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1.1 Preterm Birth  

 Preterm birth is defined as birth prior to 37 weeks of gestation. Preterm birth rates 

are reported to range from 5-18% of live births and India ranks first among the top 10 

countries with highest number of preterm births. (Blencowe et al. 2012) (Fig. 1).  

 

 Preterm birth is a leading cause of maternal and neonatal morbidity and mortality 

(Howson et al. 2013). Infants born preterm are reported to be at an increased risk for 

cardio metabolic and neurodevelopmental disorders in later life (Pignotti and Donzelli, 

2015).  

1.2  Maternal Nutrition and Pregnancy Outcome 

 Pregnancy is a period of increased nutritional demands and the maternal 

nutritional status has an important influence on the health of the pregnant woman and the 

growing fetus (Darnton-Hill and Mkparu, 2015).  Research suggests that deficiency of 

both macro and micronutrients during pregnancy may lead to an adverse pregnancy 
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outcome like preterm birth (Purandare, 2012). Research on macronutrients, which 

includes studies on nutritional insults like protein restriction and high fat diet also show 

detrimental effects on the offspring health (Brenseke et al. 2013). However, the data 

generated in the Pune Maternal Nutrition Study (PMNS), on 797 Indian rural women, 

suggested that rather than macronutrients, insufficiency in micronutrients, such as folic 

acid and vitamin B12, may be more important in limiting fetal growth (Rao et al. 2001). 

1.2.1 Micronutrients during Pregnancy 

 Micronutrients are required in small amounts by the body for normal 

physiological functioning (Owens and Fall, 2008) and their requirement increases during 

pregnancy to meet the physiologic changes during gestation and fetal demands for growth 

and development (Ladipo, 2000). Low folate concentrations in pregnancy have been 

shown to adversely influence placentation, increase the risk for preterm birth and lead to 

fetal growth restriction (Bergen et al. 2012; Bukowski et al. 2009; Scholl and Johnson, 

2000). Similarly, inadequate maternal vitamin B12 status is associated with the 

development of neural tube defects (Molloy et al. 2009).  

1.2.2 Role of Long chain polyunsaturated fatty acids during pregnancy 

 Maternal long chain polyunsaturated fatty acids (LCPUFA) are important for fetal 

growth and development (Cetin et al. 2009). LCPUFA are classified based on the 

position of their double bond and are grouped as omega-3 and omega-6 fatty acids. The 

omega-3 and omega-6 fatty acids like docosahexanoic acid (DHA) and arachidonic acid 

(AA) are synthesized from their precursors alpha-linoleinic acid (ALA) and linoleinic 

acid (LA) respectively with the help of desaturase and elongase enzymes. Studies provide 

evidence that both omega-3 and omega-6 series and their eicosanoid metabolites play a 

vital role in determining the duration of gestation (Jones et al. 2014). In the mammalian 

brain, the major accumulation of LCPUFA occurs in the last trimester of pregnancy and 

is paralleled with neurogenesis and brain development. Thus, LCPUFA insufficiency 

during this period may lead to altered brain growth and development (Harris and Baack, 

2015). Inadequacy of the fetus to synthesize the omega-3 and omega-6 fatty acids makes 

it dependant on the maternal source for its requirements (de Jong et al. 2011). Thus, 
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maternal LCPUFA levels and metabolism along with placental metabolism and transport 

are crucial determinants of fetal LCPUFA status (Cetin et al. 2009). Placental lipases, 

triglycerides, and phospholipids are suggested to play a critical role in the transfer of 

LCPUFA from maternal circulation to the fetus (Gil-Sánchez et al., 2011; Larque´ et al., 

2011). It is suggested that the major fraction contributing for LCPUFA transfer to the 

fetus via the placenta is through the phospholipids (Larqué et al., 2011).   

1.3  Phospholipids 

  Phospholipids are a class of lipids that are major components of all cell 

membranes. They comprise of a hydrophilic head with a negatively charged phosphate 

group attached to an organic functional group. The two hydrophobic tails consists of long 

fatty acid hydrocarbon chains comprised of a saturated fatty acid like palmitic acid (18:0) 

and an unsaturated fatty acid like docosahexaenoic acid (DHA, 22:3) (Margetak et al., 

2012). More than half of the lipid in most membranes comprises of the four major 

phospholipids viz phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, 

and phosphatidylinositol. 

 Phosphatidylcholine (PC), amounting to almost 50% of the total phospholipid 

content of the plasma membrane is mainly present on the outer leaflet, and is the key 

building block of membrane bilayers. PC has a major role in membrane-mediated cell 

signalling. Phosphatidylethanolamine (PE), amounting to 30% of the total phospholipid 

content of the plasma membrane and mainly present on the inner leaflet is essential for 

the growth and stability of organelles (Hielscher and Hellwig, 2012). PC is synthesized in 

the cell from PE by either the Kennedy pathway or the Phosphatidylethanolamine 

methyltransferase (PEMT) pathway (Gibellini and Smith, 2010). PC-LCPUFA 

synthesized by the PEMT enzyme is critical for the delivery of important LCPUFA to the 

peripheral tissues. Phospholipids are linked with the one carbon cycle via the PEMT 

enzyme, which is described in the next section.  
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1.4  One Carbon Cycle 

 The one carbon cycle is a series of reactions involving the transfer of a single 

carbon unit from a methyl carrier (folate) to various methyl acceptors and recycling of the 

byproduct homocysteine formed (Fig. 2). The methyl transfer in the one carbon cycle can 

be divided in four pathways;  

 

 Remethylation pathway 

 The dietary folic acid and folates are converted to 5- methyltetrahydrofolate (5-

MTHF) via the enzymatic action of methylene tetrahydrofolate reductase (MTHFR) in 

the cell (Cohen et al. 2003). The methyl group (single carbon group) in the 5-MTHF form 

then enters the remethylation cycle for the conversion of homocysteine to methionine. 

This conversion to methionine is catalyzed by the enzyme methionine synthase (MS; 

gene abbreviation: MTR) which requires vitamin B12 as a cofactor (Ho et al. 2011). The 

enzyme methionine transferase reductase (MTRR) serves as an intermediate, which 
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maintains the MTR bound cobalamin (B12), in its fully reduced active state (Yamada et al. 

2000).  

SAM Synthesis Pathway 

  The methionine formed is converted to its active form S-adenosylmethionine 

(SAM) by the enzyme methionine adenosyl transferase (MAT). MAT catalyses the 

formation of SAM from methionine and ATP and this reaction can be considered rate-

limiting step of the methionine cycle (Markham and Pajares, 2009). SAM donates the 

methyl group to various acceptors and is converted to S-adenosyl homocysteine (SAH). 

SAH is further reversibly converted to homocysteine by the enzyme SAH-hydrolase 

(AHCY) (Wang et al. 2014). Homocysteine is either recycled via the remethylation 

pathway to methionine or enters the transsulfuration pathway.  

Methylation Pathways 

 SAM produced in the above step, donates the methyl group to various methyl 

acceptors like hormones, proteins, ribonucleic acid (RNA), phospholipids and 

deoxyribonucleic acid (DNA). Methylation reactions are catalysed by various methylases 

like phosphatidylethanolamine methyl transferase (PEMT), DNA methyl transferases 

(DNMT), glycine N-methyltransferase (GNMT) and catechol-O-methyl transferase 

(COMT).  

Transulfuration Pathway 

 Homocysteine (Hcy) is the precursor for the formation of the non-essential amino 

acid cysteine. The enzymes cystathionine beta synthase (CBS) and cystathionine gamma 

lyase (CSE) catalyze the synthesis of cysteine in a two step process which requires 

vitamin B6 as a cofactor (Cuskelly et al. 2001). Cysteine is further utilized in the 

formation of glutathione which acts as an important antioxidant (Lushchak, 2012).  

1.4.1 Regulation of the One Carbon Cycle  

 It has been suggested that the homocysteine formed, is distributed between the 

remethylation and transsulfuration reactions for regulation of the one carbon cycle 



6 

 

(Finkelstein, 1998). Hyperhomocysteinemia is known to be associated with defective 

methylation, prematurity and increase risk for cardiovascular diseases (Škovierová et al. 

2016; Selhub, 2008).  The elimination of homocysteine is thus a crucial step that drives 

the enzyme regulation in the one carbon metabolism. The kinetic properties and tissue 

content of the enzymes involved in the different pathways also regulate the one carbon 

    e   i ke   ei    1998). Further, the intermediates (ex. S-adenosyl methionine (SAM), 

S-adenosyl homocysteine (SAH), metabolites (ex. 5-methyl tetrahydrofolate (5-MTHF) 

and the cofactors (vitaminB12, B6, B2) are important in regulating the one carbon cycle 

enzyme levels (Strover, 2009).  LCPUFA are also known to regulate the gene expression 

of the enzymes involved in the one carbon cycle (Huang et al. 2012). The one carbon 

cycle is thus regulated by the substrate levels (SAM, SAH, and homocysteine), essential 

cofactors (folic acid, vitamin B12), enzymes, and also the methylation demand in the cell.    

1.4.2 Interaction between Phospholipids and the One Carbon Cycle 

 In the one carbon cycle, the ratio of SAM to SAH is defined as the methylation 

potential (MP) (da Silva et al. 2014). This ratio is considered to be a reliable marker of 

methyl group flow from SAM to various methyl acceptors like phospholipids, DNA, 

RNA and neurotransmitters (Kramer et al. 1990). Phospholipids are one of the major 

acceptors of methyl groups and hence it is essential to examine these phospholipids as a 

part of the one carbon cycle (Fig. 3). About 14% of the methyl groups, synthesized in the 

one carbon cycle are utilized for the interconversion of 2 major phospholipids, PE to PC, 

by the PEMT enzyme (Stead et al. 2006).  The PC-LCPUFA synthesized by this PEMT 

pathway is transferred to the fetus via the action of placental endolipases (Larqué et al., 

2011; Gil-Sánchez et al., 2010). Therefore, the availability of the methyl donors from the 

one carbon cycle for the phospholipid conversion and the PC-LCPUFA transfer to the 

fetus is interdependent. 
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1.4.3 One Carbon Cycle and DNA Methylation 

 The study of heritable changes in DNA and DNA binding proteins that determine 

the phenotype of an organism without any alterations in the underlying primary DNA 

sequence is referred to as epigenetics (Loscalzo and Handy, 2014). Epigenetic 

mechanisms like histone modifications, DNA methylation and RNA-associated silencing, 

are known to be influenced by environmental conditions and modulate the gene 

expression in a cell (Sharma et al., 2010). DNA methylation is the most widely studied 

epigenetic modification critical for genome regulation and development (Park et al. 2012; 

Crider et al. 2012). There is genome wide demethylation on fertilization and then 

initiation of the de novo methylation after the fifth cell cycle, which results in tissue 

specific and differential methylation patterns (Koukoura et al. 2012). The one carbon 

metabolism supplies methyl groups for DNA methylation. DNA methylation refers to the 

covalent addition of a methyl group to the 5' carbon of the cytosine ring located within 

cytosine guanine (CpG) dinucleotides in the DNA (Jin et al. 2011). 
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 It is suggested that folate is essential for establishing DNA methylation patterns 

during the early embryonic period (Choi and Friso, 2010). Alterations in dietary methyl 

nutrients (folate, vitamin B12 and methionine) during the periconceptional period can 

change the DNA methylation patterns in the offspring (Sinclair et al. 2007). Reports till 

date also suggest that during pregnancy the dietary deficiency of folate and vitamin B12, 

affect DNA methylation in the placenta as well as in the epigenome of the offspring (Park 

et al. 2005; Crider et al. 2012). Various animal and human studies have demonstrated that 

maternal nutrition during pregnancy can alter the DNA methylation patterns of specific 

genes leading to permanent phenotypic changes and increases a per o ’  ri k of di ea es 

later life (Waterland and Jirtle, 2003; Heijmans et al. 2008). Altered epigenetic 

regulations in the placenta are known to influence the risk for diseases in adult life 

(Maccani and Marsit, 2009).  

1.5  Placenta as a Tool for Epigenetic Programming  

 The placenta acts as a gatekeeper of nutrient and waste exchange between the 

mother and the developing fetus, and is a regulator of the intrauterine environment 

(Koukoura et al. 2012). Fetal growth is strongly influenced by nutrient supply which 

depends on the functions of the placenta (Jones et al. 2014). During fetal development, 

failure of proper placental vasculature can lead to an adverse pregnancy outcome such as 

intrauterine growth restriction (IUGR) and preterm birth. Alteration in the DNA 

methylation patterns and expression of placental genes are also known to impair the 

function of the placenta that can further affect the developing fetus (Sinclair et al. 2007; 

Koukoura et al. 2012). Animal models report that maternal folic acid and vitamin B12 

status can influence DNA methylation in the placenta (Kim et al. 2009; Kulkarni et al. 

2011). Reports indicate that maternal serum folate and homocysteine levels correlate with 

DNA methylation levels in the placenta, suggesting that one carbon components affect 

DNA methylation during pregnancy (Park et al. 2005). Epigenetic modifications in the 

placenta and subsequent developmental adaptations in the fetus can have implications for 

adult health (Vickers, 2014). 
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Genesis of the Thesis: 

  Substantial evidence till date highlights the role of epigenetic 

programming due to environmental insults (maternal malnutrition) in utero, as an 

underlying mechanism for increased risks for adult diseases (Brenseke et al. 2013; 

Entringer et al. 2012). It has been predicted that, chronic diseases will result in almost 

three-quarters of all deaths worldwide by 2020 and coronary heart disease will account 

for 71% of these deaths (Guilbert, 2003) especially in the developing countries 

(Celermajer et al. 2012).  India has a high (13%) preterm birth rate across the country and 

is predicted to be the diabetes and cardiovascular capital of the world (Blencowe et al. 

2013; Kaveeshwar and Cornwall, 2014).  This is of significance since children born 

preterm are suggested to be at an increased risk of cardiovascular and 

neurodevelopmental diseases in later life (Park et al. 2015).   

 Further, due to a vegetarian diet micronutrient deficiencies (especially vitamin 

B12) are common and are associated with poor pregnancy outcomes. As mentioned 

earlier, along with the micronutrients (folic acid and vitamin B12), LCPUFA are also 

important determinants of birth outcome (Jones et al. 2014). Phospholipids transfer 

LCPUFA like DHA and AA from the maternal circulation to the fetus (Gil-Sánchez et al. 

2011; Larque´ et al. 2011). Hence, understanding the role and interlink between 

micronutrient (altered folate, vitamin B12) and phospholipid metabolism in determining 

the feto-placental epigenetic patterns is critical. Therefore, studies examining the 

regulation of key placental metabolites, enzymes involved in the one carbon cycle and 

phospholipid metabolism in women with adverse pregnancy outcome like preterm will 

provide vital clues regarding factors influencing epigenetic programming of the fetus. 

 In India, under the National Nutritional Anaemia Prophylaxis Programme 

(NNAPP), folic acid supplementation is mandatory for pregnant women. As mentioned 

above, there is a high prevalence of vitamin B12 deficiency and omega-3 fatty acid 

insufficiency owing to large scale vegetarianism. Supplementation of folic acid on this 

vitamin B12 deficient diet will lead to an imbalance in the one carbon cycle. Earlier 

studies in our department have established that the three nutrients i.e folate, vitamin B12 
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and omega-3 fatty acids are interlinked in the one carbon cycle. In view of the above 

Indian scenario, an animal study was undertaken to examine the effects of maternal 

micronutrient (folate, vitamin B12) imbalance and omega-3 fatty acids supplementation 

on the regulation of the key enzymes involved in the one carbon cycle.    

Hypothesis: 

 Dysregulation in the one carbon cycle and altered phospholipid metabolism will 

influence the epigenetic programming of key enzyme genes involved in the one carbon 

cycle in preterm birth (Fig. 4). 
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 In order to test the above hypothesis, this thesis includes a human study as 

well as an animal study. The human study examines the levels of various 

components (SAM, SAH, homocysteine, folate, and vitamin B12), key enzymes 

(MTHFR, MTR, MAT, AHCY, CBS, PEMT) involved in the one carbon cycle and 

phospholipid levels in placenta of women delivering preterm and compares them 

with those delivering at term. The gene specific methylation of MTR enzyme is also 

examined. This study further explores the associations of micronutrients like 

vitamin B12, folate, and LCPUFA with the methylation patterns. The association of 

the various one carbon cycle components with birth outcome measures is also 

reported. The animal study was undertaken to examine the effects of maternal 

micronutrient imbalance on the phospholipid levels and expression of genes 

encoding critical enzymes involved in the one carbon cycle.  
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2.1  Aim of the Study 

 To examine the regulation of enzymes involved in one carbon metabolism in 

preterm pregnancies. 

2.2  Objectives of the Human Study 

1. To examine the levels of the one carbon components in preterm pregnancies 

and compare them with term pregnancies. 

2. To analyze placental gene expression and protein levels of the key enzyme 

genes of the one carbon metabolism in the above women. 

3. To compare placental global DNA methylation levels and gene specific 

methylation patterns (MTR gene) among the above groups. 

2.3  Objectives of the Animal Study 

1. To examine the effects of a maternal micronutrient imbalanced diet on the 

placental phospholipid levels and mRNA levels of the key enzyme genes 

involved in the one carbon cycle.  

2. To evaluate the effects of maternal omega 3 fatty acid supplementation to a 

micronutrient imbalanced diet on the above parameters.   

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



13 

 

 Preterm birth is a major contributor to neonatal morbidity and mortality. 

The factors contributing to preterm birth and the consequences are discussed in this 

chapter. Further, the possible role of the one carbon cycle (components and 

enzymes) in epigenetic programming leading to an adverse pregnancy outcome is 

elaborated. 

3.1  Preterm Birth 

3.1.1 Definition and Statistics 

 Preterm birth is defined as delivery of a baby prior to the completion of 37 weeks 

of gestation (Beck et al. 2010).  According to a WHO report, compiled across 184 

countries around the world approximately 15 million babies are born preterm each year. 

Preterm births are stratified into; extremely preterm (<28 weeks), very preterm (28 to <32 

weeks) and moderate to late preterm (32 to <37 weeks) (De Oliveira et al. 2016). Data 

indicates that occurrence of moderate to late preterm births is greater than 80% (Lawn et 

al. 2013; Moutquin, 2003). A preterm birth may result in low birth weight (LBW) or an 

intra-uterine growth restricted (IUGR) infant (Lebenthal and Bier, 2007). The newborn 

can be classified as small (birth weight below the 10th percentile; small for gestational 

age: SGA), appropriate (birth weight between the 10th and 90th percentile; appropriate 

for gestational age: AGA) or large (birth weight above the 90th percentile; large for 

gestational age: LGA) (Ota et al., 2015). 

3.1.2 Etiology of Preterm birth 

 Despite extensive research, the etiology of preterm birth is not well understood 

making it a major public health problem (Goldenberg et al. 2008). Abnormal placentation 

has been observed in cases of an adverse birth outcome although the molecular 

mechanisms governing the process of preterm parturition are not clear (Mohan et al. 

2004; Belfort, 2011). It is therefore necessary to understand the specific initiators, 

regulators, and effectors of the labor process. Clinically defined conditions that lead to 

preterm birth are; spontaneous preterm labor (50% births due to unexplained preterm 
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labor with intact membranes), preterm premature rupture of membranes (PPROM) (25% 

births by vaginal or by caesarean section following rupture of membranes) and lastly 

medically indicated (iatrogenic) preterm birth (30% births due to maternal or fetal 

complications of pregnancy by induced labor or caesarean) (Caughey et al. 2008). A 

number of factors influence preterm birth which includes infection or inflammation, 

smoking, alcohol intake, multiple pregnancies, stress and maternal malnutrition (Fig. 5).  

 

Gene-environment interactions have also been suggested to be associated with risk of 

delivering preterm, possibly through epigenetic regulations (Burris and Collins, 2010).  

3.1.3 Implications for the Neonate 

 Infant growth and survival is influenced by the gestational age and birth weight 

(Gutbrod et al. 2000). Preterm birth results in short and long term consequences for the 

neonate (Saigal and Doyle, 2008). In the first few weeks of life, the babies are susceptible 

to brain and lung infections and necrotizing enterocolitis due to an underdeveloped 

immune system and gastrointestinal system (Jakuskiene et al. 2011). Other short term 

complications include retinopathy of prematurity, heart problems, and 

neurodevelopmental impairment (Platt, 2014).  Reports suggest that the process of 
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neurogenesis in the brain which continues well into the third trimester is hampered in 

preterm birth (Malik et al., 2013). Thus, more than the mere survival of the preterm 

infant, it is advised to ensure normal neurodevelopment (Stephens and Vohr, 2009). 

Studies have also demonstrated that prematurity results in an increased risk of 

neurodevelopmental disorders (Filho et al. 2009; Hofman et al., 2004) and non 

communicable diseases (NCDs) in their adult life (Singhal, 2016) (Fig. 6).  

