and 

Phillips, 2000). 

1.3 Developmental Origins of Health and Disease (DOHaD) 

It is becoming increasingly clear that the in utero environment in which a fetus 

develops may have long-term effects on subsequent health and survival (reviewed by 

Simmons, 2011). Data obtained from various historical cohorts have established 

associations between early life factors and a range of diseases in adulthood (reviewed 

by McMullen and Mostyn, 2009). The concept that chronic adult diseases might be 

influenced by events occurring in the fetus was first proposed by Late Prof David 
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Barker and his colleagues from Southampton University, UK and based on 

retrospective studies from Hertfordshire (reviewed by Byrne and Phillips, 2000).  

These follow-up studies of adult men and women born between 1911 and 

1930 demonstrated that those individuals who had lower weight at birth were at 

greater risk of mortality due to coronary heart disease (reviewed by Langley-Evans, 

2013). This study gave the first evidence that an adverse intrauterine environment, as 

measured by individual anthropometric measurements at birth, had long-term effects 

on risk for development of adult disease (reviewed by Skogen and Overland, 2012). 

The association between low birth weight (LBW) and coronary artery disease has 

subsequently been confirmed in studies in Uppsala (Sweden), Helsinki (Finland) and 

New South Wales. Similarly in India, studies report that the prevalence of coronary 

artery disease fell from 18% in those who weighed 2500 g at birth to 4% in those who 

weighed 3200 g at birth (reviewed by Byrne and Phillips, 2000). 

These initial observations highlight the important effect of poor maternal 

nutrition on birth weight and adult disease risk and were addressed in human studies 

of famine exposure. The most extensively reported is the Dutch Hunger Winter, a 5-

month period of malnutrition experienced by pregnant women during the winter of 

1944-1945 in Amsterdam, the Netherlands and demonstrated that the timing of the 

exposure was a major determinant in phenotypic outcomes (Vickers and Sloboda, 

2012). This study reported that individuals who were exposed to the famine as an 

embryo or fetus during early gestation had an increased prevalence of coronary heart 

disease, increased body mass index (BMI) and glucose intolerance (reviewed by 

McMillen et al., 2008). 

This was followed by a worldwide series of epidemiological studies that 

extended the initial observations to include associations between early growth patterns 
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and an increased risk for diseases in adult life (reviewed by Mcmillen and Robinson, 

2005). Today it has led to a new branch of scientific knowledge known as DOHaD 

(reviewed by Brenseke et al, 2013). The developmental origins hypothesis proposes 

that during critical periods of prenatal and postnatal mammalian development, 

nutrition and other environmental stimuli influence developmental pathways and 

thereby induce permanent changes in metabolism and increase the risk of chronic 

diseases in adult life (reviewed by Waterland and Michels, 2007). 

There is considerable evidence that maternal nutrition before and during 

pregnancy is the primary environmental factor that influences fetal development and 

increases the risk for postnatal diseases. The next section therefore, includes the role 

of various nutrients during pregnancy.  

1.4 Maternal Nutrition  

Nutrition is known to play a major role in optimizing the health and well-

being of both, mother and baby (reviewed by Mistry and Williams, 2011). Pregnancy 

is a period of rapid growth and cell differentiation (reviewed by McArdle and 

Ashworth, 1999) and is considered the most vulnerable period in the human life cycle 

(reviewed by Muthayya, 2009). Nutrients transported to the fetus are known to 

influence both fetal growth and organ development throughout gestation (reviewed by 

Bloomfield et al., 2013).  

Maternal nutrients and hormones are critical at every stage in embryonic and 

fetal development (reviewed by Sacks, 2004). In particular, the diet of the mother 

during the first trimester is vital for the development and differentiation of various 

organs (reviewed by Cetin et al., 2010). An inadequate supply of nutrients during this 

period causes the fetus to downregulate growth and prioritizes the development of 

essential tissues (reviewed by Fall et al., 2003). Nutrient deficiencies may lead to 
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suboptimal embryonic and fetal nutrition, congenital malformations, serious 

pregnancy complications and preterm deliveries (reviewed by Kontic-Vucinic et al., 

2006; reviewed by Keen et al., 2003) and is also known to contribute to high rates of 

morbidity and mortality (reviewed by Wu et al., 2012).  

Development of the human conceptus completely depends on adequate and 

balanced supplies of both macro- and micro-nutrients (reviewed by Wu et al., 2012) 

which are important for maintaining pregnancy and appropriate fetal growth. 

Macronutrients provide energy and proteins for fetal growth while micronutrients play 

a major role in the metabolism of macronutrients, structural and cellular metabolism 

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

1.4.1 Macronutrients 

Macronutrients are energy-yielding nutrients (carbohydrate, fat and protein) 

required in relatively larger amounts. During fetal growth, dietary macronutrients are 

the ultimate sources of energy substrates (reviewed by Wu et al., 2012) and are known 

to potentially influence fetal growth (Brion et al., 2010). A number of long-term 

follow-up studies have documented that maternal macronutrient balance can affect 

fetal growth and later health (Roseboom et al., 2001; Shiell et al., 2001; Campbell et 

al., 1996).  

Carbohydrate 

Glucose is essential for normal fetal metabolism and growth (reviewed by 

Hay, 2006). In pregnant women and the developing fetuses, glucose acts as a substrate 

for red blood cells, brain, heart, retinal cells and kidney medulla cells. Studies have 

shown that maternal glucose concentrations affect offspring size and adiposity 

throughout life (reviewed by Dunger et al., 2007).  
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Lipids 

Lipids are chemically heterogeneous group of substances, for e.g., fatty acids, 

phospholipids, sterols and sphingolipids. They carry out several biological functions, 

they are structural components of cell membranes, serve as energy storage sources 

and participate in signaling pathways (reviewed by Fahy et al., 2011). During 

pregnancy energy is mainly stored in the form of fat. Fetal growth and development 

requires adequate amounts of EFA and LCPUFA from the maternal circulation 

(reviewed by Herrera and Ortega-Senovilla, 2010). An altered lipid metabolism leads 

to accumulation of lipids in maternal tissues and the development of maternal 

hyperlipidemia (reviewed by Herrera, 2002) which are associated with pregnancy 

complications and adverse birth outcomes (Vrijkotte et al., 2012).  

Proteins 

A number of studies have shown a positive association of maternal protein 

intake with pregnancy weight gain and birth weight (reviewed by Kramer, 2000). 

Amino acids, the building blocks for proteins serve as essential precursors for the 

synthesis of a variety of biomolecules (reviewed by Wu, 2009a). To meet the 

requirement of amino acids for the developing fetus, pregnant women should 

consume diets containing adequate amounts of high quality proteins (Li et al., 2011).  

1.4.2 Micronutrients 

In addition to the need for adequate macronutrients in pregnancy, studies have 

also focused on the role of micronutrients for the same (reviewed by Cetin et al., 

2009). The term „micronutrient‟ denotes that the required quantity of these 

compounds is small relative to that of the macronutrients (reviewed Simpson et al., 

2010). They are key elements of many enzymes and cell structures and are also 

involved in all stages of cell growth and differentiation, including cell signaling and 
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protein translation (reviewed by Ashworth and Antipatis, 2001). During pregnancy 

adequate amounts of micronutrients are essential for both the immediate and long-

term well-being of the embryo, fetus and neonate (reviewed by Rao, et al., 2012). 

Micronutrient deficiency occurs either due to inadequate dietary intake or from 

inadequate placental transfer (reviewed by Ashworth and Antipatis, 2001). 

Worldwide, around 2 billion people are reported to be deficient in micronutrients 

which probably results in the metabolic syndrome and its associated diseases 

(reviewed by Rao et al., 2012).  

Minerals 

Minerals are nutritionally significant and important for human health and 

development. They cannot be synthesized by the body and therefore are essential and 

must be provided in the diet. Various minerals play a critical role during pregnancy 

for the development of a healthy fetus (reviewed by Rao et al., 2012).  

Iron is required as a cofactor for a large number of essential enzymes involved 

in various metabolic functions such as DNA synthesis, catecholamine metabolism, 

electron transport, detoxification and immune function (reviewed by Simpson et al., 

2011). Copper is another important mineral that plays a key role during embryonic 

development (reviewed by Kambe et al., 2008) and its demand increases with the 

progression of pregnancy. In addition, zinc is also known to play an important role in 

the growth, development and reproduction (reviewed by McCall et al., 2000), DNA 

replication and transcription, DNA repair and also has a significant impact on DNA 

structure (reviewed by Ho, 2004). During pregnancy, zinc is used for the fetal brain 

development and also to support the mother in labour (reviewed by Uriu-Adams and 

Keen, 2010).  
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Vitamins 

Vitamins are involved in cellular metabolism and growth (reviewed by 

Ashworth and Antipatis, 2001). Vitamins are classified into two types based on their 

solubility, namely fat-soluble and water-soluble vitamins (reviewed by Wu et al., 

2012). 

Fat-Soluble Vitamins 

Vitamin A, a fat-soluble vitamin has a fundamental role in embryonic and 

fetal development (reviewed by Clagett-Dame and DeLuca, 2002). During pregnancy, 

adequate amounts of vitamin D are also required to assure sufficient calcium for fetal 

bone mineralization, skeletal development, tooth enamel formation and general fetal 

growth and development (reviewed by Simpson et al., 2010). Vitamin E another fat-

soluble vitamin primarily functions as a chain-breaking antioxidant in preventing 

diseases associated with oxidative stress (reviewed by Brigelius-Flohé et al., 2002) 

and preventing lipid peroxidation (Huang et al., 2002).  

Water-Soluble Vitamins 

Vitamin C belongs to the water-soluble group and acts as an antioxidant that 

scavenges free radicals (reviewed by Conde-Agudelo et al., 2011) thereby protecting 

the fetus from congenital malformations (reviewed by Cederberg et al., 2001). 

Vitamin B6 is involved in the regulation of DNA synthesis and cerebroside formation 

(reviewed by Rao et al., 2012). It also functions as an essential cofactor in the 

developing central nervous system (CNS) thereby influencing brain development and 

cognitive function (reviewed by McArdle and Ashworth, 1999).  

Folate (vitamin B9), a B-complex vitamin which cannot be synthesized in the 

human body is an essential micronutrient. During pregnancy, it is essential during the 

first trimester as it is involved in the formation, development and closing of the neural 



17 
 

tube in humans (reviewed by Imdad and Bhutta, 2012). It is also a key component of 

DNA synthesis and cell proliferation (reviewed by Crider et al., 2012). Inadequate 

maternal folate intake or status is associated with several adverse pregnancy outcomes 

such as LBW, abruptio placentae, risk for spontaneous abortions and neural tube 

defects (NTD) (George et al., 2002).  

Vitamin B12 is critical for nucleotide synthesis, amino acid metabolism, one 

carbon metabolism, synthesis of haemoglobin, as well as metabolism of fat and 

protein. During pregnancy, maternal vitamin B12 status seems to play a role in 

intrauterine development, which may further impact birth weight, risk of diabetes and 

cognitive functioning (reviewed by Pepper and Black, 2011). An inadequate vitamin 

B12 intake is known to impair folate metabolism which in turn has been associated 

with abnormalities affecting fetal development and impaired neurological function 

(reviewed by Black, 2008). Folate and vitamin B12 are interlinked in the one carbon 

cycle and play an important role in epigenetic regulation.  

1.4.3 Maternal Nutrition, Epigenetics and Fetal Programming 

 There is growing evidence that maternal nutritional status can alter the 

epigenetic state of the fetal genome and imprint gene expression (reviewed by Wu et 

al., 2004). Thus, in addition to the pathophysiological aspects of metabolic 

programming caused by environmental insults during fetal life, another relevant 

aspect which has been recently explored is the role of epigenetic changes in 

increasing the risk of metabolic diseases in later life (reviewed by de Oliveira et al., 

2012). Epigenetics is defined as the environmental influence on gene expression that 

modifies the genetic message without specifically altering gene sequence (reviewed 

by Adamo et al., 2012). In mammals, the major epigenetic mechanisms are DNA 

methylation and histone modifications (reviewed by Swanson et al., 2009). Patterns of 
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DNA methylation are largely established during embryogenesis, fetal development 

and early postnatal life and are known to be sensitive to the nutritional environment 

(reviewed by Burdge et al., 2007). 

 Dietary factors are known to modulate epigenetics and influence disease 

susceptibility. Folate and vitamin B12 play a critical role in maintaining DNA 

methylation since they are involved in the supply of methyl groups for methylation 

reactions (reviewed by Ho et al., 2011). Folate enters the one carbon cycle as 5-

methyltetrahydrofolate (5-MTHF) which acts as a methyl-group donor for the 

formation of methionine in a vitamin B12-dependent pathway (Zeisel, 2013). 

Methionine is then activated by methionine adenosyltransferase to form S-

adenosylmethionine (SAM), the primary methyl donor for most cellular 

methyltransferase reactions including the methylation of DNA, RNA, proteins, 

phospholipids and neurotransmitters (James et al., 2004). These micronutrients (folate 

and vitamin B12) modulate gene expression by acting as cofactors or molecular donors 

for epigenetic processes such as DNA methylation (reviewed by Owens and Fall, 

2008). A lack or excess of any of these nutrients is known to affect one carbon 

metabolism by altering the availability of SAM in the methionine cycle and disturbing 

DNA and histone methylation patterns ultimately affecting gene expression (reviewed 

by Ho et al., 2011). Thus, any defect in the one carbon metabolism is known to play a 

crucial role in intrauterine programming of adult diseases (reviewed by Cetin et al., 

2010).  

 In addition to the above mentioned nutrients, another very crucial nutrient that 

plays a key role during pregnancy is LCPUFA. Studies carried out in our department 

in humans and animals have well demonstrated a link between micronutrients (folate, 

vitamin B12) and LCPUFA in the one carbon cycle (reviewed by Dhobale and Joshi, 
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2012; Sable et al., 2012; reviewed by Sundrani et al., 2011; Kulkarni et al., 2011a, 

2011b; Kale et al., 2010) which is crucial for fetal growth. 

1.4.4 Role of Long Chain Polyunsaturated Fatty Acids (LCPUFA) in 

Pregnancy 

  LCPUFA are crucial for the growth and development of placenta and fetus 

(reviewed by Haggarty, 2010). They are important for the structural and metabolic 

functions and are intracellular mediators of gene expression (reviewed by Duttaroy, 

2000a). In addition to these functions they are also important components of 

membrane phospholipids in specific tissues or precursors for the synthesis of the 

different eicosanoids (e.g., prostaglandins) (reviewed by Jump, 2002). They play an 

important role in maintaining the fluidity, permeability and conformation of cell 

membranes and thus determine important membrane functions (reviewed by Wu et 

al., 2012). 

 LCPUFA are required during all reproductive stages (reviewed by Morse, 

2012). Mothers receive LCPUFA mainly from their diet or synthesize them from their 

respective precursors (reviewed by Hornstra, 2001). During pregnancy, mothers are 

the sole provider of fatty acids to the growing fetus, since the fetal 

elongase/desaturase enzyme systems are immature and they are unable to synthesize 

the required amount (reviewed by Uauy et al., 2000a).  

 Accretion of LCPUFA in maternal and fetal tissue occurs during pregnancy 

(reviewed by Muthayya, 2009). They accrue rapidly in the human brain during the 

third trimester and the early postnatal period, when the rate of brain growth is at its 

peak (reviewed by Wainwright, 2002) and therefore vulnerable to nutritional 

deficiencies (Krabbendam et al., 2007).  
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1.5 Synthesis and Transport of LCPUFA 

1.5.1 Biosynthesis of LCPUFA 

 LCPUFA are obtained through diet or biosynthesized from EFA. EFA are 

converted to longer chain, more highly unsaturated fatty acids which are able to exert 

the full range of biological actions through enzymatic chain elongation and 

desaturation (reviewed by Cetin et al., 2009). Both omega-3 and omega-6 fatty acids 

are metabolized by the same desaturation/elongation pathway and there exists 

competition between these two families of fatty acids (reviewed by Burdge and 

Calder, 2005). 

 Liver is known to play a central role in lipid metabolism (reviewed by Zhou 

and Liu, 2014). Fatty acid desaturases are the enzymes that catalyze the introduction 

of double bonds at specific positions in a fatty acid chain (Vrablik and Watts, 2012). 

Three desaturases are known in humans, stearoyl CoA desaturases (SCD, also called 

∆9 desaturases), ∆5 desaturase and ∆6 desaturase (reviewed by Nakamura and Nara, 

2004). They are the key enzymes in the regulation of unsaturated fatty acid 

biosynthesis and are mainly present in liver cell endoplasmic reticulum (Rodriguez et 

al., 1998). ∆9 desaturase catalyzes the conversion of stearic acid (18:0) to oleic acid 

(18:1, omega-9) (reviewed by Flowers and Ntambi, 2008). ∆5 and ∆6 desaturase 

participate in the synthesis of LCPUFA (Slagsvold et al., 2009).  

 DHA, an omega-3 LCPUFA can be endogenously synthesized via a series of 

∆6 desaturase, ∆5 desaturase, elongases enzymes and β-oxidation steps from their 

EFA precursor ALA (reviewed by Leonard et al., 2004). This same series of 

desaturase and elongase enzymes is also involved in the metabolism of LA, an 

omega-6 PUFA into its longer-chain, more unsaturated derivative, AA. 
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1.5.2 Placental Transport of LCPUFA  

 To satisfy its need for fatty acids, the fetus depends on the maternal diet as 

well as on placental transport and metabolism (reviewed by Haggarty, 2010). The 

human placenta is permeable to fatty acids and this transfer to the fetus is required for 

proper growth and development and is a key issue for fetal programming (reviewed 

by Wu et al., 2012). The selective LCPUFA enrichment in the fetal circulation known 

as „biomagnification‟ further highlights the role of the placenta in the preferential 

transfer of these compounds to the fetus (reviewed by Gil-Sánchez et al., 2012).  

 Fatty acids that are transported across the placenta are mainly derived from 

maternal fatty acids bound to albumin, from lipoproteins bound by apoprotein 

receptors or from triglyceride rich lipoproteins from which they must be released by 

the enzyme triglyceride hydrolase/lipoprotein lipase (reviewed by Hanebutt et al., 

2008). These enzymes must be active to facilitate the placental uptake of free fatty 

acids (reviewed by Duttaroy, 2004). The low solubility of fatty acids in aqueous 

solutions results in translocation of minute amounts of fatty acids. Therefore, carrier 

proteins are required to transport significant amounts of hydrophobic fatty acids 

(reviewed by van der Vusse et al., 2000). Studies from various laboratories have 

clearly demonstrated the presence of different fatty acid transport proteins both in the 

cytosol as well as in the cell membranes and stated their role in the uptake and 

intracellular transport (reviewed by Stahl et al., 2001; reviewed by Veekamp et al., 

1993). This complex process involves several transport proteins such as plasma 

membrane fatty acid binding protein (FABPpm), fatty acid translocase (FAT) or 

CD36 and fatty acids transport protein (FATP) located in the placenta that acts to 

facilitate transfer and meet the increased nutrients demand of the fetus during 

gestation (reviewed by Gil-Sánchez et al., 2012; reviewed by Duttaroy, 2004). 
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 Thus, the placenta with its nutrient transport function plays a crucial role in 

mediating the effects of maternal nutrition on the lifelong health consequences in the 

offspring (reviewed by Lager and Powell, 2012) (Fig. 3). 

Figure 3: Biosynthesis and Transport of LCPUFA 

 

 
 

LCPUFA: Long Chain Polyunsaturated Fatty Acids 

 

1.6 Placenta 

Placenta, a highly specialized temporary organ supports the normal 

progression of pregnancy (Uusküla et al., 2012). The placenta requires a constant and 

abundant source of energy for its own rapid growth and maturation and to transport 

the essential nutrients, ions, vitamins, waste and other molecules for fetal growth and 
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homeostasis. The placental transfer capacity increases as the conceptus size and 

nutrient requirements increase (reviewed by Hay, 2006). To meet these requirements 

there are a variety of mechanisms such as increased placental surface area for nutrient 

transfer, thinning of the trophoblast barrier, increase in fetal capillary surface area, 

increase in placental nutrient transporter abundance and modulation of placental blood 

flow (reviewed by Sandovici et al., 2012). Thus, the development and establishment 

of the placenta and its circulatory system play an important role in the successful 

maintenance of maternal health and also facilitate the development of the embryo and 

fetus (reviewed by Mistry and Williams, 2011). 

Studies indicate that the shape and size of the placental surface at birth is a 

marker for adult disease in later life (reviewed by Barker et al., 2012). The placenta 

not only acts as a passive participant in pregnancy but it also adapts its structure and 

function to the maternal environment. This regulates the substrate supply to the fetus 

and the placenta thereby assumes a role in programming (reviewed by Myatt, 2006). 

1.6.1 Placental Development  

The period of embryonic development is followed by placental growth and is 

the highest in the first half of pregnancy (Crawford, 2000). A few days after 

fertilization, the first specialized cells of the placenta, form the outer layer of the 

blastocyst and are called trophoblast cells (reviewed by Myllynen and Vähäkangas, 

2013). These trophoblast cells arising from the embryo differentiate into two 

trophoblastic layers i.e. a layer of mononuclear cytotrophoblasts and the 

multinucleated syncytiotrophoblast (reviewed by Myllynen and Vähäkangas, 2013). 

Within 20 weeks of gestation, the cytotrophoblast cell layer becomes attenuated and 

gives rise to multinucleated syncytiotrophoblast (reviewed by Hanebutt et al., 2008; 

reviewed by Sibley et al., 2005). These syncytiotrophoblasts are then fully 
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differentiated and coincide with the time during which highest fat accretion occurs in 

humans (reviewed by Gil-Sánchez et al., 2012). The syncytiotrophoblast has two 

polarized plasma membranes: a maternal-facing microvillous plasma membrane and a 

basal plasma membrane oriented towards the fetal circulation. These membranes 

express several nutrient transporters that may be regulated by fetal, maternal and 

placental signals (reviewed by Lager and Powell, 2012).  

In order to assure appropriate fetal growth, the placenta gradually forms a 

highly branched villous structure by 18-20 days after fertilization (reviewed by 

Myllynen and Vähäkangas, 2013; reviewed by Cetin et al., 2010). Throughout 

gestation the nature of the exchangeable surface of the placenta changes with the 

mature intermediate villi appearing towards the end of the second trimester and the 

terminal villi, representing the main site of feto-maternal exchange (reviewed by 

Haggarty, 2002). The placenta thus is of dual origin, comprised of both maternal and 

fetal derived cells. The maternal component called decidua which is densely packed 

with maternal immune cells forms the most superficial layer surrounding the placenta 

whereas the fetal derived trophoblast cells secreting hormones and endocrine factors 

for maternal and fetal health forms a layer beneath this (reviewed by Hsiao and 

Patterson, 2012). 

At the end of the first trimester, the maternal blood enters the placenta via the 

spiral arteries, which delivers blood directly to the intervillous space (reviewed by 

Jansson and Powell, 2007). These placental spiral arteries are transformed from high-

resistance, low-flow vessels into large dilated vessels with an increased blood flow at 

a much reduced pressure (reviewed by Burton et al., 2009) thereby ensuring that the 

developing feto-placental unit receives the necessary supply of blood, nutrients and 

gases (reviewed by Duttaroy, 2006). However, on the fetal side, blood with low 
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oxygen saturation and low nutrient concentrations enters the placenta through two 

umbilical arteries in the terminal villi (reviewed by Jansson and Powell, 2007). Thus, 

in the mature placenta, maternal and fetal blood is separated by three layers: 

syncytiotrophoblast cells, a thin layer of connective tissue, where fibroblasts and 

macrophages are present and the fetal vascular endothelium (reviewed by Desforges 

and Sibley, 2010). 

Disruption of the normal pattern of placental development leads to a placenta 

with altered function (reviewed by Myatt, 2006). Placental function is directly linked 

to fetal development and health and defects in implantation, placental development 

and maturation are implicated in many pregnancy-associated diseases (reviewed by 

Novakovic and Saffery, 2012). One such pregnancy complication associated with 

defective placentation is preeclampsia (Fig. 4). 

1.7 Preeclampsia 

Preeclampsia is a pregnancy specific syndrome and a major cause of maternal 

morbidity, occurring in upto 10% of pregnancies (ACOG, 2013) and accounting for 

upto 15% of maternal deaths (reviewed by Brown et al., 2013). It is characterized by 

the presence of hypertension in a previously normotensive woman after 20 weeks of 

gestation with proteinuria (reviewed by Bell, 2010). Hypertension is defined as a 

persistent systolic blood pressure of 140 mmHg or higher, or a diastolic blood 

pressure of 90 mmHg or higher on two occasions at least 4 hours apart after 20 weeks 

of gestation in women without prepregnancy hypertension. Proteinuria is defined as 

the excretion of 300 mg or higher in a 24-hour urine specimen conducted on two 

random urine samples collected at least 4 hrs apart or protein to creatinine ratio ≥ 0.3 

or 1+ urinary protein dipstick reading (ACOG, 2013).  
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Figure 4: Altered Placental Development in Preeclampsia 

 

 
 

Source: Modified from review by Cha et al., 2012, Nature Medicine. 18:1754-67. 

 

Preeclampsia is a multisystem disorder which if left untreated can progress to 

a convulsive state known as eclampsia (MacKay et al., 2001). Eclampsia is a life-

threatening complication characterized by seizures (reviewed by Davison et al., 

2004). A severe variant of preeclampsia also features hemolysis, elevated liver 

enzymes and low platelets (HELLP syndrome) and this condition is known to occur in 

~1 per 1000 pregnancies (reviewed by Davison et al., 2004). Preeclampsia can be 

considered as either a maternal disorder with appropriate fetal growth or it can present 

itself with a growth restricted fetus (intrauterine growth restriction (IUGR)) or sudden 

fetal distress (reviewed by Grill et al., 2009). 

1.7.1 Risk Factors  

Multiple risk factors for preeclampsia have been identified through clinical 

and large cohort studies (reviewed by Bushnell and Chireau, 2011). Preeclampsia is 

principally considered as a disorder of first pregnancy, although with a change of 
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partner the protective effect of multiparity is lost (Li and Wi, 2000). A number of 

studies have shown that a previous history of preeclampsia, high BMI before 

pregnancy, pre-existing diabetes, maternal age ≥40 years, hypertension, renal disease 

and presence of antiphospholipid antibodies all increase the risk of developing 

preeclampsia (reviewed by Duckitt and Harrington, 2005).  

In addition, preeclampsia has a clear genetic component (reviewed by 

Bushnell and Chireau, 2011). The inheritance pattern of the disease has been 

described as Mendelian, polygenic/multifactorial and mitochondrial (reviewed by 

Noris et al., 2005).  

1.7.2 Pathophysiology of Preeclamspia 

Preeclampsia is a complex syndrome with a documented pathophysiology that 

begins very early in gestation. However, its clinical signs do not appear until the 

second or third trimester (reviewed by Laresgoiti-Servitje et al., 2010). The precise 

origin of preeclampsia remains elusive, but it is believed to be multifactorial and of 

placental origin (reviewed by Grill et al., 2009). 

Preeclampsia involves two interrelated events, placental hypoxia/ischemia and 

maternal endothelial dysfunction, both underlying the clinical features of 

preeclampsia (reviewed by Myatt and Webster, 2009). This two-stage theory thus 

hypothesizes that preeclampsia is a systemic syndrome that originates in the placenta 

and is characterized by maternal widespread endothelial dysfunction (Walsh et al., 

2000). 

1.7.3 Abnormal Placentation and Placental Hypoxia/Ischemia 

During normal placental development, cytotrophoblasts invade the maternal 

spiral arterioles thereby remodeling the arterioles into large capacitance vessels with 

low resistance and thus allowing adequate placental perfusion to maintain the growing 
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fetus (reviewed by Davison et al., 2004). Normally, these trophoblast cells transform 

from an epithelial phenotype to an endothelial phenotype as they invade the maternal 

deciduas and myometrium in a process termed „pseudovasculogenesis‟ (reviewed by 

Mutter and Karumanchi, 2008). However, in preeclampsia the major pathological 

abnormality is insufficient maternal spiral artery remodeling due to the failure of 

cytotrophoblast cells to acquire the endothelial-like phenotype. These cytotrophoblast 

cells therefore are unable to invade the myometrial spiral arteries due to which the 

myometrial segments remain narrow (reviewed by Cerdeira and Karumanchi, 2012). 

This early placental insufficiency that persists in preeclampsia leads to an 

environment of significant hypoxia (reviewed by Hakim et al., 2013). 

Thus, the first stage, i.e. abnormal placentation and maternal vascular 

remodeling leads to placental underperfusion, hypoxia and/or oxidative stress and 

dysfunctional placenta with release of factors that is known to cause the second stage 

of endothelial dysfunction and other manifestations of preeclampsia (reviewed by 

Bushnell and Chireau, 2011). 

1.7.4 Endothelial Dysfunction  

Endothelial dysfunction contributes to the clinical syndrome of preeclampsia 

(reviewed by Craici et al., 2008). The second stage of systemic endothelial activation 

involves an imbalance between angiogenic and anti-angiogenic cytokines due to 

insufficient placental perfusion via the spiral arteries (reviewed by James et al., 2010). 

A number of studies have reported that endothelial dysfunction includes decreased 

generation of endothelins, diminished production of endothelium-derived vasodilators 

such as prostacyclins and increased vascular sensitivity to angiotensin II and 

norepinephrine mediated vascular constriction (reviewed by Mutter and Karumanchi, 

2008). Further, oxidative stress due to free radical generation is also known to 



29 
 

contribute to endothelial dysfunction in preeclampsia (reviewed by Craici et al., 

2008). Preeclampsia is therefore characterized by widespread endothelial dysfunction, 

resulting in hypertension, proteinuria and edema (Mackay et al., 2012) (Fig. 5). 

Studies indicate that there is no known cure other than the delivery of the 

placenta after which the symptoms typically resolve within 48-72 hrs (reviewed by 

Xu et al., 2009). Preventive measures and screening tools are lacking and hence 

treatments are directed at the management of overt clinical manifestations (reviewed 

by Bell, 2010). However, early detection, monitoring and supportive care are 

beneficial to the patient and the fetus. Furthermore, it has been suggested that a robust 

biomarker for preeclampsia is required to design novel therapies and preventive 

strategies for preeclampsia (reviewed by Wang et al., 2009). 

1.7.5 Consequences of Preeclampsia to the Mother and the Offspring 

Pregnancy is a transient condition, but when it is complicated by preeclampsia 

it has lasting effects on both the mother and the child (reviewed by Hakim et al., 

2013). Maternal complications involve renal failure, HELLP syndrome, liver failure 

and cerebral edema with seizures (reviewed by Mutter and Karumanchi, 2008). 

Further, there are a number of studies showing conclusively that mothers with 

preeclampsia have a higher incidence of cerebrovascular and cardiovascular disease 

(reviewed by Hakim et al., 2013). 

 Potential fetal complications involve LBW, prematurity and death. 

Children born to mothers with preeclampsia have an increased risk of endocrine, 

nutritional, metabolic and hematopoietic diseases (Wu et al., 2009b). Further, these 

children are also known to suffer from psychiatric disorders (reviewed by Hakim et 

al., 2013) and are also at an increased risk for cardiovascular mortality in adulthood 

(reviewed by Craici et al., 2008) (Fig. 5). 
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Figure 5: Pathophysiology and Consequences of Preeclampsia 

 

 
 

Source: Modified from Petla et al., 2013, Indian J Med Res. 138:60-7.  
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1.7.6 Maternal Nutrition, Placental Development and Preeclampsia 

Maternal nutrition plays an important role in the placental and fetal growth 

during pregnancy (reviewed by Wu et al., 2004). Micronutrient deficiencies alter 

placental development and the expression of key signaling molecules involved in 

growth and regulation of the fetal-placental unit (reviewed by Ashworth and 

Antipatis, 2001). Some „placenta events‟ are suggested to arise due to deficiencies of 

either folate and/or vitamin B12 or defects within the methionine-homocysteine 

metabolic pathways (reviewed by Cetin et al., 2010). It is suggested that a 

compromised placenta and an impaired nutrient supply to the fetus results in an 

impaired fetal growth (Kappen et al., 2012).  

A number of studies have reported the involvement of certain nutrients in the 

pathogenesis of preeclampsia particularly omega-3 fatty acids, antioxidants, folic acid 

and L-arginine by modulating endothelial function (reviewed by Roberts et al., 2003). 

Many nutritional factors have been suggested as possible causes of preeclampsia and 

eclampsia and there have been many attempts at prevention using dietary or 

nutritional interventions (reviewed by Rush, 2000). 

1.8 Genesis of the Thesis 

Preeclampsia affects 8-10% of the Indian population and contributes to the 

development of CVD in women and their children in later life (reviewed by Al-Jameil 

et al., 2014; reviewed by Sachdeva et al., 2011; reviewed by Backes et al., 2011). 

Therefore, understanding the risk factors and underlying mechanisms of preeclampsia 

as well as their influence in the offspring is vital to reduce risk of NCD in later life.  

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

pathogenesis of preeclampsia (reviewed by Wu et al., 2012). Preeclampsia is 

associated with heightened placental inflammation and oxidative stress and there is 
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considerable interest in the potential for dietary omega-3 LCPUFA as a therapeutic 

intervention for this disorder (reviewed by Jones et al., 2014). Supplementation with 

omega-3 LCPUFA has been proposed as a potential strategy to prevent preeclampsia, 

because of the effects of omega-3 LCPUFA in modulating inflammatory and vascular 

function (Zhou et al., 2012). A recent review indicates that although sufficient data is 

unavailable to prove that the consumption of omega-3 fatty acids during pregnancy 

reduces the risk for preeclampsia, the implications of omega-3 fatty acid 

supplementation on fetal development, maternal outcome and later infant growth is 

worth being elucidated. It is also promising in its potential for a positive impact on 

fetal and maternal outcome (reviewed by De Giuseppe et al., 2014). 

A series of studies carried out in our department have demonstrated that 

LCPUFA such as DHA and micronutrients (folic acid, vitamin B12) are interlinked in 

the one carbon cycle (reviewed by Dhobale and Joshi, 2012; reviewed by Sundrani et 

al., 2011; Kulkarni et al., 2011b; Kale et al., 2010). An impaired folate and vitamin 

B12 status is known to alter homocysteine levels. Hyperhomocysteinemia has been 

implicated in adverse pregnancy outcomes such as placental abruption and 

preeclampsia (reviewed by Cetin et al., 2010). Studies on folic acid and vitamin B12 

levels in preeclampsia are contradictory, with some reporting a positive association 

and others indicate no association. Cross-sectional studies from our department on 

preeclampsia have shown the following results: increased levels of maternal plasma 

homocysteine; reduced maternal plasma and erythrocyte DHA levels; reduced 

placental DHA levels and increased oxidative stress (Kulkarni et al., 2011b, 2011c; 

Dangat et al., 2010; Mehendale et al., 2008). The department also reports a negative 

association between maternal plasma homocysteine and erythrocyte DHA levels in 

preeclampsia (Kulkarni et al., 2011b). However, these studies were carried out at the 
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time of delivery. The levels of fatty acids and micronutrients were analyzed after the 

diagnosis of preeclampsia and these values may be confounded by the disorder. Thus, 

there is a need to carry out prospective studies which would be very useful to analyze 

the levels of micronutrients and homocysteine in early pregnancy to examine changes 

over time, to understand their role in preeclampsia. Further, there are no studies that 

have associated these changes with changes in levels of LCPUFA. This may open 

new avenues for supplementation of these nutrients to prevent pregnancy 

complications and optimize fetal development. 

Studies have demonstrated a link between DNA methylation changes and 

preeclampsia (Bourque et al., 2010; Diplas et al., 2009; Yuen et al., 2009; Yu et al., 

2009). A series of studies from our department have discussed that due to lower DHA 

levels, there will be reduced conversion of phosphatidylethanolamine-DHA to 

phosphatidylcholine-DHA which may affect the methyl group availability for other 

transmethylation reactions such as DNA and histone methylation leading to altered 

chromatin remodeling and gene expression (reviewed by D‟Souza et al., 2013; 

Kulkarni et al., 2011b; Kale et al., 2010). It is therefore likely that there may be 

alterations in the fatty acid desaturases and various fatty acid transport proteins 

involved in fatty acid metabolism in preeclampsia.  

1.9 Hypothesis 

With this background we hypothesize that, “Disturbed maternal one 

carbon cycle and LCPUFA status in early pregnancy influences placental 

LCPUFA synthesis and transport thereby affecting fetal growth in 

preeclampsia” (Fig. 6). 
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Figure 6: One Carbon Metabolism and Epigenetic Regulation of Genes Involved 

in the Fatty Acid Metabolism in Preeclampsia 

 

 
 

5,10-MTHF: 5,10-Methylenetetrahydrofolate; 5-MTHF: 5-Methyltetrahydrofolate; DHA: 

Docosahexaenoic Acid; DHF: Dihydrofolate; MS: Methionine Synthase; MT: Methyltransferase; 

MTHFR: Methylenetetrahydrofolate Reductase; PC-DHA: Phosphatidylcholine-DHA; PE-DHA: 

Phosphatidylethanolamine-DHA; PEMT: Phosphatidylethanolamine Methyltransferase; SAH : S-

Adenosyl Homocysteine; SAM: S-Adenosyl Methionine; THF: Tetrahydrofolate 

 

In order to test the above hypothesis, the present prospective study is 

carried out in both normotensive women and those with preeclampsia. This 

study examines maternal plasma and erythrocyte levels of LCPUFA, maternal 

plasma levels of folate, vitamin B12 and homocysteine at three different time 

points across gestation in women with preeclampsia and compares them with 

normotensive control women. Further, this study also reports an association 

between maternal, cord, placental LCPUFA and maternal one carbon 

components. This study for the first time examines the placental mRNA levels of 

∆5 desaturase, ∆6 desaturase, FATP1, FATP4 and FABP3 in preeclampsia. This 
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will provide an understanding of the regulatory mechanisms involved in fatty 

acid metabolism in preeclampsia.  
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2.1 Introduction 

Evidence indicates that during the early stages of pregnancy LCPUFA 

are required for cell growth and differentiation and placental development. It is 

well known that placental abnormalities contribute to the pathophysiology of 

preeclampsia and a recent review suggests that maternal LCPUFA 

supplementation in early pregnancy may be useful in improving placentation. 