 

3.2  Maternal Nutrition in pregnancy 

  Maternal nutrition and fetal size determine the regulation of nutrient 

requirements from the first week of pregnancy (King, 2000). The bioavailability of 

nutrients during pregnancy depends on specific metabolic mechanisms which transfers 

nutrients to the developing fetus (Brett et al. 2014). Under-nutrition in utero is suggested 

to be a strong stimulus for the fetus to undergo structural and functional adaptations for 

immediate survival which ultimately results in an increased risk for disease in adult life 

(Calkins and Devaskar, 2011). The period of pregnancy thus signifies an important 

sensitive window during which the environment can have profound effects that persist 

throughout life (Maccani and Marsit, 2009).  A balanced diet consisting of both the 

macronutrients as well as micronutrients influences the health of pregnant women and the 

growing fetus (Fig. 7).  
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3.2.1 Macronutrients in Pregnancy 

 Macronutrients, which include carbohydrate, fat and proteins are energy-yielding 

nutrients and are required in relatively larger amounts in pregnancy. The basic units of 

macronutrients, i.e glucose, free fatty acids, and amino acids are all transported across the 

placenta and influence fetal growth and development (Brett et al. 2014). There is a 

plethora of evidence that engaging in healthy dietary habits by pregnant women is a 

prerequisite for proper development of the fetus (Szostak-Wegierek, 2014). The next 

section briefly focuses on macronutrients.  

3.2.1.1  Carbohydrates 

 Carbohydrates primarily are the main source of fuel to produce energy for the 

body (Clapp, 2002). The secondary functions include protein sparing, ketosis prevention 

and fulfilling fiber needs (Kilcoyne and Joshi, 2007). Foods with high amount of starch, 

such as grains and potatoes, fruits, milk and yogurt are rich sources of carbohydrates. 

Vegetables, beans, nuts and seeds also contain carbohydrates but in lesser amounts.  
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3.2.1.2 Proteins 

 Proteins, chiefly required as building blocks of the body, are important enzymes, 

hormones and antibodies. Their secondary functions include maintaining fluid and acid-

base balance and transport of nutrients. Animal meat, chicken and poultry, sea food, milk 

and milk products are high sources of protein. Other vegetarian sources include dal, 

pulses, sprouts and dry fruits. Maternal protein intake is linked positively with weight 

gain in pregnancy and birth weight (Kramer, 2000). The risk for preterm birth is lower in 

women who meet the protein-energy dietary requirements (Ota et al., 2015). 

3.2.1.3 Fats and Oils 

 Fats are mainly the energy reserves of the body. Fats provide essential fatty acids, 

precursors of physiologically active lipids like prostaglandins. Fats are further important 

in transport of vitamins, which are fat soluble nutrients (Lands, 2012). Essential fatty 

acids are beneficial for brain development (Coletta et al. 2010). Visible fats such as 

vegetable oils, ghee and butter along with walnuts, flax seeds and marine fishes are good 

sources of fats. Development of maternal hyperlipidemia associated with adverse birth 

outcomes is a consequence of an altered lipid metabolism (Vrijkotte et al., 2012). Effects 

of protein restriction and a high fat diet on metabolic parameters in the offspring are 

reported (Jahan-Mihan et al. 2015; Williams et al. 2014).  

3.2.2 Micronutrients in Pregnancy 

 During pregnancy, micronutrients are required in small quantities (Shenkin, 

2006). Micronutrient deficiencies during pregnancy may lead to conditions such as 

hypertension, anemia, complications of labor and even death (Paul et al. 2013). A diet 

imbalanced in micronutrients during pregnancy results in altered placental development 

and an adverse pregnancy outcome (Ashworth and Antipatis, 2001; Black, 2001).  

3.2.2.1 Vitamins 

 Vitamins are vital organic nutrients, classified as water-soluble (Vitamin C and 

Vitamin B complex) or fat-soluble (Vitamin A, D and K). They are inactivated by 

physical and chemical processes. Storage, processing and cooking methods affect its 
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quantitative value in foods. Vitamins play a fundamental role in placental and embryonic 

development and also in sustaining pregnancy (Gernand et al. 2016). Low levels of 

vitamins have also been found to be predictive of low birth weight and prematurity 

(Ramakrisham et al. 1999). Supplementation of multiple micronutrients has been 

suggested to achieve numerous benefits for the women during pregnancy (Haider and 

Bhutta, 2012).  

3.2.2.2 Minerals 

 Minerals are elements required either in major quantities e.g calcium, phosphorus, 

sodium, potassium, chloride, magnesium and sulfur or in trace amounts like iodine, 

manganese, molybdenum, iron, chromium, copper, fluoride, selenium and zinc. Minerals 

are needed for appropriate placental growth and synthesis of essential hormones and to 

protect the fetus from defects (McArdle and Ashworth, 1999). In India, iodine salt 

fortification and iron supplements during pregnancy are widely practiced public health 

measures (Das et al. 2013). Studies in humans and animals indicate that deficiencies in 

minerals can have adverse effects on pregnancy outcome (Gernand et al. 2016).  

 Nutrition during the first 1,000 days of life (from pregnancy till two years of the 

child growth) can influence health outcomes during adulthood and this phenomenon 

referred to as Developmental Origins of Health and Diseases (DOHaD) is reviewed in 

brief in the next section.  

3.3  The Concept of Developmental Origins of Health and Diseases 

 In the early 1980’s, Late Professor David Barker and his colleagues published a 

series of reports linking adverse pregnancy outcome with an increased risk of non-

communicable disorders like cardiovascular diseases and type II diabetes in adulthood 

(Godfrey and Barker, 2007). This was originally known as the “Fetal Origins 

Hypothesis” and a cornucopia of research later, this initial hypothesis has evolved into a 

concept termed as the “Developmental Origins of Health and Disease (DOHaD)”. The 

concept illustrates the ability of the fetus to respond to environmental changes (i.e. 

nutritional insufficiency) resulting in developmental adaptations that permanently 
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changes the structure, physiology and metabolism of the offspring. These developmental 

adaptations helps the fetus to prepare for life after birth (Lillycrop and Burdge, 2010; 

Gluckman, 2007; Godfrey and Barker, 2000) (Fig.8).  

 

3.3.1 Epidemiological evidence for DOHaD 

 Epidemiological studies from the Dutch famine study and the Helsinki cohort 

provide evidence that under-nutrition during pregnancy increases the risk of diseases in 

adult life (Forsén et al. 1999). Studies from the Dutch famine cohort suggest that babies 

exposed to famine during late gestation demonstrate strong associations between early-

life exposures and risk for various non-communicable diseases like cardiovascular 

disease, schizophrenia and diabetes in adult life (Roseboom et al., 2006). Further, studies 

on this cohort showed that exposure to famine during late gestation resulted in 

individuals being born small. These individuals also demonstrated reduced rates of 

obesity and cardiovascular disease which revealed the importance of timing of exposure 

to insult (Schulz, 2010). 
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 Studies from the Hertfordshire cohort also demonstrate an increased risk of death 

by cardiovascular diseases in individuals who had a small size at birth and during infancy 

(Syddall et al. 2016; Syddall et al. 2010). Further, reports also suggest that the adverse 

effects of nutritional inadequacies are transgenerational in nature (Stein and Lumey, 

2000). The society of DOHaD merges information to explain the influence of insults 

occurring during early phases of human development on the pattern of health and disease 

throughout life (Chavatte-Palmer et al. 2016).  There is growing interest in the field of 

DOHaD, however the mechanisms that lead to adverse programmed changes in growth, 

development and metabolism are not clear (Cutfield et al. 2007). It is speculated that, the 

development of all such disorders are carried out through epigenetic mechanisms and the 

period of pregnancy is the most favored critical window for these changes to occur 

(Knopik et al. 2012). Epigenetic mechanisms may therefore, provide a possible 

explanation for how environmental influences in early life cause long-term changes in 

later life.  

3.4  The Concept of Epigenetics 

 The term epigenetics was first coined by developmental biologist Conrad Hal 

Waddington (1905–1975) in 1940. He defined the term as the “interactions of genes with 

their environment which bring the phenotype into being”. He further added that “it is 

possible that an adaptive response can be fixed without waiting for the occurrence of a 

mutation”, thus highlighting two important aspects of epigenetic processes, which is 

plasticity and its potential heritability (Gräff et al. 2011; Stern, 2000). Further research in 

the field of development and heredity validated the concept of epigenetics, stressing on 

the fact that epigenetic changes can modify the activation of certain genes, but not the 

sequence of DNA. In today’s modern technical terminology, if the genome is the 

hardware, then the epigenome would be the software (Fig. 9).  



21 

 

 

 The “epigenetic patterns” are established early during development in a process 

called reprogramming of genes, however they can be modified all through the life in 

response to a variety of intrinsic and environmental stimuli. This ability to modify 

epigenetic marks is termed as developmental plasticity, which allows the organism to 

respond to the surrounding environment (Barouki et al. 2012). Reprogramming of the 

epigenome begins with the removal of the inherent epigenetic marks on the genetic 

information of an egg and sperm to get a genetic "blank slate." During specific periods of 

development, these epigenetic marks are re-established on the embryo cells in a tissue 

specific manner to regulate gene functions (Messerschmidt et al. 2014). 

 Epigenetic mechanisms like DNA methylation, histone modifications and RNA-

associated silencing interact with each other to modulate the expression of key genes 

involved in the regulation of cellular growth, differentiation, apoptosis and 

transformation. The proportion of histone acetylation and DNA methylation is directly 

linked to the transcriptional silencing of genes (Irvine et al. 2002). This occurs through 

different types of protein complexes which are capable of altering chromatin, thereby 
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modulating DNA accessibility. It has been suggested that altered epigenetic mechanisms 

play a crucial role through which intrauterine events can affect adult health (Reynolds et 

al., 2013).  

3.4.1 Molecular Mechanisms in Epigenetics 

 The epigenetic mechanisms are intertwined in accessing the transcription of target 

genes (Loscalzo and Handy, 2014). They determine the phenotype without changing the 

genotype through chemical modifications of DNA and histone proteins leading to long 

term changes in the gene expression (Goldberg et al. 2007). The majority of the 

chromatin in mammalian cells exists in a highly condensed and transcriptionally inactive 

form termed as heterochromatin. In contrast, euchromatin is less condensed and contains 

most of the actively transcribed genes. Epigenetic changes in the DNA and histones alter 

the binding of chromatin proteins thereby affecting the chromatin structure and access of 

various transcription factors to the DNA (Cosgrove and Wolberger, 2005) (Fig. 10).  

 

 Epigenetic mechanisms thus operate at the transcriptional and post-transcriptional 

level of gene activity as well as at the level of protein translation and post-translational 

modifications. These mechanisms are reviewed in brief in the following sub sections. 
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3.4.1.1  Histone Modification 

 The epigenetic histone modifications include methylation, acetylation, 

ubiquitination and SUMOylation of lysine residues; methylation of arginine residues and 

phosphorylation of serines (Turunen and Ylä-Herttuala, 2011). These post-translational 

modifications of histones occur primarily at specific positions in the amino-terminal tails 

of histones (Goldberg et al. 2007) and are catalyzed by histone modifying enzymes that 

add and remove these modifications. The histone acetyltransferases and 

methyltransferases add the acetyl and methyl groups to histone residues respectively, 

while the histone deacetylases and demethylases remove these modifications 

(Kouzarides, 2007). Histone modifications can therefore affect chromatin structure 

directly or indirectly by various chromatin remodeling complexes which interact with the 

methylated histones and thereby affect transcription (Greer and Shi, 2012) (Fig. 11). 

 

3.4.1.2 miRNA Regulation 

 Epigenetic regulation through RNA is more complex and is the least known 

epigenetic mechanism. Non coding RNA (NcRNA)-mediated epigenetic regulation can 

be driven by long and small NcRNAs. Some of the long NcRNAs have been shown to be 
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involved in X-chromosome inactivation (Memili et al. 2001) and genomic imprinting 

(Sleutels et al. 2002). Small NcRNAs are suggested to regulate gene expression through 

different mechanisms including complementary binding to the target RNAs, RNA 

degradation, and RNA splicing (Pozharny et al. 2010). 

3.4.1.3 DNA methylation 

 DNA methylation is an extensively studied epigenetic mechanism. It occurs via 

covalent modification of cytosines by adding a methyl group to a 5' carbon of the 

cytosine ring located within cytosine guanine (CpG) dinucleotides (Halusková, 2010). 

This reaction is catalyzed by DNA methyltransferases (DNMTs) (Fig. 12).  

 

 Around 80% of CpG dinucleotides across the genome are heavily 

hypermethylated and the remaining 20% are unmethylated and clustered in CpG-rich 

sequences, termed ‘CpG islands’ within the promoter region of gene (Bird, 2002). In 

presence of corresponding gene transcription factors, the transcription of a particular gene 

results from unmethylated CpG islands (Esteller and Herman, 2002) while, the 
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methylation of CpG islands in the promoter region silences gene expression (Davis and 

Uthus, 2004). DNA methylation profile can be analyzed globally throughout the genome 

or specifically at a particular gene promoter region. DNA methylation can affect gene 

expression by either preventing and/or promoting the binding of transcription factors to 

the regulatory elements/protiens in the CpG islands of DNA. (Baylin et al. 1998). The 

DNA binding proteins further control enzymes that catalyze post-transcriptional 

modification of histones leading to transcription repression (Miranda et al. 2007).  

 DNA methylation patterns are established and maintained by a family of enzymes 

called DNA methyltransferases (DNMTs), using the methyl donor S-adenosyl methionine 

(SAM). The human genome contains three active enzymes: DNMT1, to maintain the 

DNA methylation marks in somatic cells after each replication cycle (Dhe-Paganon et al. 

2011) and DNMT3a and DNMT3b, to establish methylation patterns on the genome 

following embryonic fertilization (Xie et al. 1999). DNA methylation patterns are 

established during embryogenesis (Hackett and Surani, 2013). During the blastocyst 

stage, i.e after fertilization and before embryo implantation, a state of hypomethylation 

exists due to genome wide demethylation. Following embryo implantation, a wave of de 

novo global remethylation occurs in response to organ development. This further leads to 

development of gene specific methylation patterns, which determine tissue specific 

transcription (Novakovic et al. 2011). At every stage of fetal development de novo 

methylation and chromatin remodelling takes place which influences the placental 

structure and function by switching on and off of various genes. These “programs” must 

be completed within the critical spatiotemporal windows during pregnancy and failure to 

complete these “programs” in time may lead to long-term consequences (Hales and 

Barker, 2001) (Fig. 13).  



26 

 

 

 Hence, it is necessary to understand the regulation of these methylation patterns 

and their involvement in the placental development. Altered methylation patterns of vital 

genes involved in development may affect the gene expression patterns for different cell 

types leading to abnormal placentation further affecting birth outcome. 

3.5  Role of Placenta in Epigenetic Programming 

 The placenta is an important organ that transports nutrients and wastes between 

the mother and the fetus (Yoshizawa, 2013). The placenta is an endocrine signalling 

organ it transports nutrients, floods the maternal system with factors which maintains a 

healthy pregnancy. The placenta signals to the fetus to regulate fetal brain growth and 

development which is widely conserved in mice and humans (Zhang et al. 2015). These 

functions are performed through multiple specialized cell types derived from lineage-

committed precursors that either proliferate or differentiate (Lindström and Bennett, 

2005). As in other organs, cell proliferation and differentiation in the placenta involves 

different epigenetic processes which, if altered, may affect the gene expression patterns 
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for different cell types (Szyf, 2009; Dolinoy and Jirtle, 2008). The placenta plays a 

critical structural and functional role, by responding to perturbations in the maternal 

compartment such as altered nutrition and reduced utero-placental blood flow. This 

programs the fetus and provides a key link in the chain of events that leads to intrauterine 

programming of adult health (Jansson and Powell, 2007). It is suggested that the placenta 

holds the key for predicting which individual is at risk of developing non communicable 

diseases (NCD’s).  

3.6  Nutrients in Epigenetics 

 Nutrition plays an important role in health and recent data suggests that nutrients 

influence metabolic traits by epigenetic mechanisms (Skinner et al. 2010). Epigenetic 

patterns can be modified by a number of environmental factors, which influence the 

phenotype of the organism much later in life (Simmons, 2011). A number of 

environmental factors including nutritional factors can reverse or change the epigenetic 

patterns (Choi and Friso, 2010). This is possible by either inhibiting enzymes that 

catalyze DNA methylation and histone modifications or by altering the availability of 

substrates. It is suggested that maternal nutritional exposure in utero can change the 

stable expression of genes in the offspring through epigenetic modification (Simmons, 

2011). Under- and over-nutrition during pregnancy have been linked to the development 

of chronic diseases in later life (Langley-Evans, 2009). Various nutritional factors are 

known to modify the epigenome of the developing offspring in animals. Feeding rats with 

protein restricted diet during pregnancy are reported to lead to permanent changes in the 

DNA methylation and expression patterns of the glucocorticoid receptor (GR) and 

peroxisomal proliferator-activated receptor-α (PPAR-α) genes in the liver and heart of the 

offspring (Slater-Jefferies et al. 2011; Burgde et al. 2007). It is suggested that total 

maternal energy intakes, dietary fat, protein and folic acid induce altered epigenetic 

regulation of particular genes in the offspring which are associated with modified tissue 

function (Burdge et al. 2012).  



28 

 

3.6.1 Central Role of the One Carbon Cycle (Interlink between Nutrients 

 and Epigenetics) 

 Micronutrients involved in the one carbon cycle are the sources of methyl groups 

for all biological methylation reactions. These nutrients include folate, vitamin B12, B6, 

B2, methionine and choline (Selhub, 2002). Dietary methyl donors provide methyl groups 

to the one carbon cycle. Any alterations in these dietary factors during pregnancy and the 

periconceptional period may influence the gene expression by modifying DNA 

methylation patterns (Steegers-Theunissen et al. 2009; Van den Veyver, 2002) (Fig. 14).   

 

 Animals fed a methyl-deficient diet report hypomethylation of various regulatory 

genes like c-myc, c-fos and H-ras and p53. This suggests that dietary factors influence 

gene expression through altered gene specific DNA methylation patterns (Ross and 

Poirier, 2002). 

3.7  Major Components of the One Carbon Cycle 

 The one carbon cycle involves the transfer of a single methyl group from 

tetrahydrofolate to various methyl acceptors in the body. The byproduct formed on 

transferring the methyl group is either recycled or is used as substrate to form an 

important antioxidant. The various nutrients (methyl donors, cofactors), methyl 
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acceptors, by-products, and enzymes involved in the one carbon cycle (Fig. 15) are 

described in detail in the following section.   

 

3.7.1 Methyl Carriers and Cofactors: 

 Folate (in the form of 5-MTHF), choline and methionine are the major methyl 

carriers in the one carbon cycle. Apart from these carriers, vitamin B12, B6 and B2 are 

involved as cofactors in the entire series of reactions controlling the transfer of methyl 

groups for various methylation reactions in the body. Their function in the one carbon 

cycle and role in pregnancy are described in detail.   

3.7.1.1 Folate 

Structure and Bioavailability 

 Folic acid (vitamin B9) is a water soluble vitamin primarily obtained from green 

leafy vegetables. Folate, the natural form of folic acid obtained from food sources, is 

made up of a pterdine ring attached to a p-aminobenzoate and a polyglutamyl chain. In 
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cells, folate is present as a mixture of polyglutamyl tetrahydrofolates and various forms 

of tetrahydrofolate (THF) (Scott, 1999). Folate in human plasma is almost exclusively 

present in the 5-methyltetrahydrofolate (5-MTHF) monoglutamate form, with a small 

percentage of other reduced forms being reported in some studies ( else-Boonstra et al. 

 2002) (Fig. 16). 

 

Functions 

 Folates act as cofactors in two important reactions in the body; 1) the transfer and 

utilization of one-carbon-groups in the remethylation of methionine from homocysteine, 

providing essential methyl groups for numerous biological reactions. 2) provide one-

carbon units in the process of DNA-biosynthesis (Stanger, 2002). Folate metabolism is 

associated with changes in methylation and homocysteine levels, impaired cell 

proliferation, and DNA damage. Folate deficiencies during pregnancy also contribute 

towards NTDs (Safi et al., 2012). Insufficient maternal folate intake has been linked to 

low birth weight, IUGR, and preterm birth (Scholl and Johnson, 2000; Smits et al. 2001). 

Low maternal folate status can also impair cellular growth in the fetus or placenta 
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(Schlotz et al. 2010). Folate fortification has been reported to reduce the prevalence of 

preterm delivery and LBW babies (Czeizel et al. 2010; Shaw et al., 2004).  

3.7.1.2 Choline 

Structure and Bioavailability 

 Choline is a water-soluble vitamin containing the N,N,N-trimethylethanol 

ammonium cation. This cation appears as a functional group in two major classes of 

phospholipids, the phosphatidylcholine and sphingomyelin (Zeisel and da Costa, 2009). 

Choline is present in high amounts in non vegetarian sources, especially liver. 

Cauliflower is a rich source of choline amongst other cruciferous vegetables. De novo 

biosynthesis of phosphatidylcholine (PC), catalyzed by phosphatidylethanolamine N-

methyltransferase (PEMT) is the only other source of choline apart from diet. PEMT 

methylates phosphatidylethanolamine (PE) using S-adenosylmethionine (SAM) as a 

methyl donor, to form a single choline molecule (Dahlhoff et al. 2013). 

Functions 

 Choline is essential for the structural integrity and signaling functions of cell 

membranes. It affects hepatic transport of lipids, cholinergic neurotransmission, and is 

also a source of methyl groups in the diet (Zeisel, 2006). Betaine, one of choline’s 

metabolites, participates in the methylation of homocysteine to form methionine via the 

betaine-homocysteine methyltransferase (BHMT) enzyme (Zeisel, 2007).  

 The fatty liver syndrome which involves liver cell death and muscle cell damage 

results from choline deficiency (Corbin and Zeisel, 2012). Choline is essential during the 

perinatal period due to its role in brain development (Zeisel, 2007). The demand for 

choline is high during pregnancy and lactation for its transport from the mother to fetus. 

The increased demands for choline during pregnancy are shown to lower hepatic choline 

concentrations and higher PEMT activity (Zeisel, 2006). 

3.7.1.3 Methionine  

Structure and Bioavailability 
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 Methionine, an essential amino acid, is required for protein formation and 

synthesis of other sulfur containing amino acids (cysteine, taurine, homocysteine). 

Although methionine is required for protein synthesis, nearly 80% of dietary methionine 

is converted to S-adenosylmethionine in the liver (Mato et al. 2013). In the one carbon 

cycle, the remethylation cycle and transsulfuration cycle, form the pathways for 

methionine metabolism in the mammalian liver. Methionine is regenerated from 

homocysteine via the methionine synthase which requires vitamin B12 as a cofactor in the 

remethylation pathway. The catabolism of methionine mainly occurs via the 

transsulfuration pathway, present only in specific tissues like the liver, pancreas, intestine 

and kidney (Stipanuk and Ueki, 2011).  

Functions 

 An optimal methionine metabolism is vital for various biochemical processes in 

the body. Methionine is required for the bioavailability of zinc and selenium in the body, 

aids in the breakdown of fats and prevents fat accumulation in the liver and arteries. 

Methionine metabolism is regulated by the nutrient and hormonal status of the organism 

(Cavuoto and Fenech, 2012). Dietary protein deficiencies, genetic polymorphisms and 

other feedback regulations of the enzymes involved are known to influence the 

methionine metabolism (Miller, 2003). Folate, vitamin B12 and B6, the essential cofactors 

of the one carbon cycle, are directly involved in the metabolism of methionine 

(Mahmood, 2014). In addition, insulin and glucagon regulate the transsulfuration 

pathway and remethylation of homocysteine via methionine synthase. The hormones 

indirectly affect the methionine metabolism by affecting the whole body protein turnover 

(Kalhan, 2013).  

3.7.1.4 Vitamin B12  

Structure and Bioavailability 

 Vitamin B12 consists of a class of chemically related compounds containing the 

biochemically rare element cobalt. It is mainly synthesized by bacterial enzymes. 

Vitamin B12 is naturally found in animal products including eggs, poultry, milk, and milk 
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products, fish and meat (Watanabe et al. 2014). It is available in different forms like 

methylcobalamin, cyanocobalamin, hydroxocobalamin and adenosylcobalamin. Out of 

these, methylcobalamin and adenosylcobalamin are active forms in human metabolism 

(Fig. 17).   

 

 Methylcobalamin is the most active form in the human body and is involved in 

the conversion of homocysteine into methionine. It can cross the blood-brain barrier and 

therefore has a role in protection of the nervous system (Obeid et al. 2015).  Vitamin B12 

crosses the placenta during pregnancy and is present in breast milk. Adenosylcobalamin 

is required in the citric acid cycle for energy production (Watanabe, 2007). 

Functions 

 Vitamin B12 functions as a cofactor for enzymes methionine synthase and L-

methylmalonyl-CoA mutase. Methionine synthase catalyzes the conversion of 

homocysteine to methionine, which is an essential reaction to remove toxicity. During 

pregnancy, maternal vitamin B12 status plays a role in intrauterine development, and is 

known to impact birth weight, risk of diabetes and cognitive functioning (Pepper and 

Black, 2011). Furthermore, an increased risk for NTDs has been associated with low 

serum levels of vitamin B12 during pregnancy (Mobasheri et al. 2010). Vitamin B12 

deficiency in infants can result in permanent neurological damage (Black, 2008). In 
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India, the majority of the population adheres to a vegetarian diet known to be deficient in 

vitamin B12. In such a population, increased folate intake may offer minimal protection 

against birth defects. (Refsum, 2001). Vitamin B12 together with folic acid is required for 

preventing pernicious anemia and hyperhomocysteinemia (Takahashi-Iñiguez, 2012). 

However, it is still uncertain how the deficiency of micronutrients can influence these 

diseases.  

3.7.1.5 Vitamin B6 

Structure and Bioavailability 

 Vitamin B6 is a water-soluble vitamin, naturally occurring in three forms; 

pyridoxine, pyridoxal and pyridoxamine, which are converted to the co-enzyme pyridoxal 

phospate (PLP) (Salam et al. 2015). Animal food products are the major source of PLP 

while pyridoxine is given in the form of supplements.  

Functions  

 In the human body, PLP is required by over 100 enzymes that catalyze essential 

chemical reactions. B6 has a role in numerous metabolic processes in the human body 

including nervous system development and functioning (Mahmood, 2014). Homocysteine 

catabolism in the transsulfuration pathway is suggested to be maintained by PLP 

availability. Numerous randomized controlled trials have suggested combined 

supplementation of vitamin B6, B12 and folic acid for reducing fasting plasma 

homocysteine concentrations (Lee et al. 2004). Vitamin B6 is used to treat nausea during 

pregnancy with no evidence of fetal harm (Einarson et al. 2007). Vitamin B6 is an 

essential cofactor in the reaction that recycles glutathione, an important antioxidant in the 

human body. 

3.7.1.6 Vitamin B2 

Structure and Bioavailability 

 Riboflavin (B2) is a water-soluble B vitamin which is an essential precursor of the 

coenzymes, flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). 
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Riboflavins act as electron carriers in redox reactions for energy production and in 

metabolic pathways. Major sources of vitamin B2 are milk and milk products, non dairy 

animal foods like eggs and sardines and plant sources like green leafy vegetables and 

legumes (Choi et al. 2015).    

Functions 

 Deficiency of B2 may affect a number of enzyme systems as flavoproteins are 

essential in the metabolism of various other vitamins. FMN-dependent enzyme converts 

vitamin B6 to its coenzyme form, PLP. MTHFR requires vitamin B2 as a cofactor for 

synthesizing 5-MTHF, required in homocysteine to methionine conversion. An increase 

in riboflavin intake along with other B vitamins, results in decreased plasma 

homocysteine levels (Fratoni and Brandi, 2015).  

3.7.2 Methyl Donor and By-products 

 The one carbon cycle involves the transfer of a methyl group in the form of SAM 

to various methyl acceptors. The molecules SAM, SAH and homocysteine, formed 

during the methyl group transfer, are important in regulation of the one carbon cycle. 

Their roles are described in brief in the following sections. 

3.7.2.1 SAM, SAH and SAM:SAH Ratio (methylation potential) 

S-Adenosylmethionine (SAM) 

 S-Adenosylmethionine (SAM), formed from methionine and adenosine 

triphosphate by the enzyme methionine adenosyl transferase was first discovered in 1952. 

It is present in all cells, where it primarily provides methyl groups in cellular methylation 

reactions catalyzed by methlytransferase enzymes (Finkelstein, 1998) (Fig. 18). SAM 

also serves as a precursor molecule for the synthesis of polyamines, and in the 

transulfuration pathway for synthesis of glutathionine (Bottiglieri, 2002). In its native 

form, SAM has a low half life and deteriorates quickly. Experimental studies show that 

SAM crosses the blood-brain barrier (Bottiglieri, 2002). SAM is essential for reactions 
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like aminopropylation, methylation and transulfuration which makes it a central molecule 

in the metabolism of all cells (Lu and Mato, 2008). 

 

 SAM requirement in the body depends on the availability of methionine; from 

either the breakdown of proteins or by the pool produced from remethylation (involving 

5-MTHF and vitamin B12) (Lu and Mato, 2008). It is further important to note that SAM 

is also a regulator of enzyme activities and it coordinates the remethylation and 

transsulfuration pathways. SAM acts as an allosteric inhibitor of the enzyme MTHFR and 

as an activator of CSE (Locasale, 2013). In this way, SAM suppresses the synthesis of 5-

MTHF, an important substrate required for remethylation reactions, and promotes the 

initial reaction of transsulfuration. Thus, the intracellular SAM concentration is an 

important determinant of the fate of homocysteine (Loenen, 2006). 

S-Adenosylhomocysteine (SAH) 

 S-adenosylhomocysteine (SAH) is the product of SAM dependent methylation 

reactions. It is metabolized rapidly to homocysteine which is then converted to 

cystathionine in the transsulfuration pathway. Cystathionine is finally converted to 

glutathione, a major cellular antioxidant (Parveen and Cornell, 2011). SAH is a potent 

competitive inhibitor of methylation reactions and prompt removal of adenosine and Hcy 
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is required to prevent accumulation of SAH (Kloor et al. 2007). To prevent the 

intracellular accumulation of free SAH, mammalian cells either bind it to available 

intracellular proteins or it is hydrolyzed by SAH-hydrolase (AHCY). At high levels, SAH 

may also be exported into the plasma, though the mechanism for this transmembrane 

transfer is yet to be determined (Kloor et al. 2000). 

 Higher SAH levels are known to up regulate CBS and down regulate MTHFR, MS 

and BHMT, suggesting activation of the transulfuration pathway reactions (Mato et al. 

2013).  In AHCY-inhibited neuroblastoma cells upregulated methionine 

adenosyltransferase 2 (MAT2) mRNA and activity leads to increased SAM synthesis and 

counterbalances high SAH concentrations (Zhuge and Cederbaum, 2007). These changes 

in the mRNA and activities of the enzymes involved in the SAM-SAH metabolism 

emphasize regulation of one carbon cycle enzymes by substrates and products (Scotti et 

al. 2013). It is suggested that sensitivity to hypomethylation may be tissue specific as the 

Ki for SAH varies with individual cellular methyltransferases, their subcellular 

distribution, and tissue preferences (Wang et al. 2014).  

S-Adenosylmethionine (SAM): S-Adenosylhomocysteine (SAH) Ratio  

 The intracellular concentration of SAM: SAH ratio is used as indicator of cellular 

methylation potential. There is a significant correlation between homocysteine and SAM: 

SAH ratio (Stempak et al., 2005). An elevation in the SAH levels is suggested to be the 

cause for the reduced plasma SAM: SAH ratio in hyperhomocysteinemic patients 

(Pacana et al. 2015). The intracellular SAM: SAH ratio is a predictor of the cellular 

methylation status and its correlation with DNA methylation status is well studied (Li and 

Tollefsbol, 2010). A meta-analysis of methylation in different tissues indicates that 

decrease in SAM alone is insufficient in altering DNA methylation (Caudill et al. 2001). 

However, in the above model an increase in SAH, either alone or associated with a 

decrease in SAM, was associated with DNA hypomethylation, suggesting that plasma 

SAH concentration is a better biomarker for cellular methylation status (Caudill et al. 

2001). Similarly, Molloy et al. found that rather than lower SAM levels, an increase in 
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SAH levels in the brain and spinal fluid of nitrous oxide exposed pigs leads to decreased 

SAM: SAH ratio (Molloy et al. 1992).  

3.7.2.2 Homocysteine 

 Homocysteine is a sulphur-containing amino acid intermediate in the methionine 

metabolism. It is an amino acid homolog of the amino acid cysteine, with an additional 

methylene (−CH2−) group (Choi et al. 2016). SAH, a byproduct of SAM demethylation 

is converted to homocysteine. Molecular mechanisms of homocysteine induced cellular 

dysfunction mainly include induction of oxidative stress, activation of apoptosis, and 

defective methylation (Škovierová et al. 2016). Homocysteine promotes atherosclerosis 

through fibrin deposition, oxidant stress, cytokine release, inflammation, stress to the 

endoplasmic reticulum of endothelial cells and other mechanisms (Werstuck et al. 2001; 

McCully, 2007). Elevated maternal total homocysteine levels are known to be associated 

with prematurity and LBW (Selhub, 2008). Oxidation is one of the most favored 

postulated mechanisms explaining the several toxic effects of homocysteine (Steed and 

Tyagi, 2011). Hyperhomocysteinemia increases oxidative stress by inducing reactive 

oxygen species (ROS) resulting in damages of all components of the cell (Faraci 2004). 

ROS act by increasing peroxidation of DNA, proteins/enzymes, and membrane 

phospholipids leading to higher oxidative stress levels. Hence, it is imperative to remove 

the excess Hcy formed. As suggested above, it can be metabolized by two pathways: the 

remethylation pathway, which regenerates methionine and is dependent on the levels of 

folate and vitamin B12; and the transsulfuration pathway, which degrades homocysteine 

into cysteine and depends on the availability of vitamin B6 (Fig. 19). 

 In an altered one carbon cycle scenario, the remethylation of Hcy is hampered and 

hence the transsulfuration pathway may get activated to remove the Hcy formed. The 

elimination of Hcy will depend on the activity of enzymes involved in the two pathways. 

Studies demonstrate that the distribution of homocysteine between the transsulfuration 

and remethylation pathways is regulated by the tissue concentrations of substrates and 

effector metabolites (Finkelstein, 1998). Further, the correlation between Hcy and DNA 

hypomethylation may be an indirect mechanism for Hcy-related disease pathology. 
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3.7.3   Methyl Acceptors 

 DNA, histone, RNA, neurotransmitters, and phospholipids are the methyl 

acceptors in the body. The methylation reactions are important for various metabolic 

functions in the cell and regulate a number of essential pathways. The demand for methyl 

groups is a factor that also regulates the one carbon cycle, therefore the methyl acceptors 

are explained in brief in the following section. 

3.7.3.1 Phospholipids 

 Phospholipids are one of the important methyl acceptors in the body, since they 

require about 14% of the total SAM formed in the body for phosphatidylcholine synthesis 

(Stead et al. 2006).  

Structure and Classification 

 Phospholipids are a class of lipids that form a major component of all cell 

membranes. They mainly contain a diglyceride, a phosphate group, and a simple organic 
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functional group such as choline. Sphingomyelin, which is derived from sphingosine 

instead of glycerol, is one exception (Kolusheva et al. 2000). Biological membranes in 

eukaryotes contain sterol interspersed among the phospholipids and together they provide 

membrane fluidity and mechanical strength.  

 The basic structure of a phospholipid consists of a hydrophilic head, the 

negatively charged phosphate group attached to an organic molecule at the sn3 position 

of the glycerol moiety, and the hydrophobic tails which usually consists of long fatty acid 

hydrocarbon chains. The sn1 position generally has a saturated fatty acid like palmitic 

acid (18:0) and the sn2 position has an unsaturated fatty acid like docosahexaenoic acid 

(DHA, 22:3) (Margetak et al. 2012). Based on the functional group on the sn3 position 

there are four major phospholipids viz phosphatidylcholine, phosphatidylethanolamine, 

phosphatidylserine, and phosphatidylinositol. Out of these, PC and PE together account 

for 80% of the lipid in most membranes (Fig. 20).   

 

 In the PEMT pathway the PEMT enzyme requires three methyl groups from SAM 

for each PE to PC conversion (Vance et al. 2008). Phosphatidylethanolamine is 

translocated from the cytoplasmic side to the extracellular fluid side of the membrane 

http://www.ncbi.nlm.nih.gov/pubmed?term=Kolusheva%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10657134
http://en.wikipedia.org/wiki/Fatty_acid
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(Van Meer and de Kroon, 2011). Furthermore, the fluidity/viscosity of the membrane is 

also determined by the ratio of phosphatidylethanolamine to phosphatidylcholine. The 

viscosity is inversely proportional to the amount of PC present in the membrane.   In vitro 

studies indicate that higher PC:PE ratio increases the membrane fluidity, facilitating the 

lateral diffusion of proteins within the lipid bilayer (Cooper et al. 2014). 

 The PEMT enzyme prefers species of PE containing PUFAs such as DHA, for the 

synthesis of PC (Tacconi and Wurtman, 1985). Hence, PC synthesis by the PEMT 

pathway plays an important role in transport of PUFAs like DHA from liver to plasma 

and other tissues (Watkins et al. 2003; da Costa et al. 2010). Any alteration in the methyl 

group transfer to the PEMT enzyme may thus directly affect the synthesis of PC and 

ultimately the levels of DHA in tissues. A recent study in rats demonstrated that dietary 

folate, vitamin B12, and B6 intake can influence plasma concentration of DHA by altering 

the methylation capacity (van Wijk et al. 2012).  

3.7.4 Enzymes involved in the One Carbon Cycle 

 The key enzymes involved in the one carbon cycle pathway are 

methylenetetrahydrofolate reductase (MTHFR), methionine synthase (MS), Methionine 

synthase reductase (MTRR), Methionine adenosyl transferase (MAT), S-

adenosylhomocysteine hydrolase (AHCY), cystathione beta synthase (CBS) and 

cystathione gamma lyase (CSE). Homocysteine is an intermediate in methionine 

metabolism and is cleared via the concerted actions of three enzymes, MS, CBS and 

betaine homocysteine methyltransferase (BHMT). Of these, only MS is present 

ubiquitiously and reclaims homocysteine to the methionine cycle via a transmethylation 

reaction (Finkelstein, 1998). In contrast, BHMT, which also catalyzes the remethylation 

of homocysteine, has a very restricted tissue distribution being present only in the liver 

and kidney. CBS, which catalyses synthesis of cysteine from homocysteine in the 

transsulfuration pathway is present in some but not all tissues (Patel et al. 2002).  

3.7.4.1 Enzymes of the Remethylation Pathway 

Methylenetetrahydrofolate reductase (MTHFR) 
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 Methylenetetrahydrofolate reductase (EC 1.5.1.20) catalyzes the reduction of 

methylenetetrahydrofolate to methyltetrahydrofolate (Fig. 21).  

 

 This overall reaction, effectively irreversible, commits one carbon units to the 

methylation pathway in mammalian cells. MTHFR in the folate metabolism competes for 

THF units with thymldylate synthase (EC 2. I. 1.45) and with the GAR transformylases 

(EC 2.1.2.3; EC 2. 1.2.2) (Blom and Smulders, 2011). 

 The MTHFR enzyme is encoded by the MTHFR gene and is expressed 

ubiquitously in the cytoplasm of the cell.  MTHFR is inhibited by SAM and the inhibition 

could be reversed by SAH, thus highlighting the effector properties of the components 

(Jencks and Mathews, 1987). The MTHFR C677T gene polymorphism contributes to 

elevated homocysteine levels (Matthews and Daubner, 1982). 

Methionine synthase (MS) 

 Methionine synthase (EC 2.1.1.13) is a key enzyme poised at the intersection of 

folate and sulfur metabolism and functions to reclaim homocysteine to the methionine 

cycle. MS, transcribed from the MTR gene, contributes to the homeostasis of methionine, 
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an essential amino acid that initiates translation of all mRNAs.  MTR, in a ping-pong 

reaction, is responsible for regenerating the active cofactor THF by metabolizing the 

polyglutamate form, 5-MTHF (Drummond and Matthews, 1993) (Fig. 22).  

 

Methionine synthase is essential for ensuring that homocysteine concentrations do not 

reach toxic levels. Severe deficiency of vitamin B12 or of methionine synthase causes 

hypomethioninemia, hyperhomocysteinemia, and homocystinuria (Li et al. 2015). 

 MS deficiency also results in theaccumulation of 5-MTHF and depletion of 

intracellular folate derivatives including 5,10-MTHF required for thymidylate 

biosynthesis. This phenomenon is explained as the basis of the well-documented “methyl 

folate trap” leading to deoxynucleotide pool imbalances and megaloblastic anemia (Scott 

and Weir, 1981).  

Methionine synthase reductase (MSR) 

 Methionine synthase reductase (EC 2.1.1.135) enzyme in humans is encoded by 

the MTRR gene. Methionine is an essential amino acid synthesized by the 

enzyme methionine synthase.  Methionine synthase is inactivated due to the oxidation of 

its cofactor, vitamin B12. Methionine synthase reductase regenerates a functional 

https://en.wikipedia.org/wiki/Enzyme
https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/Methionine
https://en.wikipedia.org/wiki/Amino_acid
https://en.wikipedia.org/wiki/Methionine_synthase
https://en.wikipedia.org/wiki/Cofactor_(biochemistry)
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methionine synthase via reductive methylation. It is a member of the ferredoxin-

NADP(+) reductase (FNR) family of electron transferases (Leclerc et al., 1998). The 

cofactor, which serves as both acceptor and donor of the methyl group, is oxidized once 

every 2,000 catalytic cycles and must be reactivated by the uptake of an electron from 

reduced flavodoxin and a methyl group from SAM (Ragsdale, 2008).  

3.7.4.2 Enzymes of the SAM Synthesis Pathway 

Methionine Adenosyl Transferase (MAT) 

 Methionine adenosyltransferase (EC 2.5.1.6) is a central metabolic enzyme that is 

conserved through evolution. In mammalian tissues MAT, the enzyme that converts 

methionine to SAM (Fig. 23), exists in three isoforms MAT1, MAT2 and MAT3 that are 

the product of two different genes (MAT1A and MAT2A). The expression of MAT1A is 

primarily restricted to adult liver and MAT2a is expressed in extra hepatic tissues and 

fetal liver (Mato et al., 2002). A direct link between oxidative stress, indicated by Hcy 

levels and the synthesis of SAM in the one carbon metabolism via the regulation of the 

MAT has been suggested (Cederbaum, 2010).  
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 Methionine, the substrate for MAT, is recycled from homocysteine via the 

remethylation cycle. Any alteration in the remethylation pathway may result in 

methionine insufficiency (Mato et al., 2002). The change in the SAM levels due to 

regulation of the enzyme MAT has been studied (del Pino et al., 2000; Yamada et al., 

2000; Mato et al., 1997). The regulation of hepatic MAT activity and gene expression by 

oxidative stress and by the GSG/GSSG ratio has also been documented. (Avila et al. 