However, before undertaking any LCPUFA supplementation during pregnancy, 

it is of importance to understand progressive gestation-dependant changes of 

fatty acid levels in pregnant women and establish the correct reference baseline 

for LCPUFA for the Indian population; as such data is long overdue. This study 

was therefore undertaken to examine the prospective changes in maternal 

plasma and erythrocyte fatty acid levels in women with preeclampsia and 

compare them with normotensive control women. Further, their association with 

cord and placental fatty acid levels is also reported. 

2.1.1 Lipids 

Lipids are defined as substances of biological origin as oils, fats and waxes 

that are soluble in organic solvents such as chloroform and are only sparingly soluble 

in water (reviewed by Fahy et al., 2011). They are mainly composed of carbon and 

hydrogen, elements that confer a non-polar behavior, although they can also have 

polar groups containing oxygen, nitrogen and phosphorous. Lipids, along with 

carbohydrates and proteins, represent the principal structural components of tissues. 

The study of lipids and their major structural elements, the fatty acids, is one of the 

most significant research fields in biology and nutrition (reviewed by German and 

Dillard, 2004). 

http://www.ncbi.nlm.nih.gov/pubmed?term=German%20JB%5BAuthor%5D&cauthor=true&cauthor_uid=15321792
http://www.ncbi.nlm.nih.gov/pubmed?term=Dillard%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=15321792
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2.1.2 Fatty Acids 

Nomenclature 

  Fatty acids both free and as part of complex lipids, play a number of key roles 

in metabolism. They are simple in structure, with a carboxyl group at one end and a 

methyl group at the other end of a carbon backbone (reviewed by Arab, 2003) (Fig. 

7). The fatty acid chain is generally even-numbered and usually ranges between 6 and 

24 carbons in length. The systematic name for a fatty acid is derived from the name of 

its parent hydrocarbon by substitution of „oic‟ for the final „e‟. The nomenclature of 

fatty acids is based upon its chain length, the number of double bonds and proximity 

of the first double bond to the methyl (omega) terminal of the fatty acid acyl chain 

(reviewed by SanGiovanni and Chew, 2005). 

Figure 7: Structure of Fatty Acid 

 

 
 

a. Based on Chain Length  

Based on the chain length i.e. according to the number of carbon atoms in their 

side chains, fatty acids are classified as short chain, medium chain, long chain and 

longer or very long chain fatty acids. Medium chain fatty acids are generally 

intermediaries in the biosynthesis of long chain fatty acids and are not stored in 

significant amounts in body lipids. Long chain fatty acids come in various families, 
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characterized by the number and position of double bonds and are present in 

membranes of the retina, brain synapses and sperm (reviewed by Arab, 2003). 

b. Based on the Presence of Double Bond 

Fatty acids are classified as saturated and unsaturated fatty acids based on the 

presence of double bonds (reviewed by Cetin et al., 2009) (Fig. 8). Saturated fatty 

acids do not contain double bonds within the acyl chain while unsaturated fatty acids 

contain at least one double bond. Saturated fatty acids are found in meat, eggs and 

dairy products. They are solid at room temperature and are difficult to metabolize if 

consumed in excessive amounts (reviewed by Canbay et al., 2007). Examples of 

saturated fatty acids are butyric acid (C4:0), lauric acid (C12:0), myristic acid 

(C14:0), palmitic acid (C16:0) and stearic acid (C18:0). 

Figure 8: Classification of Fatty Acids based on Presence of Double Bonds 

 

 
 

c. Based on the Number of Double Bonds 

 Unsaturated fatty acids are further classified as MUFA and PUFA based on 

the number of double bonds (reviewed by Gibson et al., 2011). MUFA contain one 

double bond within the acyl chain and are mainly found in olive oil, rapeseed oil, nuts 
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and seeds. They have the ability to reduce harmful low density lipoproteins that are 

closely associated with coronary heart disease (reviewed by Canbay et al., 2007). The 

most abundant MUFA found in nature is oleic acid, as found in olive oil, which has 

18C and one double bond (C18:1). PUFA contain two or more double bonds in the 

acyl chain and are important for a number of physiological processes. 

d. Based on the Geometric Configuration 

Unsaturated fatty acids are classified as cis fatty acids and trans fatty acids 

based on the orientation of the hydrogen atoms with respect to the double bond (Fig. 

9). This isomerization influences structure, melting point and the ability of the fatty 

acid to fit tightly in a membrane structure or to bond to a receptor (reviewed by Arab, 

2003). The double bonds in unsaturated fatty acids found in nature are generally in the 

cis configuration. That is, the two hydrogen atoms on either side of the double bond 

are on the same side of the molecule. The cis double bond is significant as it 

introduces a bend or kink into the fatty acid side chain (reviewed by Bradbury, 2011). 

Figure 9: Classification of Fatty Acids based on Geometric Configuration 
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When the two hydrogen atoms on either side of the double bond are on the 

opposite side of the molecule they are referred as trans double bonds. They are found 

rarely in nature and are formed due to the partial hydrogenation of unsaturated fatty 

acids as seen in processed foods in the Western diet. The most commonly found trans 

fat is the elaidic acid (C18:1). Trans fats are solid at room temperature whereas the 

equivalent molecule in the cis formation is liquid at room temperature. 

e. Based on the Position of the First Double Bond in the Hydrocarbon Chain  

PUFA are further classified as two key families, omega-3 and omega-6 

depending on the position of the first double bond in the hydrocarbon chain from the 

methyl end (Fig. 10).  

Figure 10: Classification of Fatty Acids based on the Position of the First Double 

Bond in the Hydrocarbon Chain 
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Fatty acids of the omega-3 family contain a double bond at the third carbon; 

those of the omega-6 family contain a double bond at the sixth carbon from the 

methyl end (reviewed by SanGiovanni and Chew, 2005). This omega nomenclature is 

most commonly used in fatty acid chemistry and is frequently denoted by the symbol 

n minus, such as n-3 or n-6. Unsaturated fatty acids also include the omega-9 series, 

derived from oleic acid (C18:1) and the omega-7 series, derived from palmitoleic acid 

(C16:1), which are not essential (reviewed by Russo, 2009) whereas the omega-3 and 

omega-6 are essential (reviewed by Bradbury, 2011). 

2.1.3 Omega-3 and Omega-6 Fatty Acids 

 The simplest members of omega-3 and omega-6 family, traditionally 

recognized are ALA (18:3n-3) and LA (18:2n-6) respectively (reviewed by Bradbury, 

2011) (Fig. 11). Dietary sources of ALA are plant-based foods that include green 

leaves of plants, nuts and legumes, flaxseeds, walnuts, soybeans, pumpkin seeds, 

rapeseed (canola) oil and olive oil (reviewed by Gebauer et al., 2006). The main 

dietary sources of LA include plant oils such as sunflower, safflower and corn oils but 

they are also present in cereals, nuts, animal fat and wholegrain bread (reviewed by 

Patterson et al., 2012).  

Figure 11: Omega-3 and Omega-6 Essential Fatty Acids 
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ALA and LA are converted to longer chain, more highly unsaturated fatty 

acids through enzymatic chain elongation and desaturation reactions (reviewed by 

Koletzko et al., 2008). When the energy intakes are low, ALA and LA are 

preferentially used for energy expenditure rather than conversion to longer chain 

derivatives (reviewed by Huffman et al., 2011). 

2.1.4 Long Chain Polyunsaturated Fatty Acids (LCPUFA) 

LCPUFA such as AA and eicosapentaenoic acid (EPA) have 20C wherein AA 

has four double bonds and EPA has five double bonds. On the other hand, DHA has 

22C with six double bonds (Fig. 12) (reviewed by Bradbury, 2011). Molecular weight 

of AA is 304.467, EPA is 302.451 and DHA is 328.488 (reviewed by SanGiovanni 

and Chew, 2005). 

Figure 12: Long Chain Polyunsaturated Fatty Acids 

 

 
 

EPA and DHA are absent in all vegetable fats and oils including nuts, grains, 

seeds and are also very low in milk and dairy products (reviewed by Innis, 2007). The 

richest dietary sources are fish and sea foods, but poultry and eggs are also known to 
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provide lower sources of EPA and DHA (reviewed by Innis, 2003). These omega-3 

LCPUFA are also commercially available as dietary supplements in the form of oil 

and capsules which typically contain 120 mg DHA and 180 mg EPA (reviewed by 

Kris-Etherton et al., 2002). Dietary sources rich in preformed AA include eggs and 

lean meats such as poultry, organ meats, fish and human milk (reviewed by Arab, 

2003).  

2.1.5 Biomarkers of Fatty Acid Status 

Various blood fractions (plasma, serum and erythrocyte) and tissues (adipose 

and placental tissue) are used to estimate fatty acid levels and are thus referred as 

biomarkers of fatty acid intake (reviewed by Baylin and Campos, 2006) (Fig. 13).  

Figure 13: Biomarkers of Fatty Acid Status 

 

 
 

All of these biological specimens are known to have different metabolic 

characteristics (reviewed by Arab, 2003) and some tissues reflect dietary intake while 
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others reflect physiological properties (Baylin et al., 2005). Thus, no biomarker is 

known to accurately reflect the absolute habitual fat intake mainly because of 

endogenous fatty acid synthesis and complex fatty acid metabolism (Saadatian-Elahi 

et al., 2009). 

Plasma Fatty Acid Concentration 

Plasma fatty acid concentration is used as a biomarker of habitual dietary fat 

intake (reviewed by Vessby, 2000) and reflects the combined effect of recent intake 

and endogenous processing (reviewed by Hodson et al., 2008). They are known to 

reflect intake over the past weeks (Katan et al., 1997) and are considered good 

biomarkers to evaluate the validity of dietary recall methods of fatty acid intake since 

they are largely derived from exogenous sources (Saadatian-Elahi et al., 2009). They 

have the potential to function as a surrogate measure of the potential effects of diet on 

a whole range of cell membrane lipids (Raatz et al., 2001). However, the plasma fatty 

acid profile is known to vary considerably (Hon et al., 2012). 

Erythrocyte Fatty Acid Concentration 

Erythrocyte fatty acid concentration reflects the dietary fat intake in relation to 

the biological half-life of cells (Hon et al., 2012). They are considered to be superior 

to plasma fatty acids for reflecting long-term fatty acid intake because of less 

sensitivity to recent intake and a slower turnover rate (half-life of erythrocytes is 120 

days) (Sun et al., 2007). Therefore, it has been suggested that they may offer a better 

objective measure reflecting intake over the past months than fatty acid measured in 

plasma reflecting a short-term intake (s et al., 2006). Erythrocyte membranes are 

known to lack the desaturase enzymes and therefore depend on plasma to get their 

preformed fatty acids (Allen et al., 2006). Further, erythrocyte fatty acid levels are 
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suggested to be an alternative to concentrations in the adipose tissue (Sun et al., 

2007).  

Tissue Fatty Acid Concentration 

The fatty acid composition of tissue lipids is maintained by the flux of fatty 

acids into and out of various glycolipids (reviewed by Lands, 1995), with relatively 

rapid turnover occurring between plasma phospholipids and tissue membranes (Raatz 

et al., 2001). Tissue membrane phospholipids are known to maintain a consistent 

pattern of fatty acid composition (reviewed by Lands, 1991). However, they are 

subjected to individual variations due to digestion, absorption, metabolism, use of the 

fatty acid as energy, genetic factors and sex hormones (reviewed by Baylin and 

Campos, 2006; Giltay et al., 2004). 

Adipose tissue fatty acids provide a measure of diet over a relatively long 

period (Huang et al., 2014). It is considered as an ideal choice for the study of long-

term fatty acid intake due to its slow turnover (Katan et al., 1997) and lack of 

responsiveness to acute disease (reviewed by Seidelin, 1995). However, the 

availability of adipose tissue restricts its use in epidemiological studies and instead, 

blood specimens which are more available are widely used (Sun et al., 2007). 

Placental tissue on the other hand determines the amount of nutrients in the fetal 

circulation (reviewed by Cetin et al., 2005) and reflects its supply to the fetus (Klinger 

et al., 2003). 

Biological biomarkers have unique strengths as they provide a relatively 

accurate measurement of fatty acid status because they are objective, do not rely on 

memory or compliance of the participant, or willingness to report details of diet and 

can be used to assess short- and long-term status (O‟Brien et al., 2009; reviewed by 

Cantwell, 2000). Thus, the correct choice to measure fatty acid status depends on the 
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type of study (short- versus long-term), accessibility and variability in the fatty acids 

(reviewed by Baylin and Campos, 2006). 

2.1.6 Measurement of Fatty Acid Levels 

The separation of dozens of individual fats from a single sample requires gas 

chromatography which is capable of separating and quantifying fatty acids thereby 

allowing measurement of fatty acids in human cells (Hon et al., 2012). These results 

can be reported in different units of measurement i.e. each fatty acid can be expressed 

as an absolute concentration or as relative concentration (percentage of total fatty 

acids) (Bradbury et al., 2010). 

The absolute amounts of fatty acids are identified in relation to the 

phospholipids and membrane content and are also an indication of the movement of 

fatty acids between phospholipid classes within the cell membrane and could 

therefore reflect their possible availability for metabolite synthesis (Hon et al., 2012). 

Absolute values of fatty acids are known to reflect intake with more accuracy 

(reviewed by Simopoulos, 1991). They may be more informative than the percentage 

composition for studying time-dependent processes as well as placental transfer 

mechanisms (Klinger et al., 2003).  

The relative concentration is a measure of each fatty acid present in relation to 

the total fatty acids identified (Hon et al., 2012) due to a closely linked relation which 

exists between fatty acids, with a change in proportion of one influencing the 

proportions of several others (Warensjö et al., 2006). The percentage of an individual 

fatty acid contributes to the profile of all fatty acids, not the absolute amount of the 

fatty acid consumed (reviewed by Arab, 2003). The relative proportion of fatty acid 

could be a more useful functional marker (reviewed by Simopoulos, 1991). It is by far 

the most commonly reported and in case of predictions of risk of disease, fatty acids 
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expressed as molecular percentages are known to be better biomarkers for the 

metabolic effects of individual fatty acids (Bradbury et al., 2010). Ideally, fatty acid 

analysis and interpretation should be evaluated according to outcome required (Hon et 

al., 2012). 

2.1.7 Functions of LCPUFA 

Eicosapentaenoic Acid (EPA) and Docosahexaenoic Acid (DHA) 

EPA, an omega-3 LCPUFA is not accreted to tissue in large amounts as it is 

quickly used in DHA or eicosanoid biosynthesis (reviewed by SanGiovanni and 

Chew, 2005). It has a beneficial role in the cardiovascular system and is also used for 

treatment of atherosclerosis, hyperlipemia, schizophrenia and certain cancers 

(reviewed by Ward and Singh, 2005). It is also known to influence the function of 

endothelial cells, monocytes and platelets, as well as smooth muscle cell membranes 

(reviewed by Simpson et al., 2011). Further, it is also used clinically as an 

immunosuppressive agent (reviewed by Jump, 2002). 

EPA and DHA are essential parts of cellular membranes (reviewed by 

Simpson et al., 2011). DHA is highly concentrated in the cell membranes of the grey 

matter of the brain and the outer segments of retinal rods and cones, constituting 

around 50% of the total PUFA (reviewed by Wainwright, 2002). DHA confers a 

unique structural and functional property to cell membrane phospholipids (in the 

retina and the neuronal synapses in the brain) due to its longest side-chain and highest 

degree of unsaturation (reviewed by Bradbury, 2011). The final double bond in DHA 

enables the molecule to take a slightly spiral (helical) structure (reviewed by 

Crawford et al., 1999) due to which it is able to provide the membrane “fluidity” 

required for optimal functioning (reviewed by Stoll et al., 1999). DHA regulates 

several activities such as membrane function, neurogenesis, photoreceptor 
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differentiation, activation of the visual pigment rhodopsin, the function of ion 

channels, the activity of several enzymes and the levels and metabolism of 

neurotransmitters and eicosanoids (reviewed by Gil-Sánchez et al., 2011).  

DHA is also strongly associated with cognitive functioning (reviewed by 

Lund, 2013) and is also known to affect several immune functions (reviewed by 

Calder, 2002). Deficiency of DHA in the brain and retinal phospholipids leads to 

memory loss, learning disabilities and impaired visual acuity (reviewed by Jump, 

2002).  

Arachidonic Acid (AA) 

AA, an omega-6 LCPUFA is a major fatty acid of neural and vascular tissue 

of the retina and brain (reviewed by SanGiovanni and Chew, 2005). In the brain, it is 

predominant in the white matter (reviewed by Tassoni et al., 2008) and is known to 

influence neurotransmission (reviewed by Wauben and Wainwright, 1999). It is the 

most abundant PUFA in humans, present in organs, muscle and blood tissue and has a 

major role as a structural lipid associated predominantly with phospholipids (reviewed 

by Ward and Singh, 2005). It is also the major precursor of eicosanoids that are 

involved in controlling blood pressure, smooth muscle contraction and blood clotting 

(Magnusson et al., 2004). Further, it is also a major fatty acid component of the inner 

cell membrane lipids in human vascular endothelium (reviewed by Hanebutt et al., 

2008) that can be mobilized by phospholipids or could be released in response to 

injury (reviewed by Arab, 2003). 

2.1.8 Role of LCPUFA in Inflammation 

Eicosanoids such as prostaglandins, prostacyclins, thromboxanes and 

leukotrienes derived from LCPUFA are fast-acting, high-potency hormones and serve 

as second messengers (reviewed by Arab, 2003). They play a key role in modulating 
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inflammation, cytokine release, immune response, platelet aggregation, vascular 

reactivity, thrombosis and allergic phenomenon (reviewed by Uauy et al., 2000a). In 

general, omega-6 PUFA derived eicosanoids are pro-inflammatory whereas the 

omega-3 PUFA derived eicosanoids mostly promote anti-inflammatory activities 

(reviewed by Patterson et al., 2012). 

A family of potent anti-inflammatory and pro-resolving lipid mediators 

derived from omega-3 PUFA named „resolvins‟ and „protectins‟ have been identified 

(reviewed by Serhan and Petasis, 2011). Resolvins can be generated from either EPA 

(E-series resolvins; RvE) or DHA (D-series resolvins; RvD), whereas protectins are 

derived only from DHA (reviewed by Seki et al., 2009). 

AA and EPA act as substrates for cyclooxygenases (COX) and lipoxygenases 

(LOX) for biosynthesis of eicosanoids (reviewed by Calder, 2006). The activity of 

these enzymes on AA results in the synthesis of 2-series prostanoids (prostaglandins 

E2, prostacyclin I2 and thromboxane A2) and 4-series leukotrienes respectively. 

Activity of these enzymes on EPA results in the synthesis of 3-series prostanoids 

(prostaglandins E3, prostacyclin I3 and thromboxane A3) and 5-series leukotrienes 

respectively (Fig. 14). Compared to AA, EPA is considered a poor substrate for COX 

and LOX (reviewed by Russo, 2009). Further, it is well known that AA derived 

prostaglandins are more effective than those derived from EPA (Bawadi et al., 2010) 

and that the balance between these prostaglandins is known to be regulated by the 

omega-6:omega-3 ratio in phospholipids (reviewed Uauy et al., 2000a). Thus, a 

dietary shift from omega-3 to omega-6 fatty acids observed today due to increased 

consumption of Western diets will trigger enhanced activation of the immune system 

and an increased production of pro-inflammatory eicosanoids and cytokines 

(reviewed by Simopoulos, 2002b). 
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Figure 14: Role of LCPUFA in Inflammation 

 

 
 

Source: Modified from review of Haggarty, 2004, Eur J ClinNutr. 58(12):1559-70. 

 

2.1.9 Requirement of LCPUFA during Pregnancy 

Maternal Fatty Acids 

 During pregnancy and lactation, the mother is the sole provider of various 

vital nutrients to the growing fetus and baby (reviewed by Morse, 2012). The fatty 

acid levels in maternal blood lipids serve as indicators of maternal status as well as 

the immediate source of fatty acids for transport to the fetus and infant (reviewed by 

Lauritzen and Carlson, 2011). Further, it has also been hypothesized that maternal, 

fetal and neonatal LCPUFA status are key determinants of health and disease in 

infancy and later in life due to their fundamental roles as structural elements and 

functional modulators (reviewed by Duttaroy,  2000b). 

 The first trimester of pregnancy is considered an anabolic period during which 

the net body weight increases through hyperphagia and fats are stored in adipose 

tissue (reviewed by Herrera, 2002). During the third trimester of pregnancy maternal 
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lipid metabolism switches to a catabolic condition as the fetus intensifies its nutrient 

demands in order to support the exponential tissue growth (reviewed by Cetin et al., 

2009). Lipids are the major constituents of brain tissue (about 50%) and it thus 

becomes important that adequate amounts of high-quality fatty acids are available to 

the developing fetus (reviewed by Simpson et al., 2011) which ultimately depends on 

the maternal diet and phospholipid composition (reviewed by Rogers et al., 2013). 

Therefore, it is crucial that maternal dietary intake and body stores must be sufficient 

to satisfy her requirements as well as those of her growing baby (reviewed by Morse, 

2012). 

Deficiency of DHA during this critical period may make the brain vulnerable 

to neurological or neurodegenerative diseases later in life (reviewed by Heaton et al., 

2013). DHA supplementation before and during pregnancy is known to counteract 

depletion of DHA stores in the last trimester and meet increased fetal needs (reviewed 

by Hanebutt et al., 2008). It is therefore advisable that pregnant women should ingest 

at least 300 mg/day of DHA in order to achieve a desirable outcome (reviewed by 

Koletzko et al., 2014). Similar recommendations have also been adapted by the Indian 

Council of Medical Research (ICMR), India (ICMR, 2009). 

Importance of Fatty Acids in Fetal Nutrition 

It is known that prior to 25 weeks of gestation, the human fetus accumulates 

only a small amount of lipids and that the fetus exponentially accumulates a relatively 

large amount of lipids henceforth (reviewed by Haggarty, 2010). Brain development 

is known to accelerate during the second half of pregnancy, lasting until late 

adolescence (reviewed by Simpson et al., 2011). LCPUFA, particularly DHA and AA, 

are integral for fetal neural and retinal development and are known to accrete 

extensively in these tissues during pregnancy (reviewed by Imhoff-Kunsch et al., 
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2012). However, in the first half of pregnancy, AA concentrations in the brain of the 

fetus are higher than DHA levels, whereas in the later stage of brain development the 

reverse is true (reviewed by Simpson et al., 2011). The fetus is almost entirely 

dependent upon maternal transfer of LCPUFA through the placenta, a tissue highly 

permeable to LCPUFA since they have a limited ability to synthesize them (reviewed 

by Gil-Sánchez et al., 2011; reviewed by Koletzko et al., 2008). A number of 

placental fatty acid transport proteins are responsible for the transfer of fatty acids 

from the maternal circulation to the fetal circulation. The developing human fetus is 

known to accumulate as much as 400 mg DHA per week during the last trimester, 

most of which is incorporated into the structural lipids of the developing brain 

(reviewed by Muthayya, 2009). Deficiency in any of these LCPUFA could result in 

adverse pregnancy outcome (Smits et al., 2013). 

2.1.10 Fatty Acids and Preeclampsia 

It has previously been shown that derangements in omega-3 and omega-6 fatty 

acids in plasma phospholipids or erythrocytes are associated with preeclampsia and 

other adverse pregnancy outcomes (Clausen et al., 2001; Williams et al., 1995). There 

are a number of studies which have examined the levels of LCPUFA in preeclampsia 

and reports are inconclusive with some showing lower (Mackay et al., 2012; Qiu et 

al., 2006a; Wang et al., 2005; Williams et al., 1995), others no change (Mahomed et 

al., 2007) and still others higher (Bakheit et al., 2010) DHA levels. These fatty acid 

levels however were analyzed after the diagnosis of preeclampsia.  There is therefore, 

a need to undertake prospective studies that would be very useful to analyze these 

levels in early pregnancy to examine changes over time and to understand their role in 

preeclampsia. 
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 This chapter therefore, examines maternal plasma and erythrocyte fatty 

acid levels at three different time points during gestation and their association 

with cord fatty acid (plasma and erythrocyte) and placental fatty acid levels in 

women with preeclampsia and compare them with normotensive control women.  

2.2 Methods and Materials  

2.2.1 Study Subjects 

Enrollment 

This prospective study was carried out at the Department of Obstetrics and 

Gynecology, Bharati Hospital and Gupte Hospital and Research Centre, Pune, India. 

This study was approved by the Bharati Vidyapeeth Medical College Institutional 

Ethical Committee (No: BVU/EXAM/5608/2009-2010, dt.19/02/2010) and a written 

consent was taken from each subject. The target population for the present 

prospective study is part of a large ongoing departmental study which recruits healthy 

women at 16
th
-20

th
 weeks of gestation. All these women are followed up till delivery 

and are categorized as preeclampsia, LBW, IUGR or preterm. However, the current 

study is comprised of a total of 218 women. Of these, 156 women had normotensive 

pregnancies while 62 women developed preeclampsia during pregnancy. 

Normotensive controls were women delivering at term with total gestation ≥37 weeks 

and baby weight ≥2.5 kg. Preeclampsia was defined by systolic and diastolic blood 

pressures greater than 140 and 90 mmHg respectively with presence of proteinuria 

(>1+ or 300 mg/24 h). Proteinuria was measured on a dipstick test while blood 

pressure was measured with a mercury sphygmomanometer. Preeclampsia was 

confirmed by repeated recording of the blood pressure with an interval of 6 hrs at the 
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time of diagnosis. These women were then treated with antihypertensive drugs and 

arginine supplementation.  

All study participants neither consumed alcohol nor smoked. All women were 

routinely given iron (60 mg) and folic acid (500 µg) tablets during the first trimester 

of pregnancy as per the National Anemia Prophylaxis Programme. The gestational 

age in the current study was determined by last menstrual period and ultrasound 

measurement. It is suggested that ultrasound is an accurate and useful modality for the 

assessment of gestational age in the first and second trimester of pregnancy (Kalish et 

al., 2004). Cases with a discrepancy of more than a week between clinical and 

ultrasound readings were excluded from the study. 

Maternal demographic characteristics and clinical information such as 

maternal age, BMI, systolic and diastolic blood pressure, gestation, parity, placental 

weight, income and education were recorded at various time points i.e. T1 (16
th
-20

th
 

week of gestation), subsequently at T2 (26
th
-30

th
 week of gestation) and at the time of 

delivery.  

Inclusion Criteria 

All women with singleton pregnancy between 18-35 years of age were 

included in the study. 

Exclusion Criteria 

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

gestation, gestational diabetes, chronic hypertension, type 1 or type 2 diabetes 

mellitus, seizure disorder and renal or liver disease. Alcohol or drug abuse in the 

pregnant women was also considered an exclusion criterion.  
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Dietary assessments 

Pregnant women were interviewed with a food frequency questionnaire during 

T1, T2 and at delivery to estimate the frequency of consumption of foods rich in 

folate, vitamin B12, ALA, DHA and omega-3 fatty acids. All pregnant women had to 

indicate the frequency of each food consumed during the last one month for which 

scores were calculated. For example, an item consumed once a week has a score of 4 

while that consumed daily has a score of 30. These foods were identified using 

“Nutritive Values of Indian Foods” (Gopalan, 2003; Gopalan et al., 1996). The food 

frequency questionnaire has been used by the department in a number of studies on 

pregnant women (Kulkarni et al., 2011b; Kilari et al., 2010; Kilari et al., 2009). 

Statistical Power of the Study 

The statistical power was calculated using the Power and Sample Size (PS) 

software using the biochemical indices like maternal plasma DHA as reported in an 

earlier departmental study (Dangat et al., 2010) which showed significant group 

differences in maternal plasma DHA levels between 30 women with preeclampsia and 

55 normotensive control women (p<0.05). However, there is no data available on 

fatty acids examined across gestation in women with preeclampsia. Hence, we 

considered 156 normotensive control women and 62 women with preeclampsia for 

this study. This sample size should give a greater than 90% probability of detecting a 

difference at an alpha of 0.05. 

2.2.2 Sample Collection and Processing 

Maternal and Cord Blood Samples 

The first blood sample was obtained between 16 and 20 weeks of gestation, 

the second between 26 and 30 weeks of gestation while the third sample was taken 
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just before the woman was taken to the labour room. At each visit maternal blood 

samples were collected in tubes containing ethylenediaminetetraacetic acid (EDTA). 

Umbilical cord blood was collected just after delivery. The blood was immediately 

layered on Histopaque (Sigma-Aldrich, St Louis, MO, USA) and centrifuged at 1800 

rpm for 35 min to separate the plasma and erythrocytes. The erythrocyte fraction was 

washed three times with normal saline. Samples were then stored at -80°C until 

further analysis. 

Placental Tissues 

Fresh placental tissues were obtained from normotensive control women and 

women with preeclampsia within half an hour of delivery of the neonate. Fetal 

membranes were trimmed off and small pieces were randomly cut out from different 

regions of the placental cotyledon. The tissue pieces were rinsed in phosphate buffer 

saline (PBS) to wash off maternal and fetal blood and stored at -80ºC until assayed. 

2.2.3 Neonatal Measurements 

Neonatal measurements like baby weight, length, head circumference and 

chest circumference were recorded within half an hour after birth. Baby weight was 

recorded using a digital weighing scale (Zeal Medical Private Limited, India) with an 

accuracy of 10 g, while length was measured to the nearest 0.1 cm using a portable 

infantometer. Head circumference was measured using a fiber glass measuring tape 

which was placed around the head of the baby, just above the eyebrows anteriorly and 

around the most prominent bulge posteriorly. Chest circumference was measured 

using fiber glass measuring tape which was placed around the lower chest of the baby. 
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2.2.4 Fatty Acid Analysis 

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 described in detail in 

our earlier departmental studies (Dangat et al., 2010; Mehendale et al., 2008). Briefly, 

placental tissue was homogenized with chilled PBS and spun at 10,000 rpm at 4°C for 

20 min. Supernatant and cell membrane fractions were separated. Transesterification 

of placental cell membrane phospholipid fraction and the total plasma and erythrocyte 

fatty acids was performed using hydrochloric acid-methanol. Methyl esters were 

separated using a Perkin Elmer Gas Chromatograph (SP 2330, 30-m capillary Supelco 

column, Perkin Elmer, Shelton, CT, USA). Helium was used as carrier gas at 1 ml/min. 

Oven temperature was held at 150°C for 10 min, programed to rise from 150°C to 

220°C at 10°C/min and at 220°C for 10 min. The detector temperature was 275°C and 

the injector temperature was 240°C.  

Peaks were identified by comparison with standard fatty acid methyl esters 

(Sigma-Aldrich). Fatty acids were expressed as g per 100 g fatty acid. The saturated 

fatty acids included myristic acid (MYR), palmitic acid (PAL) and stearic acid (STE), 

while the MUFA included myristoleic acid (MYRO), palmitoleic acid (PALO), oleic 

acid (OLE) and nervonic acid (NA). The omega-3 fatty acids included ALA, EPA and 

DHA, while omega-6 fatty acids included LA, gamma linolenic acid (GLA), dihomo 

gamma linolenic acid (DGLA), docosapentaenoic acid (DPA) and AA. The intra 

assay coefficient of variability was determined by multiple aliquots of same sample 

and was less than 10%. The inter variability is routinely established with other 

investigators in the laboratory. 
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The number of maternal and cord plasma, erythrocyte and placental samples 

analysed for fatty acid levels at various time points during pregnancy is shown in 

Figure 15. 

Figure 15: Flow Chart Showing Number of Maternal and Cord Plasma, 

Erythrocyte and Placental Samples Analyzed for Fatty Acid Levels at Various 

Time Points  

 
 

NC: Normotensive Control; PE: Preeclampsia 

 

2.2.5 Statistical Analysis 

The data was analyzed using the SPSS/PC+ package (Version 20, Chicago, IL, 

USA). Values are reported as mean ± standard deviation (SD). Skewed variables were 

transformed to normality using the log to the base 10 transformation. Independent t-

test was used to compare mean values of various parameters between normotensive 

control and preeclampsia groups (p<0.05) after adjusting for gestation and 

socioeconomic status. Correlation between variables was studied using Pearson‟s 

correlation analysis after adjusting for gestation and socioeconomic status. Chi-square 

test was used for comparison of categorical variables. To compare two proportions, Z 

test of proportions was used. The variable sample number (n) in different measures 
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was due to insufficient sample volume available and is unlikely to have biased the 

results. 

2.3 Results 

2.3.1 Maternal and Neonatal Characteristics 

The maternal and neonatal characteristics are given in Table 1.  

Table 1: Maternal and Neonatal Characteristics 

 

 NC (n=156) PE (n=62) 

Maternal Characteristics (Mean ± SD) 

Maternal age (Years) 26.05 ± 4.09 26.66 ± 4.56 

BMI (kg/m2) 

T1 

T2 

T3 

 

21.96 ± 4.05 

23.96 ± 4.23 

25.38 ± 4.35 

 

25.10 ± 4.91** 

27.43 ± 5.21** 

29.63 ± 5.16** 

Systolic BP (mmHg) 

T1 

T2 

T3 

 

111.88 ± 8.33 

112.52 ± 7.92 

119.90 ± 8.31 

 

116.79 ± 11.60** 

121.87 ± 12.55** 

141.76 ± 17.11** 

Diastolic BP (mmHg) 

T1 

T2 

T3 

 

72.98 ± 6.95 

72.04 ± 6.76 

77.32 ± 5.87 

 

74.39 ± 8.08 

76.35 ± 8.60** 

93.29 ± 12.34** 

Gestation (weeks) 

T1 

T2 

T3 

 

18.74  ± 2.16 

29.14  ± 2.41 

39.02 ± 1.14 

 

17.82  ± 1.75** 

29.35  ± 2.81 

37.52 ± 2.27** 

Parity (%) 

Nulliparous 

Multiparous 

 

48.1 

51.9 

 

69.4 

30.6 

Placental weight (g) 491.70 ± 109.99 476.25 ± 116.62 

Income per month (Rs) 2800 - 75000 5000 – 75000 

Education (n) 

Illiterate 

Primary 

Secondary 

Higher 

Graduation 

Postgraduation 

 

1 

3 

50 

18 

56 

28 

 

1 

1 

11 

8 

28 

13 

Neonatal Characteristics (Mean ± SD) 
Baby weight (kg) 2.94 ± 0.28 2.80 ± 0.46* 

Baby length (cm) 48.29 ± 2.86 47.27 ± 2.17* 

Baby head circumference (cm) 33.71 ± 1.29 33.14 ± 1.22* 

Baby chest circumference (cm) 32.29 ± 1.72 31.25 ± 2.62* 
  

NC - Normotensive control; PE - Preeclampsia; BMI - Body Mass Index; BP - Blood Pressure; n -  
Number of subjects; T1=16th-20th week; T2= 26th-30th week; T3= at delivery; **p<0.01, *p<0.05 as 

compared with NC 
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The BMI of women with preeclampsia was higher as compared to those of 

normotensive control women at all time points during pregnancy (p<0.01 for all). 

Systolic blood pressure was higher in women with preeclampsia at all time points 

(p<0.01 for all) while diastolic blood pressure was higher at T2 and T3 (p<0.01 for 

both) in women with preeclampsia. The percent nulliparous women in normotensive 

control and preeclampsia are 48.1% and 69.4% respectively. The percent multiparous 

women in normotensive control and preeclampsia are 51.9% and 30.6% respectively. 

Baby weight, length, head circumference and chest circumference were lower (p<0.05 

for all) in preeclampsia as compared with normotensive control.  