1998; Sánchez-Góngora et al. 1997; Pajares et al. 1992).  

S-Adenosyl homocysteine hydrolase (AHCY) 

 S-Adenosylhomocysteine hydrolase (AdoHcyase; EC 3.3.1.1) is a cytoplasmic 

enzyme that catalyzes the reversible hydrolysis of S-adenosylhomocysteine (SAH) to 

adenosine and homocysteine (Fig. 24). The thermodynamic equilibrium of the reaction in 

vitro favors the synthesis of SAH (Kloor et al. 2002). In eukaryotes, this is the major 

route for disposal of the SAH formed after SAM donates a methyl group to 

methyltransferases. The reaction is reversible, but under normal conditions the removal 

of both adenosine and homocysteine is sufficiently rapid to maintain the flux in the 

direction of hydrolysis (Riksen et al, 2003).  

 

 SAH is an inhibitor of many SAM-dependent methyltransferases. Because the 

inhibition is generally competitive, for any given methyltransferase the effect on activity 



46 

 

will depend on the Km for SAM, the Ki for SAH, and the concentrations of these two 

metabolites (Fuso et al, 2005). Thus, SAH hydrolysis regulates methylation reactions and 

also maintains the flow of methionine in the transulfuration pathway for the synthesis of 

cysteine (Fernández-Arroyo et al. 2015).  

3.7.4.3 Enzymes of the Methylation Pathways 

Phosphatidylethanolamine methyltransferase (PEMT) 

 Phosphatidylethanolamine methyltransferase (EC 2.7.8.2) catalyzes methylation 

of phosphatidylethanolamine (PE) to phosphatidylcholine (PC) in three steps where 

phosphatidyl-N-monomethylethanolamine (PMME) and phosphatidyl-N,N-

dimethylethanolamine (PDME) are formed as intermediates, and SAM serves as a methyl 

donor (Da Costa et al. 2011) (Fig. 25). PEMT has implications for cell membrane 

properties such as membrane-bound enzyme activities and membrane fluidity (Vance et 

al. 2008).  
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 In mammals, hepatic PEMT is an 18-kDa integral membrane protein reported to 

maintain normal concentrations of PC rich LCPUFA, especially AA and DHA, in plasma 

and its transport to peripheral tissues (Watkins et al., 2003; Costa et al. 2010). It is 

suggested that during dietary choline insufficiency, PE methylation provides PC as a 

choline precursor (Kohlmeier et al. 2005). Pemt –/– mice fed a choline deprived diet died 

of liver steatosis, providing evidence for the above physiological function (Zhu et al. 

2003).  

 It is possible that free radicals induce changes in membrane structure and function 

associated with alterations in the PEMT enzyme. The PC-LCPUFA synthesis is also 

important for the secretion of very low density lipid (VLDL) moiety, which is the 

endogenous carrier of phospholipids to peripheral tissues (van wjik et al. 2010). Thus, the 

PC-LCPUFA synthesized by the PEMT enzyme is transferred to the fetus via the placenta 

through the VLDL moiety and endolipases (Larqué et al., 2011; Gil-Sánchez et al., 2010).  

DNA Methyltransferases (DNMTs) 

 In mammals, DNA methyltransferase enzymes are classified in two families 

including 4 enzymes, based on their structure and function. The 2 families of the DNMTs 

which accept a methyl group from SAM include; 1) DNMT3 family, which provides the 

CpG methylation through de novo path, and 2) DNMT1 family, which maintains the 

methylation patterns during replication (Ghavifekr Fakhr et al. 2013) (Fig. 26).  

 The DNMT3 family includes 2 enzymes DNMT3a and DNMT3b. A regulatory 

factor similar to DNMT3 enzyme is referred to as DNMT3L. The rate of DNMT3b is very 

high during the early embryonic period and it is responsible for DNA methylation during 

implantation. DNMT3a is active in the late phases of embryonic period and cell 

differentiation. DNMT3a is also responsible for DNA methylation in matured gametes 

(Kato et al. 2007). 
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 DNMT1 enzyme is responsible for copying methylated CpG regions on new 

synthesized DNA during phase “S” of cell cycle. These changes deemed as epigenetic 

modifications are inherited during cell division and are hereditary (Heard and 

Martienssen, 2014). Although the maintenance of DNA methylation patterns after 

replication by DNMT1 enzyme are understood, the causes of methylated cytosine in CpG 

sites remain largely unknown (Chen and Li, 2006).  

 The establishment of appropriate methylation patterns depends on a methodical 

regulation of the methyltransferase activity. Dysfunction of any of these DNMTs may 

have serious consequences for embryonic development and subsequent gestation, as the 

epigenetic status of genes alters embryonic and fetal development (Gangaraju and 

Bartholomew, 2007). Inefficient epigenetic reprogramming caused by abnormal 

expression of DNMTs may be closely associated with adverse pregnancy outcomes (El 

Hajj et al. 2014). 

Catechol-O-methyltransferase (COMT) and Glycine N-methyltransferase (GNMT) 

  Catechol-O-methyltransferase (EC 2.1.1.6) catalyses the degradation of 

catecholamines such as epinephrine, norepinephrine and dopamine. COMT protein, 
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encoded by the COMT gene, utilizes a methyl group from SAM to methylate 

catecholamines. COMT is a cytoplasmic enzyme in the central nervous system (CNS) 

where it primarily catalyzes COMT-dependent dopamine degradation. Apart from the 

brain, COMT is also expressed in the liver (Chen et al. 2011). 

 Glycine N-methyltransferase (EC 2.1.1.20) catalyzes the methylation of glycine to 

form sarcosine using SAM as a methyl donor. GNMT has been localised in the liver cells, 

pancreas and jejunum. Since the Ki value for SAH is higher for GNMT than other 

methyltransferases, it is a regulator of the SAM/SAH ratio (Corbin and Ruiz-Echevarría, 

2016). 

3.7.4.4 Enzymes of the Transsulfuration Pathway 

Cystathionine-b-synthase (CBS) 

 Cystathionine-b-synthase (EC 4.2.1.22) catalyzes the first step of Hcy elimination 

from the system, the transsulfuration pathway, from Hcy to cystathionine, that is 

followed by cystathionine cleavage to yield cysteine (Fig. 27). Cysteine primarily 

undergoes desulfuration to H2S. It can also be oxidized to yield either hypotaurine/taurine 

or sulfite/sulfate (Stipanuk and Ueki 2011).  
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 The expression and distribution of enzymes of the transsulfuration pathway and 

cysteine metabolism vary among tissues (Christensen and MacKenzie 2006, Finkelstein 

2006). CBS is the predominant enzyme in the brain and nervous system and is highly 

expressed in liver and kidney. A single study demonstrated the mRNA and protein levels 

of the enzyme CBS in term placenta and confirmed its catalytic activity (Mislanova et al. 

2011).  

Cystathione gamma Lyase (CSE) 

  The cleavage of cystathionine, formed by the CBS,  by cystathionine g-lyase (EC 

4.4.1.1) yields cysteine. Cystathionase uses pyridoxal phosphate (vitamin B6) to facilitate 

the cleavage of the sulfur-gamma carbon bond of cystathionine, resulting in the release of 

cysteine and the release of α-ketobutyrate (Fig. 28). CSE, a member of the Cys/Met 

metabolism PLP-dependent enzymes family, is mainly expressed in the liver and in 

vascular and non-vascular smooth muscle (Wang, 2012).  

 

 Cysteine is the rate-limiting substrate in glutathione synthesis. CSE is susceptible 

to oxidative stress which lowers glutathione levels, leading to a decrease in antioxidant 

capacity (Kerksick and Willoughby, 2005). Mutations and deficiencies in cystathionase 
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are associated with cystathioninuria. Studies in rats have demonstrated that H2S is a 

powerful vasodilator and the expression of CSE is reduced in placentas associated with 

increased vascular resistance (Cindrova-Davies et al. 2013). 

3.8  Epigenetic Regulations in Preterm Birth 

 Gene-environment interactions have been suggested to be associated with risk of 

delivering preterm, possibly through epigenetic regulation (Burris et al. 2010). It is 

suggested that epigenetic modifications such as DNA methylation in response to various 

environmental factors may influence the risk of preterm birth or induce changes in the 

fetal epigenome thereby predisposing the child to adult-onset diseases (Menon et al. 

2012) (Fig. 29). A number of studies report epigenetic differences to be associated with 

gestational age in maternal blood and placenta. An inverse association of global DNA 

methylation levels with gestational age is also reported (Burris et al. 2014). Another 

study reports association of placental methylation pattern at one of the loci of RUNX3 

(runt-related transcription factor 3) gene with gestational age (Maccani et al. 2013). 
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 It has been reported that DNA methylation levels of the imprinted gene 

pleiomorphic adenoma gene-like 1 (PLAGL1) affects growth and development of the 

infant at birth and also increase the susceptibility to adult-onset diseases (Liu et al. 2013). 

Remarkable differences in the fetal DNA methylation in fetuses born preterm as 

compared to those born at term have also been reported (Parets et al. 2013).   Another 

study suggests environmental influences on epigenetic programming of glucocorticoid 

expression through methylation of the glucocorticoid gene promoter in preterm infants 

(Kantake et al. 2014). It has also been demonstrated that differential DNA methylation of 

myometrial contraction-associated genes occurs at sites outside the CpG island of the 

promoter region. This indicates a need to examine DNA methylation changes across the 

genome (Mitsuya et al. 2014). Reports also indicate that most widespread DNA 

methylation differences between extreme preterm and term infants at birth are resolved 

by 18 years of age, suggesting that DNA methylation differences at birth are mainly 

driven by factors relating to gestational age. In addition the authors also identified ten 

probes with mean methylation difference of more than 5 % at both time points (at birth 

and 18 years) in preterm individuals suggesting a possibility of long term epigenetic 

inheritance of preterm birth (Cruickshank et al. 2013). A recent study in preterm infants 

found differential methylation at 10 sites that influence neural development and function 

(Sparrow et al. 2016). Studies on preterm placentae in our department have also shown 

gene specific methylation changes in important genes like VEGF, FLT and KDR involved 

in angiogeneis (Sundrani et al. 2014).  However, no studies till date have reported any 

methylation changes in the enzyme genes involved in the one carbon cycle in women 

delivering preterm. 

3.9  Our Earlier Departmental Studies in Women with Adverse 

Pregnancy Outcome  

 Our earlier studies in women delivering preterm and women with pre-eclampsia 

have reported increased homocysteine concentrations along with altered maternal 

micronutrients as compared to women delivering at term (Dhobale et al, 2012; Kulkarni 

et al, 2011). Similarly, increased lipid peroxidation indicated by higher maternal plasma 
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malondialdehyde (MDA) levels in above women has also been reported (Kulkarni et al, 

2010; Joshi et al. 2009). This increased oxidative stress and a possible altered 

methylation capacity may thus affect the methyl group transfer to various methylation 

reactions. In this altered one carbon scenario, if the phospholipid conversion by PEMT is 

lowered, as indicated by low DHA levels (da Costa, 2010), then the methyl groups will 

be directed to the DNMTs for DNA methylation leading to altered methylation of various 

genes. Studies suggest an inverse relationship between DNA methylation at the promoter 

region and the gene expression (Phillips, 2008).  

 The next chapter describes the human study undertaken in the thesis.   
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 This chapter describes the human study which examines the regulations of 

the key enzymes involved in the one carbon cycle in women delivering preterm. 

Further the methylation patterns of MTR gene and their associations with one 

carbon cycle components and birth outcome are reported.  

4.1 Materials and Methods 

 This is a cross sectional study which was conducted at the Dept. of Obstetrics and 

Gynecology, Bharati Hospital, Pune. This study was approved by Bharati Vidyapeeth 

Medical College Institutional Ethical Committee (Ref No.: BVDU/MC/54, dated 

24.9.2013).  

4.1.1 Study Design 

 A total number of 176 women were recruited for this study, out of which 86 

women delivered at term (≥37 weeks gestation, control group) and 90 women delivered 

preterm (<37 weeks gestation). Women delivering at term were those who did not have 

any medical or obstetric complication. 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 Program. The last menstrual period (LMP) was used to determine 

the gestational age which was then confirmed by ultrasound. Cases with a discrepancy of 

more than a week between clinical and ultrasound readings were excluded from the 

study. All women were from the lower socioeconomic group.  

4.1.2 Demographic and Anthropometric Measures 

 Maternal characteristics such as age and income were recorded at the time of 

recruitment. Other information like BMI, systolic and diastolic blood pressure and 

gestation were recorded at the time of delivery. Weight of the placenta was also recorded 

after delivery. 
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4.1.3 Inclusion Criteria 

Women with singleton pregnancies between 18-35 years were recruited.  

4.1.4 Exclusion Criteria 

 Pregnant women with evidence of drug abuse, alcohol consumption and women 

with renal or liver disease, chronic hypertension, pre-eclampsia, type I or type II diabetes 

mellitus or seizure disorder were excluded from the study.   

4.1.5 Dietary Assessments 

 Pregnant women were administered a food frequency questionnaire to estimate 

the frequency of consumption of foods rich in folate, vitamin B12, 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” and “Indian Food Composition 

Table 2017” (Gopalan et al. 1996; Gopalan, 2003; Longvah et al. 2017). The food 

frequency questionnaire has been used by the department in number of studies on 

pregnant women (Dhobale et al. 2012; Wadhwani et al. 2015). 

4.1.6 Statistical Power of the Study 

 The statistical power was calculated using the Power & Sample Size (PS) 

software (version 3.1.2). The sample size for the present study was calculated based on 

our earlier study which reports placental fatty acids in women delivering preterm (n=58) 

and women delivering term (n=44) with a mean difference of 1.14 and SD of 0.96 

(Dhobale et al. 2011). For the methylation analysis, statistical power was calculated using 

the G power software (version 3.1.9.2) based on the differences in the percent 

methylation (0.5-1%) between two groups on the basis of Cohen’s D (effect size, 

calculated on the basis of pooled SD’s). The present study therefore aimed to study 90 

preterm cases and 86 women delivering at term which gave a 90% power of the study 

when alpha is kept at 0.05.  
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4.1.7 Sample Collection and Processing 

 

4.1.7.1 Maternal Blood 

 

 Maternal blood (10 ml) was collected into EDTA vials just before delivery. All 

blood samples were centrifuged at 2000 rpm for 30 min to separate the blood components 

into plasma and erythrocytes. The plasma samples used in the current study were stored 

at -80°C until further analysis.  

4.1.7.2 Placental Tissues 

 

Tissue Collection and Storage: 

 Placental tissues were obtained from normal and preterm pregnancies 

immediately after delivery. The fetal membrane was trimmed off and whole placenta was 

weighed. Small pieces were randomly cut out from different regions of decidual side 

(maternal) and rinsed in DEPC-treated PBS to wash off maternal and fetal blood. The 

pieces were stored at -80°C until assayed. 

Preparation of Tissue lysates: 

 Placental tissue was weighed (300mg) and washed with chilled 1X PBS buffer 

(pH-7.2). The washed tissue was lysed in chilled cell lysis buffer [50 mM TRIS HCl, 

150mM sodium chloride (NaCl), 1mM ethylenediaminetetraacetic acid (EDTA), 1mM 

phenyl methane sulfonyl fluoride (PMSF), 10μM Leupeptin, 0.1 μM Aprotinin] on ice 

using a glass homogenizer (Borosil glass, capacity-5ml).  The homogenized tissue was 

then subjected to two freeze-thaw cycles to further break the cell membranes and 

centrifuged at10,000 rpm at 4ºC for 20 min. Supernatant and cell membrane fractions 

were separated in tubes. The clear supernatant (lysate) was used to estimate total protein 

content by Lowry method (Lowry et al. 1951). The lysate was further used for protein 

estimation of the enzymes (MTHFR, MTR, MAT2A, AHCY and PEMT) as described 

below in (section 4.1.9.6). The pellet was resuspended in 0.5ml of the cell lysis buffer 

and was processed further for quantitation of total phospholipid and fatty acid estimation 

as described in (section 4.1.9.4 and 4.1.9.5) respectively.  
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4.1.8 Neonatal Measures 

 

 Baby weight was recorded using an infant weighing scale (Zeal medical private 

limited, India) with an accuracy of 10gm. Baby length was measured to the nearest 0.1 

cm by a portable infantometer.  

4.1.9 Biochemical Estimations  

 All biochemical analyses were performed at laboratories separate from subject 

recruitment sites. 

4.1.9.1 Plasma Micronutrient (Folate and Vitamin B12) Levels 

 

 Chemiluminescent magnetic microparticle immunoassay (CMIA) technology 

(Abbott Diagnostics, Abbott Park, Illinois, USA) was used to estimate folate and vitamin 

B12 levels (Lee and Griffiths, 1985). Briefly, 100 μl of plasma was auto pre-treated and 

further used in a two-step assay for detection of the folate and vitamin B12 levels. The 

detection limits for plasma vitamin B12 was 187-883 pg/ml while for plasma folate it was 

2.34-17.56 ng/ ml.  

4.1.9.2 Plasma Homocysteine Levels 

 

 Homocysteine estimation was performed by the micro particle enzyme 

immunoassay method (Abbott Diagnostics, Abbott Park, Illinois, USA) (Zighetti et al., 

2002). Briefly, 150 μl of plasma was used in an immunoassay method to detect 

homocysteine levels. The method isolates an antigen-antibody complex on microparticles 

(solid phase surface of small beads). The antibody coated microparticles bind the specific 

analyte (homocysteine in this case) being measured. The phosphatase enzyme conjugated 

to the antibody reacts with the substrate solution (fluorescent 4-methylumbelliferone 

phosphate) and the emitted fluorescence is detected. The detection limits for plasma 

homocysteine was 5.08-15.39 μmol/ L.   

4.1.9.3 SAM-SAH Levels in the Placenta 
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 The placental S-adenosyl methionine (SAM) and S-adenosyl homocysteine 

(SAH) were extracted and quantified by HPLC using a modified method of Wagner et al. 

1984, as described below: 

 Homogenization  

 Placental tissue (300mg) was washed in chilled 1X PBS buffer and then 

homogenized in 1ml of 0.4 M Perchloric acid (PCA) containing 0.15% (w/v) Sodium 

metabisulfite and 0.05% (w/v) EDTA.  After centrifugation at 10,000 rpm, 4ºC for 10 

min, the clear supernatant was removed and injected onto the HPLC system. 

High Performance Liquid Chromatography (HPLC) 

 The HPLC system consisted of a gradient pump with isocratic mode, a single 

wavelength UV-visible absorbance detector operating at 254nm, an automatic sample 

processor WISP and a µBondapak CI8 column (10 µm particle size, 30 cm X 3.9 mm). A 

guard column (7 cm X 2 mm I.D.) from Whatman was used throughout these studies to 

protect the main column. The flow-rate was 1ml/mm.  

 A gradient pump system with isocratic mode of elution was used which consisted 

of two mobile phases: Mobile phase A was obtained by the addition of 20 ml of 

acetonitrile to 980 ml of  0.1M sodium dihydrogen phosphate (NaH2PO4) and contained 8 

mM Octane sulphonic acid (OSA). The pH was adjusted to 2.55 with 3 M phosphoric 

acid and degassed. Mobile phase B was a 70:30 (v/v) mixture of 0.2 M NaH2PO4 and 

acetonitrile with 8 mM OSA and the pH was adjusted to 3.1 with 3 M phosphoric acid 

and degassed. A linear gradient was used starting with 50% of eluent A and 50% of 

eluent B and leading in 25 min to the final conditions of 100% of eluent B.  

Calculations 

 The responses of the UV signal were found to be linear over the range 

investigated. An external standard containing SAM and SAH, procured from Sigma 

chemicals, was injected and used for the calibration. The final tissue contents are 

expressed in µmol/g tissue. 
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4.1.9.4 Phospholipid Levels in the Placenta 

 

 The phospholipids, phosphatidylethanolamine (PE), phosphatidylcholine (PC), 

phosphatidylserine (PS) and phosphatidylinositol (PI) were extracted from the placental 

tissue lysates by a modified method of Folch et al. 1957. After extraction the 

phospholipids were separated using Thin layer chromatography (TLC) by a modified 

method of Percy et al. 1991. These phospholipids were then quantified 

spectrophotometrically using the malachite green method (Zhou et al. 1992).  Briefly, the 

details of the method are as follows; 

Separation of Phospholipids by Thin layer chromatography (TLC) 

 One volume of the resuspended cell membrane (the fraction separated and stored 

described in section Preparation of Tissue lysates) fraction was treated with 20 volumes 

of chloroform/methanol mixture (2:1, by vol.) [Twenty times the sample volume] and 

incubated in dark for one hour. The mixture was filtered and the filtrate was dried by 

argon. The dried sample was re-suspended in 300µl of chloroform: methanol mixture 

(2:1), sonicated (15 minutes, cold water) and then spotted on the TLC plate (silica gel 60 

aluminum sheets obtained from Merck). The plate was developed in 

chloroform/methanol/water, (12:5:0.9, by vol.) for 20 minutes. After thorough drying, the 

plate was exposed to iodine fumes to identify the phosphatidylethanolamine (PE) and 

phosphatidylcholine (PC), phosphatidylserine (PS) and phosphatidylinositol (PI) spots in 

comparison to standards procured from Sigma chemicals. The PE, PC and PS+PI spots 

were scraped for phosphorous estimation.  

Phospholipid Phosphorous estimation 

  The procedure for phosphorous estimation used in the present study has been 

reported by us earlier (Khot et al. 2015). The scraped PE, PC and PS+PI spots were 

digested in 2ml perchloric acid (overnight at 100ºc). The PE, PC and PS+PI phospholipid 

fractions were estimated quantitatively by using the malachite green colorimetric method 

for phosphorous estimation (Zhou et al. 1992). Briefly, the orthophosphate, liberated 

from a phospholipid substrate upon cleavage by the perchloric acid, forms a complex 
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with ammonium molybdate in a solution of sulfuric acid.  The formation of the malachite 

green phosphomolybdate complex, measured at 620nm, is accordingly directly related to 

the free orthophosphate concentration.  Dihydrogen potassium phosphorous (500pmoles-

3000pmoles) was used as phosphorous standard. A standard curve was plotted using 

average absorbance values and the regression line was used to calculate sample 

phosphorous values. The phospholipid concentrations of the samples were calculated on 

molar basis by multiplying with 25 (Rouser et al. 1970; Koike et al. 1998), and values 

were expressed as mg phospholipids/ gram of placental tissue. The PC: PE ratio 

indicative of the PE to PC conversion is represented. 

4.1.9.5 Placental Fatty acid analysis 

 

 The procedure for fatty acid analysis used in the present study is a modified 

method of Folch et al. 1957 and has been described by us earlier (Dhobale et al. 2011). In 

brief, the processed cell membrane fraction in chloroform: methanol mixture used for the 

phospholipid separation was pipetted in an esterification tube, dried with argon and 

transesterification was carried out using hydrochloric acid–methanol (Manku et al. 1983). 

The methyl esters were separated using a Perkin Elmer gas chromatograph (SP 2330, 30 

m capillary column, Supelco, PA, USA). The recorded data was used to identify sample 

peaks as per the retention time of the standard fatty acids (Sigma, USA) run under the 

identical conditions. Fatty acids were expressed as g/100 g fatty acids. A total of fifteen 

fatty acids were detected. Saturated fatty acids include myristic acid, palmitic acid and 

stearic acid, while monounsaturated fatty acids include myristoleic, palmitoleic, oleic and 

nervonic acid. The omega 3fatty acids include alpha linolenic acid (ALA), 

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

included linoleic acid (LA), gamma-linoleic acid (GLA), di-homo-gamma-linolenic acid 

(DGLA), docosapentaenoic acid (DPA) and arachidonic acid (AA). 

4.1.9.6 Protein Levels of One Carbon Cycle Enzymes in the Placenta 

 

 The enzyme protein levels for MTHFR, MTR, MAT2A, AHCY and PEMT 

enzymes were measured from placental tissue lysates using commercial enzyme-linked 
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immunosorbent assay (ELISA) kits (USCN Life Science, INC. USA for MTHFR, MTR, 

and MAT2A; MyBioSource, San Diego, CA, USA for AHCY; Cusabio, China for PEMT). 

 MTHFR assay employs the quantitative sandwich enzyme immunoassay 

technique. Briefly, a monoclonal antibody specific for the enzyme was pre-coated on to a 

96-well microplate. Standards and samples were pipetted into the wells and any MTHFR 

present was bound to the wells by the immobilized antibody. The wells were washed and 

biotinylated anti-human MTHFR antibody was added. After washing away unbound 

biotinylated antibody, HRP (horseradish peroxidase) conjugated streptavidin was pipetted 

into the wells. The wells were again washed; a TMB (tetramethylbenzidine) substrate 

solution was added to the wells and blue color was developed. The colour development 

was stopped by adding 2M sulfuric acid. The stop solution changed the colour from blue 

to yellow and the intensity of the colour was then measured at 450 nm. 

 MTR, MAT2A, AHCY and PEMT assays also employ a similar technique. The 

detection limit of the assays were, 0.625-40ng/mL for MTHFR and 0.312-20ng/mL for 

MTR, 0.156-10 ng/mL for MAT2A, 31.25 pg/ml-2000 pg/ml for AHCY, 25-1600 pg/ml 

for PEMT . The concentrations of enzyme proteins were normalized for 1mg of total 

protein content. The coefficients of variance for both intra- and inter-assay measurements 

were less than 20%. 

 

4.1.10 Molecular Estimations 

4.1.10.1 Gene Expression Levels of One Carbon Cycle Enzymes in the 

 Placenta 

 

RNA Isolation and cDNA Synthesis 

 Total RNA from 300mg of placental tissue was isolated using the Trizol method 

and quantified by the Eppendorf BioPhotometer plus. The RNA samples were further 

processed by the DNA-free TM DNase Treatment Kit (Cat No. AM1906, Ambion, 

Austin, Texas) in order to remove the contaminating DNA. For each placental sample, 2 
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μg of DNA-free RNA was reverse transcribed to cDNA using the High-Capacity cDNA 

reverse transcription Kit (Cat No. 4368814, Applied Biosystems). 

qRT-PCR analysis 

 Applied Biosystems 7500 Standard Real Time PCR system (Applied Biosystems, 

USA) was utilized to run the qRT-PCR analysis for the enzymes MTHFR, MTR, MAT2A, 

AHCY, PEMT, CBS and CSE. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

gene was used to normalise for variation in RNA quality and the amount of input cDNA. 

Real-time PCR was performed using cDNA equivalent to 100ng total RNA with the 

TaqMan Universal PCR Master Mix (Applied Biosystems, USA). The amplification 

efficiency of each gene was ensured by plotting a standard curve (Fig. 30).  

 ΔCt-values was the computed difference between the Ct-values of the genes 

examined and the GAPDH (internal control) gene by a method reported by us earlier 

(Wadhwani et al. 2013). The mRNA 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); MTHFR (Hs00195560_m1); MTR 

(Hs00165188_m1), MAT2A (Hs00428515_g1), AHCY (Hs00898135_gH), PEMT 

(Hs00540979_m1), CBS (Hs00163925_m1), CSE (Hs00542284_m1). 
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4.1.10.2  Global DNA Methylation Levels in the Placenta 

 

 Genomic DNA was isolated from placental samples using the DNeasy Blood and 

Tissue kit (Cat No. 69504, Qiagen, Hilden, Germany) as per the protocol supplied by the 

manufacturer. Global DNA methylation was measured using the MethylampTM Global 

DNA Methylation Quantification Kit as per the manufacturer’s instructions (Epigentek 

Group Inc., New York, NY, USA) (Liu et al., 2008). This kit yields accurate measures of 

methylcytosine content as a percentage of total cytosine content. Briefly, DNA was 

immobilized on a strip well specifically treated to have a high affinity for DNA. DNA 

methylation was then quantified by an ELISA like reaction using 5-methylcytosine 

antibody. The amount of methylated DNA is proportional to the optical density and the 

degree of DNA methylation was calculated using the following formula: 

Percent methylation= [OD (sample-blank)/2OD (positive control-blank)]*100 

Where OD is the optical density, blank is buffer without DNA, positive control is 

methylated control DNA. The amount of methylated DNA is expressed in terms of 

percent methylation. 

4.1.10.3 Gene promoter methylation assay 

 

Bioinformatics Analysis  

 Genomic sequences for pyrosequencing assay design in the MTR promoter region 

were extracted on the basis of DNase cluster and histone markers for regulatory elements 

from the UCSC genome browser (http://www.genome.ucsc.edu/) (Karolchik et al. 2004) 

(Fig. 31). This region from the UCSC genome was crosschecked with the promoter 

binding sequences from the Ensembl software (Zerbino et al. 2016) and the promoter 

transcripts predicted by the promoter database TRED (https://cb.utdallas.edu/cgi-

bin/TRED/) (Zhao et al. 2005; Jiang et al. 2007). The transcripts were checked for their 

expression in placental tissue using protein atlas database (http://www.proteinatlas.org/). 

The resulting overlapping region was narrowed down based on the regulatory 

information, to a region of interest spanning 874 bp (Chromosome 1, 236958018-

http://www.genome.ucsc.edu/
https://cb.utdallas.edu/cgi-bin/TRED/
https://cb.utdallas.edu/cgi-bin/TRED/
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236958892), and encompassed 61 CpG sites. Next, we attempted to predict the 

transcription factor binding sites in the MTR region of interest using the transcription 

factor binding site predictor tools, TRAP (http://trap.molgen.mpg.de/cgi-bin/home.cgi), 

JASPAR (jaspar.genereg.net/) (Mathelier et al. 2014)  and MAPPER 

(http://genome.ufl.edu/mapper/) (Marinescu et al. 2005). 

 

Bisulphite DNA conversion  

 500 ng of purified genomic DNA (isolated as described in section 4.1.10.2) was 

bisulfite-treated using the EZ DNA Methylation™ Kit (Cat No. D5006, Zymo Research, 

California, USA). The bisulfite-modified DNA was used for gene-specific methylation 

analysis of MTR gene by the PyroMark Q24 (Cat No./ID: 9001514, Qiagen, Hilden, 

Germany).   

 

Pyrosequencing  

http://genome.ufl.edu/mapper/
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 The PCR primers for pyrosequencing were designed using PyroMark® Assay 

Design 2.0 Software (Qiagen, Valencia, USA). The sequencing primers in the region of 

interest in the MTR covered a total of 7 CpG sites (labeled as CpG 1 to CpG 7 in Fig. 32) 

in and around transcription start site (TSS) and Transcription factor binding sites (TFBS) 

as per in-silico analysis of the MTR gene.  

 

Underline: TSS for MTR gene transcripts (from promoter data base & Ensembl); Underline: TFBS for 

transcription factors like NF1C, ELK1 (from TRAP, JASPAR (90%) and MAPPER databases). CG
1-

 CG
7
: 

CpG sites analyzed by pyrosequencing. Dark grey: Sequencing primer for MTR gene designed by 

PyroMark™ MD software. Light grey: Forward & Reverse primer for MTR gene designed by PyroMark™ 

MD software 

 The designed primers were used to amplify the bisulfite-treated genomic DNA. 

The thermal cycling conditions for the MTR 1-7 CpG sites were as follows: 95°C for 15 

minutes, 40 cycles of [95°C for 30 s, 57°C for 45 s, 72°C for 1 minute], then 72°C for 10 

minutes, 4°C hold and storage at -20°C. The product size 110 bp, was checked by gel 

electrophoresis to confirm the amplification (Fig. 33).  
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 Following PCR amplification, amplicons were analyzed on a PyroMark Q24 Pyro 

sequencer as per the manufacturers’ protocol, and methylation at the CpG sites was 

quantified using the PyroMark Q24 software version 2.0.6. Methylation data was 

generated as percentage methylation of the original CpG site in the template. CpG sites 

that “failed” PyroMark software were excluded from the analysis. The primers used are 

listed in Table 1. 

Primer Set 1 
Score: 91

Quality: High 

Primer Id Sequence Nt Tm, ºC %GC 

PCR F1 TAGGTGATTGGTTGATATTGATAGTTAA 28 58.8 28.6 

PCR R1 CTAAACCCCCCAAACATTTAAAACCTT 27 58.3 37.0 

Sequencing S1 AGGAGTTAGGGTAGATTAATTATAG 25 45.8 32.0 

Target 

Polymorphisms 

Position 1, Position 2, Position 3, Position 4, Position 5, Position 6, 

Position 7 

Sequence to 

Analyze 

GTYGGAAGGG GYGGGATTTT TTAYGTYGAG GATAGATTGA 

GYGTAGAATT AATYGYGTTT TGAAAGGTTT TAAATGTTTG 

Table 1: Primers used for Pyrosequencing Analysis 
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4.1.11 Statistical Analysis 

 Values are reported as mean ± SD (demographic characters and folate, Vitamin 

B12, homocysteine levels, fatty acid levels, enzyme protein levels and methylation assays) 

or mean ± standard error of mean (SEM) (phospholipid levels, SAM-SAH levels and 

enzyme mRNA levels ).  Skewed variables were transformed to normality using the log 

to the base 10. Mean values of various parameters between the term and preterm group 

were compared using independent ‘t’ test at a significance of p-value less than 0.05. Chi-

square test was used for comparison of categorical variables. Partial correlation analysis 

was used to study the association of biochemical and molecular parameters with birth 

outcome after adjusting for age, BMI and gestational age at the time of sampling. 

Pearson’s correlation analysis was used to study the association between the biochemical 

parameters and placental mRNA levels of enzyme genes. The infants were classified as 

either small for gestation age (SGA), appropriate for gestation age (AGA) or large for 

gestation age (LGA) using the intergrowth standard charts (Villar et al. 2014; Villar et al. 

2016). The variable sample number in different measures was due to insufficient sample 

volume available. The data were analyzed using the SPSS/PC+ package (Version 20.0, 

Chicago,IL, USA). 
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4.2 Results 

4.2.1 Maternal and Neonatal Characteristics 

 

 The maternal and neonatal characteristics of women recruited in the present study 

are shown in Table 2. 

Term (n= 86) Preterm (n= 90)

Maternal characteristics

Age (yrs) 23.9  3.6 23.12  3.9

Body Mass Index (kg/m2) 24.68  4.1 22.62  3.3**

Gestation (wks) 39.33  1.0 34.15   2.0**

Income  (INR) 8420  6020 10439  8116

Placental Weight (g) 515.9  109 395.9  105**

Mode of Delivery (%)

Normal vaginal

C-section

61.2

38.8

69.8

30.2

Neonatal characteristics

Baby Weight (kg)

SGA (n) %

AGA (n) %

LGA (n) %

2.92 ± 0.3

(12) 17%

(57) 80%

(2) 3%

2.02 ± 0.4**

(10) 14%

(61) 85%

(1) 1%

Baby length (cm) 48.47  2.2 44.12  3.6**

Table 2: Maternal and Neonatal Characteristics

Values are Mean  SD; **p<0.01 as compared to term  

 The maternal characteristics including age and income were similar for all women 

recruited in the present study. The BMI, gestation and placental weight of women 

delivering preterm was significantly lower (p<0.01 for all) as compared to women 

delivering at term (control). In the term group, 52 women (61.2%) had spontaneous 

vaginal delivery and 33 women (38.8%) underwent caesarean sectioning (data for 1 was 

not available). In the preterm group, 60 women (69.8%) had spontaneous vaginal 

delivery and 26 women (30.2%) underwent caesarean sectioning (data for 4 was not 
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available). The baby weight and baby length were also significantly lower (p<0.01 for 

both) in the preterm group as compared to term. 

4.2.2 Frequency of Consumption of Micronutrients (folate and vitamin 

 B12), and Omega-3 Fatty Acid Rich Foods 

 In our cohort, green leafy vegetables (spinach, ambat chukka, colocasia leaves, 

mint leaves) and legumes (cowpea, bengal gram, red gram, black gram, soyabean) were 

considered as the major sources of folate. The rich sources of vitamin B12 included dairy 

products (whole milk and milk products, yoghurt, buttermilk and ice cream) and meat, 

fish and eggs. Omega-3 fatty acid rich foods included ALA and DHA rich foods green 

leafy vegetables (colocasia leaves, fenugreek leaves, spinach, amaranth, ambat chukka, 

curry leaves) and pulses (cowpea, rajma, black gram, linseed and walnuts) were 

considered as ALA rich foods. DHA rich foods included oily fishes such as bangda and 

rawas. The frequency of consumption of folate, vitamin B12, and omega 3 fatty acid rich 

foods was similar between the preterm and term groups. 

4.2.3 Plasma Folate and Vitamin B12 Levels 

 Circulating plasma folate levels were lower (p<0.05) in the preterm group (5.95 ± 

3.9 ng/ml; n=71) as compared to the term group (7.31 ± 4.3 ng/ml; n=71) (Fig. 34A). 

However, the levels of vitamin B12 in the preterm group (153.51 ± 84.5 pg/ml; n=83) 

were comparable to the term group (168.21 ± 85.2 pg/ml; n=75) (Fig. 34B). 



71 

 

 

4.2.4 Plasma Homocysteine Levels 

 The plasma homocysteine levels are higher (p<0.05) in the preterm group (8.17 ± 

4.3 µmol/L; n=83) as compared to the term group (7.06 ± 2.3 µmol/L; n=72) (Fig. 35). 

 



72 

 

4.2.5 SAM-SAH Levels and SAM:SAH Ratio in the Placenta  

 SAM levels were similar in the preterm group (1.51 ± 0.1 µmol/gtissue; n=64) as 

compared to the term group (1.17 ± 0.1 µmol/gtissue; n=62) (Fig. 36A). SAH levels were 

also similar in both preterm (0.65 ± 0.07 µmol/gtissue; n=64, p=0.249) and term (0.62 ± 

0.08 µmol/gtissue; n=62, p=0.054) groups (Fig. 36B). In contrast, SAM: SAH ratio 

significantly decreased (p<0.05) in the preterm group (2.64 ± 0.4; n=64) as compared to 

the term group (5.33 ± 0.9; n=62) (Fig. 36C). 

 

4.2.6 Phospholipid Levels in the Placenta 

 Amongst the phospholipid fractions, the PE levels were higher (p<0.05) in the 

preterm group (18.01 ± 0.07 mg/gtissue; n=75) as compared to term group (0.65 ± 0.07 
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mg/gtissue; n=73). The PC levels in the preterm group (0.65 ± 0.07 mg/gtissue; n=75, 

p=0.554) were comparable to term group (0.65 ± 0.07 mg/gtissue; n=73). Similarly, the 

PS+PI levels in the preterm group (0.65 ± 0.07 mg/gtissue; n=75) were also comparable 

to term (0.65 ± 0.07 mg/gtissue; n=73) (Fig. 37A). The PC: PE ratio, indicative of PEMT 

activity, shows a reduction (p<0.05) in the preterm group (0.65 ± 0.07 mg/gtissue; n=75) 

as compared to the term group (0.65 ± 0.07 mg/gtissue; n=73) (Fig. 37B).  

 

4.2.7 Fatty acid levels in the Placenta 

 The levels of placental DHA, AA and total omega-6 fatty acids were lower 

(p<0.05 for all) in the preterm group as compared to the term group. In contrast, the 

levels of monounsaturated fatty acids (MUFA) were higher (p<0.05) in the preterm group 

as compared to the term group (Table 3). 
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Table 3: Levels of Fatty Acids in the Placenta 

of Women Delivering at Term and Preterm

Values are Mean  SD, *p<0.05 as compared to term

Sn. Fatty Acid (g/ 100g fatty acids)
Term

(n=67)

Preterm

(n=78)

1. Myristic acid (C14H28O2) 0.56  0.37 0.67  0.39

2. Myristoleic acid (C14H26O2) 0.06  0.07 0.08  0.09

3. Palmitic acid (C16H32O2) 26.33  4.8 27.81  4.9

4. Palmetoleic acid (C16H30O2) 0.31  0.21 0.41  0.3*

5. Stearic acid (C18H36O2) 15.68  2.36 14.95  2.05*

6. Oleic acid (C18H34O2) 8.53  1.52 9.03  1.89

7. Linoleic acid (C18H32O2) 10.01  1.93 10.15  2.6

8. γ-Linolenic acid (C18H30O2) 0.43  0.17 0.4  0.16

9. α-Linolenic acid (C18H30O2) 0.3  0.18 0.37  0.31

10. Di- γ -linoleic acid (C20H34O2) 3.71  0.9 3.33  1.13*

11. Arachidonic acid (C20H32O2) 18.65  3.84 17.06  4.1*

12. Eicosapentaenoic acid (C20H30O2) 0.44  0.33 0.48  0.4

13. Nervonic acid (C24H46O2) 1.2  0.58 1.15  0.57

14. Docosapentaenoic acid (C20H32O2) 0.33  0.14 0.32  0.13

15. Docosahexaenoic acid (C22H32O2) 2.22  0.92 1.95  0.7*

16. Saturated fatty acids 42.58  5.64 43.44  5.58

17. Monounsaturated fatty acids 10.1  1.58 10.67  1.89*

18. Total Omega 3 fatty acids 2.96  0.94 2.8  0.81

19. Total Omega 6 fatty acids 33.13  4.8 31.27  5.67*

20. Omega-6/Omega-3 ratio 12.1  3.59 12.05  3.89

 

4.2.8 Protein Levels of One Carbon Cycle Enzymes in the Placenta 

 The protein levels of both enzymes in the remethylation pathway, MTHFR and 

MTR, were lower (p<0.05 and p<0.01 resp.) in the preterm group (0.65 ± 0.07 ng/ml; 

n=36 and 0.65 ± 0.07 mg/ml; n=34) as compared to the term group (0.65 ± 0.07 ng/ml; 

n=40 and 0.65 ± 0.07 mg/ml; n=37) (Fig. 38A & B).  