2.3.2 Frequency of Consumption of ALA, DHA and Omega-3 Fatty Acid Rich 

Foods 

In our cohort, the ALA rich foods consumed by the women include pulses 

(e.g., cowpea, rajma) and green leafy vegetables (e.g., fenugreek, spinach, colocasia 

leaves, amaranth, ambat chukka) while fish consumption was considered as a DHA 

rich food. The frequency of consumption of ALA rich foods was similar in both the 

normotensive control and preeclampsia groups at T1 (p=0.826), T2 (p=0.327) and T3 

(p=0.543). Similarly, the frequency of consumption of DHA and omega-3 rich foods 

was similar in both the groups at T1 (p=0.782, p=0.834 respectively), T2 (p=0.619, 

p=0.240 respectively) and T3 (p=0.588, p=0.262 respectively). The percent women 

consuming ALA, DHA and omega-3 fatty acid rich foods in both normotensive 

control and preeclampsia groups are shown in Table 2.   
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Table 2: Frequency of Consumption of Foods Rich in ALA, DHA and Omega-3 

Fatty Acids at Three Time Points during Pregnancy 

  
 T1 T2 T3 

Food Group  

n (%) 

NC 
(n=143) 

PE 
(n=52) 

p NC 
(n=114) 

PE 
(n=37) 

p NC 
(n=131) 

PE 
(n=42) 

p 

ALA Rich Foods 

Never 2(1.4) 1(1.9) 0.792 0(0) 1(2.7) 0.078 2(1.5) 1(2.4) 0.712 

Weekly twice 78(54.5) 29(55.8) 0.879 55(48.2) 17(45.9) 0.808 49(37.4) 16(38.1) 0.936 

Weekly 3-6 times 49(34.3) 15(28.8) 0.476 46(40.4) 16(43.2) 0.756 57(43.5) 14(33.3) 0.243 

More than 6 times 

in a week 

14(9.8) 

 

7(13.5) 

 

0.465 

 

13(11.4) 

 

3(8.1) 

 

0.572 

 

23(17.6) 

 

11(26.2) 

 

0.221 

 

DHA Rich Food 

Never 104(72.7) 39(75) 0.751 81(71.1) 28(75.7) 0.586 88(67.2) 27(64.3) 0.730 

Weekly once 23(16.1) 6(11.5) 0.430 17(14.9) 5(13.5) 0.834 25(19.1) 11(26.2) 0.324 

Weekly twice 12(8.4) 6(11.5) 0.502 11(9.6) 4(10.8) 0.837 9(6.9) 12(7.1) 0.952 

More than 2 times 

in a week 

4(2.8) 

 

1(1.9) 

 

0.733 

 

5(4.4) 

 

0(0) 

 

0.195 

 

9(6.9) 

 

10(2.4) 

 

0.278 

 

Omega-3 Fatty Acid Rich Foods 

Never       1(0.7) 1(1.9) 0.453 0(0) 1(2.7) 0.078 2(1.5) 0(0) 0.421 

Weekly once 77(53.8) 28(53.8) 1.000 47(41.2) 15(40.5) 0.941 41(31.3) 15(35.7) 0.594 

Weekly twice 49(34.3) 16(30.8) 0.647 50(43.9) 18(48.6) 0.611 62(47.3) 14(33.3) 0.112 

More than 2 times 

in a week 

16(11.2) 

 

7(13.5) 

 

0.664 

 

17(14.9) 

 

3(8.1) 

 

0.289 

 

26(19.8) 

 

13(31) 

 

0.134 

 

 

NC - Normotensive control; PE - Preeclampsia; n - Number of subjects; p - Significance; T1=16th-20th week; T2= 

26th-30th week; T3= at delivery 

 

2.3.3 Maternal Plasma Fatty Acid Levels across Gestation 

The maternal plasma fatty acid levels at three time points during pregnancy 

are shown in Table 3. Maternal plasma DHA and total omega-3 fatty acid levels were 

lower (p<0.05 and p<0.01, respectively) in preeclampsia as compared with 

normotensive control only at T1 while there was no difference in other omega-3 fatty 

acids like ALA and EPA levels at all time points. LA, AA and total omega-6 fatty 

acid levels were lower (p<0.05 for all) while GLA and DGLA levels were higher 

(p<0.01 for both) in preeclampsia at T1 as compared with normotensive control (Fig. 

16). At T2, LA and total omega-6 fatty acid levels were lower (p<0.01 for both) 

whereas GLA and DGLA levels were higher in preeclampsia (p<0.01 for both). At 

T3, only DGLA levels were higher (p<0.05) in preeclampsia as compared with 
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normotensive control. Saturated fatty acid levels were lower (p<0.01) only at T1 in 

preeclampsia as compared with normotensive control. 

Table 3: Maternal Plasma Fatty Acid Levels (g/100g fatty acids) at Three Time 

Points during Pregnancy 

 
Maternal Plasma Fatty Acids  

(Mean ± SD ) 

 T1 T2 T3 

 
NC 

(n=140) 

PE 

 (n=54) 

NC 

(n=129) 

PE 

 (n=40) 

NC 

(n=136) 

PE 

 (n=42) 

MYR 0.71 ± 0.37 0.97 ± 0.47** 0.92 ± 0.39 1.18 ± 0.54** 0.88 ± 0.41 1.07 ± 0.47* 

MYRO 0.05 ± 0.05 0.07 ± 0.06 0.05 ± 0.07 0.09 ± 0.06** 0.06 ± 0.07 0.09 ± 0.06* 

PAL 24.59 ± 2.46 25.51 ± 2.17* 26.20 ± 2.62 27.13 ± 3.53 27.18 ± 2.78 28.74 ± 2.77** 

PALO 0.79 ± 0.69 1.03 ± 0.54 0.99 ± 0.64 1.40 ± 0.65** 1.37 ± 0.77 1.77 ± 0.79** 

STE 6.01 ± 1.44 7.16 ± 2.13** 5.58 ± 0.87 6.10 ± 0.88** 6.45 ± 3.76 6.21 ± 1.32 

OLE 16.11 ± 2.20 15.66 ± 3.01 17.19 ± 2.32 16.07 ± 2.96* 17.43 ± 2.67 16.94 ± 3.25 

LA 37.00 ± 5.62 33.36 ± 5.40* 35.99 ± 5.06 31.74 ± 6.21** 31.93 ± 8.78 29.25 ± 6.44 

GLA 0.12 ± 0.12 0.28 ± 0.40** 0.12 ± 0.11 0.22 ± 0.08** 0.17 ± 0.35 0.25 ± 0.12 

ALA 0.41 ± 0.23 0.30 ± 0.22 0.43 ± 0.26 0.32 ± 0.29 0.40 ± 0.24 0.30 ± 0.21 

DGLA 1.25 ± 0.39 1.53 ± 0.43** 1.24 ± 0.36 1.50 ± 0.40** 1.25 ± 0.48 1.49 ± 0.37* 

AA 6.99 ± 1.90 6.35 ± 1.09* 6.20 ± 1.28 5.95 ± 1.46 6.63 ± 3.11 6.31 ± 2.09 

EPA 0.43 ± 0.52 0.42 ± 0.32 0.27 ± 0.26 0.36 ± 0.49 0.36 ± 0.56 0.39 ± 0.62 

NA 0.41 ± 0.34 0.44 ± 0.26 0.36 ± 0.26 0.39 ± 0.30 0.37 ± 0.25 0.37 ± 0.24 

DPA 

(omega-6) 
0.19 ± 0.09 0.15 ± 0.08 0.18 ± 0.09 0.14 ± 0.09 0.17 ± 0.11 0.14 ± 0.08* 

DHA 1.11 ± 0.41 0.97 ± 0.33* 0.93 ± 0.36 0.90 ± 0.35 0.92 ± 0.41 0.89 ± 0.34 

SFA 31.31 ± 3.06 33.63 ± 3.46** 32.70 ± 3.01 34.41 ± 4.15 34.51 ± 5.43 36.02 ± 3.21 

MUFA 17.36 ± 2.56 17.20 ± 3.16 18.60 ± 2.40 17.95 ± 3.35 19.23 ± 2.88 19.17 ± 3.47 

Total 

omega-3 
1.95 ± 0.68 1.70 ± 0.57** 1.63 ± 0.58 1.59 ± 0.73 1.68 ± 0.71 1.59 ± 0.80 

Total 

omega-6 
45.55 ± 5.98 41.67 ± 5.56* 43.72 ± 5.09 39.56 ± 6.32** 40.16 ± 6.90 37.43 ± 5.15 

Omega-6: 

Omega-3 
26. 09 ± 11.36 27.23 ± 9.51 30.73 ± 12.65 29.31 ± 11.53 28.23 ± 12.72 27.83 ± 10.29 

 

NC - Normotensive control; PE - Preeclampsia; n - Number of subjects; T1=16th-20th week; T2= 26th-30th week; T3= at 

delivery; **p<0.01, *p<0.05 as compared with NC; MYR - Myristic acid; MYRO - Myristoleic acid; PAL - Palmitic acid; 
PALO - Palmitoleic acid; STE - Stearic acid; OLE - Oleic acid; LA - Linoleic acid; GLA - Gamma linolenic acid; ALA - 

Alpha linolenic acid; DGLA - Dihomo gamma linolenic acid; AA - Arachidonic acid;  EPA - Eicosapentaenoic acid; NA - 

Nervonic acid; DPA, omega-6 - Docosapentaenoic acid; DHA - Docosahexaenoic acid; Saturated fatty acids (SFA): (MYR + 

PAL + STE); Monounsaturated fatty acids (MUFA): (MYRO + PALO + OLE + NA); Total omega-3: (ALA + EPA + 

DHA); Total omega-6: (LA + GLA + DGLA + AA + DPA) 
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Figure 16: Maternal Plasma DHA and AA Levels across Gestation 

 

 
 

NC - Normotensive control; PE - Preeclampsia; DHA - Docosahexaenoic acid; AA - Arachidonic 

acid; T1=16th-20th week; T2= 26th-30th week; T3= at delivery; *p<0.05 as compared with NC 

 

2.3.4 Cord Plasma Fatty Acid Levels  

The cord plasma fatty acid levels are shown in Table 4. Cord plasma levels of 

oleic acid, ALA (p<0.01 for both), DHA, AA and total omega-3 fatty acids (p<0.05 

for all) were lower in preeclampsia as compared with normotensive control (Fig. 17). 

Figure 17: Cord Plasma DHA and AA Levels 

 

 
 

NC - Normotensive control; PE - Preeclampsia; DHA - Docosahexaenoic acid; AA - Arachidonic 

acid; *p<0.05 as compared with NC 
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Table 4: Cord Plasma Fatty Acid Levels (g/100g fatty acids) 

 

Cord Plasma Fatty Acids  

(Mean ± SD) 

 NC 

(n=124) 

PE 

(n=52) 

MYR 0.78 ± 0.37 0.86 ± 0.31 

MYRO 0.09 ± 0.09 0.10 ± 0.11 

PAL 28.30 ± 2.39 28.25 ± 3.31 

PALO 2.51 ± 0.79 2.56 ± 0.96 

STE 10.72 ± 2.04 10.84 ± 2.22 

OLE 17.52 ± 3.74 14.99 ± 2.77** 

LA 12.78 ± 5.34 12.67 ± 6.90 

GLA 0.30 ± 0.16 0.57 ± 1.22 

ALA 0.32 ± 0.29 0.16 ± 0.21** 

DGLA 2.19 ± 0.55 2.32 ± 0.72 

AA 14.43 ± 2.93 12.90 ± 3.80* 

EPA 0.43 ± 0.37 0.51 ± 0.41 

NA 0.71 ± 0.40 0.57 ± 0.31 

DPA (omega-6) 0.20 ± 0.12 0.16 ± 0.19 

DHA 1.65 ± 0.68 1.39 ± 0.47* 

SFA 39.80 ± 3.04 39.94 ± 4.66 

MUFA 20.82 ± 3.59 18.22 ± 3.06** 

Total omega-3 2.39 ± 0.79 2.05 ± 0.65* 

Total omega-6 29.90 ± 4.06 28.62 ± 5.28 

Omega-6:Omega-3 13.96 ± 5.80 15.71 ± 7.44 

 

NC - Normotensive control; PE - Preeclampsia; n - Number of subjects; **p<0.01, *p<0.05 as 

compared with NC; MYR - Myristic acid; MYRO - Myristoleic acid; PAL - Palmitic acid; PALO - 

Palmitoleic acid; STE - Stearic acid; OLE - Oleic acid; LA - Linoleic acid; GLA - Gamma 

linolenic acid; ALA - Alpha linolenic acid; DGLA - Dihomo gamma linolenic acid; AA - 

Arachidonic acid;  EPA - Eicosapentaenoic acid; NA - Nervonic acid; DPA, omega-6 - 

Docosapentaenoic acid; DHA - Docosahexaenoic acid; Saturated fatty acids (SFA): (MYR + PAL + 

STE); Monounsaturated fatty acids (MUFA): (MYRO + PALO + OLE + NA); Total omega-3: 

(ALA + EPA + DHA); Total omega-6: (LA + GLA + DGLA + AA + DPA) 

 

2.3.5 Maternal Erythrocyte Fatty Acid Levels across Gestation 

The maternal erythrocyte fatty acid levels at three time points during 

pregnancy are shown in Table 5. ALA levels were lower (p<0.05) in preeclampsia as 

compared with normotensive control at T1. DHA levels were lower in preeclampsia 

as compared with normotensive control at T1, T2 and T3 (p<0.05 for all) (Fig. 18). 



65 
 

Total omega-3 fatty acids were lower in preeclampsia as compared with normotensive 

control at T2 and T3 (p<0.05 for both). LA levels were higher (p<0.05) in 

preeclampsia as compared with normotensive control at T2. DGLA and AA levels 

were lower (p<0.05) in preeclampsia as compared with normotensive control at T3 

(Fig. 18). Total omega-6 fatty acids were higher at T1 and T2 (p<0.05 for both) 

whereas lower (p<0.05) at T3 in preeclampsia as compared with normotensive 

control. Total omega-6:omega-3 fatty acid ratio was higher in preeclampsia as 

compared with normotensive control at T2 and T3 (p<0.01 for both). Saturated fatty 

acids were higher (p<0.01) in preeclampsia at T3 while MUFA were lower in 

preeclampsia at T1, T2 and T3 (p<0.01 for all). NA levels were lower in preeclampsia 

at T1, T2 and T3 (p<0.05 for all) as compared with normotensive control. 

Figure 18: Maternal Erythrocyte DHA and AA Levels across Gestation 

 

 
 

NC - Normotensive control; PE - Preeclampsia; DHA - Docosahexaenoic acid; AA - Arachidonic 

acid; T1=16th-20th week, T2= 26th-30th week, T3= at delivery; *p<0.05 as compared with NC 
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Table 5: Maternal Erythrocyte Fatty Acid Levels (g/100g fatty acids) at Three 

Time Points during Pregnancy  

 
Maternal Erythrocyte Fatty Acids  

(Mean ± SD ) 

 T1 T2 T3 

 
NC 

(n=137) 

PE 

 (n=58) 

NC  

(n=123) 

PE 

(n=45) 

NC  

(n=129) 

PE 

(n=48) 

MYR 0.38 ± 0.16 0.34 ± 0.10** 0.42 ± 0.19 0.37 ± 0.12* 0.41 ± 0.20 0.44 ± 0.15 

MYRO 0.08 ± 0.11 0.05 ± 0.07** 0.07 ± 0.11 0.07 ± 0.20 0.10 ± 0.16 0.05 ± 0.06* 

PAL 22.55 ± 2.24 22.90 ± 1.64 23.32 ± 2.46 24.16 ± 2.77 24.35 ± 3.22 26.91 ± 3.90** 

PALO 0.30 ± 0.75 0.27 ± 0.35 0.28 ± 0.27 0.23 ± 0.11* 0.33 ± 0.20 0.36 ± 0.26 

STE 15.54 ± 1.40 16.13 ± 1.14* 15.70 ± 2.35 16.20 ± 1.46 15.77 ± 1.99 17.13 ± 2.33** 

OLE 9.43 ± 2.47 8.76 ± 1.14* 9.39 ± 1.12 8.91 ± 1.19* 9.69 ± 1.59 9.74 ± 1.69 

LA 10.37 ± 1.75 10.62 ± 1.44 10.24 ± 1.69 10.39 ± 1.84* 9.78 ± 2.62 10.05 ± 2.30 

GLA 0.06 ± 0.06 0.06 ± 0.10 0.07 ± 0.21 0.04 ± 0.03 0.09 ± 0.30 0.06 ± 0.06 

ALA 0.16 ± 0.37 0.09 ± 0.15* 0.11 ± 0.10 0.12 ± 0.11 0.13 ± 0.11 0.18 ± 0.46 

DGLA 1.48 ± 0.31 1.55 ± 0.32 1.55 ± 0.40 1.59 ± 0.39 1.55 ± 0.48 1.41 ± 0.48* 

AA 14.01 ± 2.19 14.66 ± 1.77 13.04 ± 2.02 13.54 ± 2.04 12.63 ± 2.74 11.79 ± 3.90* 

EPA 0.41 ± 0.58 0.55 ± 0.51 0.40 ± 0.39 0.35 ± 0.26 0.49 ± 0.60 0.35 ± 0.34 

NA 2.15 ± 1.07 1.45 ± 1.11* 2.19 ± 0.96 1.58 ± 0.87* 2.17 ± 1.00 1.64 ± 0.90* 

DPA 

(omega-6) 
0.86 ± 0.34 0.78 ± 0.30 0.71 ± 0.36 0.73 ± 0.32 0.57 ± 0.30 0.47 ± 0.28 

DHA 2.71 ± 0.83 2.41 ± 0.70* 2.56 ± 0.86 2.15 ± 0.69* 2.32 ± 0.89 1.88 ± 0.98* 

SFA 38.46 ± 3.24 39.36 ± 2.39 39.43 ± 4.44 40.73 ± 3.93 40.54 ± 4.61 44.47 ± 5.91** 

MUFA 11.95 ± 2.83 10.53 ± 1.42** 11.93 ± 1.64 10.79 ± 1.38** 12.29 ± 2.01 11.78 ± 2.07** 

Total 

omega-3 
3.28 ± 1.13 3.04 ± 0.98 3.07 ± 0.96 2.61 ± 0.77* 2.94 ± 1.08 2.41 ± 1.17* 

Total 

omega-6 
26.76 ± 2.75 27.67 ± 2.29* 25.61 ± 3.09 26.30 ± 3.22* 24.62 ± 3.21 23.78 ± 4.87* 

Omega-6: 

Omega-3 
9.19 ± 3.63 10.11 ± 3.53 9.22 ± 3.29 10.8 ± 2.76** 9.56 ± 3.75 12.01 ± 5.19** 

 

NC - Normotensive control; PE - Preeclampsia; n - Number of subjects; T1=16th-20th week; T2= 26th-30th week; T3= at 

delivery; **p<0.01, *p<0.05 as compared with NC; MYR - Myristic acid; MYRO - Myristoleic acid; PAL - Palmitic acid; 

PALO - Palmitoleic acid; STE - Stearic acid; OLE - Oleic acid; LA - Linoleic acid; GLA - Gamma linolenic acid; ALA - 

Alpha linolenic acid; DGLA - Dihomo gamma linolenic acid; AA - Arachidonic acid;  EPA - Eicosapentaenoic acid; NA - 

Nervonic acid; DPA, omega-6 - Docosapentaenoic acid; DHA - Docosahexaenoic acid; Saturated fatty acids (SFA): (MYR + 

PAL + STE); Monounsaturated fatty acids (MUFA): (MYRO + PALO + OLE + NA); Total omega-3: (ALA + EPA + 

DHA); Total omega-6: (LA + GLA + DGLA + AA + DPA) 

 

2.3.6 Cord Erythrocyte Fatty Acid Levels 

 The cord erythrocyte fatty acid levels are shown in Table 6. Cord erythrocyte 

ALA, DHA (p<0.01 for both) and total omega-3 fatty acid levels (p<0.05) levels were 
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lower in preeclampsia as compared with normotensive control (Fig. 19). Cord 

erythrocyte LA, AA and total omega-6 fatty acid levels were comparable between the 

two groups (Fig. 19).  

Table 6: Cord Erythrocyte Fatty Acid levels (g/100g fatty acids) 

 

Cord Erythrocyte Fatty Acids 

(Mean ± SD) 

 NC 

(n=128) 

PE 

(n=57) 

MYR 0.42 ± 0.18 0.43 ± 0.14 

MYRO 0.06 ± 0.08 0.06 ± 0.08 

PAL 25.47 ± 3.00 26.42 ± 3.66 

PALO 0.39 ± 0.15 0.44 ± 0.26 

STE 17.58 ± 2.02 17.80 ± 2.42 

OLE 7.96 ± 1.59 7.38 ± 1.20** 

LA 4.53 ± 2.54 4.29 ± 2.20 

GLA 0.07 ± 0.08 0.06 ± 0.04 

ALA 0.23 ± 0.20 0.10 ± 0.16** 

DGLA 2.11 ± 0.49 2.12 ± 0.46 

AA 15.34 ± 3.17 15.93 ± 3.39 

EPA 0.45 ± 0.48 0.50 ± 0.52 

NA 1.77 ± 0.84 1.31 ± 0.77* 

DPA (omega-6) 0.22 ± 0.18 0.23 ± 0.21 

DHA 2.84 ± 0.97 2.18 ± 0.70** 

SFA 43.47 ± 4.60 44.64 ± 5.72 

MUFA 10.18 ± 1.90 9.19 ± 1.47** 

Total omega-3 3.52 ± 1.14 2.78 ± 0.95* 

Total omega-6 22.26 ± 3.23 22.63 ± 3.84 

Omega-6:Omega-3 7.08 ± 2.97 8.83 ± 2.67* 

 

NC - Normotensive control; PE - Preeclampsia; n - Number of subjects; **p<0.01, *p<0.05 as 

compared with NC; MYR - Myristic acid; MYRO - Myristoleic acid; PAL - Palmitic acid; PALO - 

Palmitoleic acid; STE - Stearic acid; OLE - Oleic acid; LA - Linoleic acid; GLA - Gamma 

linolenic acid; ALA - Alpha linolenic acid; DGLA - Dihomo gamma linolenic acid; AA - 

Arachidonic acid;  EPA - Eicosapentaenoic acid; NA - Nervonic acid; DPA, omega-6 - 

Docosapentaenoic acid; DHA - Docosahexaenoic acid; Saturated fatty acids (SFA): (MYR + PAL + 
STE); Monounsaturated fatty acids (MUFA): (MYRO + PALO + OLE + NA); Total omega-3: 

(ALA + EPA + DHA); Total omega-6: (LA + GLA + DGLA + AA + DPA) 
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Figure 19: Cord Erythrocyte DHA and AA Levels 

 

 

 

NC - Normotensive control; PE - Preeclampsia; DHA - Docosahexaenoic acid; AA - Arachidonic acid; 
*p<0.05 as compared with NC 

 

Total omega-6:omega-3 fatty acid ratio was higher in preeclampsia (p<0.05) 

as compared with normotensive control. There was no change in saturated fatty acid 

levels between the two groups while MUFA levels were lower (p<0.01) in 

preeclampsia as compared with normotensive control. NA levels were lower in 

preeclampsia (p<0.05) as compared with normotensive control. 

2.3.7 Placental Fatty Acid Levels  

The placental fatty acid levels are shown in Table 7. The placental levels of 

DHA and total omega-3 fatty acids were lower (p<0.05 for both) in preeclampsia as 

compared with normotensive control (Fig. 20). There was no difference in the 

placental levels of ALA and EPA between groups. 

Similarly, there was no difference in the placental levels of LA, GLA, AA, 

DPA and total omega-6 fatty acids whereas there was an increase in placental DGLA 

(p<0.05) levels in preeclampsia as compared with normotensive control (Fig. 20). 

MUFA levels were lower (p<0.01) in preeclampsia as compared with normotensive 

control. 
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Table 7: Placental Fatty Acid Levels (g/100g fatty acids) 

 

Placental  Fatty Acids  

(Mean ± SD) 

 NC 

(n=84) 

PE 

(n=39) 

MYR 0.34 ± 0.16 0.40 ± 0.13 

MYRO 0.03 ± 0.05 0.05 ± 0.05 

PAL 24.6 ± 1.46 24.29 ± 1.49 

PALO 0.29 ± 0.17 0.39 ± 0.13* 

STE 13.48 ± 1.14 13.41 ± 1.45 

OLE 7.16 ± 1.25 6.5 ± 1.02** 

LA 11.76 ± 1.65 11.22 ± 1.49 

GLA 0.08 ± 0.08 0.09 ± 0.02 

ALA 0.08 ± 0.08 0.05 ± 0.07 

DGLA 4.34 ± 0.91 4.98 ± 1.03* 

AA 21.31 ± 2.83 21.22 ± 1.89 

EPA 0.14 ± 0.13 0.18 ± 0.16 

NA 0.92 ± 0.54 0.90 ± 0.39 

DPA (omega-6) 0.35 ± 0.12 0.37 ± 0.12 

DHA 2.66 ± 0.80 2.21 ± 0.51* 

SFA 38.42 ± 1.94 38.10 ± 2.56 

MUFA 8.40 ± 1.38 7.84 ± 1.19** 

Total omega-3 2.87 ± 0.82 2.44 ± 0.51* 

Total omega-6 37.85 ± 3.47 37.88 ± 2.55 

Omega-6:Omega-3 14.11 ± 3.63 16.24 ± 3.80 

 

NC - Normotensive control; PE - Preeclampsia; n - Number of subjects; **p<0.01, *p<0.05 as 

compared with NC; MYR - Myristic acid; MYRO - Myristoleic acid; PAL - Palmitic acid; PALO - 

Palmitoleic acid; STE - Stearic acid; OLE - Oleic acid; LA - Linoleic acid; GLA - Gamma 

linolenic acid; ALA - Alpha linolenic acid; DGLA - Dihomo gamma linolenic acid; AA - 
Arachidonic acid;  EPA - Eicosapentaenoic acid; NA - Nervonic acid; DPA, omega-6 - 

Docosapentaenoic acid; DHA - Docosahexaenoic acid; Saturated fatty acids (SFA): (MYR + PAL + 

STE); Monounsaturated fatty acids (MUFA): (MYRO + PALO + OLE + NA); Total omega-3: 

(ALA + EPA + DHA); Total omega-6: (LA + GLA + DGLA + AA + DPA) 
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Figure 20: Placental DHA and AA levels  

 

 
 

NC - Normotensive control; PE - Preeclampsia; DHA - Docosahexaenoic acid; AA - Arachidonic acid; 
*p<0.05 as compared with NC 

 

2.3.8 Associations between Cord Plasma Fatty Acids and Maternal Plasma 

Fatty Acids across Gestation 

The associations of few important cord plasma fatty acids and maternal 

plasma fatty acids at different gestational time points are shown in Table 8. There was 

a positive association of cord plasma DHA and total omega-3 fatty acids with 

maternal plasma DHA and total omega-3 fatty acids respectively at T1 in 

normotensive control (p<0.01 for both) and preeclampsia (p<0.05 for both). Cord 

plasma AA was positively associated with maternal plasma AA at T1 (p<0.05) only in 

preeclampsia. 

There was a positive association of cord plasma DHA and total omega-3 fatty 

acids with maternal plasma DHA and total omega-3 fatty acids respectively at T2  in 

normotensive control (p<0.01 for both) and in preeclampsia (p<0.01 for both). Cord 

plasma total omega-6 fatty acids was positively associated with maternal plasma total 

omega-6 fatty acids at T2 (p<0.05) only in preeclampsia. 
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There was a positive association between cord plasma DHA and maternal 

plasma DHA at T3 in normotensive control (p<0.05) and preeclampsia (p<0.05). Cord 

plasma ALA was positively associated with maternal plasma ALA at T3 (p<0.01) 

only in preeclampsia. In contrast, there was a negative association of cord plasma LA 

and AA with maternal plasma LA and AA at T3 in normotensive control (p<0.01 for 

both) and preeclampsia (p<0.05 for both).  

Table 8: Associations between Cord Plasma Fatty Acids and Maternal Plasma 

Fatty Acids at T1, T2 and T3 in Normotensive Control and Preeclampsia 

 
Fatty Acids (g/100g) NC PE 

 n r p n r p 

Cord Plasma ALA  
Maternal Plasma ALA  

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

123 

124 

101 

 

 

0.093 

0.179 

0.087 

 

 

0.319 

0.060 

0.406 

 

 

52 

39 

33 

 

 

0.193 

0.062 

0.571 

 

 

0.199 

0.724 

0.001 

Cord Plasma DHA  
Maternal Plasma DHA  

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

123 

124 

101 

 

 

0.604 

0.594 

0.207 

 

 

0.000 

0.000 

0.045 

 

 

52 

39 

33 

 

 

0.360 

0.523 

0.373 

 

 

0.014 

0.001 

0.046 

Cord Plasma LA  

Maternal Plasma LA  

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

123 

124 

101 

 

 

-0.116 

-0.015 

-0.616 

 

 

0.215 

0.878 

0.000 

 

 

52 

39 

33 

 

 

0.048 

0.259 

-0.331 

 

 

0.752 

0.132 

0.041 

Cord Plasma AA  
Maternal Plasma AA  

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

123 

124 

101 

 

 

-0.078 

0.068 

-0.582 

 

 

0.403 

0.479 

0.000 

 

 

52 

39 

33 

 

 

0.294 

0.187 

-0.378 

 

 

0.047 

0.283 

0.043 

Cord Plasma Total Omega-3 Fatty Acids 
Maternal Plasma Total Omega-3 Fatty 

Acids 

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

 

123 

124 

101 

 

 

 

0.476 

0.612 

0.123 

 

 

 

0.000 

0.000 

0.238 

 

 

 

52 

39 

33 

 

 

 

0.342 

0.634 

0.226 

 

 

 

0.020 

0.000 

0.238 

Cord Plasma Total Omega-6 Fatty Acids 
Maternal  Plasma Total Omega-6 Fatty 

Acids  

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

 

123 

124 

101 

 

 

 

-0.030 

0.088 

-0.237 

 

 

 

0.748 

0.359 

0.021 

 

 

 

52 

39 

33 

 

 

 

0.122 

0.336 

-0.140 

 

 

 

0.418 

0.049 

0.469 

 

NC - Normotensive control; PE - Preeclampsia; n - Number of subjects; r - Correlation coefficient; p -

Significance; ALA - Alpha linolenic acid; DHA - Docosahexaenoic acid;  LA - Linoleic acid; AA - 

Arachidonic acid; Total omega-3: (ALA + EPA + DHA); Total omega-6: (LA + GLA + DGLA + AA + 

DPA) 
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2.3.9 Associations between Cord Erythrocyte Fatty Acids and Maternal 

Erythrocyte Fatty Acids across Gestation 

The associations of few important cord erythrocyte fatty acids and maternal 

erythrocyte fatty acids at different gestational time points are shown in Table 9.   

Table 9: Associations between Cord Erythrocyte Fatty Acids and Maternal 

Erythrocyte Fatty Acids at T1, T2 and T3 in Normotensive Control and 

Preeclampsia 

 
Fatty Acids (g/100g) NC PE 

 n r p n r p 

Cord Erythrocyte NA  

Maternal Erythrocyte NA  

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

128 

123 

128 

 

 

0.323 

0.334 

-0.039 

 

 

0.000 

0.001 

0.681 

 

 

56 

43 

48 

 

 

0.276 

0.206 

0.340 

 

 

0.050 

0.214 

0.030 

Cord Erythrocyte ALA  
Maternal Erythrocyte ALA  

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

128 

123 

128 

 

 

0.039 

-0.200 

-0.013 

 

 

0.678 

0.042 

0.890 

 

 

56 

43 

48 

 

 

-0.065 

0.172 

-0.237 

 

 

0.654 

0.300 

0.135 

Cord  Erythrocyte  DHA  

Maternal Erythrocyte DHA  

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

128 

123 

128 

 

 

0.361 

0.581 

0.331 

 

 

0.000 

0.000 

0.000 

 

 

56 

43 

48 

 

 

0.292 

0.332 

0.379 

 

 

0.040 

0.042 

0.015 

Cord  Erythrocyte  LA  
Maternal Erythrocyte LA  

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

128 

123 

128 

 

 

0.024 

0.138 

-0.489 

 

 

0.799 

0.163 

0.000 

 

 

56 

43 

48 

 

 

0.091 

0.187 

-0.326 

 

 

0.530 

0.260 

0.037 

Cord Erythrocyte AA  
Maternal Erythrocyte AA  

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

128 

123 

128 

 

 

0.002 

0.329 

-0.170 

 

 

0.982 

0.001 

0.058 

 

 

56 

43 

48 

 

 

-0.127 

-0.002 

-0.030 

 

 

0.379 

0.991 

0.853 

Cord  Erythrocyte Total Omega-3 Fatty 

Acids  
Maternal Erythrocyte Total Omega-3 

Fatty Acids 

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

 

 

128 

123 

128 

 

 

 

 

0.283 

0.417 

0.388 

 

 

 

 

0.002 

0.000 

0.000 

 

 

 

 

56 

43 

48 

 

 

 

 

0.154 

0.382 

0.296 

 

 

 

 

0.286 

0.018 

0.061 

Cord Erythrocyte Total Omega-6 Fatty 

Acids  
Maternal  Erythrocyte Total Omega-6 

Fatty Acids  

     T1 (16
th
-20

th
 week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

 

 

 

 

128 

123 

128 

 

 

 

 

-0.085 

0.352 

-0.095 

 

 

 

 

0.364 

0.000 

0.310 

 

 

 

 

56 

43 

48 

 

 

 

 

-0.052 

0.021 

0.128 

 

 

 

 

0.722 

0.902 

0.424 

 

 NC - Normotensive control; PE - Preeclampsia; n - Number of subjects; r - Correlation coefficient; p 

- Significance; NA - Nervonic acid; ALA - Alpha linolenic acid; DHA - Docosahexaenoic acid; LA -  

Linoleic acid; AA - Arachidonic acid;  Total omega-3: (ALA + EPA + DHA); Total omega-6: (LA + 

GLA + DGLA + AA + DPA) 
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There was a positive association of cord erythrocyte NA and DHA with 

maternal erythrocyte NA and DHA respectively at T1 in normotensive control 

(p<0.01 for both) and preeclampsia (p<0.05 for both).  

There was a positive association of cord erythrocyte DHA and total omega-3 

fatty acids with maternal erythrocyte DHA and total omega-3 fatty acids respectively 

at T2  in normotensive control (p<0.01 for both) and in preeclampsia (p<0.05 for 

both).  

There was a negative association of cord erythrocyte LA with maternal 

erythrocyte LA at T3 in normotensive control (p<0.01) and preeclampsia (p<0.05). 

There was a positive association between cord erythrocyte DHA and maternal 

erythrocyte DHA at T3 in normotensive control (p<0.01) and preeclampsia (p<0.05). 

Cord erythrocyte NA was positively associated with maternal erythrocyte NA at T3 

(p<0.05) only in preeclampsia. 

2.3.10 Associations of Placental Fatty Acids with Maternal Plasma Fatty Acids 

across Gestation and Cord Plasma Fatty Acids  

The associations of few important placental fatty acids with maternal and cord 

plasma fatty acids are shown in Table 10. 

There was a positive association of placental DHA and total omega-3 fatty acids 

with maternal plasma DHA and total omega-3 fatty acids respectively at T1 in 

normotensive control (p<0.01 for both) and preeclampsia (p<0.05 for both).  

There was a positive association of placental DHA and total omega-3 fatty 

acids with maternal plasma DHA and total omega-3 fatty acids respectively at T2 in 

normotensive control (p<0.01 for both) and preeclampsia (p<0.05, p<0.01 

respectively). Similar positive association was seen between placental ALA and 

maternal plasma ALA (p<0.05) at T2 only in preeclampsia. 
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There was a positive association between placental DHA and maternal plasma 

DHA at T3 in normotensive control (p<0.01) and preeclampsia (p<0.05).  

 

Table 10: Associations of Placental Fatty Acids with Maternal Plasma Fatty 

Acids (at T1, T2 and T3) and Cord Plasma Fatty Acids in Normotensive Control 

and Preeclampsia 

 
Fatty Acids (g/100g) NC PE 

 n r p n r p 

Placental ALA  

Maternal Plasma ALA  

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

Cord Plasma ALA  

 

 

83 

84 

83 

84 

 

 

0.084 

0.024 

0.056 

-0.046 

 

 

0.464 

0.842 

0.636 

0.690 

 

 

38 

37 

39 

38 

 

 

-0.104 

0.530 

0.023 

-0.142 

 

 

0.557 

0.011 

0.910 

0.422 

Placental DHA  
Maternal Plasma DHA  

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

Cord Plasma DHA  

 

 

83 

84 

83 

84 

 

 

0.592 

0.661 

0.535 

0.555 

 

 

0.000 

0.000 

0.002 

0.000 

 

 

38 

37 

39 

38 

 

 

0.352 

0.402 

0.407 

0.518 

 

 

0.041 

0.041 

0.039 

0.002 

Placental LA  
Maternal Plasma LA  

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

Cord Plasma LA  

 

 

83 

84 

83 

84 

 

 

0.262 

0.356 

0.285 

-0.039 

 

 

0.020 

0.002 

0.014 

0.737 

 

 

38 

37 

39 

38 

 

 

0.076 

0.294 

0.059 

0.261 

 

 

0.669 

0.184 

0.774 

0.136 

Placental AA  
Maternal Plasma AA  

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

Cord Plasma AA  

 

 

83 

84 

83 

84 

 

 

0.001 

0.197 

0.032 

0.174 

 

 

0.995 

0.099 

0.790 

0.131 

 

 

38 

37 

39 

38 

 

 

0.239 

-0.413 

-0.221 

-0.156 

 

 

0.173 

0.056 

0.277 

0.377 

Placental Total Omega-3 Fatty Acids 
Maternal Plasma Total Omega-3 Fatty 

Acids 

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

Cord Plasma Total Omega-3 Fatty Acids  

 

 

 

83 

84 

83 

84 

 

 

 

0.342 

0.567 

0.231 

0.518 

 

 

 

0.002 

0.000 

0.049 

0.000 

 

 

 

38 

37 

39 

38 

 

 

 

0.431 

0.762 

0.293 

0.621 

 

 

 

0.011 

0.000 

0.146 

0.000 

Placental Total Omega-6 Fatty Acids  

Maternal  Plasma Total Omega-6 Fatty 

Acids  

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th
 week) 

     T3 (at delivery) 

Cord Plasma Total Omega-6 Fatty Acids 

 

 

 

83 

84 

83 

84 

 

 

 

-0.009 

0.109 

0.179 

-0.090 

 

 

 

0.940 

0.367 

0.129 

0.436 

 

 

 

38 

37 

39 

38 

 

 

 

0.125 

0.127 

0.199 

0.028 

 

 

 

0.482 

0.572 

0.329 

0.875 

 

NC - Normotensive control; PE - Preeclampsia; n - Number of subjects; r - Correlation coefficient; p - 
Significance; ALA - Alpha linolenic acid; DHA - Docosahexaenoic acid; LA - Linoleic acid; AA - 

Arachidonic acid;  Total omega-3: (ALA + EPA + DHA); Total omega-6: (LA + GLA + DGLA + AA + 

DPA) 
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There was a positive association of placental DHA and total omega-3 fatty 

acids with cord plasma DHA and total omega-3 fatty acids respectively in 

normotensive control (p<0.01 for both) and preeclampsia (p<0.01 for both). 