75 

 

 

  There was no significant change for the protein levels of enzymes involved in the 

SAM synthesis pathway, MAT2A and AHCY, in the preterm group (0.65 ± 0.07 ng/ml; 

n=49 and 0.65 ± 0.07 pg/ml; n=35) as compared to the term group (0.65 ± 0.07 ng/ml; 

n=51 and 0.65 ± 0.07 pg/ml; n=35) (Fig. 39A & B).  
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 The protein levels for enzyme in the methylation pathways, PEMT, were 

significantly higher (p<0.05) in the preterm group (0.65 ± 0.07 pg/ml; n=34) as compared 

to the term group (0.65 ± 0.07 pg/ml; n=37) (Fig. 40).  

 

4.2.9 Gene Expression Levels of One Carbon Cycle Enzymes in 

 the Placenta   

 The mRNA levels of enzymes in the remethylation pathway, MTHFR and MTR 

were higher (p<0.01 and p<0.05 resp.) in the preterm group as compared to the term 

group (Fig. 41A & B).  
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 The mRNA levels of SAM synthesis pathway, MAT2A and AHCY were higher 

(p<0.05 for both) in the preterm group as compared to the term group (Fig. 42A & B).  

 

 The mRNA levels of enzyme in the methylation pathway, PEMT were 

comparable in the preterm group to the term group (Fig. 43).  
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 The mRNA levels in the transsulfuration pathway, CBS were comparable in the 

preterm group to the term group (Fig. 44). The mRNA levels for CSE however were 

below the detectable range.    
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 Figure 45 depicts the gene expression levels of the enzymes involved in the one 

carbon cycle in the form of a heatmap. The mRNA levels of these enzymes in each 

individual sample shows the up or down regulation of each independent enzyme relative 

to each other.  

 

4.2.10  Global DNA Methylation Levels in Placenta 

 The global DNA methylation levels were studied on a subset of term (n=63) and 

preterm (n=63) women from this study. The global DNA methylation levels were lower 

(p<0.05) in the preterm group (3.51 ± 1.19 %) as compared to the term group (4.06 ± 

1.16 %) (Fig. 46).  
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4.2.11 Promoter CpG methylation of MTR gene 

 The mean methylation level of the promoter region was 0.5% higher (p<0.01) in 

the preterm group (n=69) compared to the term group (n=71). The mean methylation at 

the CpG site 3 (p<0.01), CpG site 4 (p <0.05), CpG site 5 (p <0.01), CpG site 6 (p<0.01) 

and CpG site 7 (p <0.05) was also significantly higher in the preterm group compared to 

the term group (Fig. 47). 
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4.2.12 Associations between various Parameters 

4.2.12.1 Association of placental MTR gene expression with Promoter CpG  

 methylation sites 

 A positive association was observed between MTR gene expression and CpG site 

1 (r = 0.237, p = 0.016, n = 103), CpG site 3 (r = 0.276, p = 0.005, n = 103), CpG site 4 (r 

= 0.200, p = 0.043, n = 103), CpG site 5 (r = 0.240, p = 0.015, n = 103), CpG site 6 (r = 

0.223, p = 0.024, n = 103) and the mean total CpG (r = 0.231, p = 0.019, n = 103) (Table 

4). 

4.2.12.2 Association of placental MTR protein levels with Promoter CpG  

  methylation sites   

 A negative association was observed between MTR protein levels with only MTR 

CpG 15 (r = -0.258, p = 0.054, n = 56). No associations were observed with other CpG 

sites. 

4.2.12.3 Association of placental MTR protein levels with Vitamin B12   

 A positive association was observed between MTR protein levels and vitamin B12 

(r = 0.261, p = 0.046, n = 59).  

4.2.12.4 Association of plasma Vitamin B12 levels with Promoter CpG 

 methylation sites  

 A negative association was seen between vitamin B12 and CpG site 1 (r = -0.208, 

p = 0.049, n = 92), CpG site 3 (r = -0.248, p = 0.017, n = 92) and CpG site 6 (r = -0.298, 

p = 0.004, n = 92) (Table 4). No associations were observed with other CpG sites. 
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Table 4: Association of Promoter CpG Methylation Sites with Placental 

MTR Gene Expression and Plasma Vitamin B12 Levels

r- Correlation coefficient; n-Sample number; p-Levels of significance  *p<0.05

MTR, methionine synthase

Parameter CpG 1 CpG 2 CpG 3 CpG 4 CpG 5 CpG 6 CpG 7
Mean 

CpG

MTR gene 

expression

n 103 103 103 103 103 103 103 103

r 0.237* 0.091 0.276* 0.200* 0.24* 0.223* 0.147 0.231*

p 0.016 0.361 0.005 0.043 0.015 0.024 0.138 0.019

Vitamin B12

n 101 101 101 101 101 101 101 101

r -0.208 -0.141 -0.248* -0.250 -0.223 -0.298* -0.318 -0.253

p 0.059 0.179 0.017 0.077 0.093 0.044 0.082 0.075

 

4.2.12.5 Association of placental SAM, SAH levels with SAH levels and SAM: 

 SAH ratio 

 A positive association between placental SAM levels was seen with the placental 

SAH levels (r = 0.346, p<0.001, n = 126). A similar positive association was also found 

between SAM levels with the placental SAM: SAH ratio in (r = 0.359, p<0.001, n = 126) 

(Table 5). A negative association between placental SAH levels was seen with the 

placental SAM: SAH ratio in the whole cohort (r = -0.331, p<0.001, n = 126) (Table 5). 

Parameter
Whole Cohort Term Preterm

n r p n r p n r p

Placental SAM levels

SAH levels 126 0.346 <0.001 62 0.332 0.008 64 0.379 0.002

SAM: SAH ratio 126 0.359 <0.001 62 0.256 0.044 64 0.545 <0.001

Placental SAH levels

SAM: SAH ratio 126 -0.331 <0.001 62 -0.378 0.002 64 -0.266 0.034

Table 5: Association between SAM and SAH Levels in the Placenta 

of Women Delivering at Term and Preterm

r- Correlation coefficient; n-Sample number; p-Levels of significance  *p<0.05

SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine  
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4.2.12.6 Association of placental Phospholipid levels with SAM: SAH ratio 

 Placental PC levels were positively associated with the SAM: SAH ratio (r = 

0.182, p = 0.048, n = 119). However, no such association was seen for the other (PE and 

PSI) phospholipids.  

4.2.12.7 Association of placental omega-6: omega-3 fatty acid ratio with SAM: 

 SAH ratio  

 A negative association was observed between omega-6: omega-3 fatty acid ratio 

with the SAM: SAH ratio (r = -0.202, p = 0.030, n = 115) in the whole cohort.  

4.2.12.8 Association of placental fatty acid levels with Phospholipid levels   

 Placental DHA levels were negatively associated with PE (r = -0.357, p = <0.001, 

n = 128), PC (r = -0.294, p = 0.001, n = 128) and PSI (r = -0.189, p = 0.032, n = 128). 

Similarly, placental AA levels were also negatively associated with the PE  (r = -0.331, p 

= <0.001, n = 128), PC (r = -0.359, p = <0.001, n = 128) and PSI levels (r = -0.276, p = 

0.002, n = 128). A negative association was observed between n6 fatty acid levels with 

the PE (r = -0.400, p = <0.001, n = 128), PC (r = -0.383, p = <0.001, n = 128) and PSI (r 

= -0.273, p = 0.002, n = 128) levels. Similarly, omega-6: omega-3 fatty acid levels were 

also negatively associated with the PE levels (r = -0.278, p = <0.001, n = 128) and PC 

levels (r = -0.193, p = 0.029, n = 128). On the contrary, the saturated fatty acids were 

positively associated with PE levels (r = 0.301, p = 0.001, n = 128) and PC levels (r = 

0.350, p = <0.001, n = 128). 

4.2.12.9 Association of placental MTHFR and MTR gene expression  and 

 protein levels with birth outcome 

 A negative association was observed between MTHFR gene expression levels in 

the placenta and the birth weight (r = -0.219, p = 0.030, n = 101) and placental weight (r 

= -0.233, p = 0.020, n = 101). However, no such association was seen for the MTR gene 

expression. A positive association was observed between MTR protein levels with birth 

weight (r = 0.338, p = 0.031, n = 44) and placental weight (r = 0.322, p = 0.040, n = 44). 

However, no such association was seen for the MTHFR gene (Table 6). 
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Parameter

Whole Cohort Term Preterm

n r p n r p n r p

Placental MTHFR gene expression

Placental weight (mg)
101 -0.229 0.023* 57 -0.076 0.579 44 -0.113 0.478

Baby Weight (kg) 101 -0.219 0.030* 57 0.033 0.812 44 -0.036 0.821

Baby length (cm) 101 -0.186 0.066 57 0.087 0.530 44 -0.075 0.638

Placental MTR protein levels

Placental weight (mg)
44 0.322 0.040* 28 0.248 0.233 16 0.396 0.181

Baby Weight (kg) 44 0.338 0.031* 28 0.249 0.229 16 0.187 0.541

Baby length (cm) 44 0.423 0.129 28 0.171 0.414 16 -0.169 0.582

Table 6: Association of Placental MTHFR Gene Expression and MTR

Protein Levels with Baby Weight and Placental Weight

r- Correlation coefficient; n-Sample number; p-Levels of significance  *p<0.05

MTHFR, Methylene tetrahydrofolate reductase; MTR, Methionine synthase reductase  

4.2.12.10 Association of placental SAM levels with birth outcome 

 A positive association between placental SAM levels was seen with the baby 

length (r = 0.224, p = 0.047, n = 83) and baby weight (r = 0.213, p = 0.057, n = 85). 

4.2.12.11 Association of placental Global DNA methylation levels with  

  birth outcome 

 A positive association of global DNA methylation levels (n=13, p=0.029, 

r=0.655) with the baby weight was observed in the SGA infants in the whole cohort. 

However, such an association was not seen in the AGA infants. 
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  4.3 Discussion 

 To the best of our knowledge this is the first report which has examined the 

one carbon cycle components, enzymes involved in the one carbon cycle and DNA 

methylation levels (both global and MTR gene specific) in the plasma and placenta 

of women delivering preterm as compared to women delivering at term. Further, 

this study also examines the associations of the above parameters with the birth 

outcome. 

 Our results indicate the following novel findings i) Lower maternal plasma 

folate, comparable vitamin B12 and higher homocysteine levels in women delivering 

preterm, ii) Lower methylation potential (SAM:SAH ratio) in placenta of women 

delivering preterm iii) Altered phospholipids (higher PE, comparable PC) and lower 

omega3 (ALA, DHA) and omega6 (LA, AA) fatty acids in the preterm group iv) 

Altered protein levels of enzymes (lower MTR, MTHFR; higher PEMT) and lower 

PEMT activity in women delivering preterm v) Higher enzyme mRNA levels (MTR, 

MTHFR, MAT2A and AHCY) but no change in PEMT mRNA levels in the preterm 

group vi) Lower global DNA methylation levels in placentae of women delivering 

preterm vii) Hypermethylated CpG sites in the MTR gene promoter region in 

preterm placentae viii) A positive association of methylation potential with PC levels 

ix) Negative associations of placental LCPUFA levels with phospholipid levels x) A 

negative association of MTR CpG methylation with vitamin B12 levels xi) A positive 

association of SAM levels with baby weight and baby length.   

4.3.1 Plasma folic acid, vitamin B12 and Homocysteine Levels  

 In the current study, folate levels were lower vitamin B12 levels were comparable 

while the homocysteine levels were higher in the preterm group. Higher homocysteine 

levels have been reported by us in women delivering preterm (Dhobale et al. 2011). 

Folate, in the form of 5-MTHF, is a methyl carrier and vitamin B12 is the cofactor for the 

remethylation of homocysteine to methionine in the one carbon cycle. Low plasma folate 
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indicates a lower availability of the methyl group carrier for remethylation reaction in the 

cell (Crider et al. 2012). The increase in homocysteine indicates a possible dysregulation 

of the one carbon metabolism in the preterm pregnancies.  

4.3.2 SAM-SAH Levels and SAM: SAH Ratio in the Placenta 

 This study for the first time reports a lower methylation potential (SAM: SAH 

ratio) in preterm placentae in an Indian population. The baseline range for the SAM: 

SAH ratio in the placental tissue is not known. The methylation potential (MP) of the cell 

may be influenced by the regulation of the enzymes methionine adenosyltransferase 

(MAT) and S-adenosylhomocysteine hydrolase (AHCY) involved in the SAM synthesis 

and metabolism. In the one carbon cycle, SAH is produced by the demethylation of SAM 

and is further converted to homocysteine by AHCY. Elevated homocysteine is toxic to the 

body and is reversibly converted to SAH, to keep the intra-cellular homocysteine 

concentration low (Lu, 2000; Zhou et al. 2014). Intracellular homocysteine increase may 

reverse the reaction equilibrium to SAH synthesis, catalyzed by AHCY leading to 

accumulation of SAH (Steed et al. 2011). SAH is known to inhibit the methyl transferase 

activity (Riksen et al. 2003) and its accumulation may lead to DNA hypomethylation by 

inactivating DNA methyl transferases (Fuso et al. 2005). Studies have indicated a 

correlation between decreased SAM: SAH ratio and hyperhomocysteinemia (Loscalzo 

and Handy, 2014). We observed a higher homocysteine levels in the women delivering 

preterm.  These results thus possibly point to a lower methylation potential as a result of a 

disturbed one carbon cycle in the placenta of women delivering preterm.     

4.3.3  Phospholipid and Fatty Acid Levels in the Placenta 

 In the current study, higher PE levels, but comparable PC levels were observed in 

the preterm group. Higher plasma phospholipid fractions (both PE and PC) have been 

reported in preterm infants (Bernhard et al. 2014). Similarly, a study in women with pre-

eclampsia has also shown an increase in both PE and PC phospholipid fraction (Huang et 

al. 2013). In contrast, lower PC fractions and higher PE fractions have been reported in 

the GDM and IUGR placenta (Percy et al. 1991; Uhl et al. 2015). We also observed 
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lower placental AA and DHA levels in the preterm group as compared to the term group 

which is similar to our earlier study from our department in women delivering preterm 

(Dhobale et al. 2012). The changes in the phospholipid fractions observed in the current 

study could be a response to the increased need for LCPUFA transfer required for fetal 

brain development (Cetin et al. 2009; Baack et al. 2015). This lack of conversion from PE 

to PC may be due to the low activity of the PEMT enzyme as a result of lower 

methylation potential (SAM:SAH ratio). This increase in the P fraction but not the PC 

fraction may also be a reason for the lower LCPUFA transfer to the fetus.  

4.3.4  Protein Levels of One Carbon Cycle Enzymes in the Placenta 

 The current study demonstrates lower protein levels of both MTHFR and MTR in 

the preterm group as compared to term group. This is in direct contrast to the higher 

mRNA levels observed. In the current study, the AHCY and MAT2A mRNA levels were 

higher, however the protein levels were comparable in the preterm group. The possible 

reason for the lack of correlation between the mRNA and protein levels for these genes 

may be due to either of the following; the difference in synthesis time and stability for 

RNA and proteins (Hargrove et al. 1989; Koturbash et al. 2013; Pérez-Sepúlveda et al. 

2013); post transcriptional and translational modifications and regulations (Frau et al. 

2013; Wang et al. 2014; Ramani et al. 2015). Further studies need to be undertaken to 

estimate the activity of enzymes MTHFR, MTR, AHCY and MAT2A in the placenta which 

may provide a better understanding of this data. 

 In the preterm group, the PEMT protein levels were higher, while its activity, as 

indicated by the PC: PE ratio, was lower. Most reported studies have examined the PEMT 

protein, activity and expression levels in the liver (Watkins et al. 2003; Song et al. 2005; 

Hartz et al. 2006; Resseguie et al. 2007; Jacobs et al. 2010; Pynn et al. 2011; Huang et al. 

2013). Limited studies have been carried out on non hepatic tissues. It has been reported 

that there is an insignificant methylation of PE to PC by PEMT pathway in the rat brain, 

lung and heart tissues (Vance and Ridgway, 1988). Previous studies indicate a low 

concentration of PEMT enzyme in the microsomal fraction of the rat, mouse and human 

placenta suggesting that it may have a role in membrane function vital for growth of 



88 

 

placenta and fetus rather than in choline formation (Welsch et al. 1981). An animal study 

identifies PEMT activity in mammary glands, suggesting formation of de novo choline in 

these tissues by PEMT methylation (Yang et al. 1988). All the above studies report the 

role of PEMT in the choline biosynthesis pathway. However, it is important to understand 

the role of PEMT in phospholipid metabolism in women delivering preterm. This is of 

relevance since lower maternal and cord LCPUFA levels are reported in preterm 

deliveries (Uauy et al. 2000; Lapillonne et al. 2000a; Lapillonne et al. 2000b; Agostoni et 

al. 2008; Lapillonne and Jensen, 2009; Sabel et al. 2009; Martin et al. 2011). Similarly, in 

the present study, placental AA and DHA levels in the preterm group were lower as 

compared to the term group.  

 The higher PEMT protein levels observed in this study may be attributed to 1) 

increased PE levels or 2) It could also be a response to the lower placental LCPUFA 

levels.  The present study also reports a lower methylation potential and lower global 

DNA methylation levels in the placenta of women delivering preterm (Section 4.2.5 and 

4.2.10). The lower PEMT activity despite the higher protein levels may be due to the 

unavailability of methyl groups (as indicated by low methylation potential) for 

phospholipid conversion. This is further supported by the comparable PC levels observed 

in the present study. 

4.3.5  Gene Expression Levels of One Carbon Cycle Enzymes in the 

 Placenta  

4.3.5.1 Enzymes in the Remethylation Pathway 

 The mRNA levels of MTHFR as well as MTR were higher in the preterm group as 

compared to the term group. Studies suggest that the remethylation pathway maintains 

homocysteine levels right from early pregnancy (Solanky et al. 2010; Shin et al. 2014). 

Reports also indicate that the MTHFR activity can be modulated by folate and the S-

adenosylmethionine (SAM) to S-adenosyl homocysteine (SAH) ratio (methylation 

potential of the cell) (Matthews et al. 1982; Yamada et al. 2005). Other studies show 

activation of MTR gene to reduce the toxicity of increased homocysteine in the system 
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(Yamamoto et al. 2013; Seremak-Mrozikiewicz et al. 2015). The present study also 

reports lower SAM:SAH ratio in the preterm group (section 4.2.5). It is likely that the 

lower substrate (folate), higher homocysteine levels, and the lower methylation potential 

may activate the remethylation pathway as evident by the higher gene expression of both 

the placental enzymes, MTHFR and MTR.   

4.3.5.2  Enzymes in the SAM-Synthesis Pathway 

 AHCY, a ubiquitous cytosolic enzyme, catalyzes the breakdown of SAH into 

adenosine and homocysteine and requires NAD+ as a cofactor (Kloor et al. 2000; Li et al. 

2007). In the present study, significantly higher mRNA levels of AHCY in the preterm 

group may indicate the activation of the AHCY gene due to higher homocysteine levels. 

 It is reported that MAT2A gene expression is influenced by methylation (Yang et 

al. 2008). MAT mRNA levels in mice have been shown to be positively correlated with 

tissue SAH levels (Chen et al. 2010). It has also been reported that MAT expression is 

down regulated by omega-3 PUFA, suggesting that omega-3 PUFA affects the rate of 

SAM synthesis (Huang et al. 2012). We have also proposed that insufficiency of 

LCPUFA containing phospholipids, which are one of the major methyl group acceptors 

in the one carbon cycle, may cause diversion of methyl groups toward DNA resulting in 

abnormal DNA methylation patterns (Khot et al. 2015). Further, our study also shows 

reduced LCPUFA levels in preterm placentae (Section 4.2.7). The higher mRNA levels 

of the MAT2A enzyme observed in this study may also be a response to the lower PUFA 

status to generate more SAM for interconversion of phospholipids (PE-DHA to PC-

DHA). 

 This study also reports lower maternal plasma folate and higher homocyteine in 

women delivering preterm (Section 4.2.3 and 4.2.4). It is possible that the poor folate 

status in the mother, limits the supply of folate to the feto-placental unit thereby leading 

to sub-optimal SAM levels through poor remethylation of homocysteine.  This may lead 

to an adaptive increase in MAT2A mRNA to facilitate the complete conversion of 

available methionine to SAM. It is known that the epigenetic control of expression of 
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MATs occurs both at transcriptional and post-transcriptional levels (Yang et al. 2003).
 

MAT2A expression is known to be induced in conditions of global DNA hypomethylation 

(Frau et al. 2013). The present study reports hypomethylated global DNA methylation in 

preterm placenta, which may further activate the MAT2A expression in the preterm group.  

4.3.5.3  Enzymes in the Methylation Pathway 

 The present study shows no changes in the mRNA levels of the PEMT enzyme. 

To the best of our knowledge, no studies have looked into the PEMT gene expression 

levels in non-hepatic tissues. The changes observed at the PEMT protein level suggest 

that the regulation of the enzyme may be at the translational level.   

4.3.5.4  Enzymes in the Transulfuration Pathway 

 In this study, there was no change in the CBS mRNA levels between the two 

groups. The other important enzyme of the transulfuration pathway, CSE, was also not 

detected in the placenta at delivery. Two studies have reported low transulfuration 

activity in the placenta of women delivering at term and those with (pregnancy induced 

hypertension) PIH in the last trimester (Solanky et al. 2010; Dasarthy et al. 2010). The 

low mRNA levels of both the enzymes involved in the transulfuration pathway and an 

active remethylation pathway support these findings. Future studies should examine the 

components of the transulfuration pathway, especially glutathione and cysteine to 

confirm the above inference.   