2.3.11 Associations of Placental Fatty Acids with Maternal Erythrocyte Fatty 

Acids across Gestation and Cord Erythrocyte Fatty Acids  

The associations of few important placental fatty acids with maternal and cord 

erythrocyte fatty acids are shown in Table 11. There was a positive association of 

placental DHA with maternal erythrocyte DHA at T1 in normotensive control 

(p<0.01) and preeclampsia (p<0.05).  

There was a positive association of placental DHA with maternal erythrocyte 

DHA at T2 in normotensive control (p<0.01) and preeclampsia (p<0.05). Similar 

positive association was seen between placental LA and maternal erythrocyte LA 

(p<0.01) at T2 only in preeclampsia. 

There was a positive association of placental DHA and total omega-3 fatty 

acids with maternal erythrocyte DHA and total omega-3 fatty acids respectively at T3 

in normotensive control (p<0.01 for both) and preeclampsia (p<0.05 for both).  

There was a positive association of placental DHA with cord erythrocyte DHA 

in normotensive control (p<0.01) and preeclampsia (p<0.05). 
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Table 11: Associations of Placental Fatty Acids with Maternal Erythrocyte Fatty 

Acids (at T1, T2 and T3) and Cord Plasma Fatty Acids in Normotensive Control 

and Preeclampsia 

 
Fatty Acids (g/100g) NC PE 

 n r p n r p 

Placental ALA  
Maternal Erythrocyte ALA  

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th 
week) 

     T3 (at delivery) 

Cord Erythrocyte ALA  

 

 

84 

84 

84 

84 

 

 

0.048 

0.090 

0.058 

-0.121 

 

 

0.677 

0.480 

0.614 

0.312 

 

 

38 

38 

38 

38 

 

 

0.029 

0.040 

0.037 

0.059 

 

 

0.873 

0.858 

0.858 

0.742 

Placental DHA  
Maternal Erythrocyte DHA  

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th 
week) 

     T3 (at delivery) 

Cord Erythrocyte DHA  

 

 

84 

84 

84 

84 

 

 

0.457 

0.633 

0.309 

0.548 

 

 

0.000 

0.000 

0.006 

0.000 

 

 

38 

38 

38 

38 

 

 

0.344 

0.360 

0.384 

0.361 

 

 

0.050 

0.036 

0.045 

0.036 

Placental LA  
Maternal Erythrocyte LA  

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th 
week) 

     T3 (at delivery) 

Cord Erythrocyte LA  

 

 

84 

84 

84 

84 

 

 

0.108 

0.207 

0.165 

0.102 

 

 

0.341 

0.101 

0.148 

0.394 

 

 

38 

38 

38 

38 

 

 

0.236 

0.566 

-0.020 

0.087 

 

 

0.185 

0.005 

0.923 

0.626 

Placental AA  
Maternal Erythrocyte AA  

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th 
week) 

     T3 (at delivery) 

Cord Erythrocyte AA  

 

 

84 

84 

84 

84 

 

 

-0.284 

0.063 

-0.172 

0.124 

 

 

0.011 

0.623 

0.133 

0.298 

 

 

38 

38 

38 

38 

 

 

0.225 

-0.245 

-0.030 

-0.155 

 

 

0.209 

0.259 

0.884 

0.382 

Placental Total Omega-3 Fatty Acids 
Maternal Erythrocyte Total Omega-3 

Fatty Acids 

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th 
week) 

     T3 (at delivery) 

Cord Erythrocyte Total Omega-3 Fatty 

Acids  

 

 

 

84 

84 

84 

84 

 

 

 

0.352 

0.611 

0.499 

0.435 

 

 

 

0.001 

0.000 

0.000 

0.000 

 

 

 

38 

38 

38 

38 

 

 

 

0.280 

0.275 

0.488 

0.250 

 

 

 

0.114 

0.204 

0.011 

0.155 

Placental Total Omega-6 Fatty Acids  

Maternal  Erythrocyte Total Omega-6 

Fatty Acids  

     T1 (16
th
-20

th 
week) 

     T2 (26
th
-30

th 
week) 

     T3 (at delivery) 

Cord Erythrocyte Total Omega-6 Fatty 

Acids  

 

 

 

84 

84 

84 

84 

 

 

 

-0.195 

-0.059 

-0.059 

0.023 

 

 

 

0.085 

0.643 

0.605 

0.845 

 

 

 

38 

38 

38 

38 

 

 

 

0.318 

0.264 

0.098 

0.065 

 

 

 

0.072 

0.224 

0.634 

0.715 

 

NC - Normotensive control; PE - Preeclampsia; n - Number of subjects; r - Correlation coefficient; p - 

Significance; ALA - Alpha linolenic acid; DHA - Docosahexaenoic acid; LA - Linoleic acid; AA - 

Arachidonic acid;  Total omega-3: (ALA + EPA + DHA); Total omega-6: (LA + GLA + DGLA + AA + 
DPA) 
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2.4 Discussion 

The present study examined the levels of maternal plasma and 

erythrocyte fatty acids across gestation in normotensive control women and 

women with preeclampsia. Further, their associations with placental and cord 

fatty acids (plasma and erythrocyte) were also examined. Our results for the first 

time indicate several novel and interesting observations in preeclampsia as 

follows: 

1) Lower levels of DHA, AA and omega-3 fatty acids in maternal plasma at T1 

and cord plasma 

2) Positive association of cord plasma DHA and AA with maternal plasma 

DHA and AA respectively at T1 

3) Lower levels of maternal erythrocyte DHA and NA at T1, T2 and T3 

4) Lower levels of maternal erythrocyte AA at T3 

5) Lower levels of NA and DHA in cord erythrocytes 

6) Positive association of cord erythrocyte DHA with maternal erythrocyte 

DHA at T1, T2 and T3 

7) Lower levels of placental DHA and omega-3 fatty acids 

8) Positive association of placental DHA with maternal DHA at T1, T2, T3 and 

cord DHA in both plasma and erythrocyte 

2.4.1 Maternal and Cord Plasma Fatty Acid Status 

The present study for the first time reports fatty acid levels in all three 

compartments i.e. maternal-fetal-placental unit in women with preeclampsia and 

compares them with normotensive control women. This study reports lower levels of 

maternal plasma LA, DHA, AA, total omega-3 and total omega-6 fatty acids in 

preeclampsia as compared with normotensive control at T1. ALA levels were lower at 
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T2 and T3 in preeclampsia as compared with normotensive control. However, no 

difference was observed in the levels of EPA between both the groups. This result is 

similar to a study carried out by Mackay et al. suggesting that mothers with 

preeclampsia are not deficient in EPA and that EPA can be synthesized from ALA 

(Mackay et al., 2012). Further, the lower levels of LCPUFA particularly DHA and 

AA at T1 indicate that these are altered in early pregnancy in preeclampsia. Studies 

carried out in our department have reported that increased oxidative stress observed in 

preeclampsia further enhances decomposition of LCPUFA. These reduced levels of 

DHA and AA may further promote inflammatory responses and vasoconstriction in 

preeclampsia (Mehendale et al., 2008). 

Studies in our department and few others have adequately demonstrated 

altered levels of LCPUFA in pregnancies complicated with preeclampsia (Mackay et 

al., 2012; Kulkarni et al., 2011b, 2011c; Dangat et al., 2010; Bakheit et al., 2010; 

Mehendale et al., 2008; Mahomed et al., 2007; Qiu et al., 2006a; Wang et al., 2005) at 

the end of pregnancy. There are limited studies which have examined the levels of 

LCPUFA in a prospective study in pregnancy induced hypertension (Al et al., 1995). 

In addition to the maternal levels, we also observed lower cord plasma levels of ALA, 

DHA, total omega-3 fatty acids and AA in preeclampsia. It is well known that fetal 

brain and retina are very rich in the LCPUFA (AA and DHA) and a sufficient supply 

of these fatty acids during the last trimester of pregnancy and in the neonatal period is 

of great importance (reviewed by Imhoff-Kunsch et al., 2012). DHA deficiency 

during this critical period may have long-term consequences for later brain function 

(reviewed by Innis, 2007). A study by Alvino et al. have also shown lower levels of 

AA in umbilical venous plasma in pregnancies complicated with IUGR and 

preeclampsia (Alvino et al., 2008). It is known that a potential long-term consequence 
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of disturbed LCPUFA synthesis in preeclampsia is suboptimal neurodevelopment of 

the infants (reviewed by Cetin and Koletzko, 2008). Lower amounts of AA may also 

be important because this finding is related to lower birth weight (Koletzko and 

Braun, 1991).  

In addition to AA, adequate maternal DHA content during early pregnancy is 

also known to program fetal growth in a positive way (Dirix et al., 2009). In our study 

we observed lower birth weight of babies born to mothers with preeclampsia. Thus, 

the lower omega-3 and omega-6 LCPUFA status of cord plasma observed in our 

study may indicate an impaired fetal LCPUFA accretion in preeclampsia. It has also 

been suggested that there may be an insufficient LCPUFA deposition in the fetus due 

to either an abnormal fetal handling of EFA or an insufficient fetal LCPUFA supply 

(Velzing-Aarts et al., 1999). 

Further, we also observed a positive association between cord plasma DHA 

and AA with maternal plasma DHA and AA levels respectively at T1 in preeclampsia. 

These results suggest that cord LCPUFA levels are dependent on maternal LCPUFA 

levels from early pregnancy. 

2.4.2 Maternal and Cord Erythrocyte Fatty Acid Status  

This prospective study for the first time reports lower levels of maternal 

erythrocyte ALA, DHA and total omega-3 fatty acids in early pregnancy. It is known 

that the half-life of erythrocytes is 120 d, hence measurements on erythrocytes is 

considered more appropriate to reflect long-term intake than from plasma or serum 

(Sun et al., 2007). A study by Qui et al. at delivery has shown that lower erythrocyte 

omega-3 fatty acid levels increases the risk of preeclampsia (Qiu et al., 2006a). 

Further, Williams et al. have explained that women in the lowest tertile of omega-3 

fatty acids in erythrocytes were 7.6 times more likely to have preeclampsia than those 
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in the highest tertile (Williams et al., 1995). Till date no prospective studies have been 

reported in preeclampsia. However, our study suggests that erythrocyte omega-3 fatty 

acid levels are altered from early pregnancy. Cord erythrocyte levels of ALA, DHA 

and total omega-fatty acids were also lower in preeclampsia in this study. 

 In the current study higher levels of maternal erythrocyte total omega-6 fatty 

acids were seen at T1, T2 and T3 in preeclampsia. Although LA and total omega-6 

fatty acid levels were found higher in preeclampsia, AA levels were lower at T3. 

These findings are in contrast with few other studies that have reported higher levels 

of erythrocyte AA in preeclampsia in the third trimester (Mackay et al., 2012; Bakheit 

et al., 2010). This reduction in AA levels could be due to the fact that it is further 

metabolized to thromboxane in preeclampsia (Wetzka et al., 1997). On the other hand, 

there was no difference observed in the cord erythrocyte LA, AA and total omega-6 

fatty acid levels in both the groups.  

The total MUFA levels were lower in maternal erythrocytes at all time points 

in women with preeclampsia. Further, lower levels of NA across gestation were 

observed in preeclampsia. It is well known that NA is important for white matter 

development and its incorporation increases rapidly in the last trimester (Ntoumani et 

al., 2013). Similarly, the present study also reports lower levels of total MUFA and 

NA in cord erythrocytes.  

This study for the first time also examines an association of cord erythrocyte 

fatty acids with maternal erythrocyte fatty acids across gestation. There was a positive 

association between cord and maternal erythrocyte DHA at T1, T2 and T3 both in 

normotensive control and preeclampsia. These findings suggest that the maternal fatty 

acid stores even in early pregnancy are indicative of the fetal stores.  
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There was a negative association between cord and maternal erythrocyte LA at 

T3 in normotensive control and preeclampsia. This negative association observed for 

LA could be due to lower placental transfer as a specific mechanism to prevent 

inhibition of ∆6 desaturase activity in the fetus (Novak et al., 2012). We also observed 

a positive association between cord erythrocyte and maternal erythrocyte NA levels at 

T1 and T3 in preeclampsia. Reports indicate lower levels of NA in plasma and 

erythrocytes of major depressive disorder patients (Assies et al., 2010). Thus, lower 

levels of DHA and NA may lead to poor fetal brain development in children born to 

mothers with preeclampsia.  

The lower levels of maternal and cord LCPUFA particularly DHA and total 

omega-3 fatty acids observed in preeclampsia could either be due to altered omega-3 

and omega-6 fatty acid metabolism, decreased release from maternal stores or reduced 

acquisition from diet (Mackay et al., 2012). However, in the current study the 

frequency of consumption of ALA, DHA and omega-3 fatty acid rich foods was 

similar in both the groups at all time points suggesting that LCPUFA metabolism may 

be altered in women with preeclampsia. 

2.4.3 Placental Fatty Acid Status  

In the current study there was no difference in the placental LA and ALA 

levels in both the groups and is similar to studies reported by us and others (Kulkarni 

et al., 2011c; Wang et al., 2005). Further, we did not observe any change in the AA, 

ALA and EPA levels whereas DHA and total omega-3 fatty acids levels reduced 

significantly in preeclampsia as compared with normotensive control. One possible 

explanation for no change observed in placental AA levels could be as explained in a 

review that AA is preferentially retained by the placenta (reviewed by Haggarty, 

2002). However, the placental transfer of omega-3 LCPUFA during pregnancy is 
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known to influence the neurological development of the fetus and lower placental 

DHA and omega-3 fatty acids in preeclampsia as observed in our study may further 

have an effect on the development of cognitive functions in the neonate and thereafter 

in the child (Hibbeln et al., 2007; Helland et al., 2003). These changes in the placental 

LCPUFA levels could also be due to alterations in the fatty acid synthesis and 

transport which will be explained in Chapter 4. 

Further, we also observed positive association of placental DHA with maternal 

plasma and erythrocyte DHA at all time points i.e. T1, T2 and T3 in normotensive 

control and preeclampsia. Similar positive association of placental DHA with cord 

plasma and erythrocyte DHA was also observed in preeclampsia and normotensive 

control. All these observations suggest that placental DHA levels are associated with 

maternal DHA supply from early pregnancy. Further, the cord DHA levels may be 

influenced by both early maternal DHA stores and placental DHA stores. Thus, 

optimal LCPUFA status especially DHA levels throughout pregnancy is extremely 

crucial for the proper development of the fetus. 

Summary 

This study for the first time reports lower levels of maternal plasma and 

erythrocyte omega-3 fatty acids particularly DHA in early pregnancy in 

preeclampsia. Further, these fatty acid levels were also lower in cord plasma and 

erythrocyte and in the placenta of women with preeclampsia. It is well known 

that DHA during pregnancy is reported to play a key role in the neurological 

development of the fetus. These findings are of significance since children born 

to mothers with preeclampsia are known to be at a future risk for metabolic and 

neurodevelopmental disorders. Further, the positive association between cord 

fatty acids and maternal fatty acids in early pregnancy suggests that 
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interventions during this period may be beneficial in the management of 

preeclampsia and improving fetal fatty acid stores. 

In addition to LCPUFA, micronutrients are also known to play a crucial 

role during pregnancy for both the immediate and long-term well-being of the 

embryo, fetus and neonate. A series of studies carried out in our department 

have discussed that micronutrients such as folic acid, vitamin B12 and DHA are 

interlinked in the one carbon cycle (reviewed by Dhobale and Joshi, 2012; 

reviewed by Sundrani et al., 2011; Kulkarni et al., 2011b; Kale et al., 2010). 

Therefore, the next chapter examines the association of these micronutrients 

with LCPUFA in preeclampsia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 
Maternal Micronutrients (Folic Acid, 

Vitamin B12) and Homocysteine across 

Gestation in Preeclampsia
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3.1 Introduction 

Both human and animal studies carried out in our department have 

adequately demonstrated a link between DHA, micronutrients (folate and 

vitamin B12) and homocysteine in the one carbon cycle. In Chapter 2, we have 

elaborately discussed altered LCPUFA levels from early pregnancy in 

preeclampsia. Therefore, this study aimed at examining the levels of maternal 

plasma folate, vitamin B12 and homocysteine across gestation and also to 

examine their association with maternal fatty acid levels in normotensive control 

and women with preeclampsia. This will help in understanding the temporal 

relationship of micronutrients with the pathophysiology of preeclampsia. 

3.1.1 Micronutrients 

Pregnant women have to meet their own nutritional requirements and also 

supply nutrients to the growing fetus and the infant (reviewed by Ramachandran, 

2002). Both macro- and micro-nutrients are essential during this critical period as it 

has now been recognized that poor growth results not only from a deficiency of 

macronutrients but also due to inadequate intake of micronutrients (reviewed by Abu-

Saad and Fraser, 2010). Micronutrient deficiencies among pregnant women are 

associated with poor outcomes for both the mother (preeclampsia) and the baby (fetal 

growth restriction, preterm delivery and low neonatal micronutrient stores) (reviewed 

by Owens and Fall, 2008; Pathak et al., 2007).  

Micronutrients such as folate and vitamin B12 are crucial during pregnancy. 

These two vitamins play a critical role in nucleic acid synthesis and one carbon 

metabolism (Yajnik et al., 2008). The next section therefore describes micronutrients 

like folate and vitamin B12 and their association with pregnancy outcome. 
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3.1.2 Folate 

Structure 

Folate is the generic term used for vitamin B9 (Furness et al., 2012). Folates 

are a group of heterocyclic compounds based on the 4-[(pteridin-6-ylmethyl) amino] 

benzoic acid skeleton conjugated with one or more L-glutamate units. Folate is a 

naturally occurring form of the vitamin found in food, while folic acid is synthetically 

produced and used in fortified foods and supplements. Folate is considered an 

essential nutrient, since it cannot be synthesized in the human body (reviewed by 

Abu-Saad and Fraser, 2010). Most naturally occurring folates in food contain one to 

six additional glutamate molecules that are linked through a peptide bond to the 

gamma-carboxyl group of glutamine. Practically all tissue folates are polyglutamate 

forms in which the glutamate tail is extended via the gamma-carboxyl of glutamate 

and these glutamate chain lengths can vary from about 4 to 10 in human tissues. 

Metabolism of folates to polyglutamate forms is essential for their biological activity 

and for effective retention of folate by tissues (reviewed by Shane, 2008). They 

comprise a family of chemically related compounds based on the folic acid structure 

(reviewed by Shane, 2008). Folic acid on the other hand consists of a p-aminobenzoic 

acid molecule joined at one end to a pteridine ring and at the other to a single 

glutamic acid molecule (Fig. 21). It is the parent compound of the folate family which 

is not found in nature and is prepared by chemical synthesis and is the form which is 

used for supplements and fortified foods (reviewed by Selhub and Rosenberg, 2008). 
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Figure 21: Structure of Folic Acid 

 

 
 

Source: reviewed by Shane, 2008, J Pregnancy. 29:S5-16. 

 

Sources 

Green leafy vegetables like spinach and broccoli, orange juice, legumes (e.g., 

black beans, kidneybeans), nuts, asparagus and strawberries are among the rich 

sources of folate (reviewed by Simpson et al., 2010). Food folates are relatively 

unstable to oxidation and heat and therefore large losses are known to occur during 

food preparation and cooking (reviewed by Allen, 2008). 

Absorption, Transport and Bioavailability 

Folic acid and dietary folate lack the ability to act as a substrate until they 

have been absorbed from the gastrointestinal tract and hepatically converted to the 

metabolically active form (reviewed by Pietrzik et al., 2010). Before absorption, they 

are cleaved to their monoglutamyl forms by a brush border glutamyl hydrolase, 

sometimes called intestinal folate conjugase (Devlin et al., 2000). Folates are 

generally reduced to dihydrofolate or to tetrahydrofolate and they have a one carbon 

unit (methyl, methylene, methenyl, formyl or formimino) at the 5 or 10 positions, or 

both (Kim et al., 2012). They are then absorbed in the proximal small intestine by a 

saturable, pH-sensitive transporter that transports oxidized and reduced folates (Qiu et 
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al., 2006b). It is known that folic acid is absorbed two-fold better than folates 

(Milman, 2012). 

The reduced folate is transported across the apical brush border and the 

basolateral membranes of the enterocytes by the reduced folate carrier (reviewed by 

Halsted, 2013). A distinct high affinity folate transporter known as folate-binding 

protein or the folate receptor are highly expressed in the choroid plexus, kidney 

proximal tubes and placenta while lower levels have been found in a variety of other 

tissues (reviewed by Shane, 2008). These receptors are responsible for reabsorption of 

folate in the kidney by a receptor-mediated endocytotic process and are believed to 

play a similar role in folate transport in other tissues (Stabler et al., 1991). 

The bioavailability of natural folate is only half that of folic acid ingested 

through supplementation or fortification (reviewed by Hertrampf and Cortés, 2008). 

Many factors including chemical form of folate, food matrix and the chemical 

environment in the intestinal tract influence its bioavailability (reviewed by Simpson 

et al., 2010). The bioavailability of folic acid is close to 100% when consumed on an 

empty stomach (reviewed by Caudill, 2010). Although information about 

bioavailability of food folate and folic acid consumed with food is limited, the current 

best estimates are 50% and 85% for food folate and folic acid respectively (reviewed 

by Shane, 2008).  

Function 

Folic acid is essential for nucleic acid synthesis, cell multiplication and 

differentiation processes (Fox and Stover, 2008) and is therefore essential for growth 

(Antony, 2007). It plays a major role as a coenzyme in the one carbon metabolism 

(reviewed by Hovdenak and Haram, 2012) and also for many essential cellular 

reactions (reviewed by Scholl and Johnson, 2000). Folate coenzymes are known to be 
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involved in amino acid metabolism that involves the donation of a methyl group to 

homocysteine to form methionine, an essential amino acid that is converted to SAM 

which participates in the methylation of over 100 different compounds (reviewed by 

Simpson et al., 2010) (Fig. 22). It is also known to influence antioxidant defences 

through its role as a superoxide scavenger (Doshi et al., 2001) and can protect bio-

constituents such as cellular membranes or DNA from free radical damage (Joshi et 

al., 2001). It also has a role in promoting immune function (Troen et al., 2006) and 

has beneficial effects on the endothelial function by improving nitric oxide 

availability (Antoniades et al., 2006). 

Figure 22: Functions of Folate 

 

 
 

DHF: Dihydrofolate; THF: Tetrahydrofolate; SAM: S-adenosylmethionine; SAH: S-denosylhomocysteine 

Source: Modified from Water Soluble Vitamins Clinical Research and Future Application. Editors: Olaf 

Stanger. Subcellular Biochemistry, Volume 56, 2012. 
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Role of Folate in Pregnancy 

Pregnancy is marked with an increase in the rate of DNA synthesis, 

methylation and chromatin modifications necessary for maternal and fetal tissue 

growth and development during this period (Gadgil et al., 2014). Hence, folate 

requirements increase during pregnancy, necessitated by demands to allow synthesis 

of DNA, RNA, amino acids and other biological compounds (reviewed by Simpson et 

al., 2010). It helps in increasing red cell mass, enlargement of uterus and growth of 

placenta and fetus during pregnancy (reviewed by Scholl and Johnson, 2000). Further, 

it is also known to contribute to oocyte maturation and placentation (Jongbloet et al., 

2008). It has a key role in normal development of the fetal spine, brain and skull 

during the first four weeks of pregnancy (reviewed by Morse, 2012) and an adequate 

folate supply during the first trimester is important to ensure proper formation, 

development and closing of the neural tube in humans (reviewed by Imdad and 

Bhutta, 2012). 

It is widely known that periconceptional folic acid supplementation reduces 

the risk of NTD and other congenital malformations (Furness et al., 2013). The 

developing embryo obtains folic acid from the maternal diet, in the form of naturally 

occurring folate found in foods and from maternal intake of synthetic folic acid from 

vitamins and fortified foods (Zhao et al., 2006). Folate is taken up into the fetal 

compartment against a concentration gradient and the plasma level in neonates at 

delivery is about twice the maternal concentration (reviewed by Molloy et al., 2008). 

It has also been postulated that folate levels in human pregnancies are associated with 

endothelial function in the neonate possibly through oxidative inactivation and 

reduced synthesis of nitric oxide (Martin et al., 2007). However, maternal plasma 

folate concentration is known to decline over the course of pregnancy to about 50% of 
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nonpregnant levels (Cikot et al., 2001). Maternal folate status is also known to 

attenuate some of the adverse effects of protein restriction (reviewed by Christian and 

Stewart, 2010). Thus, it is essential to have an adequate supply of folate during 

pregnancy (reviewed by Xu et al., 2009).  

During pregnancy the recommended dietary allowance (RDA) for folate is 

almost 50% higher than that of the nonpregnant woman which is considered sufficient 

to maintain red blood cell folate concentrations (tissue stores) in the normal range 

(reviewed by Simpson et al., 2010). The National Anaemia Prophylaxis Programme in 

India recommends folic acid and iron (0.5 mg and 60 mg, respectively) 

supplementation to all pregnant mothers (reviewed by Kalaivani, 2009; ICMR, 2000). 

Folate Deficiency 

Folate deficiency is known to occur due to various reasons such as inadequate 

dietary intake, intestinal malabsorption, altered hepatic uptake and metabolism and 

reduced reabsorption by renal tubular cells (reviewed by Halsted, 2013). Inadequate 

folate availability results in profound adverse effects in rapidly dividing cells such as 

those of the developing conceptus thereby contributing to restricted fetal growth 

(Xiao et al., 2005). Low folate status is also known to cause hyperhomocysteinemia, 

hypercoagulability and venous thrombosis (reviewed by Hovdenak and Haram, 2012). 

 Dietary folate deficiency is most common in developing countries with about 

25% of pregnant women in India being folate deficient (reviewed by Hovdenak and 

Haram, 2012). Compromised folate intake or status in mothers is shown to be 

associated with LBW, abruptio placentae and risk for spontaneous abortions, NTD, 

preeclampsia, stillbirth and preterm delivery (reviewed by Molloy et al., 2008). The 

major clinical concern for folate deficiency is increased incidence of NTD (reviewed 

by Simpson et al., 2010). 
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Widespread acknowledgement of the negative effects of folate deficiency has 

resulted in worldwide folate fortification of foods in order to prevent deficiency in 

pregnant women (reviewed by Berry et al., 2010). Studies have reported a reduced 

risk of NTD which includes spina bifida (malformation of the spinal column) and 

anencephaly (absence of major portion of the brain, skull and scalp) being associated 

with both increased maternal folate intake and higher maternal red blood cell folate 

concentration (reviewed by Morse, 2012). 

Folate in Pregnancy Complications 

Pregnancy disorders such as preeclampsia, small for gestational age and 

preterm birth are known to be associated with folate deficiency (Timmermans et al., 

2009; Bodnar et al., 2006; reviewed by Scholl and Johnson, 2000). Folate deficiency 

along with hyperhomocysteinemia has been implicated as risk factors for the 

subsequent development of preeclampsia and other placenta-mediated diseases 

(reviewed by Ray and Laskin, 1999). Emerging evidence suggests that folic acid-

containing multivitamins reduces the risk of gestational hypertension or preeclampsia 

(Hernández-Díaz et al., 2002). It has also been suggested that during the 

periconceptional period, folic acid from food intake and routine supplementation may 

be adequate, however larger doses must be provided in early gestation, particularly for 

women with a higher risk of adverse pregnancy outcomes (e.g., preeclampsia) 

(reviewed by Xu et al., 2009). Folic acid supplementation at 1 mg or higher daily is 

reported to be associated with a reduced risk of preeclampsia (Wen et al., 2008). 

Folic acid is known to reduce the risk of preeclampsia in the following ways 

(Fig. 23): The first is related to placental implantation and development which is 

crucial for the health and wellbeing of the mother and the fetus. Therefore, higher 

folate intakes may be required to support appropriate placental implantation, growth 
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and development in early pregnancy (Wen et al., 2013). The second is related to the 

effect of folic acid on lowering blood homocysteine levels (Bernasconi et al., 2006; 

Chuang et al., 2006), as hyperhomocysteinemia is a risk factor for preeclampsia 

(Fayed et al., 2004). The third is related to the effect of folic acid supplementation in 

improving the function of endothelial cells (Antoniades et al., 2006) and therefore 

reducing the risk of preeclampsia. 

Figure 23: Schematic Representation of Different Proposed Mechanisms through 

which Folic Acid Reduces the Risk of Developing Preeclampsia 

 

 
 

Source: reviewed by Wen et al., 2013, J Pregnancy. 2013:294312. 

 

3.1.3 Vitamin B12 

Structure 

Vitamin B12 is a large organometallic molecule, ~1300-1500 Da in size and is 

the most chemically complex vitamin known (reviewed by Froese and Gravel, 2010). 

A more specific name for vitamin B12 is cobalamin and is the largest of the B complex 
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vitamins stored in the liver. Vitamin B12 consists of a central cobalt atom surrounded 

by a heme-like planar corrin ring structure, with the four pyrrole nitrogens 

coordinated to the cobalt. It contains a phosphoribo‑5,6‑dimethylbenzimidazolyl side 

group, with one of the nitrogens linked to the cobalt by coordination at the “bottom” 

position. The “upper” axial position can be occupied by a number of different ligands 

such as methyl, cyano, hydroxyl and 5′‑deoxyadenosyl groups (reviewed by Shane, 

2008) (Fig. 24).  

Figure 24: Structure of Vitamin B12   

 

 
 

Source: reviewed by Shane, 2008, J Pregnancy. 29:S5-16. 

 

The most stable pharmacological form of the vitamin is cyanocobalamin 

(reviewed by Simpson et al., 2010). To be biologically active, all parts of the 

cobalamin molecule must be present (reviewed by Allen, 2008). Derivatives of 

vitamin B12 of physiological importance are coenzyme B12 or adenosylcobalamin 

(AdoCbl) and methylcobalamin, which have a 5'-deoxy-5'-adenosine or methyl group 

as the upper axial ligand, respectively (reviewed by Takahashi-Iñiguez et al., 2012). 

The predominant form in serum is methylcobalamin and the predominant form in the 
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cytosol is deoxyadenosylcobalamin (reviewed by Klee, 2000). There are three 

important, interrelated factors contributing to cobalamin reactivity and function: i) the 

oxidation state of cobalt; ii) whether the 5,6-dimethylbenzimidazole is coordinated to 

cobalt in the lower axial position; and iii) the identity of the R-group bound in the 

upper axial position (reviewed by Froese and Gravel, 2010). 

Sources 

Vitamin B12 is generally found only in foods of animal origin (reviewed by 

Simpson et al., 2010). Major dietary sources include animal products such as liver, 

beef, kidney, chicken, fish such as salmon, halibut and tuna, yogurt, milk, cheese and 

eggs (reviewed by Anyanwu and Kanu, 2007). Synthetic crystalline vitamin B12 is 

used as a fortificant in cereals or as supplements (reviewed by Dror and Allen, 2012). 

Vitamin B12 deficiency is known to be prevalent when intake of these foods is low 

due to their high cost, lack of availability and cultural or religious beliefs. However, 

deficiency is certainly more prevalent in strict vegetarians (reviewed by de Benoist, 

2008). 

Absorption, Transport and Bioavailability 

Absorption of vitamin B12 is a complex process, involving a series of steps 

that can be affected adversely by intestinal disease, infections and medications 

(reviewed by Allen, 2008). Vitamin B12 in food is bound to protein and is released in 

the stomach by the acid environment and by proteolysis of binders by pepsin 

(reviewed by Shane, 2008). It then subsequently binds to haptocorrin (HC) to form 

the complex HC-cobalamin (reviewed by Randaccio et al., 2010). In humans, the 

stomach contains specialized parietal cells that secrete a 50 kDa glycoprotein called 

intrinsic factor (IF) that can bind cobalamin (reviewed by Shane, 2008). In the small 

intestine, pancreatic proteases cleave HC and released cobalamin then binds to the IF 
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to form an IF-cobalamin complex (reviewed by Allen, 2008). The IF-receptor 

(cubulin) located at the distal ileum at the end of the small intestine recognizes this 

IF-cobalamin complex, not cobalamin or unligated IF and the complex is internalized 

by a receptor-mediated endocytotic process (Fedosov et al., 2005). Inside the 

enterocytes, the IF is degraded and the free cobalamin binds to a 38 kDa protein 

called transcobalamin II (TC-II) forming a TC-II-cobalamin complex that is released 

into plasma, where it is endocytosed by membrane receptors, R-TC-cobalamin 

(Quadros et al., 2009). Once endocytosed, the TC-II-cobalamin complex is degraded 

in the lysosome and the free cobalamin is transported out of the lysosome to the 

cytosol. Plasma also contains two additional vitamin B12-binding glycoproteins or R-

binders called haptocorrin (transcobalamin I, TC-I) and transcobalamin III (TC-III) 

which are less specific than TC-II and also bind vitamin B12 analogs (reviewed by 

Shane, 2008). Once in the cytosol, cobalamin is processed by many proteins to 

produce the cofactors 5'-deoxyadenosylcobalamin in mitochondrion and 

methylcobalaminin in cytosol (reviewed by Froese and Gravel, 2010). The vitamin is 

excreted via the urine and the bile (Fig. 25). 

The bioavailability of vitamin B12 from the diet is approximately 50% 

(reviewed by Simpson et al., 2010) whereas synthetic (crystalline) vitamin B12 is 

known to be more efficiently absorbed; approximately 60% (reviewed by Allen, 

2008). Normal body stores are about 1 to 3 mg; the turnover of the vitamin B12 in 

healthy persons is about 0.1% per day; and signs of deficiency appear when the pool 

drops below 300 μg (reviewed by Allen, 2008). 
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Figure 25: Absorption and Cellular Transport Cycle of Vitamin B12 

 

 
 

THF: Tetrahydrofolate; TC-II-R: Transcobalamine II Receptor; TC-II-Cobalamine: Transcobalamine 

II-Cobalamine 

Source: Modified from review of Carmel, 2008, Food Nutr Bull. 29:S177-87. 

 

Function 

Vitamin B12 is known to play a vital role in one carbon metabolism (Katre et 

al., 2010). There are two major metabolic roles for vitamin B12 where it acts as a 

cofactor: (a) synthesis of methionine from homocysteine; and (b) conversion of 

methylmalonyl coenzyme A to succinyl coenzyme A (reviewed by Klee, 2000). It is 

also critical for nucleotide synthesis and amino acid metabolism (Ronnenberg et al., 
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2002). It is known to have a close metabolic inter-relationship with folate as it is 

required for the conversion of 5-MTHF into tetrahydrofolate (THF), which is the 

active form of folate involved in the synthesis of DNA and the metabolism of 

homocysteine (reviewed by Wu et al., 2012) (Fig. 26). It also maintains normal folate 

metabolism, which is necessary for cell multiplication during pregnancy (Koebnick et 

al., 2002). It is known to have fundamental roles in the CNS function at all ages and 

also in the prevention of disorders of CNS development, mood disorders and 

dementias including Alzheimer's disease and vascular dementia in elderly people 

(reviewed by Reynolds, 2006). 

Figure 26: Role of Vitamin B12 as a Cofactor 

 

 
 

Role of Vitamin B12 in Pregnancy 

Maternal vitamin B12 plays a role in intrauterine development which may 

impact birth weight, risk of diabetes and cognitive functioning (reviewed by Pepper 

and Black, 2011). It also has a role in DNA synthesis and cell multiplication during 

pregnancy (reviewed by Carmel et al., 2003). Their concentrations are known to 
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decline during pregnancy due to haemodilution (Metz et al., 1995). Vitamin B12 is 

concentrated in the placenta and transferred to the fetus, with newborn vitamin B12 

concentrations approximately double than those of the mother (reviewed by Dror and 

Allen, 2012). A strong association is known to exist between maternal and infant 

plasma vitamin B12 concentrations at delivery, indicating that maternal vitamin B12 

status affects the fetal vitamin status at birth (reviewed by Hovdenak and Haram, 

2012). In India, the RDA of vitamin B12 for pregnancy and lactation is 1.2 and 1.5 

μg/day respectively (ICMR, 2009). 

Vitamin B12 Deficiency 

Vitamin B12 deficiency is mainly seen in pregnant women consuming a 

predominantly vegetarian diet (reviewed by Hovdenak and Haram, 2012). Studies in 

India have shown a low dietary consumption of vitamin B12 due to dietary pattern of 

vegetarianism and poor consumption of milk and milk products resulting in 

deficiency of vitamin B12 although concentrations of folate are adequate. Thus, this 

leads to an imbalance of plasma folate and vitamin B12, which might have 

physiological consequences during pregnancy (Gadgil et al., 2014). 

Elevated methylmalonic acid and total homocysteine concentrations are 

considered as sensitive metabolic markers for vitamin B12 deficiency (Herrmann et al., 

2000). Vitamin B12 deficiency primarily in the elderly occurs due to malabsorption 

(reviewed by Allen, 2008). Deficiency of vitamin B12 is also known to cause 

pernicious anemia (reviewed by Pepper and Black, 2011). Myelopathy and 

neuropathy are known to be main clinical manifestations of vitamin B12 deficiency 

(reviewed by Cetin et al., 2010). Symptoms of vitamin B12 deficiency include 

megaloblastic anaemia, tingling and numbness of the extremities, gait abnormalities, 

visual disturbances, memory loss and dementia. Furthermore, folic acid fortification 
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or supplementation with >1 mg/day is known to „mask‟ clinical symptoms of vitamin 

B12 deficiency (reviewed by Dror and Allen, 2012). Thus, vitamin B12 

supplementation may be especially needed in women on vegetarian diets, in 

malabsorption disorders and in communities or countries where undernutrition is 

common (reviewed by Hovdenak and Haram, 2012). 

Vitamin B12 in Pregnancy Complications 

Maternal vitamin B12 deficiency is known to be associated with increased risk 

for several adverse pregnancy outcomes for both mother and fetus (Vanderjagt et al., 

2011) such as NTD (Molloy et al., 2009), IUGR (Muthayya et al., 2006), 

preeclampsia (reviewed by Allen, 2005) and early miscarriage (Hübner et al., 2008). 

Poor maternal B-vitamin status has been a major global cause of 

hyperhomocysteinemia and poor pregnancy outcomes (reviewed by Allen, 2005). 

Therefore, the next section describes homocysteine and its role in several pregnancy 

complications.  

3.1.4 Homocysteine 

Structure 

Homocysteine is a non-protein forming, thiol-containing, four-carbon amino 

acid derived from the demethylation of the essential amino acid methionine (reviewed 

by Holmes, 2003) (Fig. 27). It is at the intersection of two metabolic pathways; (1) the 

remethylation cycle that includes remethylation to methionine, which requires folate, 

vitamin B12 or betaine; and (2) transsulfuration to cystathionine, which requires 

pyridoxal-5'-phosphate (Miller et al., 2003). Thus, homocysteine may be either 

remethylated to methionine or eliminated from the cycle by formation of cysteine in 

the transsulfuration pathway (Mislanova et al., 2011). The methionine cycle takes 
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place in all cell types, whereas transsulfuration occurs in a limited number of tissues 

including liver, kidney, small intestine and pancreas (reviewed by Finkelstein, 2006). 

Figure 27: Structure of Homocysteine and Homocystine 

 

 
 

Source: Nelson DL and Cox MM. Lehninger Principles of Biochemistry, 

2004, 4
th

 Edition, Freeman WH, USA. 

 

Structurally, homocysteine closely resembles methionine and cysteine and all 

three amino acids contain sulfur. Homocystine is a dimer composed of two oxidized 

molecules of homocysteine linked by a disulfide bond (reviewed by Klee, 2000) (Fig. 

27). Only 1 to 2% of total homocysteine circulate in blood freely in its reduced form, 

while 70 to 90% are protein-bound and the remaining are disulfides, homocystine and 

the mixed disulfide homocysteine-cysteine (reviewed by Herrmann, 2001). The sum 

of all the forms of homocysteine present in plasma is usually referred as total 

homocysteine (reviewed by Medina et al., 2001). It is an essential amino acid required 

for the growth of cells and tissues in the human body. The only source of 



101 
 

homocysteine in the human organism comes from the methionine in dietary proteins. 

Methionine is the only essential, sulfur containing amino acid in mammalian diets 

which are mainly of animal origin (reviewed by de la Calle et al., 2003). 

Homocysteine metabolism is strongly linked to its function as a methyl group donor 

in transmethylation reactions (Poirier, 2002). There are four key enzymes involved in 

homocysteine metabolism: cystathionine β-synthase, 5,10-methylentetrahydrofolate 

reductase, methionine synthase and methionine synthase reductase (Also-Rallo et al., 

2005). 

It is important to note that plasma homocysteine can also serve as a functional 

indicator of vitamin status and therefore is useful as a monitoring tool to measure the 

efficacy of a food-fortification program with B-vitamins (reviewed by Selhub, 2008). 

Circulating total homocysteine concentrations are a useful integral marker of one 

carbon metabolism and are known to be influenced by genetic and dietary factors 

(Katre et al., 2010). 

Homocysteine is an oxidant that can generate reactive oxygen species thereby 

damaging macromolecules, including DNA, proteins and lipids (reviewed by Wu et 

al., 2012). Homocysteine is highly cytotoxic and the intracellular homocysteine 

concentration is kept low by catabolism and by a cellular homocysteine export 

mechanism into plasma (reviewed by Herrmann, 2001). Plasma homocysteine is 

mainly metabolized in the kidney (about 70%) but very little is excreted into the urine 

(reviewed by Yeun, 1998). 

Hyperhomocysteinemia 

Hyperhomocysteinemia either results from a genetic defect in the enzymes 

that participate in homocysteine synthesis and metabolism or a deficiency of folic 

acid, vitamins B6 and B12 (Makedos et al., 2007). Elevated homocysteine levels are a 
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sign of disturbed remethylation of homocysteine (Geisel et al., 2005). Higher plasma 

total homocysteine concentrations are also associated with deficits in cognition, 

arterial and/or venous thrombosis, vascular dementia, neuropathies, risk of stroke and 

myocardial infarction (reviewed by Cetin et al., 2010). Studies have shown that 

hyperhomocysteinemia usually can be corrected by supplementation with folic acid 

(Yamamoto et al., 2012; Scorsatto et al., 2011). 

Homocysteine and Pregnancy 

In normal pregnancy, homocysteine concentrations fall with advancing 

gestational age (Guven et al., 2009) and are linked to many factors such as: 

physiological response to pregnancy, increase in oestrogen, hemodilution from 

increased plasma volume or increased demand for methionine by both the mother and 

the fetus (Davari-Tanha et al., 2008).  

Elevated levels of homocysteine are associated with a greater risk of adverse 

pregnancy outcomes. The proposed mechanisms are: increase in oxygen free radical 

concentrations and reduction in nitrous oxide concentrations, leading to endothelial 

dysfunction. It also increases oxidative stress and results in placental ischemia, 

increases inflammatory response that is cytotoxic to endothelial cells and also leads to 

apoptosis of endothelial cells (reviewed by Allen, 2005). Further, placental 

development in early pregnancy is also known to be negatively influenced by 

increased maternal homocysteine concentrations (Steegers-Theunissen and Steegers, 

2003).  

Homocysteine and Preeclampsia 

A number of studies have reported elevated levels of homocysteine in women 

with preeclampsia (Mujawar et al., 2011; Napolitano et al., 2008; Braekke et al., 

2007). Hyperhomocysteinemia is suggested to play a key role in the pathogenesis of 
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preeclampsia through oxidative stress and endothelial cell dysfunction which is the 

central theme ultimately leading to hypertension and proteinuria during gestation 

(reviewed by Steegers et al., 2010; Falcao et al., 2009). Homocysteine is known to 

injure the vascular endothelium by generating hydrogen peroxide and by impairing 

basal nitric oxide production (Stamler et al., 1993). Further, hyperhomocysteinemia 

increases oxidative stress which is caused by an increase in the concentration of 

fibronectin, lipid peroxides and plasma triglycerides (reviewed by de la Calle et al., 

2003). Elevated homocysteine levels which are associated with preeclampsia are also 

reported to be due to genetic abnormalities (reviewed by Selhub, 1999). A recent 

study demonstrates correlation between folate, vitamin B12 and homocysteine that are 

required for the remethylation of homocysteine to methionine in the one carbon cycle 

(Mujawar et al., 2011). 

3.1.5 One Carbon Cycle 

The growing field of epigenetic research has highlighted the role of one 

carbon metabolites on the developmental programming of chronic disease (reviewed 

by Waterland and Michels, 2007). One carbon metabolism is a network of interrelated 

biochemical reactions that involve the transfer of one carbon groups from one site to 

another (reviewed by Choi and Mason, 2000). It is compartmentalized in the cell, 

occurring primarily within the cytoplasm and the mitochondria (reviewed by Beaudin 

and Stover, 2007). These reactions are significant for the production of DNA bases, 

the conversion of homocysteine into methionine, neurological and immunological 

function, growth and development and the formation of red blood cells (reviewed by 

Wu et al., 2012). 

The vitamins, folate and B12 serve as coenzymes in the one carbon metabolism 

(reviewed by Selhub et al., 2008). One carbon metabolism in mitochondria primarily 
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functions to generate one carbon units in the form of formate for cytoplasmic one 

carbon metabolism. In the cytoplasm, folate activated one carbon units act in an 

interdependent anabolic network comprised of 3 biosynthetic pathways: de novo 

purine biosynthesis; de novo thymidylate biosynthesis and the remethylation of 

homocysteine to methionine (reviewed by Stover, 2009). In this metabolism, a carbon 

unit from serine or glycine reacts with THF to form methylene-THF (reviewed by 

Selhub et al., 2008). This form of folate can be used for the synthesis of thymidine; 

oxidized to formyltetrahydrofolate for the synthesis of purines or reduced to 5-MTHF 

and used to methylate homocysteine to form methionine (reviewed by Ross, 2003). 

Methionine is formed via the vitamin B12-dependent transfer of a methyl 

group from 5-MTHF to homocysteine in the methionine synthase reaction (James et 

al., 2004). Methionine is then activated by methionine adenosyltransferase to form 

SAM, the primary methyl donor (Geisel et al., 2005). It is known to donate its labile 

methyl groups to more than 80 biological methylation reactions, including the 

methylation of DNA, RNA, proteins, phospholipids and neurotransmitters (reviewed 

by Choi and Mason, 2002). The transfer of the methyl group from SAM to the various 

methyl acceptors via numerous methyltransferases results in the formation of S-

adenosylhomocysteine (SAH) (James et al., 2004). SAH is subsequently cleaved to 

homocysteine, which lies at an important metabolic branch point. Alternatively, 

homocysteine can be remethylated to reform methionine via either betaine-

homocysteine methyltransferase or methionine synthase or can be exported to the 

extracellular space (Stead et al., 2006). 

In some cell types and tissues, homocysteine can also be degraded by the 

transsulfuration pathway, through which homocysteine irreversibly condenses with 

serine to form cystathionine via a vitamin B6-dependent enzyme cystathionine β-
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synthase (reviewed by Beaudin and Stover, 2007). Pregnancy involves a marked 

acceleration in one carbon transfer reactions, particularly those required for nucleotide 

synthesis and thus cell division, which is the basis for the substantial increase in folate 

requirements during pregnancy (reviewed by Bailey, 2000). Impairments at various 

steps that affect remethylation of homocysteine to methionine or degradation of 

homocysteine to cysteine, including inadequate concentrations of folate or vitamin 

B12, will result in elevated homocysteine concentrations (reviewed by Selhub et al., 

2008). 

One of the major methyl acceptors in the one carbon cycle are the 

phospholipids. Phosphatidylethanolamine-N-methyltransferase (PEMT) catalyzes the 

sequential methylation of phosphatidylethanolamine to phosphatidylcholine (reviewed 

by Vance et al., 1997). PEMT preferentially utilizes phosphatidylethanolamine that 

contains DHA molecule generating a phosphatidylcholine molecule containing DHA 

(DeLong et al., 1999). It has thus been suggested that the methylation of 

phosphatidylethanolamine to phosphatidylcholine by PEMT plays an important role 

in the transport of PUFA like DHA from the liver to the plasma and other tissues 

(Pynn et al., 2011; Selley, 2007). Further, it has been hypothesized that B-vitamin 

(folate, vitamin B12) availability can directly modify liver PEMT activity and PEMT-

dependent PUFA secretion. Thus, adequate dietary intake of these vitamins would be 

necessary to maintain normal plasma DHA concentrations and thus tissue availability 

(van Wijk et al., 2012). Further, animal studies in our department have also 

extensively demonstrated that alterations in maternal levels of folate and vitamin B12 

affect the levels of plasma, brain, milk and placental DHA (Roy et al., 2012; Dangat 

et al., 2011; Kulkarni et al., 2011a). Besides, our studies on pregnant women have 

also discussed that micronutrients such as folic acid, vitamin B12 and DHA are 
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interlinked in the one carbon cycle (reviewed by Dhobale and Joshi, 2012; reviewed 

by Sundrani et al., 2011; Kulkarni et al., 2011b) (Fig. 28). 

Figure 28: One Carbon Cycle 

  

 
 

5,10-MTHF: 5,10-Methylenetetrahydrofolate; 5-MTHF: 5-Methyltetrahydrofolate; COMT: 
Catecholamine-O-Methyltransferase;  DA: Dopamine; DHA: Docosahexaenoic Acid; DNA: 

Deoxyribonucleic Acid; EP: Epinephrine; MS: Methionine Synthase; MT: Methyltransferase; 

MTHFR: Methylenetetrahydrofolate Reductase; NE: Nor-Epinephrine; PC-DHA: 

Phosphatidylcholine-DHA; PE-DHA: Phosphatidylethanolamine-DHA; PEMT: 

Phosphatidylethanolamine Methyltransferase; RNA: Ribonucleic Acid;  SAH: S-Adenosyl 

Homocysteine; SAM: S-Adenosyl Methionine;THF: Tetrahydrofolate;  

 

Earlier cross-sectional studies carried out in our department in women with 

pregnancy complications such as preeclampsia indicate altered levels of LCPUFA and 

higher levels of homocysteine at delivery, which are associated with poor birth 

outcome (Dhobale et al., 2012; Kulkarni et al., 2011b, 2011c; Dangat et al., 2010; 

Mehendale et al., 2008). Furthermore, the department also reported a negative 

association between erythrocyte DHA and plasma homocysteine concentrations in 

preeclampsia (Kulkarni et al., 2011b). However, all these observations were made at 



107 
 

the end of pregnancy when the pathology had progressed. Thus, it would be very 

useful to analyze these levels in early pregnancy to examine changes over time, to 

understand their role in various pregnancy complications. There is also a need to 

examine longitudinally these associations during pregnancy as they are important 

determinants of the one carbon cycle, which play an important role in fetal 

programming and increase the risk of developing NCD such as type 2 diabetes 

(reviewed by Yajnik and Deshmukh, 2008) and CVD (reviewed by Martinelli et al., 

2009; reviewed by Erkkilä et al., 2008) in later life. 

This chapter therefore examines maternal plasma folate, vitamin B12 and 

homocysteine levels at three different time points during gestation and their 

association with maternal fatty acid levels (plasma and erythrocyte, discussed 

earlier in Chapter 2) in women with preeclampsia and compare them with 

normotensive control women.  

3.2 Methods and Materials  

3.2.1  Study Subjects 

The criteria for recruitment of study population and the inclusion and 

exclusion criteria are as mentioned in Chapter 2 (Section 2.2.1). 

3.2.2  Sample Collection and Processing 

Blood samples were collected and processed as described in Chapter 2 

(Section 2.2.2). Folate in plasma is known to be unstable with long storage times, 

therefore analysis for folate, vitamin B12 and homocysteine was carried out 

immediately. The storage cut-off was 3 months. Care was taken not to perform 

analysis on samples that were stored for a longer duration. Furthermore, hemolyzed 

samples were not used for analysis. Figure 29 shows the number of maternal plasma 
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samples analyzed for folate, vitamin B12 and homocysteine levels at various time 

points. 

Figure 29: Flow Chart Showing Number of Maternal Plasma Samples Analyzed for 

Folate, Vitamin B12 and Homocysteine Levels at Various Time Points  

 

 
 

NC: Normotensive Control; PE: Preeclampsia 

 

3.2.3 Neonatal Measurements 

Neonatal measurements were recorded as described in Chapter 2 (Section 

2.2.3). 

3.2.4 Folate, Vitamin B12 and Homocysteine Estimations 

Folate, vitamin B12 and homocysteine levels were estimated by the 

chemiluminescent microparticle immunoassay (CMIA) technology (Abbott 

Diagnostics,Abbott Park, IL, USA) (reviewed by Lee and Griffiths, 1985) and 

described by our department earlier (Dhobale et al., 2012). Briefly, 100 µl of plasma 
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was used for analysis of each folate, vitamin B12 and homocysteine. The folate, 

vitamin B12 and homocysteine assay was a two-step assay with an automated sample 

pre-treatment for determining the presence of folate, vitamin B12 and homocysteine in 

human plasma. The reference range for plasma folate assay was 2.34-17.56 ng ml
-1

, 

for plasma vitamin B12 assay was 187-883 pg ml
-1 

and for homocysteine assay it was 

5.08-15.39 µmol L
-1

. 

Low plasma folate and vitamin B12 concentrations were defined as <10 ng ml
-1 

and <150 pg ml
-1 

respectively and elevated plasma total homocysteine concentrations 

as a concentration >10 µmol L
-1

 (Kulkarni et al., 2011b). 

 

3.2.5 Statistical Analysis 

The data was analyzed using the SPSS/PC+ package (Version 20, Chicago, IL, 

USA). Values are reported as mean ± SD. Skewed variables were transformed to 

normality using the log to the base 10 transformation (plasma folate, vitamin B12, 

homocysteine). Independent t-test was used to compare mean values of the various 

parameters between normotensive control and preeclampsia (p<0.05) after adjusting 

for gestation and socioeconomic status. Correlation between variables was studied 

using Pearson‟s correlation analysis after adjusting for gestation and socioeconomic 

status. The variable sample number (n) in different measures was due to insufficient 

sample volume available. 

3.3 Results 

3.3.1 Frequency of Consumption of Folate and Vitamin B12 Rich Foods 

In our cohort, the major source of folate was green leafy vegetables (e.g., 

spinach, ambat chukka) and legumes (e.g., cowpea, bengalgram, red gram). The rich 

sources of vitamin B12 included dairy products and non-vegetarian food items. Dairy 
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products included whole milk and milk products (milk in tea and other beverages, 

yoghurt, buttermilk, ghee, ice cream and other milk based preparations). The non-

vegetarian foods included meat, fish and eggs. The frequency of consumption of 

folate rich foods was similar in both the normotensive control and preeclampsia 

groups at T1 (p=0.134), T2 (p=0.995) and T3 (p=0.616). Similarly, the frequency of 

consumption of vitamin B12 rich foods was similar in both the groups at T1 (p=0.990), 

T2 (p=0.484) and T3 (p=0.364). The percent women consuming folate and vitamin 

B12 rich foods in both normotensive control and preeclampsia groups are in Table 12.   

Table 12: Frequency of Consumption of Foods Rich in Folate and Vitamin B12 at 

Three Time Points during Pregnancy  

 T1 T2 T3 

Food Group  

n (%) 

NC 

(n=143) 

PE 

(n=52) 

p NC 

(n=114) 

PE 

(n=37) 

p NC 

(n=131) 

PE 

(n=42) 

p 

Folate Rich Foods 

Never 7(4.9) 7(13.5) 0.040 6(5.3) 2(5.4) 0.973 8(6.1) 2(4.8) 0.745 

Weekly twice 82(57.3) 29(55.8) 0.844 61(53.5) 19(51.4) 0.819 66(50.4) 17(40.5) 0.264 

Weekly 2-4 times 40(28) 14(26.9) 0.884 36(31.6) 12(32.4 ) 0.923 37(28.2) 16(38.1) 0.228 

More than 4 times 

in a week 

14(9.8) 

 

2(3.8) 

 

0.181 

 

11(9.6) 

 

4(10.8) 

 

0.837 

 

20(15.3) 

 

7(16.7) 

 

0.828 

 

Vitamin B12 Rich Foods 

Never 3(2.1) 1(1.9) 0.938 1(0.9) 0(0) 0.568 1(0.8) 2(2.4) 0.394 

Weekly once 37(25.9) 14(26.9) 0.883 23(20.2) 5(13.5) 0.365 22(16.8) 26(9.5) 0.257 

Weekly twice 53(37.1) 18(34.6) 0.753 41(36) 11(29.7) 0.488 46(35.1) 58(28.6) 0.434 

More than 2 times 

in a week 

50(35) 

 

19(36.5) 

 

0.839 

 

49(43) 

 

21(56.8) 

 

0.144 

 

62(47.3) 

 

87(59.5) 

 

0.169 

 

 

NC - Normotensive control; PE - Preeclampsia; n - Number of subjects; p - Significance; T1=16th-20th 

week; T2= 26th-30th week; T3= at delivery 

 

3.3.2 Levels of Maternal Plasma Folate, Vitamin B12 and Homocysteine across 

Gestation 

Maternal plasma folate levels were similar between preeclampsia and 

normotensive control groups at all time points across gestation. Maternal plasma 

vitamin B12 levels were significantly higher in preeclampsia (p<0.05) as compared 

with normotensive control at T2. On the other hand, maternal plasma homocysteine 
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levels were higher in preeclampsia as compared with normotensive control at T1, T2 

(p<0.05 for both) and T3 (p<0.01) (Fig. 30). 

Figure 30: Plasma Folate, Vitamin B12 and Homocysteine Levels across 

Gestation  

 

 
 

NC - Normotensive control; PE - Preeclampsia; T1=16th-20th week; T2= 26th-30th week; T3= at 

delivery; **p<0.01, *p<0.5 as compared with NC 

 

The plasma folate levels were <10 ng ml
-1

 in 38.88%, 42.24% and 54.76% of 

normotensive control women and 24.19%, 35.55% and 50% of women with 

preeclampsia at T1, T2 and T3, respectively. The plasma vitamin B12 levels were 

<150 pg ml
-1

 in 25.6%, 39.13% and 46.03% of normotensive control women and 

17.74%, 29.54% and 39.13% of women with preeclampsia at T1, T2 and T3, 
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respectively, whereas the plasma homocysteine levels were >10 µmol L
-1

 in 4.03%, 

3.47% and 16% of normotensive control women and 6.55%, 4.54% and 23.91% of 

women with preeclampsia at T1, T2 and T3, respectively. 

3.3.3 Associations between Folate, Vitamin B12 and Homocysteine in Maternal 

Plasma 

There was a negative association between maternal plasma folate and maternal 

plasma homocysteine at T2 (r = -0.189, p = 0.045, n =115) in normotensive control. 

Similar negative association was observed between maternal plasma vitamin B12 and 

maternal plasma homocysteine at T1 and T2 (r = -0.258, p = 0.004, n =123; r = -0.264, 

p = 0.005, n =114) in normotensive control. However, no associations were observed 

in the preeclampsia group. 

3.3.4 Associations of Maternal Plasma Fatty Acids with Maternal Plasma 

Folate, Vitamin B12 and Homocysteine 

There was a positive association between maternal plasma folate and maternal 

plasma AA at T3 (r = 0.271, p = 0.003, n = 125) in normotensive control. While in 

preeclampsia there was a positive association between maternal plasma folate and 

maternal plasma DHA at T1 (r = 0.402, p = 0.003, n = 54). 

A positive association was observed between maternal plasma vitamin B12 and 

maternal plasma AA at T1 in normotensive control and preeclampsia (r = 0.203, p = 

0.031, n =122; r = 0.295, p = 0.035, n = 54 respectively). In preeclampsia, there was a 

positive association of maternal plasma vitamin B12 with maternal plasma DHA and 

total omega-3 fatty acids at T1 (r = 0.327, p = 0.019, n = 54; r = 0.388, p = 0.005, n = 

54 respectively). 

There was a negative association of maternal plasma homocysteine with 

maternal plasma AA at T1 and T3 (r = -0.235, p = 0.013, n = 121; r = -0.180, p = 



113 
 

0.050, n = 124 respectively) and maternal plasma DHA at T3 (r = -0.185, p = 0.044, n 

=124) in normotensive control. In preeclampsia, a negative association was observed 

between maternal plasma homocysteine and maternal plasma DHA at T2 (r = -0.447, 

p = 0.006, n = 44). Similar negative association was seen between maternal plasma 

homocysteine and maternal plasma total omega-3 fatty acids at T1 (r = -0.274, p = 

0.054, n = 53) in preeclampsia. 

3.3.5 Associations of Maternal Erythrocyte Fatty Acids with Maternal Plasma 

Folate, Vitamin B12 and Homocysteine 

There was a positive association between maternal plasma folate and maternal 

erythrocyte DHA at T1 and T3 (r = 0.280, p = 0.038, n = 58; r = 0.340, p = 0.032, n = 

46 respectively) in preeclampsia. Similar positive association was seen between 

maternal plasma folate and maternal erythrocyte total omega-3 fatty acids at T1 (r = 

0.287, p = 0.034, n = 58) in preeclampsia. However, there was no association 

observed in the normotensive control group. 

There was a positive association of maternal plasma vitamin B12 with maternal 

erythrocyte DHA and total omega-3 fatty acids at T3 (r = 0.454, p = 0.003, n = 46; r = 

0.393, p = 0.012, n = 46 respectively) in preeclampsia. However, there was no 

association observed in the normotensive control group. 

3.3.6 Associations of Maternal Plasma Folate, Vitamin B12 and Homocysteine 

with Birth Outcome 

There was a positive association of maternal plasma folate and maternal 

plasma vitamin B12 with baby weight (r = 0.190, p = 0.040, n = 126; r = 0.224, p = 

0.015, n = 126) at T3 in normotensive control. However, no associations were 

observed in preeclampsia. 
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3.4 Discussion 

The present prospective study examined the levels of maternal plasma 

folate, vitamin B12 and homocysteine across gestation in normotensive control 

women and women with preeclampsia. Further, their associations with maternal 

fatty acids (plasma and erythrocyte) were also examined. Our results for the first 

time indicate several interesting observations in preeclampsia which are as 

follows: 

1) No change in the maternal plasma levels of folate at all time points  

2) A significant increase in the maternal plasma levels of vitamin B12 only at T2 

3) A significant increase in the maternal plasma levels of homocysteine as 

gestation advances 

4) Positive association of maternal plasma folate with maternal plasma and 

erythrocyte DHA at T1 

5) Positive association of maternal plasma vitamin B12 with maternal plasma 

DHA and total omega-3 fatty acids at T1 

6) Negative association of maternal plasma homocysteine with maternal plasma 

DHA at T2 and total omega-3 fatty acids at T1  

7) In addition, a positive association of maternal plasma folate and vitamin B12 

with baby weight at T3 was observed only in normotensive control 

3.4.1 Maternal Plasma Folate Levels 

In the present study, maternal plasma folate levels were not significantly 

different at all time points between the preeclampsia and normotensive control 

groups. These results are similar to earlier studies which did not find any significant 

difference in the folate levels between control and preeclampsia (Li et al., 2013; 

Thériault et al., 2013; Furness et al., 2012; Guven et al., 2009; Makedos et al., 2007; 
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Braekke et al., 2007; Rajkovic et al., 1997).  It has been suggested that there may be 

some other factors in addition to this vitamin deficiency which play a role in the 

etiopathogenesis of preeclampsia (Acilmis et al., 2011).  

In contrast, few other studies have reported either lower levels of folate 

(Salehi-PourMehr et al., 2012; Bergen et al., 2012; Mujawar et al., 2011; Patrick et 

al., 2004; Sanchez et al., 2001) or higher levels (Also-Rallo et al., 2005; López-

Quesada et al., 2003; Powers et al., 2003) in preeclampsia as compared to controls. 

The discrepancy of these reports may be a result of various factors, including the 

timing of the intervention, the dose of folic acid, the other components in the 

supplements and the population (Li et al., 2013). As per the National Anemia 

Prophylaxis Programme all women in our cohort were routinely given iron (60 mg) 

and folic acid (500 µg) tablets during the first trimester of pregnancy. One possible 

explanation for similar levels could also be due to this Prophylaxis Programme, as in 

our study the first sample was collected at the end of first trimester. Similar 

observation has been reported by others in a cohort of pregnant women benefiting 

from a national policy of folic acid food fortification along with a high adherence to 

folic acid supplementation (Thériault et al., 2013).  

3.4.2 Maternal Plasma Vitamin B12 Levels 

In the current study, maternal plasma vitamin B12 levels were comparable 

between preeclampsia and normotensive control group at T1 and at T3. However, at 

T2, levels of maternal plasma vitamin B12 were higher in preeclampsia as compared to 

normotensive control. Studies carried out in preeclampsia are contradictory, with few 

reporting no change (Bergen et al., 2012; Acilmis et al., 2011; Guven et al., 2009; 

Makedos et al., 2007; López-Quesada et al., 2003; Sanchez et al., 2001; Rajkovic et 

al., 1997) and others reporting lower levels (Mujawar et al., 2011; Laivuori et al., 
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1999). There is one study which reports significantly higher vitamin B12 levels found 

in patients with preeclampsia bearing the wild type genotype of MTHFR gene 

involved in the folate-homocysteine metabolism. However, they suggest that these 

results are difficult to explain and should be confirmed in a larger group of patients 

(Also-Rallo et al., 2005).  

In addition to the above studies, there is one report suggesting that vitamin B12 

concentrations are specific to different races and do not differ by pregnancy outcome 

(Patrick et al., 2004). It has also been suggested that transcobalamin I is ubiquitous in 

most body fluids and its major importance is the problem it may cause with false 

positive increased vitamin B12 measurements (reviewed by Klee, 2000). Further, it has 

also been reported that because serum vitamin B12 levels are often influenced by 

factors unrelated to vitamin B12 intake, stores or deficiency, it is unclear whether the 

differences in concentrations actually reflect vitamin B12 status (Patrick et al., 2004). 

 Elevated levels of plasma cobalamin are known to be associated with 

functional cobalamin deficiency (Ermens et al., 2003). Increased levels of vitamin B12 

are reported to be associated with inflammatory diseases (Geissbühler et al., 2000) 

and inflammation is known to contribute to the development of preeclampsia (López-

Jaramillo et al., 2008). Thus, this may possibly have contributed to the increased 

levels of vitamin B12 observed in the present study and our earlier departmental cross-

sectional study (Dhobale et al., 2012). 

Despite similar frequency of consumption of folate and vitamin B12 rich foods 

between both the groups in our study, maternal vitamin B12 levels were higher in 

preeclampsia at T2. However, maternal vitamin B12 levels in Indians are known to be 

lower than that reported in western subjects (reviewed by Muthayya, 2009) and 

findings from the study support the same. This is because of low dietary consumption 
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of vitamin B12 as vegetarianism has been widely practiced in India (reviewed by 

Antony, 2003). 

3.4.3 Maternal Plasma Homocysteine Levels 

The current prospective study reports higher maternal plasma homocysteine 

levels across pregnancy starting from 16
th
 week of gestation till delivery in women 

with preeclampsia as compared with normotensive control women. Our results are in 

accordance with studies reporting higher levels of homocysteine at 11
th
-16

th
 week 

(Bergen et al., 2012), at the 11
th
-14

th
 week (Kaymaz et al., 2011), at the 24

th
 and 34

th
 

week of gestation (López-Quesada et al., 2003). In addition, others too report that 

elevated homocysteine levels in early pregnancy are known to be associated with the 

later development of mild preeclampsia (Cotter et al., 2003). A study suggests that 

elevations in homocysteine levels precede the clinical manifestation of preeclampsia 

by approximately 8-16 weeks (Sorenson et al., 1999). In contrast, others indicate that 

homocysteine measured in second trimester cannot be used as a screening test for 

preeclampsia (Hietala et al., 2001). A number of other studies have also found higher 

levels of homocysteine in preeclampsia as compared with normotensive control (Kim 

et al., 2012; Acilmis et al., 2011; Mujawar et al., 2011; Guven et al., 2009; Makedos 

et al., 2007; Patrick et al., 2004; López-Quesada et al., 2003; Sanchez et al., 2001). 

However, the above mentioned studies were either carried out during early pregnancy, 

third trimester or at delivery.  

Elevated plasma total homocysteine is known to arise from inadequate folate 

or vitamin B12 status (reviewed by Molloy et al., 2008). In the current study there was 

a negative association of maternal plasma folate and vitamin B12 with homocysteine 

in normotensive control group although these observations were not observed in the 

preeclampsia group. Reports indicate that elevated serum homocysteine levels were 
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not associated with deficiency of folic acid and vitamin B12 in preeclampsia (Acilmis 

et al., 2011). Our findings support studies which report that vitamin B12 is a predictor 

for maternal total homocysteine for the control group, but not in the preeclampsia 

group (Braekke et al., 2007).  

Studies suggest that increased homocysteine levels may cause oxidative stress 

and endothelial dysfunction that would ultimately lead to hypertension and proteinuria 

during gestation (Falcao et al., 2009). Few studies however believe that, in most 

cases, hyperhomocysteinemia may be a consequence rather than a cause of 

hypertensive disorders of pregnancy (Bergen et al., 2012; Steegers-Theunissen et al., 

2004). Hyperhomocysteinemia observed in preeclampsia could also be explained 

partially by the pathologic process of hemoconcentration observed in preeclampsia 

(Acilmis et al., 2011). Thus, these elevated levels of homocysteine in preeclampsia 

observed in the current study support the dysregulation of the one carbon cycle in 

preeclampsia.  

3.4.4 Associations of Maternal Fatty Acids (Plasma and Erythrocyte) with 

Maternal Plasma Folate, Vitamin B12 and Homocysteine 

The current study for the first time reports a positive association of maternal 

plasma folate and vitamin B12 with maternal plasma and erythrocyte DHA during 

pregnancy in preeclampsia. Furthermore, there was a negative association between 

maternal plasma DHA and homocysteine in preeclampsia, suggesting the associations 

of folate, vitamin B12 and homocysteine with DHA in the one carbon cycle as has 

been reported by us earlier in our departmental human and animal studies (Roy et al., 

2012; Sable et al., 2012; Kulkarni et al., 2011a, 2011b; Dangat et al., 2011; Kale et 

al., 2010). Our findings indicate that homocysteine levels in preeclampsia are possibly 

influenced by DHA. It is well known that homocysteine itself is known to generate 
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reactive oxygen species and induce lipid peroxidation (Loscalzo, 1996). A number of 

animal and human studies have also suggested a link between hyperhomocysteinemia, 

lipid peroxidation and a decrease in omega-3 fatty acids (Assies et al., 2004). It has 

been suggested that by reducing homocysteine concentrations, folate may reduce the 

generation of reactive oxygen species and thus spare DHA, which is a target for lipid 

peroxidation (Durand et al., 1996). Furthermore, intervention studies and recent meta-

analysis document that the high consumption of omega-3 fatty acids decreases plasma 

homocysteine levels (Huang et al., 2011).  

3.4.5 Associations of Maternal Plasma Folate and Vitamin B12 with Birth 

Outcome 

A positive association was observed between maternal plasma folate and baby 

weight at T3 in the normotensive control group in the current study. It is well known 

that due to the role of folate in DNA synthesis and cell replication it can influence 

fetal growth (reviewed by Scholl and Johnson, 2000). Further, a number of 

observational studies suggest a possible beneficial effect of good maternal folate 

status on birth weight (Relton et al., 2005; Neggers et al., 1997; Frelut et al., 1995). 

The current study also reports a positive association of maternal plasma vitamin B12 

and baby weight at T3. Thus, our findings suggest that supplementation of both folic 

acid and vitamin B12 may be useful to improve baby weight.  

Summary 

The present prospective data indicates altered levels of vitamin B12, 

homocysteine and DHA, key components of one carbon cycle in preeclampsia. 

This study for the first time demonstrates that a disturbed one carbon cycle from 

early pregnancy may be the primary mechanism underlying pregnancy outcome. 
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Therefore, this study suggests that a balanced dietary supplementation of folate, 

vitamin B12 and DHA during pregnancy may be beneficial. 

As discussed in Chapter 2, we found altered levels of LCPUFA in 

preeclampsia. The dietary intake of normotensive control women and women 

with preeclampsia were similar suggesting that these alterations could be due to 

disturbed fatty acid metabolism. Therefore, the next chapter examines fatty acid 

desaturases and fatty acid transport proteins which are known to influence fatty 

acid metabolism. 
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ABSTRACT 

Our earlier studies both in animals and in humans have indicated that micronutrients 

(folic acid, vitamin B12) and long-chain polyunsaturated fatty acids, especially 

docosahexaenoic acid (DHA), are interlinked in the one-carbon cycle, which plays 

an important role in fetal 'programming' of adult diseases. The present study 

examines the levels of maternal and cord plasma fatty acids, maternal folate, vitamin 

B12 and homocysteine in healthy mothers at various time points during pregnancy 

and also examine an association between them. A longitudinal study of 106 normal 

pregnant women was carried out, and maternal blood was collected at three time 

points, viz., T1 = 16-20th week, T2 = 26-30th week and T3 = at delivery. Cord blood 

was collected at delivery. Fatty acids were estimated using a gas chromatograph. 