4.3.6  Global DNA Methylation levels in the Placenta 

 Placental DNA methylation patterns, which play a role in mediating the 

expression of most genes in the cell (Novakovic et al. 2011), are known to be influenced 

by the methylation potential (Yideng et al. 2007; Phillips, 2008; Dominguez-Salas et al. 

2013; Han et al. 2014). This study for the first time reports a lower SAM: SAH ratio in 

preterm placentae in an Indian population. The lower placental global DNA methylation 

levels in the preterm group suggest that the alteration in SAM: SAH ratio observed in the 

current study may alter DNA methylation status. Hence, it is likely that changes in 
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methylation patterns will alter gene expression of various vital genes during critical 

periods of development (Choi and Friso, 2010) and may result in preterm birth (Fig. 48).  
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 We have earlier discussed the concept of establishment of methylation patterns 

during development in a critical spatio-temporally regulated manner. Preterm birth may 

result in failure of establishment of these patterns thereby disrupting the normal gene 

expression patterns. This may have consequences for fetal programming of adult diseases 

(Chavan-Gautam et al. 2011). Alterations in the levels of maternal micronutrients (folic 

acid, vitamin B12) and long chain polyunsaturated fatty acids are observed in women 

delivering preterm. Studies in our department have reported alterations in gene specific 

methylation patterns of angiogenic factors like VEGF, FLT and KDR and also 

associations between one-carbon cycle components and matrix metalloproteinase (MMP) 

levels (Sundrani et al. 2013) in women delivering preterm. These findings indicate a role 

of reduced methylation potential in altering the expression of important developmental 

genes.  

4.3.7  MTR gene promoter CpG methylation 

 In the current study, there was a higher percent methylation (p<0.05, p<0.01) in 

five of the seven selected CpG sites (CpG site 3, CpG site 4, CpG site 5, CpG site 6 and 

CpG site 7) and also in the mean CpG methylation in the preterm group as compared to 

the term group. In the present study, the methylation status at the loci investigated is 

overall small (around 8%), therefore even a small methylation of ~1% change may 

possibly have big impact on the gene regulation.  

 It is known that certain transcription factors (TFs) bind to specific CpG sites and 

regulate gene expression (Irvine et al. 2002; Medvedeva et al. 2014). We observed a 

positive association between the methylation at the individual CpG sites studied as well 

as mean methylation with MTR mRNA expression. There are 2 TFs, ELK1 and Nuclear 

Factor I/C (NF1C), which have binding sites upstream of the methylated CpG sites in the 

region of interest based on the transcription factor binding site predictor tools, TRAP 

(http://trap.molgen.mpg.de/cgi-bin/home.cgi), JASPAR (jaspar.genereg.net/) and 

MAPPER (http://genome.ufl.edu/mapper/). ELK1 is reported to play a role in activating 

pro-inflammatory markers (Kasza et al. 2010), which are reported to be higher in preterm 

pregnancies (Kusanovic et al. 2010; Chan et al. 2014).  NF1C is reported to play a role in 
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embryogenesis (Chaudhry et al. 1997) and is known to be a key regulator of central 

nervous system (CNS) development and brain function (Mason et al. 2009). This may 

have implications for children born preterm as they are at risk of developing 

neurodevelopmental disorders in later life (Fig. 49). However, further studies need to 

examine the role of these TFs and their association with promoter specific methylation 

levels.  

 

 The present study sheds light on identification of novel methylation patterns at 

promoter of MTR gene. It is likely that the genetic polymorphism for MTHFR and MTR 

may be a confounding factor. However, we feel this may be unlikely since the GWAS 

and UCSC databases do not report any clinically associated SNPs in the region analyzed 

in the current study. We did not investigate methylation patterns of other enzymes, like 

MTHFR and MTRR, involved in the remethylation pathway along with histone 

modifications.  However, whether the observed changes in the present study are a cause 

or consequence of preterm birth remains to be established. Future longitudinal studies 

across gestation need to be undertaken to examine these issues.   
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4.3.8 Association of the Phospholipid levels with Methylation Potential and 

 LCPUFA levels 

 In this study, there was a negative association of DHA, AA, omega-3 and omega-

6 fatty acid levels with the placental phospholipid levels. These associations suggest that 

phospholipid metabolism is affected by the LCPUFA status. In the last trimester, the 

demand for LCPUFA for fetal brain development may activate the synthesis of LCPUFA 

specific phospholipid fractions for transfer across the placenta to the fetus. Future studies 

also need to examine the fatty acid profiling of the PE and PC fractions from the placenta 

which would help in further understanding the fetal LCPUFA transfer. Studies could also 

be undertaken to confirm phospholipid LCPUFA transfer directly using labeled carbon 

assays in future studies. We also observed a positive association of methylation potential 

(SAM:SAH ratio) with PC levels suggesting that the PE to PC conversion by PEMT 

pathway depends on the availability of methyl groups.  

 Nevertheless, this study for the first time demonstrates that the phospholipid 

metabolism may be determined by the methylation potential as well as by the LCPUFA 

status in women delivering preterm (Fig. 50).  In an altered one carbon scenario, if the PE 

to PC conversion by PEMT is low, then the methyl groups will be directed to the DNA 

methyl transferases (DNMTs) for DNA methylation leading to altered methylation of key 

genes involved in placental function. Impaired placental function may lead to an adverse 

pregnancy outcome like preterm. This has implications for infants born preterm who may 

be at increased risk of developing diseases in later life. 
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4.3.9 Association of the MTR gene CpG methylation with MTR gene  

 expression and Vitamin B12   

 The hypermethylation observed in the MTR gene in the preterm placenta was 

positively associated with the MTR gene expression. A similar positive association of 

DNA methylation, at specific CpG sites in the promoter region of genes, with the gene 

expression has been reported. This study further suggests that transcription factors bind to 

these specific methylated CpG sites in the gene promoter region to up regulate the gene 

expression (Wan et al. 2015).  An inverse association between the methylation in 

promoters and gene transcription has also been reported (Suzuki and Bird, 2008).  

 The methylation of selected CpG sites was negatively associated with the vitamin 

B12 levels. Two studies till date report the link between circulating one carbon 

metabolites and promoter methylation of MTHFR and MTR in whole blood (Grossi et al. 

2016) and colorectal tumor tissues (Coppedè et al. 2014).  To the best of our knowledge, 
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this is the first human study that demonstrates an association of circulating vitamin B12 

levels with placental MTR promoter methylation. MTR activity is known to be regulated 

by the availability of its co-factor, vitamin B12 (Guéant et al. 2013).  It is likely that MTR 

may be regulated by vitamin B12 at the gene level, but needs further confirmation. Also, 

examining the levels and expression of the MTRR enzyme, which maintains the vitamin 

B12 in an active state for MTR enzyme, will help in further elucidating the role of gene-

nutrient interaction in the remethylation pathway.   The present study also demonstrates 

changes in methylation patterns at selected CpG sites in the MTR gene indicating that 

maternal nutrition can “program” fetus for diseases in later life (Fig. 51). 
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4.3.10 Association of the parameters with Birth Outcome  

 The SAM levels and global DNA methylation levels in the present study are 

positively associated with the birth outcome parameters which also suggest a role of 

methylation potential in influencing the birth outcome possibly through the regulation of 

various developmental genes during critical periods.   

 The present study for the first time reports a positive association of the MTR 

protein levels and a negative association of MTHFR gene expression with baby weight 

and placental weight. This supports studies indicating the role of folate metabolism in 

fetal growth and development (Janthanaphan et al., 2006; Thame et al., 2004).  

 To summarize, the present study for the first time indicates that an altered 

one carbon cycle and phospholipid metabolism exists in the placentae of women 

delivering preterm. This results in the lower methylation potential and lower 

LCPUFA levels in the placenta. We further report that the above dysregulations in 

the one carbon cycle also regulates the enzymes involved in the one carbon cycle in 

women delivering preterm. The present study also demonstrates changes in 

methylation patterns, at both global DNA methylation levels and also at selected 

CpG sites in the MTR gene indicating that maternal nutrition contributes to the 

epigenetic programming of the fetus. Impaired placental function may lead to an 

adverse pregnancy outcome like preterm. This has implications for infants born 

preterm who may be at increased risk of developing diseases in later life.   
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 Reports have established that altered micronutrient levels leading to a 

disturbed one carbon metabolism lie at the heart of intra-uterine programming of 

adult diseases in the offspring. The animal study was undertaken to examine the 

effects of maternal micronutrient imbalanced diet during pregnancy on differential 

regulation of key enzymes in the one carbon cycle. In view of the fact that the 

micronutrients and omega-3 fatty acids are interlinked in the one carbon cycle, we 

also report the effect of omega3 fatty acid supplementation on these parameters.  

  

 Micronutrients, especially folic acid and vitamin B12,although required in tracing 

quantities, play a major role in pregnancy and fetal outcome and have implications in the 

regulation of various metabolic processes in the body. In developing countries, like India, 

micronutrient deficiencies are common and are associated with poor pregnancy outcomes 

(Yajnik and Deshmukh, 2008). In view of this, folic acid supplementation is undertaken 

during pregnancy as per the National Prophylaxis Program to improve birth weights and 

to prevent incidences of neural tube defects. Further, most Indian diets are deficient in 

vitamin B12 due to vegetarianism which may lead to an imbalance in the vital 

micronutrients like folic acid and vitamin B12.  

 The metabolism of folic acid, vitamin B12, and DHA are interdependent on each 

other possibly through the one carbon methyl cycle and has been elaborately discussed in 

introduction (section). In a series of our earlier studies we have demonstrated that an 

imbalance in maternal micronutrients (folic acid, vitamin B12) in Wistar rats increases 

maternal oxidative stress, decreases placental DHA levels and placental global DNA 

methylation levels (Kulkarni et al. 2011; Roy et al. 2012). Based on these studies, we 

now hypothesize that an imbalance in the levels of maternal micronutrients (folic acid, 

vitamin B12) during pregnancy will differentially program the expression of genes 

encoding critical enzymes (expressed by mRNA levels) involved in the one carbon cycle. 

Studies on cell culture have reported that DHA regulates the enzyme activity and mRNA 

expression involved in the one carbon cycle (Huang et al. 2010). Similarly the effect of 
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omega-3 fatty acids on the critical enzymes of the homocysteine metabolism has been 

documented (Huang et al. 2012). However till date no studies have demonstrated the 

effect of DHA supplementation to a maternal diet imbalanced in micronutrients on the 

mRNA levels of the enzyme genes involved in one carbon cycle.  The present study 

therefore also evaluates the effect of maternal omega-3 fatty acid supplementation to a 

micronutrient imbalanced diet on the regulation of enzymes involved in the one carbon 

cycle.   

5.1 Materials and Methods 

 All the experimental procedures were in accordance with CPCSEA guidelines 

(Committee for the purpose of control and supervision of experimental animals), Govt. of 

India and was approved by the Bharati Vidyapeeth Institutional Animal Ethics 

Committee (IAEC) (IAEC/CPCSEA/2618). This institute is recognized to undertake 

experiments on animals in accordance with CPCSEA guidelines. 

5.1.1 Animals 

 Wistar albino rats (60F, 15M) of average weight 150 g were acquired from the 

National Toxicology Center, Pune. They were maintained on a controlled 12 h light and 

12 h dark cycle at 22ºC with appropriate ventilation system. Picric acid was used to mark 

the Head (H), Back (B), Tail (T) and its combinations thereof to identify animals.  

5.1.2  Breeding 

 The animals were fed on a control diet and bred at 3 months of age. 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. Polypropylene cages 

which contained rice husk as bedding material were used to house pregnant dams 

individually.  
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5.1.3 Diet  

Diet composition was as per AIN 93G guidelines (Table 7).  

Table 7: Composition of the Animal Diets 

Sn. Diets
NFB

(g/kg)

NFBD

(g/kg)

NFBDO

(g/kg)

EFB

(g/kg)

EFBD 

(g/kg)

EFBDO

(g/kg)

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 25 70 70 25

6.
Fish Oil 

[DHA, EPA]a 0 0 45 0 0 45

7. Fiber 50 50 50 50 50 50

8. Mineral mixtureb 35 35 35 35 35 35

9. Vitamin mixturec 10 10 10 10 10 10

Folic acid (mg) 2 2 2 8 8 8

Vitamin B12 (mg) 0.025 0 0 0.025 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. TBH 0.014 0.014 0.014 0.014 0.014 0.014

13. Total Energy (kJ) 15.7 15.7 15.7 15.7 15.7 15.7

a) The diet was supplemented with Maxepa capsules (Merck) which contains a combination of DHA

(120mg) and EPA (180mg) per capsule. The source of the DHA and EPA is fish lipid oil in the form
of free fatty acids.

b) Mineral mixture (g/kg mixture):Calcium carbonate, 357; Potassium Phosphate, 196; Potassium
Citrate, 70.78; Sodium Chloride, 78; Potassium Sulphate, 46.6; Magnesium Oxide, 24; Ferric

Citrate, 6.06; Zinc Carbonate, 1.65; Manganous Carbonate, 0.63; Cupric Carbonate, 0.3; Potassium
Iodate, 0.01; Sodium Selenate, 0.01; Ammonium Paramolybdate, 0.007; Sodium Metasilicate, 1.45;
Chromium Potassium Sulphate, 0.275; Lithium Chloride, 0.01; Boric Acid, 0.08; Sodium Fluoride,

0.06; Nickel Carbonate, 0.03; AmmoniumVanadate, 0.006; Sucrose, 221.02.

c) 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.

NFB: normal folic acid, normal vitamin B12; NFBD: normal folic acid, vitamin B12 deficient; EFB:
Excess folic acid, normal vitamin B12; EFBD: Excess folic acid, vitamin B12 deficient; NFBDO:
normal folic acid, vitamin B12 deficient, omega-3 supplemented EFBDO: Excess folic acid, vitamin

B12 deficient, omega-3 supplemented; TBH: TertiaryButyl hydroquinone.  

 Protein level in the control and treatment diets was 18%. All treatment diets had 

vitamin free casein and vitamin B12 deficiency was established through dietary means. 

The diet was prepared manually in our laboratory by mixing the various components 

recommended. For omega-3 fatty acid supplementation, the encapsulated fish oil was 

added during diet preparation only to the omega-3 fatty acid supplemented diets and not 

to control. 
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 The pregnant dams were randomly divided into six dietary groups (control and 

five experimental). The six groups, each containing eight dams, are equally divided at 

two folic acid levels (i.e.2mg and 8mg folic acid/kg diet) with the presence and absence 

of vitamin B12. In addition, omega-3 fatty acids (DHA, 120mg and EPA, 180mg, source: 

Merck Maxepa capsules) supplementation to the vitamin B12 deficient groups was 

undertaken (Table 7). The three at normal folic acid levels (2mg/ kg diet) are; Normal 

folic acid and vitamin B12 (NFB/Control), Normal folic acid and vitamin B12 deficient 

(NFBD) and Omega-3 supplementation at normal folic acid and vitamin B12 deficient 

levels (NFBDO). The other three groups at supplemented folic acid levels (8mg/ kg diet) 

are; Excess folic acid and vitamin B12 (EFB), Excess folic acid and vitamin B12 deficient 

(EFBD) and Omega-3supplementation at excess folic acid and vitamin B12 deficient 

levels (EFBDO). The study design is as shown in Fig. 52. 
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5.1.4  Tissue Collection and Processing 

 Dams were dissected on d20 of gestation, placental tissue was collected by snap 

freezing in liquid nitrogen and stored at -80°C. An electronic balance (Schimadzu Kyoto, 

Japan) with a least count of 0.001 g was used to record absolute weight of the placenta. 

5.1.5  Biochemical Estimations 

Homogenization of Placenta: 

 The placenta from each dam was weighed and washed in chilled 1X PBS buffer. 

The placenta was then homogenized in cell lysis buffer [50 mM TRIS HCl, 150mM 

sodium chloride (NaCl), 1mM ethylenediaminetetraaceticacid (EDTA), 1mM phenyl 

methane sulfonyl fluoride (PMSF), 10μM Leupeptin, 0.1 μM Aprotinin] on ice using a 

glass homogenizer (Borosil glass, capacity-5ml) and centrifuged (4°C, 10,000 rpm for 10 

minutes). The supernatant was used for protein analysis by Lowry method and for 

glutathione estimations. The pellet was resuspended in 0.5ml of the buffer and processed 

further for phospholipid analysis. 

5.1.5.1 Phospholipid Levels in the Placenta 

 The phospholipids, phosphatidylethanolamine (PE) and phosphatidylcholine (PC), 

were extracted, separated and quantified using a modified method of Folch et al. 1957, 

Percy et al. 1991 and Zhou et al. 1992. The method was performed as described in 

chapter 4 (Section 4.1.9.4). 

5.1.5.2 Glutathione levels in Placenta 

 The supernatant obtained from homogenization of the placenta was deproteinated 

(using MPA reagent) prior to analysis of glutathione levels. The glutathione moiety being 

unstable, care was taken that the samples were stored on ice after deproteination and 

assayed within 20 minutes after processing. Glutathione levels were estimated from dam 

placenta supernatant using the Cayman’s glutathione Assay kit (Catalog number 703002). 

The kit utilizes glutathione reductase for measurement of both GSH and GSSG and the 

assay reflects total glutathione.  
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 Briefly, the sulfhydryl group of glutathione (GSH) reacts with 5,5’- dithio-bis-2-

(nitro benzoic acid) (DNTB/ Ellman’s reagent) to produce a yellow colored 5-thio-2-

nitrobenzoic acid (TNB). The rate of production of TNB is directly proportional to the 

GSH in the sample. The kit uses GSSH, the disulfide dimer of GSH, as standard. The 

supernatant was also used for protein analysis by Lowry method. Placental glutathione 

concentration is expressed as µM GSH/ mg protein of the sample. 

5.1.6   Molecular Estimations 

5.1.6.1  Gene Expression Levels of One Carbon Cycle Enzymes in the 

 Placenta  

RNA Isolation and cDNA Synthesis: 

 Total RNA from 300mg of placental tissue was isolated using the Trizol method 

and quantified by the Eppendorf  BioPhotometer plus.  One microgram of total RNA was 

transcribed to cDNA with the High-Capacity cDNA reverse transcription Kit (Applied 

Biosystems, Foster City, CA, USA).  

qRT-PCR analysis: 

 Real-time quantitative PCR for the enzymes MTHFR, MTR, MAT2a, CBS, PEMT 

and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes were performed as 

described in chapter 4 (section 4.1.10.1). The following FAM dye-labeled TaqMan® 

assays (Applied Biosystems, USA) were used in this study: GAPDH (Rn99999916_s1); 

MTHFR (Rn01515583_m1); MTR (Rn00578368_m1); MAT2a (Rn01643368_g1); PEMT 

(Rn00564517_m1); CBS (Rn00560948_m1). The amplification efficiency of each gene 

was ensured by plotting a standard curve (Fig. 53). 
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5.1.7 Statistical Analysis 

  The values are expressed as mean ± SD for all parameters. There were eight dams 

per group and one placental tissue per dam (8 placentae/ group) was used for analysis of 

various parameters. The treatment groups were compared with the control group by one 

way ANOVA and the post-hoc least significant difference test.  The data were analyzed 

using SPSS/PC+ package (Version 20.0, Chicago IL). 
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  5.2 Results 

5.2.1 Reproductive Performance of Dams 

 Weight gain of dams during pregnancy, litter size, litter weight and placental 

weight was similar in all groups has been reported in our earlier departmental study (Roy 

et al. 2012; Wadhwani et al. 2013). 

5.2.2 Plasma Micronutrients (Folic acid and Vitamin B12) and 

 Homocysteine Levels 

 The levels of folic acid were higher in the EFB, EFBD and EFBDO groups 

(p<0.01 for all) higher as compared to control (NFB). Plasma vitamin B12 levels were 

lower in NFBD, EFBD, NFBDO, EFBDO had lower (p<0.01 for all) plasma vitamin B12 

levels as compared to control. Homocysteine levels were comparable between all groups. 

The plasma micronutrient and homocysteine levels are published in our earlier study 

(Kulkarni et al. 2011). 

5.2.3 Phospholipid Levels in Placenta 

Levels of PE:  

 The PE fraction of the placental membrane phospholipid was higher (p<0.01) in 

both the vitamin B12 deficient groups (NFBD and EFBD) as compared to the control. The 

PE levels in the omega-3 fatty acid supplemented group at normal folic acid levels 

(NFBDO) were comparable to the NFBD group. In contrast, omega-3 fatty acid 

supplementation at the excess folic acid levels (EFBDO) showed an increase in PE levels 

(p<0.05 for both) as compared to control and EFBD groups (Fig. 54A).  

Levels of PC: 

 The PC fraction of the placental membrane phospholipid was also higher (p<0.01 

for both) in both the vitamin B12 deficient groups (NFBD and EFBD) as compared to the 

control. Omega-3 fatty acid supplementation at the normal folic acid levels (NFBDO) 



107 

 

showed an increase (p<0.05) in the PC concentration as compared to control.  Omega-3 

fatty acid supplementation at the excess folic acid levels (EFBDO) showed a decrease 

(p<0.05) in the PC concentration as compared to EFBD (Fig. 54B).  