Levels of folate, vitamin B12 and homocysteine were estimated by the 

chemiluminescent microparticle immunoassay (CMIA) technology. Maternal plasma 

folate (P < 0.05), vitamin B12 (P < 0.01) and DHA (P < 0.05) levels were lowest, 

while maternal homocysteine levels were highest (P < 0.01) at T3. There was a 

negative association between maternal DHA and homocysteine at T2 (P < 0.05) and 

T3 (P < 0.01). There was a positive association between plasma DHA in maternal 

blood at T3 and cord blood. Furthermore, there was a positive association between 

maternal folate and vitamin B12 at T3 and baby weight, whereas maternal 

homocysteine at T1 were inversely associated with baby weight at delivery. Our 

study provides evidence for the associations of folic acid, vitamin B12, homocysteine 

with DHA and baby weight, suggesting that a balanced dietary supplementation of 

folate-vitamin B12-DHA during pregnancy may be beneficial. 
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Chapter 4 
Placental Fatty Acid Desaturases and 

Transport Proteins in Preeclampsia
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4.1 Introduction 

The LCPUFA that the fetus accumulates in utero is primarily derived 

from maternal circulation and small amounts are synthesized in the placenta and 

are transferred to the fetus. Thus, to satisfy its need for fatty acids, the fetus 

depends on the maternal diet and metabolism as well as on placental metabolism 

and transport. As mentioned in Chapter 2, we observed lower levels of LCPUFA 

especially DHA in maternal and cord plasma, erythrocytes and placenta in 

preeclampsia. As mentioned in Chapter 3, we reported an altered one carbon 

cycle in preeclampsia which may influence the expression of vital genes involved 

in fatty acid metabolism in the placenta. The present study therefore examines 

the mRNA levels of placental ∆5 and ∆6 desaturase enzymes involved in the 

LCPUFA biosynthetic pathway and placental FATP1, FATP4 and FABP3 

involved in the placental fatty acid transport in normotensive control women and 

women with preeclampsia. 

4.1.1 Fatty Acid Desaturases and Elongases 

The LCPUFA levels in the tissue are determined by both dietary intake and 

endogenous synthesis via the successive elongation and desaturation of dietary fatty 

acid precursors (Bokor et al., 2010). In the 1990s and 21
st
 century, molecular and 

genetic methodologies were introduced that enabled the in-depth analysis of the 

regulation of fatty acid elongation and desaturation pathways (reviewed by Cook and 

McMaster, 2002). De novo synthesis of LCPUFA is catalyzed by families of 

enzymes, the fatty acid desaturases and elongases (Jacobi et al., 2011). 

Fatty acid desaturases are enzymes that catalyze the introduction of cis double 

bonds at specific positions in a fatty acid chain (reviewed by Los and Murata, 1998). 

By introducing a double bond into the fatty acid chain, desaturase enzymes are known 
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to have important consequences on the chemical structure of fatty acids and 

subsequently on their function (reviewed by Kröger and Schulze, 2012). Elongase 

enzymes on the other hand add 2-carbon subunits at the carboxyl terminal of the fatty 

acid chain (Jacobi et al., 2011). Thus, fatty acid elongation and desaturation are two 

key metabolic routes for the synthesis of MUFA and PUFA (Wang et al., 2006). 

There are 4 desaturase enzymes and at least 7 elongase enzymes that have 

been identified in the synthesis pathway of unsaturated fatty acids in humans and 

rodents (reviewed by Guillou et al., 2010; reviewed by Jakobsson et al., 2006). Fatty 

acid desaturases have been distributed most universally and are found in all organisms 

examined, with the exception of some bacteria (Escherichia coli) (reviewed by Los 

and Murata, 1998). 

All mammalian desaturases that have been identified are acyl-CoA desaturases 

(reviewed by Nakamura and Nara, 2004). Two distinct groups of acyl-CoA 

desaturases are present in mammals i.e. one group comprises the stearoyl-CoA 

desaturases (SCD) and the other consists of ∆5 desaturase and ∆6 desaturase 

(reviewed by Nakamura and Nara, 2002). These desaturase genes are localized to a 

1.4 Mb region on chromosome 11 and they are speculated to have arisen through the 

mechanism of gene duplication during human evolution (Marquardt et al., 2000). 

Although both desaturases are expressed in most human tissues, the highest 

expression levels are observed in the liver (Cho et al., 1999a). These desaturase 

enzymes are known to mediate and modulate metabolic functions and physical 

properties of the cell (reviewed by Nakamura and Nara, 2004). 

4.1.2 Nomenclature of Fatty Acid Desaturases 

The specific site of desaturation by these enzymes is defined with respect to 

the carboxyl terminus (∆-position) or the methyl terminus (ω-position) of the fatty 



123 
 

acid (reviewed by Los and Murata, 1998). Delta (∆) desaturases create a double bond 

at a fixed position counted from the carboxyl end of fatty acids, whereas omega (ω) 

desaturases act on a specific position counted from the methyl end of a fatty acid 

(reviewed by Nakamura and Nara, 2004). For example, Δ9 desaturase creates a 

double bond at the ninth position from the carboxyl end whereas ω3 desaturase 

creates a double bond between the third and fourth carbon from the methyl end of the 

fatty acid. 

4.1.3 Delta (∆) 9 Desaturase 

Δ9 fatty acid desaturases, also known as SCD are key lipogenic enzymes that 

catalyze the biosynthesis of MUFA from saturated fatty acids (Brock et al., 2007). ∆9 

desaturase was first purified from rat liver and subsequently its gene was identified 

from the amino acid sequence (reviewed by Nakamura and Nara, 2004). There are 2 

SCD isoforms (hSCD1 and hSCD5) that have been identified in humans, exhibiting 

different tissue distribution patterns but known to share the same enzymatic function. 

Of these isoforms, SCD1 is the predominant one and is expressed ubiquitously among 

tissues (reviewed by Liu et al., 2011).  

SCD1 is known to contain a 33-amino acid sequence at the N terminus that 

results in the rapid degradation of this enzyme via a ubiquitin-dependent proteasome 

mechanism (Kato et al., 2006; Mziaut et al., 2000). The ∆9 desaturation system is 

composed of three major protein components: (1) NADH-cytochrome b5 reductase, 

(2) cytochrome b5 and (3) a desaturase domain that is cyanide-sensitive and rate-

limiting in double bond formation (reviewed by Cook and McMaster, 2002). ∆9 

desaturase catalyzes the synthesis of oleic acid from stearic acid (reviewed by 

Ntambi, 1995) which is then incorporated mainly into triacylglycerol as an energy 

reserve (Phinney et al., 1990). 
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4.1.4 Delta (∆) 5 and Delta (∆) 6 Desaturases 

The human desaturase cDNAs were first cloned in 1999 (Cho et al., 1999a, 

1999b) and were identified in the year 2000 as fatty acid desaturase 1 (FADS1, 

encoding ∆5 desaturase) and fatty acid desaturase 2 (FADS2, encoding ∆6 desaturase) 

in the human genome (Marquardt et al., 2000). A third fatty acid desaturase gene 

(FADS3) is also positioned in the FADS cluster; however, the function of its 

translated product remains unknown (Park et al., 2009). It is known to share 52% and 

62% sequence identity with FADS1 and FADS2 genes (reviewed by Simopoulos, 

2010). Both FADS1 and FADS2 genes consist of 12 exons and 11 introns spanning 

the 17.2 kb and 39.1 kb regions respectively and are arranged in a head-to-head 

orientation building a gene cluster on chromosome 11 together (Lattka et al., 2011). 

The third putative desaturase gene, FADS3 also has 12 exons and 11 introns and is 

located in the 6.0 kb telomeric side from the ∆6 desaturase gene and is oriented in a 

tail-to-tail manner. It is believed that all the three FADS genes arose evolutionarily 

from gene duplication and acquired substrate specificity over time since they have 12 

exons, 11 introns and share a common location on chromosome 11 (reviewed by 

Nakamura and Nara, 2004) (Fig. 31). 

FADS1 and FADS2 genes are located close to each other on chromosome 

11q12–q13.1, but in an opposite 5' to 3' orientation (Leonard et al., 2000). The 

specific promoters for the two desaturases have not yet been located but the proximity 

of the promoters opens the possibility that transcription of both the genes may be 

coordinately governed by regulatory sequences common to both the genes (reviewed 

by Nakamura and Nara, 2004). They also contain a common cytochrome-b5- like 

domain and two membrane spanning domains and their expressions in human tissues 

are quite similar (Caspi et al., 2007). The amino acid sequence reveals that this 
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common cytochrome b5 domain at the N-terminus of the polypeptide chain with a C-

terminal catalytic domain is very similar to that found in ∆9 desaturase (reviewed by 

Cook and McMaster, 2002). Thus, ∆5 and ∆6 desaturases form a part of three enzyme 

system that includes NADH-cytochrome b5 reductase, cytochrome b5 and ∆5 and ∆6 

desaturase (Strittmatter et al., 1974). 

Figure 31: Localization of the Human Desaturase Genes 

 

 
 

FADS1: Fatty Acid Desaturase 1; FADS2: Fatty Acid Desaturase 2; FADS3: Fatty Acid Desaturase 3 

Source: reviewed by Nakamura and Nara, 2004, Annu Rev Nutr.  24:345-376. 

 

Cloning of mammalian ∆5 and ∆6 genes demonstrated that the same enzymes 

catalyze the synthesis and regulation of both omega-3 and omega-6 fatty acids which 

are relevant in mammalian physiology (Montanaro et al., 2003). Highest levels of 

transcript and activity for both ∆5 and ∆6 desaturases are found in liver, followed by 

lower amounts in heart, brain, placenta and lung (reviewed by Cook and McMaster, 

2002). Thus, liver is the primary site for the production of LCPUFA (reviewed by 

Zhou and Nilsson, 2001). Further, a comparison of the relative abundance of ∆5 and 
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∆6 desaturase mRNA in various human tissues revealed that the level of ∆6 

desaturase mRNA in all tissues was significantly greater than the amount of ∆5 

desaturase mRNA (Cho et al., 1999a). 

Northern analysis of ∆6 desaturase expression demonstrated that human ∆6 

desaturase mRNA is a single transcript of approximately 3.2 kb and is expressed in a 

wide array of tissues including the brain, liver, lung and heart (Cho et al., 1999b). It is 

known to introduce a double bond between the pre-existing double bond and the 

carboxyl (front) end of the fatty acid and is also classified as a front-end desaturase 

(reviewed by Nakamura and Nara, 2004). It contains membrane-spanning domains, a 

cytochrome b5-like domain and three conserved histidine-rich domains (Cho et al., 

1999b). Further, it is also known to catalyze the first and rate-limiting reaction of 

PUFA synthesis (Stroud et al., 2009). 

The human ∆5 desaturase is a single transcript that is approximately 4.4 kb in 

size and is slightly bigger than the ∆6 desaturase transcript (Cho et al., 1999a, 1999b). 

Similar to ∆6 desaturase, ∆5 desaturase another front-end desaturase also contains a 

cytochrome b5-like domain, as well as three conserved histidine-rich domains 

(reviewed by Nakamura and Nara, 2004). It encodes 444-amino acids (the same 

number as the human ∆6 desaturase) and possesses 61% amino acid identity and 75% 

similarity to the human ∆6 desaturase (reviewed by Nakamura and Nara, 2004). 

Further, the predicted amino acid sequence of ∆5 desaturase contains all of the 

structural characteristics present in ∆6 desaturase (Cho et al., 1999a). 

4.1.5 Fatty Acid Biosynthetic Pathway   

 The liver plays a central role in whole body lipid metabolism (reviewed by 

Basseri and Austin, 2012) where the fatty acid structure is modified through 

metabolic pathways that include desaturation, elongation, monooxidation and 
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peroxisomal β-oxidation (chain shortening) (Wang et al., 2006). Fatty acids are 

synthesized de novo from glucose (reviewed by Larque et al., 2002). 

Essential Fatty Acid Biosynthesis 

The EFA biosynthetic pathway begins with the action of ∆9 desaturase that 

catalyzes the conversion of stearic acid to oleic acid (Slagsvold et al., 2009). The 

predominant omega-6 and omega-3 fatty acids i.e. LA and ALA are required in the 

diet of humans, as they lack the ∆12- and ∆15-desaturases that convert oleic acid to 

LA and ALA, respectively (reviewed by Ruiz-López et al., 2012). Thus, humans are 

absolutely dependent on plants  for providing double bonds in the ∆12 and ∆15 

positions of the two major precursors of the omega-6 and omega-3 fatty acids 

(reviewed by Cook and McMaster, 2002) (Fig. 32). 

Figure 32: Essential Fatty Acid Biosynthetic Pathway 
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LCPUFA Biosynthesis 

The LCPUFA biosynthetic pathway involves the sequential activities of ∆6 

desaturase, elongases, ∆5 desaturase for the conversion of 18-carbon EFA to 24-

carbon intermediates and peroxisomal β-oxidation to form the final 22-carbon 

products (Burdge et al., 2003). These elongation and desaturation reactions occur in 

the endoplasmic reticulum, while the final β-oxidation step occurs in the peroxisome 

(Childs et al., 2008). The two rate-limiting enzymes involved in this process are ∆5 

and ∆6 desaturases that catalyze all the desaturation steps of the omega-3 and omega-

6 pathways (Xiang et al., 2006).  

 In human and other mammalian cells, microsomal ∆6 desaturation of EFA, 

LA and ALA is the first and rate limiting step in the biosynthesis pathway (de 

Antueno et al., 2001). There exists competition for active sites on ∆6 desaturase, 

when both of these substrates are present, with ALA being the preferred substrate 

(reviewed by Sprecher, 2002). The affinity of ∆6 desaturase for ALA is 

approximately two to three times that of LA (Rodriguez et al., 1998). The initial 

introduction of a double bond by the action of ∆6 desaturase converts LA to GLA and 

ALA to stearidonic acid respectively (reviewed by Williams and Burdge, 2006). 

These products are then elongated by an elongase to form DGLA and eicosatetraenoic 

acid respectively (Leonard et al., 2000). ∆5 desaturase then introduces another double 

bond at the ∆5 position of DGLA and eicosatetraenoic acid to synthesize AA and 

EPA, respectively (Rodriguez-Cruz et al., 2006). 

AA and EPA are elongated twice to form tetracosatetraenoic acid and 

tetracosapentaenoic acid which are then desaturated to synthesize DPA (omega-6) and 

DHA that involves a series of steps i.e. further addition of four carbons, desaturation 

at the ∆6 position and limited peroxisomal β-oxidation (Burdge et al., 2003). A 

http://en.wikipedia.org/wiki/Eicosatetraenoic_acid
http://en.wikipedia.org/wiki/Eicosatetraenoic_acid
http://en.wikipedia.org/wiki/Eicosatetraenoic_acid
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second microsomal ∆6 desaturation takes place on these PUFA and the products of 

this desaturation, tetracosapentaenoic acid and tetracosahexaenoic acid, are converted 

to DPA (omega-6) and DHA, respectively, by peroxisomal β-oxidation (reviewed by 

Sprecher, 2002). DHA synthesis requires two rate-limiting ∆6-desaturations, whereas 

AA synthesis requires only one (Crawford, 2000). Studies have demonstrated that 

peroxisomal β-oxidation plays a critical role in DHA synthesis which is essential for a 

number of cellular functions and this DHA formed is rapidly incorporated into 

phospholipids or transported out of peroxisomes, whereas excess DHA remains in 

peroxisomes and undergoes further degradation (reviewed by Nakamura and Nara, 

2004) (Fig. 33). This pathway is known as the Sprecher pathway and is an alternative 

to direct ∆4 desaturation pathway (reviewed by Cook and McMaster, 2002). 

Figure 33: Biosynthesis of Fatty Acids 
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4.1.6 Regulation of Fatty Acid Desaturases  

Recent advances have revealed that mammalian fatty acid desaturases are 

known to share common regulatory mechanisms such as upregulation of their 

expression by insulin, repression by LCPUFA and induction by peroxisome 

proliferators (reviewed by Nakamura and Nara, 2004). Sterol regulatory element-

binding protein-1c (SREBP-1c), a transcription factor of the basic-helixloop-helix-

leucine-zipper family induces a set of genes involved in fatty acid synthesis (reviewed 

by Horton et al., 2002). It includes all three mammalian desaturases: SCD (Liang et 

al., 2002), ∆5 and ∆6 desaturase (Matsuzaka et al., 2002). A number of studies report 

that SREBP-1c mediates the effect of insulin on transcriptional activation of genes 

involved in fatty acid synthesis such as SCD and ∆6 desaturase (reviewed by Horton 

et al., 2002). 

Dietary PUFA is known to inhibit hepatic lipogenesis by suppressing the 

expression of a number of hepatic enzymes involved in fatty acid biosynthesis i.e. 

SCD, ∆6 and ∆5 desaturases (reviewed by Clarke, 2001). SREBP-1c has been 

identified as the factor that mediates this PUFA effect by binding the PUFA response 

sequence in promoters of SCD (reviewed by Ntambi, 1999) and ∆6 desaturase (Nara 

et al., 2002). Dietary PUFA exert their effects by reducing both mRNA and 

proteolytic activation of SREBP-1c (Xu et al., 2002). Thus, SREBP-1c mediates 

transcriptional activation of the SCD and ∆6 desaturase genes by inhibition by PUFA 

(reviewed by Nakamura and Nara, 2002). 

Peroxisome proliferators bind to a nuclear receptor, peroxisome proliferator 

activated receptor α (PPARα), which then activates transcription of target genes by 

binding as a heterodimer to a cis element, peroxisome proliferator response element 

(PPRE) (Forman et al., 1997). PPARα is known to activate genes involved in fatty 
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acid β-oxidation, while SREBP-1 activates genes involved in fatty acid synthesis 

(reviewed by Nakamura and Nara, 2002). The presence of PPRE in the promoters of 

SCD (Miller and Ntambi, 1996) and ∆6 desaturase genes (Tang et al., 2003) has been 

reported by a number of cell culture studies. However, the induction of desaturases by 

peroxisome proliferators is still enigmatic because the major effect of peroxisome 

proliferators is induction of fatty acid oxidation enzymes by activating PPARα 

(reviewed by Nakamura and Nara, 2002). In conclusion, the nutritional expression of 

desaturase enzymes is known to be regulated by both SREBP-1 and PPARα 

(Matsuzaka et al., 2002). 

4.1.7 Placental Transport of LCPUFA 

 An important family of compounds that passes through the placenta is fatty 

acids, especially EFA and their derivatives LCPUFA (Xu et al., 2008). Human 

placental transport of LCPUFA from the maternal circulation into the fetal circulation 

is essential for proper fetal growth and development (reviewed by Duttaroy, 2006). 

Only non-esterified fatty acids (NEFA) are taken up by the placenta. These are mainly 

derived from NEFA in the maternal circulation, free fatty acids bound to albumin or 

from triglycerides following the action of placental lipases on the microvillous 

membrane (maternal-facing) in concert with specific binding sites for the lipoproteins 

(reviewed by Haggarty, 2010) (Fig. 34).  

 There are three central issues which are involved in the placental transport 

process: (i) the low solubility of fatty acids under aqueous conditions, (ii) the physical 

and chemical parameters of fatty acids allowing them to readily partition into a lipid 

bilayer and (iii) the identification of membrane-bound and membrane-associated 

proteins which play key role in this process (reviewed by Black and DiRusso, 2003). 

In tissues where demand for fatty acids is high, uptake of fatty acids by simple 
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diffusion may be insufficient to meet minimum requirements (reviewed by Kazantzis 

and Stahl, 2012). Therefore, the placental transfer of fatty acids is a complex, 

multistep process which is facilitated by numerous membrane bound and cytoplasmic 

fatty acid binding proteins identified in the human placenta (reviewed by Gil-Sánchez 

et al., 2012) (Fig. 34). These include FAT, FABPpm, FATP and intracellular fatty 

acid binding proteins (FABP) (Dubé et al., 2012). In conditions of increased cellular 

fatty acid metabolism, these proteins are upregulated and facilitate the transfer across 

membranes and intracellular channeling of fatty acids (reviewed by Haggarty, 2004). 

Figure 34: Placental Transport of Fatty Acids  

 

 
 

α-FP: Alpha Fetoprotein; CE: Cholesterol Ester; FA: Fatty Acids; HDL: High Density Lipoprotein; 

LDL: Low Density Lipoprotein; NEFA: Non-Esterified Fatty Acid; PL: Phospolipid; TG: Triglyceride; 

VLDL: Very Low Density Lipoprotein 

Source: Modified from review of Haggarty, 2010, Annu Rev Nut. 30:237-55. 
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4.1.8 Membrane Bound Fatty Acid Transporters 

 The placenta has two polarized plasma membranes: a maternal-facing 

microvillous membrane and basal membrane oriented towards the fetal circulation 

and the transport characteristics of these two plasma membranes is known to have a 

major influence on net placental nutrient transport and consequently fetal growth 

(reviewed by Lager and Powell, 2012). The fatty acid transport proteins that have 

been identified in human placental membranes are FABPpm, placental plasma 

membrane FABP (p-FABPpm), FAT/CD36 and FATP (Fig. 35).   

Figure 35: Membrane Bound Fatty Acid Transporters 

 

 
 

FABPpm: Plasma Membrane Fatty Acid Binding Protein; FAT: Fatty Acid Translocase; FATP: Fatty 
Acid Transport Protein; p-FABPpm: Placental Plasma Membrane Fatty Acid Binding Protein 
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Plasma Membrane Fatty Acid Binding Protein (FABPpm) 

 The first fatty acid transporter identified by Stremmel and group was 

FABPpm. It was first isolated from hepatic plasma membrane but later from major 

tissues with high transmembrane fatty acid fluxes (reviewed by Duttaroy, 2009). Later 

on this protein was demonstrated to be identical to the mitochondrial isoform of the 

enzyme aspartate aminotransferase (reviewed by Roepstorff et al., 2004). The 

presence of FABPpm both in sheep and human placental membranes was 

demonstrated by Campbell and group (reviewed by Duttaroy, 2009). It is a 40 kDa 

protein that is anchored to the outer leaflet of the plasma membrane with its 

hydrophobic tail. It is a peripheral membrane protein that functions as an extracellular 

fatty acid receptor facilitating the diffusion of fatty acid through the membrane 

(reviewed by Haggarty, 2002). FABPpm does not represent an exclusive fatty acid 

transport system since it has a differential distribution throughout the organism 

(reviewed by Stremmel et al., 2001). However, at different subcellular sites it is 

known to have distinct functions (reviewed by Duttaroy, 2009). 

Placental FABPpm (p-FABPpm) 

 Reports indicate the presence of p-FABPpm exclusively on the maternal-

facing membranes of the placenta and may therefore be involved in the sequestration 

of maternal LCPUFA for fetal growth and development (reviewed by Duttaroy, 

2000a). It is known that p-FABPpm is similar in size (40 kDa) to FABPpm but has a 

distinct amino acid composition and isoelectric point from FABPpm, lack 

mitochondrial aspartate aminotransferase activity and is also found solely on 

microvillous membrane of the placenta (reviewed by Cunningham and McDermott, 

2009). Thus, despite having a similar size and membrane location (both are 

peripherally membrane bound protein), p-FABPpm and ubiquitous FABPpm differ 
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both in structure and function. The placental FABPpm is therefore referred as 

placental specific FABPpm (p-FABPpm) (Campbell et al., 1997). 

 Radioactive tracer studies revealed higher affinities (Kd) and binding 

capacities (Bmax) of p-FABPpm for LCPUFA than for other fatty acids (reviewed by 

Duttaroy, 2000b). Further, the exclusive location of p-FABPpm on the maternal side 

is known to favour the unidirectional flow of LCPUFA from the mother to the fetus 

(reviewed by Duttaroy, 2004). This protein was identified 15 years ago, however it 

has still not been genetically sequenced and more evidences on the function and 

identification of this protein is required (reviewed by Gil-Sánchez et al., 2012).  

Fatty acid transport proteins (FATP) 

 FATP are integral membrane-bound proteins, many of which facilitate the 

uptake and activation of exogenous long chain fatty acids (reviewed by Stahl, 2004). 

The FATP family consists of 6 members with a molecular weight of 63 kDa each with 

a distinct expression pattern (Gimeno et al., 2003; reviewed by Stremmel et al., 2001) 

and have been designated as members of the solute carrier 27 protein family (Slc27) 

(DiRusso et al., 2008). FATP have sequence similarity with very long chain fatty 

acid–acyl CoA synthetases and have two domains that are related to ATP-binding and 

hydrolysis (reviewed by Abumrad et al., 1998). FATP have an extracellular/luminal 

N-terminal and a cytosolic C-terminal domain and all members contain a motif found 

in ATP-dependent enzymes that form adenylated intermediates consistent with their 

enzymatic activity (reviewed by Gimeno, 2007). They have a distinct pattern of tissue 

distribution with high levels of fatty acid uptake and active lipid metabolism 

(reviewed by Doege and Stahl, 2006).  

 FATP are directly involved in the translocation across the plasma membrane 

bilayer (reviewed by Ehehalt et al., 2006). They are the only long chain fatty acid 
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transporters for which functionality has been directly confirmed (reviewed by 

Duttaroy, 2000a). All the members of FATP family have been identified in the full 

term placenta (Larque et al., 2006a, 2006b) and are located on both sides of the 

bipolar placental cells thereby allowing bi-directional flow of all types of fatty acids 

across the placenta (reviewed by Duttaroy, 2004). FATP is suggested to act in concert 

with fatty acyl-CoA synthetase, an enzyme that prevents efflux of the incorporated 

fatty acids by their conversion into acyl-CoA derivatives and hence rendering fatty 

acid uptake unidirectional (reviewed by Duttaroy, 2000a).  

 Emerging evidence indicates that members of the FATP family function in the 

selective transport and activation of different classes of fatty acids (e.g., saturated 

fatty acids, MUFA and PUFA), which are subsequently directed into discrete 

metabolic pools to satisfy the cellular needs of specific cell types (Melton et al., 

2013). Amongst all members, the strong expression levels of FATP1 and FATP4 in 

human placenta suggests an important role for these proteins in fatty acid transfer 

(Dubé et al., 2012). Further, it is also hypothesized that FATP1 and FATP4 are bi-

functional, exhibiting both transport and acyl-CoA synthase activities thereby 

facilitating fatty acid influx across biological membranes (Hall et al., 2005). 

 a. FATP1 

 FATP1 is a 646-amino acid integral plasma membrane protein (Kim et al., 

2004) which was originally identified based on its ability to increase fatty acid uptake 

when overexpressed (reviewed by Gimeno, 2007). It was first identified in human 

placenta (Campbell et al., 1998) and is present in both microvillous and basal 

membrane (reviewed by Lager and Powell, 2012). It has only one membrane-

spanning region and several membrane associated regions (reviewed by Lewis et al., 

2001) and due to this arrangement there is an increase in fatty acid internalization by 
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increasing the rate of „„flip-flop”, trapping the fatty acids in the inner leaflet of the 

plasma membrane (reviewed by Duttaroy, 2009). Fatty acids taken up through FATP1 

are preferentially channeled into triglyceride synthesis thereby suggesting a functional 

link between FATP1-mediated fatty acid uptake and lipid storage (Hatch et al., 2002).  

 b. FATP4 

 The FATP4 gene consists of 13 exons encoding a peptide of 643 residues with 

a predicted size of 72 kDa (Klar et al., 2009). It consists of a large N-terminal domain 

and a smaller C-terminal domain interfaced with an adenosine monophosphate (AMP) 

binding motif. Asp488 and Arg503 residues, critical for fatty acid transport activity, 

are located within the N-terminal domain of the protein in close proximity to the AMP 

binding motif (reviewed by Cunningham and McDermott, 2009). It is highly 

conserved among widely divergent species (Milger et al., 2006) and is closely related 

to FATP1 (reviewed by Doege and Stahl, 2006). At the mRNA level, FATP4 is more 

highly expressed in the placenta (Mishima et al., 2011).  

Fatty Acid Translocase (FAT) 

 FAT/CD36, an 80 kDa, 472-amino acid protein consists of two 

transmembrane spanning domains i.e. very short N- and C-terminal intracytoplasmic 

domains and an extracellular glycosylated loop. These domains are identical to 

glycoprotein IV or CD36 of human blood platelets and leucocytes (reviewed by 

Roepstorff et al., 2004). The human gene for CD36 is located on chromosome 7 

(reviewed by Duttaroy, 2000a). It has a number of putative ligands including free 

fatty acids, collagen, thrombospondin and oxidized low density lipoprotein (reviewed 

by Duttaroy, 2009). The distribution of FAT favors tissues with a high metabolic 

capacity for fatty acid (adipose, muscle, heart and intestine) while it is absent from 
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tissues like brain that do not utilize exogenous fatty acid (reviewed by Abumrad et al., 

1998). 

 The presence of FAT/CD36 in human placenta was demonstrated by Campbell 

and group using pure trophoblast cells and placental membrane preparations 

(Campbell et al., 1998). It is also present in both the placental membranes i.e. 

microvillous and basal membrane (reviewed by Duttaroy, 2009). The gene expression 

of FAT/CD36 was also detected in placental villous tissue extracts (Larque et al., 

2006b). It binds LCPUFA but has no preference for particular fatty acids (reviewed 

by Duttaroy, 2000a). However, the major importance of FAT/CD36 in placental fatty 

acid transport is still not clear (reviewed by Cunningham and McDermott, 2009). 

4.1.9 Cytoplasmic Fatty Acid Transporters 

 In the cytosol of the syncytiotrophoblast, the fatty acids bind to FABP for 

trafficking fatty acids to sites within the cell for esterification, β-oxidation or transfer 

to the fetus (reviewed by Lager and Powell, 2012; reviewed by Gil-Sanchez et al., 

2011). In the early 1970s, mammalian FABP were discovered as abundant 

cytoplasmic proteins which bind LCPUFA in vitro (reviewed by Storch and 

McDermott, 2009). They are a part of a conserved multigene family of the 

intracellular lipid binding proteins having molecular mass around 15 kDa (reviewed 

by Haunerland and Spener, 2004). 

 A total of nine FABP have been identified in mammals, with different tissue 

expression patterns and with specific functions (reviewed by Storch and Corsico, 

2008). They were named after the tissue in which they were discovered or were 

prominently expressed. However, since this nomenclature can be misleading because 

of their expression in more than one tissue, a numerical nomenclature has now been 

introduced (reviewed by Storch and Thumser, 2010). The FABP family consists of 
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liver-type (FABP1/L-FABP), intestinal-type (FABP2/I-FABP), heart-type (FABP3/H-

FABP), adipocyte-type (FABP4/A-FABP), epidermal-type (FABP5/E-FABP), ileal-

type (FABP6/Il-FABP), brain-type (FABP7/B-FABP), myelin-type (FABP8/M-

FABP) and testis-type FABP (FABP9/T-FABP) (reviewed by Furuhashi and 

Hotamisligil, 2008). FABP1-3, 6 and 7 all exist on separate chromosomes in the 

human, whereas FABP4, 5, 8 and 9 all co-localize on chromosome 8q21 (reviewed by 

Smathers and Petersen, 2011). 

 The distinguishing feature of FABP as compared with other transport proteins 

is the conserved β-barrel fold, a 4 exon/3 intron gene motif and is associated with 

monoacyl lipids such as fatty acids (reviewed by Coe and Bernlohr, 1998). It is also 

believed that the FABP are the most abundant in any cell type, comprising as much as 

4% of total cytosolic proteins (reviewed by Nettleton, 1993). The primary role of all 

the FABP family members is regulation of fatty acid uptake and intracellular transport 

(reviewed by Chmurzyńska, 2006). The FABP content in most cells is generally 

proportional to the rate of fatty acid metabolism in the cell because they are known to 

enhance uptake of fatty acids into the cell by increasing their concentration gradient 

(reviewed by Haunerland and Spener, 2004). Further, these intracellular-binding 

proteins increase the solubility of fatty acids thereby protecting cellular structures 

from damage by an excess of these amphipathic molecules (reviewed by Haunerland 

and Spener, 2004). 

 FABP carry out several classes of functions that are broadly described as (a) 

modulation of specific enzymes of lipid metabolic pathways, either anabolic or 

catabolic, (b) maintenance of cellular membrane fatty acid levels and (c) regulation of 

the expression of fatty acid-responsive genes (reviewed by Storch and Thumser, 

2000). They carry out these functions by interacting with subcellular organelles such 
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as endoplasmic reticulum, mitochondria, lipid droplets and peroxisomes (reviewed by 

Gil-Sanchez et al., 2012). The primary role of all FABP is the regulation of fatty acid 

uptake and intracellular transport, but they have differences in ligand selectivity, 

binding affinity and binding mechanism (reviewed by Haunerland and Spener, 2004). 

In spite of differences in the primary sequence homology from 15 to 70%, all FABP 

members share a common fold, a β barrel structure capped by 2 α helices. Of the 9 

family members, FABP1, 3, 4, 5 and 7 have been described in the placental 

syncytiotrophoblast (reviewed by Cunningham and McDermott, 2009). The 

importance of their presence in trophoblasts is not known but it indicates that complex 

interactions of these proteins are required for the efficient transport and metabolism of 

fatty acids in the placenta (reviewed by Duttaroy, 2009). 

 Amongst different members, FABP1 and FABP3 expressed by human 

trophoblasts (Biron-Shental et al., 2007) are reported to be specifically involved in the 

uptake and trafficking of fatty acids in the cytosol (reviewed by Storch and 

McDermott, 2009) (Fig. 36). Further, maternal nutrition and physiology during 

pregnancy is also considered as an important factor in determining their expression 

and transport to the fetus (reviewed by Cunningham and McDermott, 2009).  

FABP1 and FABP3 

 The human FABP1 gene has been localized to chromosome 2p11 and human 

FABP3 gene has been localized to chromosome 1p33–1p31 (reviewed by Smathers 

and Petersen, 2011). There are significant differences in the properties and regulation 

of these two FABP types. Once the fatty acids reach the cytosol, a part of them is 

metabolized or esterified within the placenta, while another portion is bound to these 

proteins (reviewed by Duttaroy, 2000b). Their expression in the placenta is known to 

play a key role in differential fatty acid transport and metabolism in order to meet the 
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demands for feto-placental growth and development (reviewed by Duttaroy, 2004). It 

has been shown that FABP1 and 3 gene expression is upregulated 3- and 5-fold, 

respectively, upon differentiation of cytotrophoblast cells into syncytiotrophoblast 

tissue (Daoud et al., 2005). 

Figure 36: Cytoplasmic Fatty Acid Transporters 

 

 
 

FABP1: Fatty Acid Binding Protein-1; FABP3: Fatty Acid Binding Protein-3 
 

 In addition to their role in the transfer of fatty acids to the fetal circulation they 

are also involved in the channeling of specific fatty acids to β-oxidation, synthesis of 

structural and storage lipids in the placenta, in placental growth and regulation and 

PPAR activation (reviewed by Duttaroy, 2004). FABP3 is known to bind only 

LCPUFA, whereas FABP1 binds heterogeneous ligands such as bile salts, heme, 

PPAR, selenium, lysophosphatidic acid and eicosanoids (reviewed by Duttaroy, 
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2000a). Thus, the placenta with its nutrient transport functions is increasingly 

recognized as being the mediator of maternal nutrition which in turn is known to have 

an effect on the lifelong health consequences for the child (reviewed by Sibley et al., 

2010). 

4.1.10 Fatty Acid Synthesis and Transport in Preeclampsia 

Section 4.1.8 and 4.1.9 in the current thesis have elaborately described that 

fatty acids are transported across the placenta by a series of membrane bound and 

cytosolic fatty acids binding and transport proteins. An impaired materno-fetal 

LCPUFA transport is known to occur in pregnancies that are complicated and 

characterized by an abnormal placental function (reviewed by Hanebutt et al., 2008). 

Reports indicate that a compromised maternal synthesis of LCPUFA in preeclampsia 

is associated with offspring deficiency of LCPUFA (Mackay et al., 2012). Further, 

cross-sectional studies carried out in our department in preeclampsia have shown 

reduced placental DHA levels (Kulkarni et al., 2011c).  

The altered one carbon cycle along with lower levels of maternal DHA in 

preeclampsia observed in the present study may impair phospholipid methylation and 

lead to an increase in DNA methylation (Kulkarni et al., 2011b). This may further 

lead to altered programming of critical genes such as fatty acid desaturases and 

transport proteins involved in fatty acid synthesis and transport thereby resulting in 

poor pregnancy outcome. Thus, the altered levels of maternal plasma and erythrocyte 

LCPUFA levels observed in preeclampsia could be due to the disturbed expression of 

fatty acid desaturases and transport proteins in the maternal liver. Emerging data also 

indicates that maternal FADS genotypes are an important determinant of erythrocyte, 

plasma and breast milk omega-3 and omega-6 fatty acid composition (reviewed by 

McNamara, 2009). Further, in preeclampsia it is known that there exists insufficient 
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development of the uteroplacental unit called “shallow placentation” (Roberts and 

Redman, 1993) which may affect placental fatty acid desaturases and transport 

proteins. This may also be responsible for the altered levels of placental and cord 

LCPUFA levels which we have discussed in Chapter 2. 

There is limited data on placental fatty acid synthesis and mobilization in 

preeclampsia. Fetal growth and placental nutrient metabolism and transport are 

closely linked and a cohesive knowledge of regulation of these processes will help 

understand the mechanisms affecting fetal growth in pregnancy complications 

such as preeclampsia. This chapter therefore examines placental mRNA levels of 

fatty acid desaturases (∆5 and ∆6 desaturase) and fatty acid transport proteins 

(FATP1, FATP4 and FABP3) in women with preeclampsia and compare them 

with normotensive control women. Further, their association with maternal 

(plasma and erythrocyte) fatty acids, placental fatty acids, plasma folate, vitamin 

B12 and homocysteine levels are also reported.  

4.2 Methods and Materials  

4.2.1  Study Subjects 

The criteria for recruitment of study population and the inclusion and 

exclusion criteria are as mentioned in Chapter 2 (Section 2.2.1). 