PC: PE ratio: 

 In contrast to NFBD, PC: PE ratio increased (p<0.05) in the EFBD group as 

compared to control. Omega-3 fatty acid supplementation at the excess folic acid levels 

(EFBDO) showed a decrease (p<0.05) in the ratio as compared to EFBD (Fig. 54C). 

 

5.2.4 Glutathione Levels in Placenta 

 The glutathione level in the maternal placenta of the NFBD group was 

comparable to control. These levels increased (p<0.01) in the group with normal vitamin 
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B12 in the presence of excess folic acid (EFB) as compared to control. However, lower 

(p<0.01) glutathione levels were found in the vitamin B12 deficient group in the presence 

of excess folic acid levels (EFBD) as compared to EFB group. Omega-3 fatty acid 

supplementation at normal folic acid levels (NFBDO) resulted in glutathione levels 

comparable to control but this was not observed in the EFBDO group (Fig. 55). 

 

5.2.5 Gene Expression Levels of One Carbon Cycle Enzymes in the 

 Placenta 

All the enzyme mRNA levels were detected in the placenta and are presented in Fig. 56. 

MTHFR levels: 

 The MTHFR mRNA levels were lower (p<0.01) in both the vitamin B12 deficient 

groups at  normal and excess levels of folic acid (NFBD and EFBD) as compared to the 

control. Omega3 fatty acid supplementation at the normal folic acid level (NFBDO) led 

to higher (p<0.01) mRNA levels as compared to NFBD. However, omega-3 fatty acid 

supplementation did not change the mRNA levels at excess folic acid levels with vitamin 

B12 deficiency (EFBDO) (Fig. 56A). 
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MTR levels: 

 The MTR enzyme mRNA levels were comparable to control in the vitamin B12 

deficient group at normal folic acid level (NFBD). The MTR mRNA levels were higher 

(p<0.01) in the normal vitamin B12 with excess folic acid group (EFB) as compared to 

control. On the other hand, vitamin B12 deficiency in the presence of excess folic acid 

levels (EFBD) resulted in lower (p<0.01 for both) mRNA levels of the enzyme as 

compared to control and EFB. Omega-3 fatty acid supplementation at both the folic acid 

levels (NFBDO and EFBDO) showed a decrease (p<0.01 for all) in the mRNA levels as 

compared to the control and both the respective vitamin B12 deficient groups (Fig. 56B).  

MAT2A levels: 

 The MAT2A mRNA levels were comparable to control in the vitamin B12 

deficiency in the presence of normal folic acid levels (NFBD). However, an increase 

(p<0.01 for both) in the MAT2A mRNA levels was found in the vitamin B12 deficient 

group in the presence of excess folic acid (EFBD) as compared to control and EFB. 

Omega-3fatty acid supplementation at the both folic acid levels (NFBDO and EFBDO) 

showed higher (p<0.01 for both) mRNA levels as compared to the control and respective 

vitamin B12 deficient groups (NFBD and EFBD) (Fig. 56C). 

CBS levels: 

 The CBS mRNA levels in the vitamin B12 deficient group at normal folic acid 

level (NFBD) were comparable to control. However, excess folic acid with a vitamin B12 

deficiency (EFBD) resulted in higher (p<0.01 for all) CBS mRNA levels as compared to 

the control, NFBD and EFB groups. Omega-3fatty acid supplementation at both normal 

and excess folic acid levels (NFBDO and EFBDO) showed higher (p<0.01 for all) 

mRNA levels as compared to the control and respective vitamin B12 deficient groups 

(NFBD and EFBD) (Fig. 56D).  
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PEMT levels: 

 The PEMT mRNA enzyme levels were comparable to control in NFBD and EFB 

groups. The PEMT mRNA levels in vitamin B12 deficiency in presence of excess folic 

acid levels (EFBD) were higher (p<0.01 for all) as compared to control, NFBD and EFB. 

Omega-3fatty acid supplementation at the normal folic acid level (NFBDO) led to higher 

(p<0.01 for both) mRNA levels as compared to the control and NFBD. However, omega-

3 fatty acid supplementation at excess folic acid levels (EFBDO) showed higher (p<0.01) 

mRNA levels as compared to control but lower (p<0.05) as compared to the EFBD group 

(Fig. 56E).  
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  5.3 Discussion 

 This study for the first time demonstrates several interesting findings in 

relation to maternal key micronutrients (folic acid, vitamin B12) and omega-3 fatty 

acids on the placental mRNA levels of key genes encoding enzymes of the one 

carbon cycle, phospholipids (PE and PC) and glutathione levels.  

 The findings are: 1) Vitamin B12 deficiency at normal levels of folic acid 

(NFBD) showed lower mRNA levels only for gene encoding MTHFR enzyme as 

compared to control (NFB). 2) Supplementation of omega-3 fatty acids (NFBDO) 

normalized the mRNA levels of MTHFR, reduced the MTR mRNA levels but 

increased the levels of MAT2a, PEMT and CBS. 3) Vitamin B12 deficiency in the 

presence of excess folic acid levels (EFBD) resulted in lower mRNA levels of MTR, 

and higher PEMT and CBS mRNA levels. 4) Supplementation of omega-3fatty acids 

to this group (EFBDO) increased the levels of MAT2a and decreased the MTR and 

PEMT mRNA levels. 5) The phospholipid fractions (particularly PE and PC) were 

higher in both the vitamin B12 deficient groups (NFBD and EFBD) compared to 

control (NFB). 6) Omega-3 fatty acid supplementation reduced both PE and PC 

levels in NFBDO and EFBDO groups.  

5.3.1 One Carbon metabolite changes in the NFBD group 

 In the group with vitamin B12 deficiency at normal folate (NFBD) there was a 

reduction in mRNA levels of MTHFR, although no other enzyme mRNA levels were 

affected. The phospholipids PE and PC were also higher in the NFBD group.  The diet 

altered in folic acid and vitamin B12 may lead to low influx of methyl groups for the 

remethylation of the homocysteine (McCaddon et al. 2007). This lowered remethylation 

may be due to the enzyme MTHFR (Watkins et al. 2012; Mikael et al. 2013), which is 

reflected in the observed lower mRNA levels.  
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5.3.2 Omega-3 fatty acid Supplementation to the NFBD group 

 Omega-3 fatty acid supplementation to this group (i.e. NFBDO) was able to 

normalize the MTHFR, but decreased the MTR and increased the levels of MAT2a, PEMT 

and CBS mRNA levels. In a recent study, omega-3 fatty acids in HepG-2 control cells 

have been shown to up regulate the MTHFR enzyme expression but had no effect on the 

MTR expression (Huang et al. 2012). Our earlier studies in the same altered micronutrient 

groups (NFBD and NFBDO) have reported that vitamin B12 deficiency reduces the levels 

of DHA in plasma and placenta (Kulkarni et al. 2011; Roy et al. 2012). These enzyme 

alterations may reflect the compensatory changes occurring in the placenta as a result of 

increased levels of PE and PC and effective conversion of PE to PC (higher PC: PE ratio) 

activated by the lowered DHA levels in the plasma.     

5.3.3 One Carbon metabolite changes in the EFBD group 

 In the group with vitamin B12 deficiency in the presence of excess folic acid levels 

(condition for “methyl trap”), there was a reduction of MTHFR and MTR mRNA levels 

but increase in levels of MAT2a, PEMT and CBS mRNA levels.  The decrease in the 

MTHFR and the MTR mRNA levels obtained in this group as compared to control may 

signify the altered remethylation of homocysteine in the placenta. However, our earlier 

study has reported no significant difference in homocysteine levels in the same diet 

groups in rats (Kulkarni et al. 2011). This indicates that homocysteine may be eliminated 

through the alternate transsulfuration pathway which is supported by the increased CBS 

mRNA levels. Furthermore, along with the higher PEMT mRNA levels, both PE and PC 

phospholipids were also very high with resultant high ratio of PC: PE. This again 

indicates a possible compensatory mechanism for the transport of DHA in plasma 

through the one carbon cycle.  However, it will be important to confirm these findings 

directly using labeled carbon assays in future studies. 

 The glutathione levels are lower in the EFBD group as compared to the EFB 

group. We have earlier reported higher MDA levels, which is an oxidative stress marker, 

in dam plasma in the EFBD group (Roy et al. 2012). Thus the observed higher levels of 
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glutathione, which is an important antioxidant, may be to combat this oxidative stress in 

the EFBD group. 

5.3.4 Omega-3 fatty acid Supplementation to the EFBD group 

  Supplementation of omega-3 fatty acids at excess folic acid levels did not 

normalize the levels of MTHFR, reduced the levels of MTR, and again increased the 

levels of MAT2A, PEMT (though less than EFBD group) and CBS. The levels of PE and 

PC were higher than that observed in the EFB group but were lower than that in the 

EFBD group with similar changes in the PC: PE ratio. We have earlier reported an 

increase in DHA levels in the placenta and plasma as a consequence of omega-3 fatty 

acid supplementation (Kulkarni et al. 2011; Roy et al. 2012) which may suppress the 

PEMT levels. The reduced PC: PE ratio in the presence of omega-3 fatty acids also 

supports this decrease in the PEMT mRNA levels.  

5.3.5 Enzyme Regulations in the One Carbon Cycle and Implications for 

 fetal programming 

 There are no other studies which have systematically examined the changes in the 

mRNA levels of key enzymes of the one carbon cycle as a consequence of alterations in 

the maternal diet. However, earlier studies have well established that SAM donates three 

methyl groups for the conversion of PE-DHA to PC-DHA by the PEMT enzyme 

(Watkins et al. 2003; Stead et al. 2010). The PEMT pathway is also the major contributor 

for the availability and transport of PUFA’s like DHA to other tissues (Selley et al. 2007; 

Pynn et al. 2010).  The PEMT enzyme activity to date has been mainly studied in the 

liver (Vance et al. 1997; Resseguie et al. 2007). Other studies also report the PEMT gene 

expression in tissues like brain (Zhu and Zeisel, 2005; da Costa et al. 2010) and adipose 

tissue (Sharma et al. 2013).  

 The present study for the first time explores the hypothesis that the PEMT gene is 

expressed in the placenta for the transport of DHA to the fetus. It is also possible that the 

PEMT gene may be hypomethylated. However, gene specific methylation studies are 

required as it is known that DNA methylation plays a role in mediating the expression of 

http://www.ncbi.nlm.nih.gov/pubmed?term=Zhu%20X%5BAuthor%5D&cauthor=true&cauthor_uid=15836921
http://www.ncbi.nlm.nih.gov/pubmed?term=Zeisel%20SH%5BAuthor%5D&cauthor=true&cauthor_uid=15836921
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most genes in the cell (Phillips, 2008). This may be partly supported by the lower global 

methylation patterns in the placenta in the micronutrient imbalanced group as reported 

earlier in our department (Kulkarni et al. 2011). Thus, an imbalance in maternal 

micronutrients regulates enzymes in the one carbon cycle which can influence 

methylation patterns in the placenta and increase risk for diseases in the offspring (Fig. 

57). The present study has only assessed effects on mRNA expression, and it will be 

important to establish whether these translate into changes in protein levels and activities 

of these enzymes.  In addition, assessing the separate contributions of the 2 major omega-

3 LCPUFA, EPA and DHA, and how they compare to the effects of omega  PUFA, will 

provide greater insights into the role of these individual fatty acids in regulating placental 

one-carbon metabolism. 
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 To summarize, our results for the first time suggest that the adverse effects of 

a maternal micronutrient (folic acid and vitamin B12) imbalanced diet as indicated 

by the altered major phospholipids, and mRNA levels of the key genes encoding 

enzymes of the one carbon cycle in the rat placenta may also be determined by the 

levels of other components such as DHA containing phospholipids. These changes 

may also have important implications for the epigenetic programming of the 

developing fetus. 
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 The present thesis entitled “Regulation of Enzymes Involved in One Carbon 

Metabolism in Preterm Pregnancies” comprises of a human and an animal study. 

The human study is a cross sectional study carried out on 86 women delivering at 

term and 90 women delivering preterm. These women were recruited at delivery to 

examine the associations of maternal micronutrients (folic acid, vitamin B12), long 

chain polyunsaturated fatty acids (LCPUFA), phospholipids, and genes encoding 

enzymes involved in one carbon metabolism.  

Preterm birth is defined as birth prior to 37 weeks of gestation. India ranks first 

among the top 10 countries with highest number of preterm births. Despite extensive 

research, the etiology of preterm birth is not well understood making it a major public 

health problem. Maternal micronutrients (folic acid and vitamin B12) and LCPUFA are 

important determinants of length of gestation and birth outcome. Micronutrients are 

essential cofactors in the one carbon cycle that regulate the transfer of methyl groups to 

DNA, phospholipids, neurotransmitters. Phospholipids, one of the major methyl group 

acceptors from the one carbon cycle, are important for the transport of LCPUFA, like 

docosahexanoic acid (DHA), from the maternal circulation to the fetus. Any alterations in 

the one carbon cycle metabolism may affect methyl group transfer to DNA, resulting in 

aberrant DNA methylation patterns. Disruption of normal gene-specific methylation 

patterns may thus affect the pregnancy outcome having long term implications for the 

health of the offspring. 

Hypothesis: 

“Dysregulation in the one carbon cycle and altered phospholipid metabolism will 

influence the epigenetic programming of key enzyme genes involved in the one carbon 

cycle in preterm birth”. 

Human Study: 

Pregnant women were enrolled for this cross sectional study from the Department 

of Obstetrics and Gynecology, Bharati hospital Pune, India. A total number of 86 women 

delivering at term (≥37 weeks gestation, control group) and 90 women delivering preterm 
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(<37 weeks gestation) were recruited in this study. Briefly, women were excluded from 

the study if there was evidence of other pregnancy complications and alcohol or drug 

abuse. Women from both groups were from the lower socioeconomic group and had 

similar level of education and parity. Maternal blood and placenta were collected at 

delivery. Maternal demographic characteristics and clinical information such as maternal 

age, body mass index (BMI), systolic and diastolic blood pressure, gestation, parity, 

placental weight, income and education were recorded. Neonatal measurements like baby 

weight and length were recorded by standard techniques. 

The novel findings from the human study are: 

1. Lower maternal plasma folate, comparable vitamin B12, higher homocysteine and 

a lower methylation potential (SAM:SAH ratio), indicating an imbalance in the 

one carbon cycle in women delivering preterm. 

2. Lower levels of phospholipids (PE and PC) and LCPUFA, indicating an altered 

phospholipid metabolism in the placenta which may affect the LCPUFA transfer 

to the fetus. 

3. Higher mRNA levels of the enzymes MTHFR, MTR, MAT2A and AHCY as a 

consequence of an altered regulation of enzymes at the transcription level due to a 

disturbed one carbon cycle and phospholipid metabolism. 

4. Lower protein levels of MTHFR and MTR enzymes, but higher PEMT enzyme 

levels.  

5. Lower global DNA methylation levels in women delivering preterm and its 

positive association with baby weight indicates a role of DNA methylation in 

influencing the birth outcome. 

6. Hypermethylated CpG sites in the MTR gene possibly as a result dysregulation in 

enzymes involved in the one carbon cycle.   
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 The results of the present study demonstrate that altered micronutrients 

leading to a disturbed one carbon and phospholipid metabolism result in the 

dysregulation of the key enzyme genes in the one carbon cycle. The dysregulations 

in the one carbon metabolism leads to changes in the methylation potential affecting 

the DNA methylation levels (global methylation and MTR gene). The 

hypermethylated MTR gene promoter CpG sites lie upstream of transcription 

factors (NF1C and ELK1) which play a role in activating pro-inflammatory 

markers and regulating CNS and brain function. These results therefore suggest 

that maternal nutrition contributes to the epigenetic programming of the fetus.  

Animal Study: 

 In our earlier studies in the department, we have established that the three 

nutrients i.e folate, vitamin B12 and omega 3 fatty acids are interlinked in the one carbon 

cycle. In India, owing to large scale vegetarianism there is a high prevalence of vitamin 

B12 deficiency and insufficiency of omega 3 fatty acids. Under the National Nutritional 

Anaemia Prophylaxis Programme (NNAPP), folic acid supplementation is implemented 

for pregnant women in India creating an imbalance in the one carbon cycle. In view of 

the above Indian scenario, we have designed an animal study to examine the effects of 

alterations in micronutrients (folate, vitamin B12) and omega 3 fatty acids on the 

regulation of the key enzymes involved in the one carbon cycle.    

 Female rats (n=8 per group) were randomly assigned to a control and 5 treatment 

groups. The compositions of control and treatment diets were as per AIN-93 guidelines 

for the laboratory rodent. Both the control and treatment diets contained 18% protein. 

Briefly, the treatment diets were as follows: two folic acid levels (i.e.2mg and 8mg folic 

acid/kg diet) with the presence and absence of vitamin B12. In addition, omega-3 (DHA, 

120mg and EPA, 180mg, source: Merck Maxepa capsules) supplementation to the 

vitamin B12 deficient groups was undertaken. The five treatment groups are; Normal folic 

acid and vitamin B12 deficient (NFBD); Excess folic acid and vitamin B12 (EFB); Excess 

folic acid and vitamin B12 deficient (EFBD); Omega-3 supplementation at normal folic 
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acid and vitamin B12 deficient levels (NFBDO);  and Omega-3supplementation at excess 

folic acid and vitamin B12 deficient levels (EFBDO). Folic acid and vitamin B12 

deficiencies were achieved exclusively through dietary means. All dams were delivered 

by caesarean section on GD20 to collect the blood and placenta tissue for various 

biochemical and molecular estimations. 

The novel findings from the animal study are: 

Maternal micronutrient (Folic acid and Vitamin B12) imbalance resulted in;  

1. Higher phospholipid fractions (PE and PC) in the vitamin B12 deficient groups 

(NFBD and EFBD) as compared to control NFB suggesting an increase in 

phospholipid-LCPUFA synthesis for fetal transfer. 

2. Vitamin B12 deficiency in the presence of excess folic acid levels (EFBD) resulted 

in lower mRNA levels of MTR, and higher PEMT and CBS as compared to 

control suggesting the activation of the transsulfuration pathway for removal of 

homocysteine.  

3. Omega-3 fatty acid supplementation to the imbalanced diet groups (NFBDO and 

EFBDO) reduced both PE and PC levels suggesting a compensatory mechanism 

of LCPUFA availability for fetal transfer.  

4. In the imbalanced group (EFBDO), there was higher levels of MAT2a and 

decreased the MTR and PEMT mRNA levels were lower suggesting the 

inactivation of the remethylation pathway. 

 The results of the present study demonstrate that a maternal micronutrient 

(folic acid and vitamin B12) imbalanced diet dysregulates the key genes encoding 

enzymes of the one carbon cycle in the rat placenta. This may have implications for 

the epigenetic programming of the offspring. 
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Implications: 

 Our study for the first time explores the role of altered one carbon components 

(methylation potential and phospholipid metabolism) in preterm deliveries. This study 

provides better understanding of mechanistic pathways (at the epigenome level) resulting 

in preterm birth. The animal study presented in this thesis has demonstrated that omega-3 

fatty acid supplementation to a maternal micronutrient imbalanced diet is able to 

ameliorate most of the dysregulation observed in the one carbon cycle enzymes during 

pregnancy. It is likely that these changes in the one carbon cycle influence epigenetic 

programming of the placenta having implications for fetal programming of diseases in 

adult life. 

Limitations:  

 In the human study, we did not evaluate the levels of fatty acids from individual 

phospholipid fractions in the placenta.  There is also need to examine the gene specific 

methylation of the MTHFR gene to strengthen the methylation data.  

Societal Relevance:  

 The present study provides clues for nutritional interventions for a better 

pregnancy outcome. Children born preterm are suggested to be at increased risk of 

developing cardiovascular and neurodevelopmental diseases in later life.  Therefore 

planning strategies for improving maternal nutrition may be beneficial in reducing later 

life diseases. 

Future Prospects:  

 Functional validation using recombinant DNA technology of the gene specific 

methylation data and role of various transcription factors involved will illustrate the 

mechanisms leading to fetal programming of adult diseases. 
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The present study for the first time demonstrates several novel and interesting 

findings: 

 

1. Women delivering preterm have a disturbed one carbon cycle, as indicated by the 

lower folate levels, higher homocysteine levels, and lower methylation potential. 

2. The reduced placental fatty acids along with the disturbed one carbon cycle may 

influence the phospholipid metabolism in women delivering thereby preterm 

affecting LCPUFA transfer to the fetus. 

3. The disturbed one carbon cycle dysregulates the enzymes (MTHFR, MTR, 

MAT2A, AHCY and PEMT) in the placenta of women delivering preterm. 

4. The present study also demonstrates changes in methylation patterns at selected 

CpG sites in the MTR gene in preterm placentae, which are negatively associated 

with the vitamin B12 levels. This indicates that maternal micronutrients may 

epigenetically regulate the enzymes involved in the one carbon cycle. 

5. The animal study demonstrates that a maternal micronutrient imbalanced diet 

leads to lower phospholipid levels and altered mRNA levels of key enzyme genes 

(lower MTHFR, MTR and higher MAT, CBS and PEMT) in the one carbon cycle. 

Omega 3 fatty acid supplementation ameliorated most of the enzyme changes. 

6. Maternal one carbon metabolites and LCPUFA levels are critical in regulating 

enzymes involved in the one carbon cycle.   
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