4.2.2  Sample Collection and Processing 

Placental samples were collected and processed as described in Chapter 2 

(Section 2.2.2). 
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4.2.3 Extraction of Total RNA, cDNA Synthesis and Real Time Quantitative 

PCR (RT-qPCR) Assays  

Extraction of total RNA, cDNA synthesis and mRNA expression of ∆5 

desaturase, ∆6 desaturase, FATP1, FATP4, FABP3 and glyceraldehydes 3-phosphate 

dehydrogenase (GAPDH) genes from the placenta of 57 normotensive control women 

and 39 women with preeclampsia was performed. Total RNA from placental samples 

was isolated using Trizol method and quantified by the Eppendorf Biophotometer 

plus (Hamburg, Germany). RNA quality was assessed spectrophotometrically prior to 

analysis. The A260/A280 ratio within the range of 1.8-2.2 and A260/A230 ratio 

within the range of 2.0-2.2 was included in the analysis. Samples falling out of this 

range were repeated. For each placental sample, 2 µg of RNA was reverse transcribed 

to cDNA using the High-Capacity cDNA reverse transcription Kit (Cat No. 4368814, 

Applied Biosystems). RT-qPCR for ∆5desaturase, ∆6 desaturase, FATP1, FATP4, 

FABP3 and GAPDH were performed with the TaqMan Universal PCR Master Mix 

(Cat No. 4324018, Applied Biosystems, California, USA) using the Applied 

Biosystems 7500 Standard Real Time PCR system. The relative expression level of 

the gene of interest was examined with respect to GAPDH to normalize for variation 

in the quality of RNA and the amount of input cDNA. The RT-qPCR reactions for 

each gene were performed in duplicate. To analyze the RT-qPCR results, the average 

cycle number (Ct) of the reaction when it crossed a threshold value was determined 

for each reaction. Differences in Ct (ΔCt) between GAPDH and targeted gene were 

calculated by subtracting the Ct of the targeted gene from Ct of GAPDH. Relative 

expression levels of genes were calculated and expressed as 2
ΔCt

. 

The following TaqMan® Gene Expression Assays (Applied Biosystems) were 

used in this study: GAPDH (Hs99999905_m1); ∆5 desaturase (Hs00203685_m1), ∆6 

desaturase (Hs00188654_m1), FATP1 (Hs01587917_m1), FATP4 (Hs00192700_m1) 



145 
 

and FABP3 (Hs00997360_m1). The gene expression Assay ID suffix indicates the 

assay specificity i.e. m1: indicates an assay whose probe spans an exon junction and 

will not detect genomic DNA. Thus, the primers were selected in such a way that 

amplification of genomic DNA does not occur. The primers are inventoried assays i.e. 

predesigned real-time PCR assays that are previously manufactured by Applied 

Biosystems and made available for the user. The primers sequences are a proprietary 

of Life Technologies. 

4.2.4 Statistical Analysis 

The data was analyzed using the SPSS/PC+ package (Version 20, Chicago, IL, 

USA). Values are reported as mean ± standard error (SE) (mRNA levels). Skewed 

variables were transformed to normality using the log to the base 10 transformation 

(mRNA levels of ∆5 desaturase, ∆6 desaturase, FATP1, FATP4 and FABP3). 

Independent t-test was used to compare mean values of the various parameters 

between normotensive control and preeclampsia (p<0.05) after adjusting for gestation 

and socioeconomic status. Correlation between variables was studied using Pearson‟s 

correlation analysis after adjusting for gestation and socioeconomic status.  

4.3 Results 

4.3.1 mRNA Levels of ∆5 and ∆6 Desaturases in Placenta 

The mRNA levels of ∆5 desaturase were lower (p<0.05, 3.1 fold lower) in 

preeclampsia as compared with normotensive control. There was a trend for the lower 

mRNA levels of ∆6 desaturase in preeclampsia as compared with normotensive 

control, but it was not statistically significant (Fig. 37). 
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Figure 37: mRNA Levels of ∆5 and ∆6 Desaturases in Placenta 

 

 
 

NC - Normotensive control; PE - Preeclampsia; Values are mean ± SE; *p<0.05 as compared with NC 

 

4.3.2 mRNA Levels of FATP1, FATP4 and FABP3 in Placenta  

The mRNA levels of placental FATP1, FATP4 and FABP3 are shown in 

Figure 38.  

Figure 38: mRNA Levels of FATP1, FATP4 and FABP3 in Placenta 

 

 
 

NC - Normotensive control; PE - Preeclampsia; FATP1 - Fatty acid transport-1; FATP4 - Fatty acid 
transport-4; FABP3 - Fatty acid binding protein-3; Values are mean ± SE;  *p<0.05 as compared with 

NC 
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The mRNA levels of both FATP1 (2.7 fold lower) and FATP4 (2.74 fold 

lower) were lower (p<0.05 for both) in preeclampsia as compared with normotensive 

control. There was a trend towards lower mRNA levels of FABP3 in preeclampsia 

although the difference between both the groups was not statistically significant (Fig. 

38). 

4.3.3 Associations of Fatty Acid Transport Proteins with Maternal Plasma 

Fatty Acids 

A positive association was observed between placental FABP3 mRNA levels 

and maternal plasma DHA (r = 0.527, p = 0.008, n = 26) at T3 in preeclampsia but not 

in the normotensive control group. 

4.3.4 Associations of Fatty Acid Transport Proteins with Maternal Erythrocyte 

Fatty Acids 

A positive association was observed between placental FATP4 mRNA levels 

and maternal erythrocyte DHA (r = 0.306, p = 0.027, n = 54) at T1 only in the 

normotensive control group but not in preeclampsia.  

4.3.5 Associations of Fatty Acid Transport Proteins with Placental Fatty Acids 

There was a positive association between placental FABP3 mRNA levels and 

placental DHA (r = 0.423, p = 0.018, n = 33) in preeclampsia but not in the 

normotensive control group. 

4.3.6 Associations of Folate, Vitamin B12 and Homocysteine with Placental 

Fatty Acid Desaturases and Transport Proteins 

A positive association was observed between placental ∆6 desaturase mRNA 

levels and maternal plasma folate at T2 (r = 0.394, p = 0.004, n = 54) in normotensive 

control. In contrast, a negative association of placental ∆5 and ∆6 desaturase mRNA 
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levels with maternal plasma folate at T2 (r = -0.623, p = 0.003, n = 23; r = -0.480, p = 

0.020, n = 25 respectively) was observed in preeclampsia. 

 There was a positive association between placental ∆6 desaturase mRNA 

levels and maternal plasma vitamin B12 at T1 and T2 (r = 0.433, p = 0.011, n = 37; r = 

0.436, p = 0.043, n = 24 respectively) in preeclampsia. However, such an association 

was not observed in the normotensive control group. 

 A negative association was seen between placental FATP4 mRNA levels and 

maternal plasma homocysteine at T2 (r = -0.300, p = 0.031, n = 54) in normotensive 

control but such an association was not observed in preeclampsia. 

4.4 Discussion 

This study for the first time indicates several interesting observations in 

women with preeclampsia which are as follows:  

1) Lower mRNA levels of ∆5 desaturase 

2) Lower mRNA levels of FATP1 and FATP4 

3) A positive association of placental FABP3 mRNA levels with maternal 

plasma DHA at T3 and placental DHA 

4) A negative association of ∆5 and ∆6 desaturase mRNA levels with maternal 

plasma folate at T2 

5) A positive association of placental ∆6 desaturase mRNA levels with maternal 

plasma vitamin B12 at T1 and T2 

6) A positive association of placental FATP4 mRNA levels with maternal 

erythrocyte DHA at T1 only in normotensive control group 

7) A negative association of placental FATP4 mRNA levels with maternal 

plasma homocysteine at T2 only in normotensive control group 



149 
 

4.4.1 mRNA Levels of ∆5 and ∆6 Desaturases 

This study reports the presence of desaturase enzymes in the placenta. In 

addition, the current study also reports lower mRNA levels of ∆5 desaturase in the 

preeclampsia group as compared with normotensive control. There are some studies 

which have examined the levels of desaturases in the human placenta (Mackay et al., 

2012; Cho et al., 1999a), perfused placenta (Haggarty et al., 1997), human placental 

microsomes (Chambaz et al., 1985), rat placental microsomes (Ravel et al., 1985; 

Mercuri et al., 1979), placental cell lines (Muth et al., 2003) or in animal placentas 

(Shand and Noble, 1983, 1981) and reports are contradictory.  

 It is well established that ALA and LA share the same desaturation and 

elongation enzymes (Smink et al., 2012). ∆6 desaturase enzyme desaturates LA and 

ALA to GLA and stearidonic acid respectively (Xiang et al., 2006). This desaturation 

by ∆6 desaturase is the first and rate limiting step (reviewed by Sprecher, 2000). In 

the present study there was no statistical difference in the mRNA levels of ∆6 

desaturase between both the groups. This is similar to that reported earlier in placenta 

of preeclampsia and IUGR pregnancy (Mackay et al., 2012). In the current study there 

was no difference in the placental LA and ALA levels in both the groups and was 

similar to studies reported by us and others (Kulkarni et al., 2011c; Wang et al., 

2005). 

 In the current study, ∆5 desaturase mRNA levels were lower in the 

preeclampsia group as compared with normotensive control. It is known that ∆5 

desaturase enzyme desaturates DGLA and eicosatetraenoic acid to AA and EPA 

respectively (Xiang et al., 2006). The placental DGLA levels were higher in the 

preeclampsia group possibly due to lower mRNA levels of ∆5 desaturase though, no 

difference was observed in the levels of placental AA. One possible explanation could 
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be the preferential placental transport of AA (Tobin et al., 2006; reviewed by 

Duttaroy, 2004) and further the placenta is known to preferentially retain AA with 

respect to other fatty acids (Haggarty et al., 1997). 

Apart from LA and ALA, ∆6 desaturase also desaturates tetracosapentaenoic 

acid and tetracosatetraenoic acid, as required for the coupled microsomal peroxisomal 

pathway for DHA and DPA (omega-6) biosynthesis (β-oxidation pathway). We 

observed lower levels of DHA while no change was observed in the DPA (omega-6) 

levels in preeclampsia.  

As mentioned in Chapter 2, we also observed lower levels of cord plasma AA 

and DHA. These altered omega-3 and omega-6 levels in cord plasma observed may 

reflect an impaired fetal LCPUFA accretion in preeclampsia either due to insufficient 

fetal LCPUFA deposition or fetal LCPUFA supply (Velzing-Aarts et al., 1999). Our 

results suggests that the changes observed in placental and cord LCPUFA levels could 

partly be due to altered expression of fatty acid desaturases in preeclampsia. 

4.4.2 mRNA Levels of FATP1, FATP4 and FABP3 

In the present study we analyzed mRNA levels of three transport proteins i.e. 

FATP1, FATP4 and FABP3. This study for the first time reports reduced mRNA 

levels of placental FATP1 and FATP4 in preeclampsia as compared with 

normotensive control. FATP1 and FATP4 have been shown to be fatty acyl-CoA 

synthetase with affinity for both long chain fatty acids and very long chain fatty acids 

(Hall et al., 2005, 2003). It has been suggested that their expression in human placenta 

play an important role in the directional transport of fatty acids between the maternal 

and fetal circulations (Dubé et al., 2012). Further, Larque et al. found that placental 

FATP1 and FATP4 gene expressions were directly correlated with the percentage of 

DHA in the placental and maternal plasma phospholipids in normal pregnant women 
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supplemented with DHA (Larque et al., 2006b). There is only one study that has 

analyzed mRNA levels of placental fatty acid transporters (pFABPpm [GOT2] and 

FABP7) in control, preeclampsia, IUGR pregnancies and found no difference among 

groups (Mackay et al., 2012). The present study thus suggests that lower mRNA 

levels of placental FATP1 and FATP4 in preeclampsia may be responsible for the 

altered placental and cord LCPUFA profile observed in the current study as it is well 

known that the placental transfer of LCPUFA to the fetus is obligatory. 

 In the present study although the mRNA levels of FABP3 were lower there 

was no statistical difference between preeclampsia and normotensive control groups. 

In the cytosol, fatty acids are known to bind to cytosolic FABP for movement 

(reviewed by Gil-Sánchez et al., 2011). Furthermore, FABP are thought to be 

involved in intracellular trafficking of long chain fatty acids (reviewed by 

Cunningham and McDermott, 2009).  

4.4.3 Associations of Placental Fatty Acid Transport Proteins with Maternal 

Plasma DHA and Placental DHA  

 This study reports a positive association of placental FABP3 with maternal 

plasma DHA at T3 and placental DHA in preeclampsia. FABP3 is known to have a 

greater affinity for DHA than AA, possibly suggesting a preferential transportation of 

DHA (Richieri et al., 2000). Our findings suggest that FABP3 may upregulate the 

intracellular trafficking of long chain fatty acids. In the normotensive group, there was 

a positive association between placental FATP4 and maternal erythrocyte DHA. 

Similar observation was reported in a study which showed correlation between 

mRNA expression of FATP4 in placenta and DHA in maternal plasma thereby 

suggesting its specific role in the transfer of DHA (Larque et al., 2006b). 
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4.4.4 Associations of Folate, Vitamin B12 and Homocysteine with Placental 

Fatty Acid Desaturases and Transport Proteins 

In the present study there was a negative association between maternal plasma 

folate and fatty acid desaturases while there was a positive association between 

maternal plasma vitamin B12 and ∆6 desaturase in preeclampsia. These associations 

were seen at T1 and T2 indicating that levels of folate and vitamin B12 at these time 

points may play a crucial role in regulating fatty acid synthesis in placenta. However, 

mechanisms underlying the regulation of fatty acid desaturases through 

micronutrients need further investigation. 

There was a negative association between mRNA levels of FATP4 and 

maternal plasma homocysteine at T2 only in the normotensive control group 

indicating that higher homocysteine levels may down regulate the mRNA expression 

levels of FATP4. Studies have shown that homocysteine is linked to lipid metabolism 

through one carbon cycle (Devlin et al., 2007). 

Summary 

This study for the first time reports lower mRNA levels of fatty acid 

desaturases and transport proteins confirming a disturbed fatty acid metabolism 

in preeclampsia. This data on women with preeclampsia suggests an association 

between various key analytes (e.g., folate, vitamin B12, DHA and homocysteine) 

and their regulatory processes that supports their role in the one carbon cycle. 

Further, increased levels of homocysteine were observed from early pregnancy 

in preeclampsia. These increased levels are known to affect the gene expression 

levels of various key genes via DNA methylation. Information on molecular 

mechanisms regulating placental nutrient transporters is critical for 

understanding the development of pregnancy complications, as well as how 
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maternal nutrition and metabolic disturbances affect fetal growth (reviewed by 

Lager and Powell, 2012). Therefore, the next chapter describes an animal study 

which was carried out to understand whether an imbalance in maternal 

micronutrients results in an altered fatty acid metabolism and whether omega-3 

fatty acid supplementation to these imbalanced diets during pregnancy leads to 

any beneficial changes in fatty acid metabolism in liver and placenta.  
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ABSTRACT 

Our previous cross-sectional studies have shown altered proportions of 

long chain polyunsaturated fatty acids (LCPUFA) in preeclampsia (PE) at 

the end of pregnancy when the pathology has already progressed. The 

present longitudinal study for the first time reports fatty acid proportions 

from 16th week of gestation till delivery and placental transport in PE. This 

is a hospital based study where women were recruited in early pregnancy. 

Maternal blood was collected at 3 time points i.e. T1=16-20th week, 

T2=26-30th week and T3=at delivery. Cord blood and placenta were 

collected at delivery. This study reports data on 140 normotensive control 

(NC) and 54 PE women. In PE we report lower proportions of DHA in 

maternal plasma at T1, cord plasma and placenta (p<0.05 for all). The 

mRNA levels of placental ∆5 desaturase, fatty acid transport proteins -1, -

4, were lower (p<0.05 for all) in PE. There was also a positive association 

between cord and maternal plasma DHA and total omega-3 fatty acids at 

T1. This study demonstrates that women with PE have lower fatty acids 

stores at 16-20th week of gestation and lower placental synthesis and 

transport. It is likely that supplementation of omega-3 fatty acids during the 

16-20th week of gestation may help in improving fatty acid status in 

infants born to mothers with PE. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 
Maternal One Carbon Cycle and Fatty 

Acid Metabolism – Animal Study
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5.1 Introduction 

Interactions between micronutrients and DHA in the one carbon cycle 

have been elaborately discussed in Chapter 3. We have also demonstrated that 

an altered one carbon cycle influences placental fatty acid desaturases and 

transport proteins (Chapter 4). It is well established that the maternal liver is the 

vital organ regulating maternal and fetal LCPUFA status. An animal study was 

carried out to validate the data observed in the human study and provide a more 

comprehensive picture on the effect of micronutrients on fatty acid desaturases 

and transport proteins both in the liver and placenta.  

5.1.1 Animal Models in DOHaD 

It is well established that prospective cohort studies require a follow-up of five 

or six decades to consider any possible association between maternal nutrition, body 

composition or other factors and the development of disease. Animal models can be 

used when seeking knowledge about human biology (Hooijmans and Ritskes-

Hoitinga, 2013) and can facilitate control over confounding factors. They are also 

useful in the the measurement of invasive end points and the characterization of 

downstream events across the full lifespan and into subsequent generations. It is 

possible to replicate the associations observed in human epidemiological studies 

under experimental conditions using a variety of animal models (reviewed by 

McMullen and Mostyn, 2009). They are most suitable for investigating the adaptive 

changes to different functional, morphological and biochemical factors (reviewed by 

Angelova and Boyadjiev, 2013).  

Animal models have been helpful in representing the biological plausibility of 

the associations observed in human populations thus providing proof of principle to 

the theory of DOHaD (reviewed by Bertram and Hanson, 2001). Studies of nutritional 
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programming using animal models have been ongoing since the early 1990s and have 

clearly demonstrated the association of nutrition related factors in human pregnancy 

with disease in adulthood (reviewed by Langley-Evans, 2009). Outbred strains of rat 

(such as the Wistar or Sprague Dawley) are widely used in DOHaD literature. Their 

quick generation time, relatively inexpensive costs along with excellent availability of 

molecular tools makes them a useful model for testing specific hypotheses related to 

biological mechanisms (reviewed by McMullen and Mostyn, 2009). Today, the 

laboratory rat is considered as an inevitable part of biomedical research (reviewed by 

Sengupta, 2013). They have made valuable contributions as models of mammalian 

health and disease (reviewed by Hamid and Zakaria, 2013).  

In view of the several advantages of a rat model, it is possible to examine the 

effect of variation in the maternal diet during different stages of gestation on the 

developing fetus and the offspring at an adult age. Finally, animal models also allow 

access to many vital tissues such as liver, muscle, placenta and brain during various 

critical stages of pregnancy for analysis that can never be available in human studies. 

5.1.2 Rationale for the Study 

It is well known that micronutrients play an important role in determining the 

structure and metabolism of the organism. In developing countries, micronutrient 

deficiencies are most commonly found among populations and have public health 

implications that need to be given immediate attention (reviewed by Raghunath et al., 

2009). Amongst various micronutrients, folate and vitamin B12 play an important role 

in nucleic acid metabolism, cell growth and proliferation and are important 

determinants of fetal growth (reviewed by Allen, 1994). The metabolism of folate and 

vitamin B12 is closely intertwined in one carbon metabolism where a deficiency of 
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one of these vitamins is known to alter the metabolism of the other (reviewed by 

Black, 2008; Yajnik et al., 2008). 

Low maternal folate status has been implicated in the etiology of NTD 

(reviewed by Refsum, 2001). Widespread acknowledgement of the negative effects of 

folate deficiency has resulted in the worldwide fortification of foods with folate in 

order to prevent deficiency in pregnant women (reviewed by Berry et al., 2010). In 

India, the National Anaemia Prophylaxis Programme mandates folic acid and iron 

(0.5 mg and 60 mg, respectively) supplementation to pregnant women (Katre et al., 

2010). Further, low vitamin B12 status is common among Indians (Yajnik et al., 2006; 

Refsum et al., 2001). This deficiency could also contribute to the etiology of NTD in 

Indians and is mainly attributed to consumption of a vegetarian diet (reviewed by 

Godbole et al., 2009; reviewed by Antony, 2003). Thus, during pregnancy folate 

supplementation on a vitamin B12 deficient diet results in an imbalance, which may be 

linked with infant health (Gadgil et al., 2014). This imbalanced diet may alter the 

bioavailabilty and metabolism of other key nutrients in the one carbon cycle. 

In addition to micronutrients, the supply and metabolism of LCPUFA during 

pregnancy is also known to play an important role in determining pregnancy 

outcomes. A series of our departmental studies on pregnancy have well established 

the role of LCPUFA especially DHA in fetal growth and development (Dangat et al., 

2010; Kilari et al., 2010; Kilari et al., 2009; Mehendale et al., 2008). LCPUFA such as 

AA and DHA are synthesized from their precursors like LA and ALA by fatty acid 

desaturase enzymes in the liver, which is known to play a central role in lipid 

metabolism (reviewed by Hughes and Dhiman, 2002). However, infants are reported 

to have a limited ability to synthesize these LCPUFA from their precursors (Malcolm 

et al., 2003). In view of the fact that fetal synthesis of LCPUFA is low (Uauy et al., 
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2000b; reviewed by Innis, 1991; Al et al., 1990), the mother modifies her metabolism 

from the beginning of pregnancy in order to support the nutritional needs of the feto-

placental unit (reviewed by Cetin et al., 2005). This facilitates a preferential transport 

of maternal LCPUFA to the fetus via several fatty acid transport proteins (Tobin et al., 

2006; reviewed by Duttaroy, 2004). 

Reports indicate that proteins, carbohydrates (Narce et al., 1988; De Tomas et 

al., 1980; Brenner, 1977), micronutrients (vitamins A, D) (Zolfaghari et al., 2001; 

Bordoni et al., 1998; Sprecher, 1981), minerals (Fe, Zn, Mg, Se) (Horrobin, 1990; 

Johnson et al., 1989) and hormones (glucagon, epinephrine, thyroxine, insulin) 

(Brenner, 1977) regulate levels and expression of desaturases and thereby alter PUFA 

metabolism. Further, the expression of fatty acid transport proteins is known to be 

determined by fatty acids, glucose (Hyder et al., 2010), transcription factors like 

PPAR (Frohnert et al., 1999) and hormones like insulin (Wu et al., 2006). However, 

the role of maternal micronutrients like folic acid and vitamin B12 in regulating 

expression of these fatty acid desaturases and fatty acid transport proteins is unknown. 

This makes it essential to investigate the effects of an imbalanced diet in animals on 

the expression of various vital genes in relevant tissues using experimental models.     

The present animal study was therefore designed to examine the effect of 

imbalance in maternal micronutrients (folic acid and vitamin B12) and omega-3 fatty 

acid supplementation on fatty acid desaturases and transport proteins in the dam liver 

and placenta using Wistar Albino rats.  

5.2 Methods and Materials 

This study was carried out in accordance with the CPCSEA guidelines 

(Committee for the purpose of control and supervision of experimental animals) 

Government of India. This study was approved by the Bharati Vidyapeeth Animal 
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Ethical Committee (IAEC/CPCSEA /proposal no. 1/2010). The institute is recognized 

to undertake experiments on animals as per the CPCSEA, Government of India.  

5.2.1 Animals  

Wistar albino rats (60F, 15M) of average weight 150 g were obtained from 

National Toxicology Center, Pune. They were maintained at 22ºC on a controlled 12 h 

light and 12 h dark cycle with appropriate ventilation system. For identification, 

animals were marked with picric acid as Head (H), Back (B), Tail (T) and its 

combinations thereof.  

5.2.2 Breeding 

Prior to mating, males were housed individually to acquire cage dominance. 

Female rats were allowed to breed (1 Male: 3 Female) once they reached 190-200 g 

body weight. Vaginal smears were taken on the following morning on a clean 

microscope slide using a cotton bud dipped in saline. The slides were observed under 

a microscope at 40x magnification and the presence of sperm was considered as day 0 

of gestation. The pregnant dams were housed individually in polypropylene cages 

containing rice husk as bedding material. Out of 60 females, 48 females became 

pregnant. These pregnant female rats were randomly allotted to six diets (control and 

five experimental, n=8 on each diet). All dams were delivered by C section on d20 of 

gestation.  

5.2.3 Diets 

The composition of the control and the treatment diets (Table 13) was as per 

AIN-93 purified diets for laboratory rodents (Reeves et al., 1993). A total of six 

isocaloric treatment diets were formulated (Table 13). To examine the effect of 2 

different levels of folic acid (i.e. 2 and 8 mg folic acid/ kg diet) during pregnancy both 
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in the presence and absence of vitamin B12, four different diets were formulated. In 

addition, to examine the effects of omega-3 fatty acid (DHA+EPA) supplementation 

on both the vitamin B12 deficient groups, 2 more diets were formulated. Protein level 

in the control and treatment diets was 18%. Vitamin B12 deficiency was obtained 

exclusively through dietary means and animals receiving vitamin B12 deficient diets 

were kept in special cages to prevent coprophagy. Vitamin free casein was used for all 

the treatment diets.  

Thus, there were a total of 6 groups: Fn+B12 (Control) - normal folate, normal 

vitamin B12, Fn-B12 - normal folate, vitamin B12 deficient, Fn-B12+O - normal folate, 

vitamin B12 deficient, omega-3 fatty acid supplemented, Fe+B12 - excess folate, 

normal vitamin B12, Fe-B12 - excess folate, vitamin B12 deficient, Fe-B12+O - excess 

folate, vitamin B12 deficient, omega-3 fatty acid supplemented. The study design is 

described in Figure 39. 

The rationale for these groups is that Indians being vegetarians are deficient in 

(or have very inadequate) vitamin B12. Further, folic acid supplementation is 

undertaken as per the National Prophylaxis Programme leading to an imbalance in the 

vital micronutrients. The lowest levels of folic acid i.e. 2 mg/kg represent the normal 

level in the control diet as per the current AIN-93 guidelines while 8 mg/kg is 

approximately 4 times the requirement of a normal rat. This is in line with the fact 

that folic acid requirement for Indian pregnant woman is around 500 µg/day, which is 

around 4 times the requirement of a non-pregnant woman. The level of omega-3 fatty 

acid supplementation was chosen to have an omega-6:omega-3 ratio of 1:1 (ideal 

ratio) (reviewed by Simopoulos, 1999). Table 14 gives the fatty acid composition of 

the control and treatment diets. 
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Figure 39: Study Design  

 

 
 

Fn+B12: Normal Folic Acid, Normal Vitamin B12; Fn-B12: Normal Folic Acid, Vitamin B12 Deficient; Fn-

B12+O: Normal Folic Acid, Vitamin B12 Deficient, Omega-3 Fatty Acid Supplemented; Fe+B12: Excess 

Folic Acid, Normal Vitamin B12; Fe-B12: Excess Folic Acid, Vitamin B12 Deficient; Fe-B12+O: Excess Folic 

Acid, Vitamin B12 Deficient, Omega-3 Fatty Acid Supplemented; RT-qPCR: Quantitative Real Time 

Polymerase Chain Reaction; FATP1: Fatty Acid Transport Protein-1; FATP1: Fatty Acid Transport 

Protein-4; FABP3: Fatty Acid Binding Protein-3 
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Table 13: Composition of Diets 

 

S.No Diets (g/kg) Fn+B12  Fn-B12 Fe+B12 Fe-B12 Fn-B12+O Fe-B12+O 

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 mixture
a
 35 35 35 35 35 35 

9. 

Vitamin mixture
b
 10 10 10 10 10 10 

Folic acid  0.002 0.002 0.008 0.008 0.002 0.008 

Vitamin B12 0.025 0 0.025 0 0 0 

10. Cystine 3 3 3 3 3 3 

11. Choline Bitartarate 2.5 2.5 2.5 2.5 2.5 2.5 

12. Tertiary Butyl 0.014 0.014 0.014 0.014 0.014 0.014 

 Total Energy (kJ) 1.57 1.57 1.57 1.57 1.57 1.57 

 

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; LithiumChloride, 0.01; 

Boric Acid, 0.08; Sodium Fluoride, 0.06; Nickel Carbonate, 0.03; Ammonium Vanadate, 0.006; Sucrose, 221.02 

Vitamin mixture (g/kg mixture): Nicotinic Acid, 3; Calcium Pantothenate, 1.6; Pyridoxine-HCl, 0.7; Thiamin –

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 

Diets: Fn+B12: Normal folic acid, normal vitamin B12; Fn-B12: Normal folic acid, vitamin B12 deficient; Fn-B12+O: 
Normal folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented; Fe+B12: Excess folic acid, normal 

vitamin B12; Fe-B12: Excess folic acid, vitamin B12 deficient; Fe-B12+O: Excess folic acid, vitamin B12 deficient, 

omega-3 fatty acid supplemented. 
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Table 14: Fatty Acid Composition (g/100 g fatty acids) of Diets in Different 

Groups 

 

 

Fn+B12: Normal folic acid, normal vitamin B12; Fn-B12: Normal folic acid, vitamin B12 deficient; Fn-B12+O: 

Normal folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented; Fe+B12: Excess folic acid, normal 

vitamin B12; Fe-B12: Excess folic acid, vitamin B12 deficient; Fe-B12+O: Excess folic acid, vitamin B12 

deficient, omega-3 fatty acid supplemented; MYR - Myristic acid; MYRO - Myristoleic acid; PAL - 

Palmitic acid; PALO - Palmitoleic acid; STE - Stearic acid; OLE - Oleic acid; LA - Linoleic acid; GLA - 

Gamma Linolenic acid; ALA - Alpha Linolenic acid; DGLA - Dihomo gamma linolenic acid; AA - 

Arachidonic acid; EPA - Eicosapentaenoic acid; NA - Nervonic acid; DPA, omega-6 - Docosapentaenoic 
acid; DHA - Docosahexaenoic acid 

 

5.2.4 Tissue Collection and Processing 

On d20 of gestation, dams were dissected to collect liver and placental tissues 

which were immediately snap frozen in liquid nitrogen and stored at -80°C. The 

absolute weight of the liver and placenta was recorded on an electronic balance 

(Schimadzu Kyoto, Japan) with a least count of 0.001 g. The relative liver weights 

were based on organ-to-body weight ratio [(absolute liver weight/weight of the 

dam)*100].  

 

Fatty acids  Fn+B12 Fn-B12 Fe+B12 Fe-B12 Fn-B12+O Fe-B12+O 

MYR 6.87 6.94 6.47 6.98 6.72 6.96 

MYRO 0.63 0.60 0.63 0.63 0.45 0.44 

PAL 31.88 31.80 31.50 31.79 28.71 28.81 

PALO 0.87 0.88 0.83 0.83 3.93 3.73 

STE 5.74 5.38 5.75 5.99 4.03 4.24 

OLE 22.76 22.84 22.64 22.94 17.33 17.49 

LA 25.58 25.19 25.63 25.58 21.83 21.37 

GLA 0 0 0 0 0 0 

ALA 2.29 2.79 2.70 2.91 1.68 1.78 

DGLA 0 0 0 0 0 0 

AA 0 0 0 0 0 0 

EPA 0 0 0 0 5.64 5.62 

NA 0 0 0 0 0 0 

DPA 0 0 0 0 0 0 

DHA 0 0 0 0 3.15 3.13 
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5.2.5 Estimation of Liver Fatty Acid Levels 

Dam liver tissues were homogenized in cold PBS, pH 7.5 using a Teflon glass 

homogenizer on ice. The homogenate was centrifuged at 10,000 rpm at 4°C for 20 

min. The cell membrane fraction was resuspended in 1 ml PBS and stored at -80°C. 

Fatty acid analysis from dam liver tissue samples was done by gas chromatography. 

The method used is discussed in detail in Chapter 2 (Section 2.2.4). 

5.2.6 Extraction of Total RNA, cDNA synthesis and Real Time Quantitative 

PCR (RT-qPCR) Assays 

 

 Extraction of total RNA and cDNA synthesis was performed as mentioned in 

Chapter 4 (Section 4.2.3). Real-time quantitative PCR was performed using the 

Applied Biosystems 7500 FAST system. The relative expression level of the gene of 

interest was computed with respect to GAPDH (internal control) mRNA to normalize 

for variation in the quality of RNA and the amount of input cDNA. PCR was 

performed with the TaqMan Universal PCR Master Mix (Applied Biosystems, USA) 

using cDNA equivalent to 10 ng total RNA. Ct-values were set in the exponential 

range of the amplification plots using the 7500 Fast System Sequence Detection 

Software v1.4.0. ∆∆Ct-values corresponded to the difference between the Ct-values of 

the genes examined and those of the GAPDH gene. Relative expression levels of 

genes were calculated and expressed 2
-∆∆Ct

. The following TaqMan® assays (Applied 

Biosystems, USA) were used in this study: GAPDH (Rn99999916_s1); FAM dye-

labeled, ∆5 desaturase (Rn00584915_m1); ∆6 desaturase (Rn00580220_m1), FATP1 

(Rn00585821_m1), FATP4 (Rn01438951_m1) and FABP3 (Rn00577366_m1).  

For evaluating mRNA expression of ∆5 and ∆6 desaturase in placenta, we 

used a Veriti 96 well Thermal Cycler System (Applied Biosystems, USA). PCR 

reactions contained 1 ml of cDNA, 0.25 ml of each primer, 2.5 ml of TaqMan 
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Universal PCR Master Mix (Applied Biosystems, USA) and 1.25 ml of DEPC–H2O 

making total reaction volume of 5 ml. The cycling conditions were (1) initial 

denaturation at 95°C for 3 min; (2) 35 cycles of denaturation at 95°C for 1 min, 

annealing at 60°C for 1 min and synthesis at 72°C for 1 min; (3) final elongation at 

72°C for 10 min. We further checked the amplification product in a 2% agarose gel in 

Tris-Borate-EDTA buffer, using ethidium bromide staining and AlphaImager EC 

(Alpha Innotech, CA, USA). 

5.2.7 ∆5 and ∆6 Desaturase Protein Levels from Placental Tissue Lysates 

Placental tissue was homogenized with chilled PBS and centrifuged at 10000 

rpm at 4
°
C for 20 min. Supernatant and cell membrane fractions were separated. The 

clear supernatant (lysate) was then transferred to a clean tube. Total protein content of 

the lysates was estimated by Lowry method (Lowry et al., 1951). ∆5 and ∆6 

desaturase protein levels were measured from placental tissue lysates using 

commercial enzyme-linked immunosorbent assay (ELISA) kits (USCN Life Science, 

INC. USA for ∆5 and ∆6 desaturase). The detection limit (sensitivity) of the assay 

was 3.4 pg/ml for ∆5 desaturase and 1.38 ng/ml for ∆6 desaturase. ∆5 and ∆6 

desaturase concentrations have been normalized for 1 mg of total protein content. 

5.2.8 Statistical Analysis 

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

package (Version 20.0, Chicago, IL). 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), using one way analysis of variance 

(ANOVA) and the post-hoc least significant difference test. 
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5.3 Results 

5.3.1 Feed Intake during Pregnancy 

The daily feed intake was similar between control and Fe-B12 suggesting that 

an imbalance in maternal micronutrients (folic acid and vitamin B12) did not affect 

feed intake. In contrast, feed intake in both the omega-3 fatty acid supplemented 

groups was lower than control and lower than their respective vitamin B12 deficient 

groups. This has been reported in our earlier departmental study (Roy et al., 2012). 

5.3.2 Reproductive Performance 

Weight gain of dams during pregnancy, litter size and litter weight was similar 

in all groups indicating that alteration in maternal micronutrients as well as omega-3 

fatty acid supplementation did not influence the above parameters and has been 

reported in a departmental study (Roy et al., 2012).  

5.3.3  Absolute and Relative Dam Liver Weights  

 Maternal micronutrients did not influence either absolute or relative liver 

weights of dams. Further, omega-3 fatty acid supplementation too did not show any 

effect on liver weights (Table 15). None of the rats had fatty livers. 

Table 15: Absolute and Relative Liver Weights in Different Groups 

 

Diet groups Dam weight (g) Absolute liver weight (g) Relative liver weight 

Fn+B12  320.4 ± 27.8 12.7 ± 2.1 3.9 ± 0.4 

Fn-B12 321.0 ± 17.3 12.1 ± 1.6 3.8 ± 0.4 

Fe+B12 307.3 ± 44.7 11.6 ± 2.6 3.8 ± 0.4 

Fe-B12 308.1 ± 35.0 12.2 ± 2.5 3.9 ± 0.4 

Fn-B12+O 315.1 ± 16.0 12.4 ± 1.7 3.9 ± 0.4 

Fe-B12+O 315.3 ± 15.0 13.1 ± 1.1 4.1 ± 0.2 

 

 

 

Relative liver weight = (Absolute liver weight/Dam weight)*100); Fn+B12: Normal folic acid, normal 

vitamin B12; Fn-B12: Normal folic acid, vitamin B12 deficient; Fn-B12+O: Normal folic acid, vitamin B12 

deficient, omega-3 fatty acid supplemented; Fe+B12: Excess folic acid, normal vitamin B12; Fe-B12: Excess 

folic acid, vitamin B12 deficient; Fe-B12+O: Excess folic acid, vitamin B12 deficient, omega-3 fatty acid 

supplemented 
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5.3.4  Placental Weights 

The placental weight was comparable between control and all treatment 

groups i.e. control (0.354 ± 0.043), Fn-B12 (0.372 ± 0.046), Fe+B12 (0.355 ± 0.052), Fe-

B12 (0.379 ± 0.046), Fn-B12+O (0.380 ± 0.041), Fe-B12+O (0.373 ± 0.039). 

5.3.5 Dam Liver Fatty Acids  

 The fatty acid profile of dam liver in different groups is shown in Table 16. 

LA levels were higher in the Fe+B12, Fn-B12 and Fe- B12 groups as compared to control 

(p<0.05 for all). However, LA levels in the Fn-B12+O were lower (p<0.05) than Fn-B12 

group. LA levels in the Fe-B12+O group were lower than both Fe+B12 and Fe- B12 

(p<0.01 for both) groups.  

ALA levels were not altered either due to excess maternal folic acid levels or 

due to vitamin B12 deficiency both at normal and excess levels of folic acid. ALA 

levels were lower (p<0.05) in the Fn-B12+O group as compared to control whereas it 

was higher (p<0.05) in the Fe-B12+O group as compared to Fn-B12+O. 

 DHA levels in the Fn-B12 (p<0.05) and Fe-B12 groups (p<0.01) were lower 

than control. Levels of DHA were higher in the Fn-B12+O (p<0.01) and Fe-B12+O 

(p<0.05) groups as compared to control and other treatment groups (Fn-B12, Fe-B12 

and Fe+B12) (p<0.01 for all).  

AA levels were lower in the Fn-B12+O group as compared to Fn-B12 (p<0.01) 

and in the Fe-B12+O group as compared to Fe+B12 (p<0.01) and Fe- B12 groups 

(p<0.05).   

 MUFA levels in the Fn-B12+O and Fe-B12+O groups reduced significantly as 

compared to Fn-B12, Fe+B12 and Fe-B12 groups (p<0.01 for all groups). MUFA levels 

increased significantly in the Fe+B12, Fn-B12, Fe-B12 (p<0.01 for all groups) groups as 

compared to control. There was no difference in the levels of saturated fatty acids.  
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Table 16:  Dam Liver Fatty Acid Levels (g/100g fatty acids) in Different Groups 

 

Fatty 

acid 

Fn+B12 Fn-B12 Fe+B12 Fe-B12 Fn-B12+O Fe-B12+O 

MYR 0.24 ± 0.32 0.54 ± 0.67 0.19 ± 0.14 0.46 ± 0.40 0. 28 ± 0.29 0.35 ± 0.46 

MYRO 0.09 ± 0.07 0.21 ± 0.28 0.13 ± 0.13 0.10 ± 0.07 0.22 ± 0.20 0.32 ± 0.31 

PAL 16.36 ± 8.0 18.43 ± 2.21 20.95 ± 2.84
a*

 21.81 ± 4.08
a*

 19.50 ± 1.48 19.62 ± 2.97 

PALO 0.30 ± 0.18 0.59 ± 0.61 0.22 ± 0.07 0.48 ± 0.52 0.33 ± 0.11 0.53 ± 0.44 

STE 23.67 ± 17.78 21.09 ± 3.77 20.73 ± 4.83 22.76 ± 7.00 27.41 ± 12.80 29.45 ± 13.46 

OLE 5.03 ± 3.81 8.93 ± 3.19 9.32 ± 2.63
a*

 11.25 ± 6.58
a**

 5.45 ± 1.69
c*d**

 6.32 ± 2.02
d*

 

LA 8.76 ±  5.33 13.40 ± 3.92
a*

 13.55 ± 4.02
a*

 12.88 ± 1.67
a*

 9.19 ±  2.72
bc*

 7.63 ±  1.75
bcd**

 

GLA 0.17 ± 0.21 0.23 ± 0.19 0.10 ± 0.03 0.08 ± 0.05 0.54 ± 0.55
bc*cd**

 0.14± 0.11
e**

 

ALA 0.39 ± 0.35 0.34 ± 0.17 0.31 ± 0.28 0.24 ± 0.15 0.14 ± 0.07
a*

 0.42 ± 0.22
e*

 

DGLA 0.19 ± 0.21 0.32 ± 0.17 0.11 ± 0.03
b*

 0.09 ± 0.04
b*

 0.29 ± 0.21 0.44 ± 0.27
a*cd**

 

AA 12.29 ± 8.06 16.66 ± 2.45
a*

 15.36 ± 2.00 14.02 ± 3.60 10.04 ± 1.95
bc**

 9.49 ± 1.82
bc**d*

 

EPA 0.54 ± 0.87 0.12 ± 0.09 0.24 ± 0.21 0.17 ± 0.12 2.8 ± 1.9
abcd**

 1.8 ± 2.17
bcd*

 

NA 3.67 ± 2.90 5.17 ± 2.41 6.15 ± 1.92
a*

 5.33 ± 2.46 0.52 ± 0.49
abcd**

 0.46 ± 0.68
abcd**

 

DPA 0.33 ± 0.36 0.38 ± 0.22 0.32 ± 0.11 0.49 ± 0.23 1.01 ± 0.70
abc*

 1.20 ± 0.89
abc**d*

 

DHA 8.34 ± 4.39 7.01 ± 2.50
a*

 9.63 ± 4.45 5.82 ± 1.03
a**c*

 17.18 ± 5.03
abcd**

 15.58 ±  5.13
a*bcd**

 

Total 

omega-3 
9.27 ± 5.03 7.47 ± 2.44 10.19 ± 4.48 6.25 ± 1.04 20.13 ± 5.95

abcd**
 17.85 ± 6.55

abcd**
 

Total 

omega-6 
13.00 ± 8.38 17.61 ± 2.51

a*
 15.90 ± 1.97 14.69 ± 3.78 11.89 ± 1.58

b**
 11.28 ± 2.82

b**c*
 

SFA 45.83 ± 15.25 40.00 ± 4.58 41.88 ± 5.19 47.43 ± 8.03 47.25 ± 11.63 49.43 ± 11.78 

MUFA 9.10 ± 6.67 14.90 ± 2.63
a**

 15.84 ± 2.75
a** 

 17.18 ± 4.36
a**

 6.54 ± 2.07
bcd**

 7.65 ± 2.22
bcd**

 

 
a, b, c, d, and e superscript letters indicate Fn+B12, Fn-B12, Fe+B12, Fe-B12, and Fn-B12+O groups respectively, with statistical 

differences (*p<0.05, **p<0.01) between the groups; MYR - Myristic acid; MYRO - Myristoleic acid; PAL - Palmitic 

acid; PALO - Palmitoleic acid; STE - Stearic acid; OLE - Oleic acid; LA - Linoleic acid; GLA - Gamma Linolenic acid; 

ALA - Alpha Linolenic acid; DGLA - Dihomo gamma linolenic acid; AA - Arachidonic acid;  EPA - Eicosapentaenoic 

acid; NA - Nervonic acid; DPA, omega-6 - Docosapentaenoic acid; DHA - Docosahexaenoic acid; Saturated fatty acids 

(SFA): (MYR + PAL + STE); Monounsaturated fatty acids (MUFA): (MYRO + PALO + OLE + NA); Total omega-3: 

(ALA + EPA + DHA); Total omega-6: (LA + GLA + DGLA + AA + DPA); Fn+B12: Normal folic acid, normal vitamin 

B12; Fn-B12: Normal folic acid, vitamin B12 deficient; Fn-B12+O: Normal folic acid, vitamin B12 deficient, omega-3 fatty 

acid supplemented; Fe+B12: Excess folic acid, normal vitamin B12; Fe-B12: Excess folic acid, vitamin B12 deficient; Fe-

B12+O: Excess folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented 
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5.3.6 ∆5 and ∆6 Desaturase mRNA Levels in Dam Liver 

 ∆5 desaturase mRNA levels were lower in the Fe-B12 group as compared to 

control and Fe+B12 groups (p<0.05 for both). In contrast, omega-3 fatty acid 

supplementation increased the mRNA levels of ∆5 desaturase only at excess folate 

levels in the absence of vitamin B12 (Fe-B12+O) as compared to Fe-B12 (p<0.01). The 

mRNA levels of ∆5 desaturase also increased (p<0.01) in Fe-B12+O group as 

compared to Fn-B12+O group. There was no change in ∆6 desaturase mRNA levels in 

any of the treatment groups as compared to control (Fig. 40). 

 

Figure 40: Liver mRNA Levels of ∆5 and ∆6 Desaturases in Different Groups 

 

 
 
a, b, c, d,

 and 
e
 superscript letters indicate Fn+B12, Fn-B12, Fe+B12, Fe-B12, and Fn-B12+O groups 

respectively, with statistical differences (*p<0.05, **p<0.01) between the groups; Fn+B12: Normal 

folic acid, normal vitamin B12; Fn-B12: Normal folic acid, vitamin B12 deficient; Fn-B12+O: Normal 

folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented; Fe+B12: Excess folic acid, normal 

vitamin B12; Fe-B12: Excess folic acid, vitamin B12 deficient; Fe-B12+O: Excess folic acid, vitamin 

B12 deficient, omega-3 fatty acid supplemented 
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5.3.7  FATP1 and FABP3 mRNA Levels in Dam Liver 

 FATP1 mRNA levels were higher only in the Fe-B12+O group as compared to 

Fn-B12+O group (p<0.05). However, FABP3 mRNA levels were not altered in any of 

the other groups as compared to control (Fig. 41). 

Figure 41: Liver mRNA Levels of Fatty Acid Transport Protein-1 (FATP1) and 

Fatty Acid Binding Protein-3 (FABP3) in Different Groups 

 

 
 

a, b, c, d, and e superscript letters indicate Fn+B12, Fn-B12, Fe+B12, Fe-B12, and Fn-B12+O groups 

respectively, with statistical differences (*p<0.05, **p<0.01) between the groups; Fn+B12: Normal 

folic acid, normal vitamin B12; Fn-B12: Normal folic acid, vitamin B12 deficient; Fn-B12+O: Normal 

folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented; Fe+B12: Excess folic acid, normal 

vitamin B12; Fe-B12: Excess folic acid, vitamin B12 deficient; Fe-B12+O: Excess folic acid, vitamin 

B12 deficient, omega-3 fatty acid supplemented 

 

5.3.8 ∆5 and ∆6 Desaturase Protein Levels from Placental Tissue Lysates 

∆5 desaturase protein levels were higher in the Fe+B12 group (p<0.05) as 

compared to control whereas it was lower though not statistically significant (p = 

0.106) in the Fn-B12 group as compared to control. It was also lower in the Fe-B12 

(p<0.05), Fn-B12+O (p<0.05) and Fe-B12+O (p<0.01) groups as compared to control. 

However, there was no change in the ∆6 desaturase protein levels in all the groups 

(Fig. 42). 
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Figure 42: Placental Protein Levels of ∆5 and ∆6 Desaturases in Different 

Groups 

 

 
 

a, b, c, d, and e superscript letters indicate Fn+B12, Fn-B12, Fe+B12, Fe-B12, and Fn-B12+O groups 

respectively, with statistical differences (*p<0.05, **p<0.01) between the groups; Fn+B12: Normal 

folic acid, normal vitamin B12; Fn-B12: Normal folic acid, vitamin B12 deficient; Fn-B12+O: Normal 

folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented; Fe+B12: Excess folic acid, normal 

vitamin B12; Fe-B12: Excess folic acid, vitamin B12 deficient; Fe-B12+O: Excess folic acid, vitamin 

B12 deficient, omega-3 fatty acid supplemented 

 

5.3.9 ∆5 and ∆6 Desaturase mRNA Levels in Placenta 

Both ∆5 desaturase and ∆6 desaturase mRNAs were detected in placenta (Fig 

43). ∆5 desaturase mRNA levels were lower in the Fn-B12 and Fe-B12 groups as 

compared to control (p<0.05 for both). In contrast, omega-3 fatty acid 

supplementation increased the mRNA levels of ∆5 desaturase both at normal and 

excess folic acid levels in the absence of vitamin B12 (Fn-B12+O and Fe-B12+O 

respectively) as compared to Fn-B12 (p<0.01), Fe+B12 (p<0.05) and Fe-B12 (p<0.01). 

∆6 desaturase mRNA levels increased in Fe-B12+O group as compared to control and 

all other treatment groups (p<0.05) (Fig. 44). 
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Figure 43: ∆5 and ∆6 Desaturase mRNA in Placenta and Liver 

 

 
 

 

Figure 44: Placental mRNA Levels of ∆5 and ∆6 Desaturases in Different Groups 

 

 
 

a, b, c, d, and e superscript letters indicate Fn+B12, Fn-B12, Fe+B12, Fe-B12, and Fn-B12+O groups 

respectively, with statistical differences (*p<0.05, **p<0.01) between the groups; Fn+B12: Normal 

folic acid, normal vitamin B12; Fn-B12: Normal folic acid, vitamin B12 deficient; Fn-B12+O: Normal 

folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented; Fe+B12: Excess folic acid, normal 
vitamin B12; Fe-B12: Excess folic acid, vitamin B12 deficient; Fe-B12+O: Excess folic acid, vitamin 

B12 deficient, omega-3 fatty acid supplemented 
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5.3.10 FATP1, FATP4 and FABP3 mRNA Levels in Placenta 

FATP1 mRNA levels were lower (p<0.05 for both) in the Fn-B12 and Fe-B12 

group as compared to control. The levels of FATP1 mRNA were normalized to that of 

control as a result of omega-3 fatty acid supplementation (Fig. 45). 

Figure 45: Placental mRNA Levels of FATP1, FATP4 and FABP3 in Different 

Groups 

 

 
 

a, b, c, d, and e superscript letters indicate Fn+B12, Fn-B12, Fe+B12, Fe-B12, and Fn-B12+O groups 

respectively, with statistical differences (*p<0.05, **p<0.01) between the groups; Fn+B12: Normal 

folic acid, normal vitamin B12; Fn-B12: Normal folic acid, vitamin B12 deficient; Fn-B12+O: Normal 

folic acid, vitamin B12 deficient, omega-3 fatty acid supplemented; Fe+B12: Excess folic acid, normal 
vitamin B12; Fe-B12: Excess folic acid, vitamin B12 deficient; Fe-B12+O: Excess folic acid, vitamin 

B12 deficient, omega-3 fatty acid supplemented 
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FATP4 mRNA levels were lower (p<0.05) in the Fe-B12 group as compared to 

control. Supplementation of omega-3 fatty acid decreased the mRNA levels in both 

the Fn-B12+O and Fe-B12+O groups as compared to control (p<0.05 for both) (Fig. 

45). 

FABP3 mRNA levels were similar between groups. Omega-3 fatty acid 

supplementation did not alter FABP3 mRNA levels as compared to control. However, 

FABP3 mRNA levels in the Fe-B12+O group was lower (p<0.05) as compared to Fn-

B12+O group (Fig. 45). 

 5.4 Discussion 

 The present animal study highlights the mechanisms underlying maternal 

micronutrient imbalance and its effects on liver and placental fatty acid 

metabolism.  

Our results for the first time indicate several novel findings:  

1) Imbalance in maternal micronutrients (excess folic acid supplementation in 

the absence of vitamin B12):  

a) Decreases dam liver DHA levels 

b) Decreases mRNA levels of ∆5 desaturase but not ∆6 desaturase in the dam 

liver and placenta 

c) Decreases ∆5 desaturase protein levels but not ∆6 desaturase protein 

levels in the placenta 

d) No change in the mRNA levels of fatty acid transport proteins in any of 

the treatment groups in dam liver 

e) Decreases mRNA levels of FATP1 and FATP4 but not FABP3 in placenta 
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2) Omega-3 fatty acid supplementation to these imbalanced maternal 

micronutrient diets:  

a) Normalized mRNA levels of ∆5 desaturase in the dam liver and placenta 

b) Decreases protein levels of ∆5 desaturase as compared to control in 

placenta 

c) Did not alter mRNA levels of fatty acid transport proteins in any of the 

treatment groups in the dam liver 

d) FATP1 mRNA levels were normalized while FATP4 mRNA levels were 

lower as compared to that of control in placenta 

5.4.1 Dam Liver Fatty Acids 

 This study indicates that an imbalance in maternal micronutrients (Fe-B12) 

results in reduced levels of liver DHA. An earlier study carried out by Fehling et al. 

(Fehling et al., 1978) also reported reduced total liver lipids in the vitamin-B12-

deprived animals. In contrast, others suggest that cobalt-vitamin B12 deficiency causes 

lipid accumulation (Kennedy et al., 1994; Akesson et al., 1979). Changes in liver 

phospholipid composition are reported to contribute to the pathology underlying 

pregnancy-associated intrahepatic cholestasis or acute steatosis in preeclampsia 

(Cunningham et al., 2005). In the present study, omega-3 fatty acid supplementation 

to the vitamin B12 deficient groups increased DHA levels and decreased AA levels. 

Supplementation with DHA is reported to induce accretion of DHA in liver of the rats 

(Valenzuela et al., 2004). 

5.4.2 ∆5 and ∆6 Desaturase mRNA Levels in Dam Liver 

 This study for the first time indicates that maternal imbalance of 

micronutrients decreases the mRNA levels of ∆5 desaturase but not ∆6 desaturase. 

Omega-3 fatty acid supplementation to the diet imbalanced in micronutrients 
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increases the mRNA levels of ∆5 desaturase. Dietary omega-3 PUFA deprivation is 

also known to upregulate liver mRNA levels of ∆5 and ∆6 desaturases (Igarashi et al., 

2007). Our findings suggest that both the levels of folate and vitamin B12 also play a 

role in determining expression of hepatic desaturase gene expression.  

5.4.3 FATP1 and FABP3 mRNA Levels in Dam Liver 

 In the current study, mRNA levels of FATP1 and FABP3 were not altered as a 

result of changes in maternal micronutrients. However, omega-3 fatty acid 

supplementation to vitamin B12 levels at excess level of folic acid increased mRNA 

levels of FATP1 as compared to normal level of folic acid. It is known that fatty acid 

transport proteins play a role in transport and activation of exogenous fatty acids 

destined for storage in the form of triglycerides (Sandoval et al., 2008) and is a 

determinant of fatty acid oxidation (Vergnes et al., 2011) and regulator of 

mitochondrial function (Wiczer and Bernlohr, 2009; Sebastián et al., 2009). Further 

studies need to be carried out to better understand the role of maternal micronutrients 

in the differential regulation of transport proteins.  

5.4.4 ∆5 and ∆6 Desaturase mRNA and Protein Levels in Placenta 

 This study reports presence of mRNA of ∆5 and ∆6 desaturases in rat 

placenta. In the current study, vitamin B12 deficiency reduced the mRNA and protein 

levels of ∆5 desaturases. When the vitamin B12 deficient groups were supplemented 

with omega-3 fatty acids there was an increase in the mRNA levels of ∆5 desaturase 

although there was a reduction in the protein levels. One possible explanation could 

be that due to the availability of the product (EPA+DHA), there may be a delayed 

translation of ∆5 desaturase mRNA to protein. In the present study there was no 

difference in ∆6 desaturase mRNA and protein levels as a consequence of an 

imbalance in maternal micronutrients. A study carried out in our department indicate 
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that an imbalance in maternal micronutrients results in reduced DHA levels in the 

placenta (Kulkarni et al., 2011a) and pup brain (Roy et al., 2012) possibly due to a 

disturbed one carbon cycle which may impair the conversion of 

phosphatidylethanolamine-DHA to phosphatidylcholine-DHA. The 

phosphatidylcholine:phosphatidylethanolamine ratio is known to modulate the 

activity of ∆5 and ∆6 desaturases involved in omega-3 and omega-6 PUFA synthesis 

(Assies and Pouwer, 2008). 

5.4.5 FATP1, FATP4 and FABP3 mRNA Levels in Placenta 

In our study, vitamin B12 deficiency reduced placental mRNA levels of 

FATP1 while omega-3 fatty acid supplementation reverted mRNA levels of FATP1 to 

that of control both at normal and excess levels of folic acid indicating that maternal 

diet affects the expression of these transport proteins. An earlier study carried out in 

our department has reported increased levels of placental DHA in the vitamin B12 

deficient groups supplemented with omega-3 fatty acids (Kulkarni et al., 2011a). Our 

results are in accordance with earlier studies which suggest that placental mRNA 

levels of FATP1 was directly correlated with DHA in both maternal plasma and 

placental phospholipids (Larque et al., 2006b). Studies in a variety of cell types and 

tissues have demonstrated that manipulating the expression of FATP1 affects fatty 

acid uptake (García-Martínez et al., 2005; Kim et al., 2004; Chiu et al., 2001). 

In the present study, FATP4 showed a reduction in mRNA levels as a result of 

imbalance in maternal micronutrients and did not alter as a result of omega-3 fatty 

acid supplementation. This is in contrast, to an earlier study which reports that high 

percentages of DHA and EPA in maternal plasma phospholipids upregulatate mRNA 

expression of FATP4 in the placenta (Larque et al., 2006b). Other studies suggest that 
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FATP4 is not a transporter protein involved in fatty acid translocation at the plasma 

membrane (Milger et al., 2006).  

In our study there was no change in the mRNA levels of FABP3 as a result of 

imbalance in maternal micronutrients. One possible explanation for this may be that 

FABP are not responsible for the fetal accumulation of DHA and AA but only 

participates in their intracellular trafficking (reviewed by Cunningham and 

McDermott, 2009). It is known that a family of FABP proteins is expressed in diverse 

tissues (reviewed by Haunerland and Spener, 2004; reviewed by Zanotti et al., 1999). 

Studies also suggest that cytoplasmic FABP remove fatty acids from the inner 

membrane and channel them to their respective metabolic fates (reviewed by Glatz et 

al., 1997; reviewed by Glatz and vanderVusse, 1996; reviewed by Veerkamp, 1995). 

In our study supplementation of omega-3 fatty acids did not alter the 

expression of FABP3 as compared to control. These findings are similar to that 

reported earlier that LCPUFA did not alter the expression of any of the membrane 

FABPpm or FABP in BeWo cells (Johnsen et al., 2009). In contrast, there are a few in 

vitro (Clavel et al., 2002; Carey et al., 1994) and in vivo studies (Chang et al., 2001; 

van der Lee et al., 2000; Meunier-Durmort et al., 1996) that have shown up regulation 

of either FABP1 or FABP3 or both on supplementation or exposure to long chain 

fatty acids.  

5.4.6 Possible Mechanism leading to Alterations in the Expression of Fatty Acid 

Desaturases and Transport Proteins 

The earlier chapters (Chapter 3 and 4) of the current thesis have elaborately 

discussed that folate, vitamin B12 and DHA are interlinked in the one carbon 

metabolism and any imbalance may lead to methyl group deficiency. It has been 

reported that methyl group deficiency downregulates the expression of transcription 
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factors like SREBP and PPAR in rat liver (Garcia et al., 2011). It has been suggested 

that nuclear transcription factors (PPARγ, SREBP-1) are critical in determining the 

expression of genes responsible for fatty acids metabolism and play a critical role in 

the development of the feto-placental unit (Xu et al., 2005; reviewed by Duttaroy, 

2004; Berry et al., 2003; Fournier et al., 2002; Tarrade et al., 2001; Barak et al., 

1999). An earlier study carried out in our department has reported reduced placental 

global DNA methylation in the vitamin B12 deficient groups (Fn-B12 and Fe-B12) as a 

result of disturbed one carbon metabolism (Kulkarni et al., 2011a). Therefore, the 

decreased ∆5 desaturase and fatty acid transport protein expression in vitamin B12 

deficient groups could possibly be attributed to the disturbed one carbon metabolism 

leading to down regulation of transcription factors like SREBP and PPAR which in 

turn down regulate fatty acid desaturases as well as transport proteins (Fig. 46). 

One limitation of the current study is that although there are other forms of 

fatty acid transport proteins, the present study has examined the mRNA levels of only 

FATP1, FATP4 and FABP3. Future studies need to be carried out to further confirm 

the role of other transport proteins as a consequence of altered maternal 

micronutrients. Nevertheless, our findings confirm that maternal micronutrients and 

omega-3 fatty acids can play a key role in determining mRNA and protein levels of 

fatty acid desaturase and transport proteins which in turn may affect the fatty acid 

status of the fetus.  
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Figure 46: Role of Maternal Micronutrients and the Possible Mechanisms 

Involved in Regulating Fatty Acid Desaturases and Transport Proteins 

 

 
 

5,10-MTHF: 5,10-Methylenetetrahydrofolate; 5-MTHF: 5-Methyltetrahydrofolate; DHA: 
Docosahexaenoic Acid; DHF: Dihydrofolate; DNA: Deoxyribonucleic Acid; MS: Methionine Synthase; 

MT: Methyltransferase;  PC-DHA: Phosphatidylcholine-DHA; PE-DHA: Phosphatidylethanolamine-

DHA; PEMT: Phosphatidylethanolamine Methyltransferase; PPAR: Peroxisome Proliferator-Activated 

Receptors; SAH : S-Adenosyl Homocysteine; SAM: S-Adenosyl Methionine; SREBP: Sterol Regulatory 

Element-Binding Protein; THF: Tetrahydrofolate 

 

Summary 

The current study for the first time indicates that an imbalance in 

maternal micronutrients alters fatty acid desaturases and transport proteins in 

the dam liver and placenta. It is possible that altered methylation patterns lead 

to reduced expression of Δ5 desaturase, FATP1 and FATP4 seen in our study. 

Further, studies are ongoing in our laboratory to examine gene specific 

methylation patterns of these genes. This would be useful in understanding the 
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mechanisms underlying the role of maternal micronutrients, fatty acid 

metabolism and risk for adult diseases in the offspring. This study also provides 

clues for nutritional interventions using omega-3 fatty acids in ameliorating the 

negative effect of a maternal micronutrient imbalanced diet.  
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ABSTRACT 

A disturbed fatty acid metabolism increases the risk of adult non-

communicable diseases. This study examines the effect of maternal 

micronutrients on the fatty acid composition, desaturase activity, 

mRNA levels of fatty acid desaturases and transport proteins in the 

liver. Pregnant female rats were divided into 6 groups at 2 levels of 

folic acid both in the presence and absence of vitamin B12. The 

vitamin B12 deficient groups were supplemented with omega 3 fatty 

acid. An imbalance of maternal micronutrients reduces liver 

docosahexaenoic acid, increases Δ5 desaturase activity but decreases 

mRNA levels, decreases Δ6 desaturase activity but not mRNA levels 

as compared to control. mRNA level of Δ5 desaturase reverts back to 

the levels of the control group as a result of omega 3 fatty acid 

supplementation. Our data for the first time indicates that maternal 

micronutrients differentially alter the activity and expression of fatty 

acid desaturases in the liver. 
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ABSTRACT 

Adequate supply of LCPUFA from maternal plasma is crucial for 

fetal normal growth and development. The present study examines 

the effect of maternal micronutrients (folic acid and vitamin B12) and 

omega 3 fatty acids on placental mRNA levels of fatty acid 

desaturases (Δ5 and Δ6) and transport proteins. Pregnant female rats 

were divided into 6 groups at 2 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. Maternal vitamin 

B12 deficiency reduced placental mRNA and protein levels of Δ5 

desaturase, mRNA levels of FATP1 and FATP4 (p<0.05 for all) as 

compared to control while omega 3 fatty acid supplementation 

normalized the levels. Our data for the first time indicates that altered 

maternal micronutrients and omega 3 fatty acids play a key role in 

regulating fatty acid desaturase and transport protein expression in 

placenta.  
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Summary 

The present thesis entitled “Fatty Acid Desaturases and Fatty Acid Transport 

Proteins in Pregnancy” comprises of a human and an animal study. The human study 

is a prospective study carried out on 156 normotensive control women and 62 women 

with preeclampsia who were followed from 16
th
-20

th
 weeks of gestation until 

delivery. In addition, an animal study was also undertaken to validate some of the 

findings of the human study. We hypothesize that, “Disturbed maternal one carbon 

cycle and long chain polyunsaturated fatty acids (LCPUFA) status in early pregnancy 

influences placental LCPUFA synthesis and transport thereby affecting fetal growth 

in preeclampsia.” 

Micronutrients such as folate and vitamin B12 are crucial during pregnancy 

due to their key role in nucleic acid synthesis and one carbon metabolism. In addition 

to micronutrients, LCPUFA are also essential for fetal growth and development. In 

vegetarian diet, the predominant essential fatty acids, α-linolenic acid (ALA) and 

linoleic acid (LA) are converted to LCPUFA such as docosahexaenoic acid (DHA) 

and arachidonic acid (AA) by the enzymes Δ5 and Δ6 desaturases. Large quantities of 

these LCPUFA are required for rapid fetal brain growth and development and must be 

transported to the fetus through the placenta via several membrane and intracellular 

proteins such as plasma membrane fatty acid binding protein (FABPpm), fatty acid 

translocase (FAT), fatty acid transport proteins (FATP) and fatty acid binding proteins 

(FABP). These transport proteins act to facilitate transfer and meet the increased 

nutrients demand of the fetus during gestation. However, this transport may be 

hampered in conditions with altered placental development such as preeclampsia. 

Preeclampsia is a multisystem disorder associated with raised blood pressure 

and proteinuria and complicates up to 10% of pregnancies worldwide. Many 
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nutritional factors have been suggested as possible causes of preeclampsia and there 

have been many attempts at prevention using dietary or nutritional interventions. 

Supplementation with omega-3 fatty acid has been proposed as a potential strategy to 

prevent preeclampsia, because of the effects of omega-3 fatty acid on modulating 

inflammatory and vascular function. It has recently been reported that the implications 

of omega-3 fatty acid supplementation during pregnancy in reducing risk for 

preeclampsia is worth being explored.  

Human and animal studies carried out in our department have elaborately 

discussed a link between micronutrients (folate and vitamin B12) and DHA in the one 

carbon cycle. Previous cross-sectional studies in our department have shown reduced 

maternal plasma and erythrocyte DHA levels, reduced placental DHA levels and 

increased levels of maternal plasma homocysteine and oxidative stress in women with 

preeclampsia. Further, a negative association between plasma homocysteine and 

erythrocyte DHA levels in preeclampsia has also been reported by our department. 

However, these studies in women with preeclampsia were carried out at the time of 

delivery i.e. levels of fatty acids and micronutrients were analyzed after the diagnosis 

of preeclampsia and may be confounded by the disease. 

Studies carried out in our department have elaborately discussed that 

micronutrients such as folate and vitamin B12 along with DHA influence DNA 

methylation. It is likely that these methylation changes will alter expression of vital 

genes involved in the fatty acid metabolism (fatty acid desaturases and fatty acid 

transport proteins) (Fig. 47). 
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Figure 47: Role of Altered Maternal Micronutrients and LCPUFA in the Regulation of 

Fatty Acid Desaturases and Transport Proteins in Preeclampsia 

 

 
 

ALA: α-Linolenic Acid; DHA: Docosahexaenoic Acid; SAM: S-Adenosyl Methionine 

 

In view of this, it is important to undertake prospective studies which examine 

levels of micronutrients (folate and vitamin B12) and LCPUFA at various time points 

during pregnancy to understand their role in preeclampsia. Further, there are no 

studies that have associated changes in micronutrient status with changes in levels of 
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LCPUFA from early pregnancy. This may further open new avenues for 

supplementation of these nutrients to prevent pregnancy complications and optimize 

fetal development. 

The present prospective study therefore examines the maternal LCPUFA and 

micronutrient levels at various time points across gestation. In addition cord and 

placental LCPUFA levels and mRNA levels of placental fatty acid desaturases and 

transport proteins were examined in women with preeclampsia and compared with 

normotensive control. 

The present thesis resulted in some novel findings from the human 

study: 
 

1. Maternal plasma DHA and AA levels were altered from early pregnancy in 

women who developed preeclampsia. Similarly, cord plasma DHA and AA 

levels were also lower possibly due to an impaired fetal LCPUFA accretion or 

an insufficient fetal LCPUFA supply. Further, a positive association between 

cord and maternal plasma DHA and AA suggests that the cord LCPUFA 

levels are dependent on maternal LCPUFA levels from early pregnancy. 

2. Maternal erythrocyte DHA levels were lower from early pregnancy till 

delivery and the cord erythrocyte DHA levels were also lower in 

preeclampsia. This indicates a disturbed maternal fatty acid metabolism or 

decreased release from maternal stores which may lead to insufficient DHA 

deposition in the fetus. Further, a positive association between cord and 

maternal erythrocyte DHA suggests that the maternal fatty acid stores even in 

early pregnancy are indicative of the fetal stores.  

3. Maternal erythrocyte AA levels were lower only at delivery indicating that 

this could be due to its utilization in the synthesis of eicasanoids such as 
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thromboxane which play an important role in the pathogenesis of 

preeclampsia. 

4. Placental DHA levels were also lower in preeclampsia and were positively 

associated with maternal and cord DHA levels suggesting that placental DHA 

levels are dependent on maternal DHA supply from early pregnancy.  

5. Maternal plasma folate levels were comparable while vitamin B12 levels were 

higher at 26
th

-30
th
 weeks of gestation in preeclampsia possibly due to 

inflammation which is further known to contribute to the development of 

preeclampsia. 

6. Maternal plasma homocysteine levels were higher from early pregnancy till 

delivery indicating that these elevations may precede the clinical manifestation 

of preeclampsia. 

7. Associations of maternal plasma and erythrocyte DHA with one carbon 

metabolites suggests that they are linked through the one carbon cycle in 

preeclampsia.  

8. Lower mRNA levels of placental ∆5 desaturase, FATP1 and FATP4 indicate a 

disturbed fatty acid metabolism in preeclampsia. FATP1 and FATP4 are 

known to be specific for the transport of DHA. Thus, the reduced gene 

expression of these transport proteins supports the lower levels of placental 

and cord DHA levels observed in preeclampsia.  

9. Associations of fatty acid desaturases and transport proteins with one carbon 

metabolites in preeclampsia suggests that their gene expression is linked to the 

one carbon metabolism possibly via the epigenetic regulation. 
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Animal Study 

An animal study using Wistar rats was initiated to understand whether the 

fatty acid metabolism both in the liver and placenta are altered as a consequence of a 

disturbed one carbon cycle. 

The Key Findings from the Animal Study are as follows: 

1) An imbalance in maternal micronutrients (excess folic acid supplementation in the 

absence of vitamin B12) resulted in: 

a. Lower dam liver DHA levels  

b. Lower mRNA levels of ∆5 desaturase in the dam liver and placenta  

c. Lower ∆5 desaturase protein levels in placenta 

d. No change in the mRNA levels of fatty acid transport proteins in any of the 

treatment groups in dam liver 

e. Lower mRNA levels of FATP1 and FATP4 in placenta 

2) Omega-3 fatty acid supplementation to these imbalanced maternal diets normalized 

most of the above effects. 

 This study for the first time suggests that an imbalance in maternal 

micronutrients differentially alters the mRNA levels of fatty acid desaturases in the 

liver and placenta. An imbalance in maternal micronutrients also alters the mRNA 

levels of fatty acid transport proteins in the placenta. It is well known that placenta 

plays a key role in transporting maternal nutrients to the developing fetus especially 

for the uptake of omega-3 and omega-6 LCPUFA derivatives. Alterations in the 

expression of these transport proteins may be responsible for the lower levels of DHA 

observed in the placenta. It is likely that altered one carbon cycle influences the 

expression of these vital genes through epigenetic modifications. Omega-3 fatty acid 
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supplementation was found to be beneficial in improving the mRNA levels of genes 

involved in fatty acid metabolism. Thus, the animal study validates the data observed 

in the human study and provides a more comprehensive picture on the effect of 

maternal micronutrients on fatty acid desaturases and transport proteins both in the 

liver and placenta. Our data indicates that maternal micronutrients influence fatty acid 

desaturases and transport proteins. This study provides clues for nutritional 

interventions using omega-3 fatty acids in ameliorating the negative effects of a 

maternal micronutrient imbalanced diet. 

 Implications  

The present study for the first time reports fatty acid levels in all three 

compartments i.e. maternal-fetal-placental unit in preeclampsia and demonstrates an 

association of LCPUFA and micronutrients in early pregnancy in preeclampsia. This 

could be useful in early diagnosis of pregnancy complication like preeclampsia. The 

animal study suggests that micronutrients and omega-3 fatty acids together influence 

the expression of fatty acid desaturases and transport proteins.  

It is likely that a balanced dietary supplementation of folate, vitamin B12 and 

LCPUFA such as DHA during early pregnancy may be beneficial. This study 

provides the translational mechanistic basis for improving the health of the mother, 

improving birth outcome and thereby reducing the risk of diseases in later life. 

Societal Relevance 

Our findings suggest that children born to mothers with a disturbed one carbon 

cycle (folate, vitamin B12, homocysteine and DHA) are at an increased risk of 

developing cardio-metabolic and neurodevelopmental disorders in adult life.  This is 

of significance since it is known that babies born to mothers with preeclampsia are at 
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an increased risk of non-communicable diseases (NCD) in adulthood. This study is of 

a special relevance to India which is now facing an epidemic of increased risk of these 

NCD.  

Future Directions 

Future studies need to be undertaken to examine gene specific methylation of 

the genes involved in fatty acid metabolism. This will help in understanding the 

epigenetic mechanism involved in preeclampsia. There is also a need to follow-up 

children born to mothers with preeclampsia to understand the associations of early 

maternal nutritional status (folate, vitamin B12 and DHA) with the risk of diseases in 

children at an adult age. Further, supplementation of vital constituents of one carbon 

cycle from early pregnancy needs to be tested for prevention of diseases in later life. 
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