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Abstract

One carbon metabolism or methyl transfer, a crucial component of metabolism in all cells and 

tissues, supports the critical function of synthesis of purines, thymidylate and methylation via 

multiple methyl transferases driven by the ubiquitous methyl donor s-adenosylmethionine. Serine 

is the primary methyl donor to the one carbon pool. Intracellular folates and methionine 

metabolism are the critical components of one carbon transfer. Methionine metabolism requires 

vitamin B12, B6 as cofactors and is modulated by endocrine signals and is responsive to nutrient 

intake. Perturbations in one carbon transfer can have profound effects on cell proliferation, growth 

and function. Epidemiological studies in humans and experimental model have established a 

strong relationship between impaired fetal growth and the immediate and long term consequences 

to the health of the offspring. It is speculated that during development, maternal environmental and 

nutrient influences by their effects on one carbon transfer can impact the health of the mother, 

impair growth and reprogram metabolism of the fetus, and cause long term morbidity in the 

offspring. The potential for such effects is underscored by the unique responses in methionine 

metabolism in the human mother during pregnancy, the absence of transsulfuration activity in the 

fetus, ontogeny of methionine metabolism in the placenta and the unique metabolism of serine and 

glycine in the fetus. Dietary protein restriction in animals and marginal protein intake in humans 

causes characteristic changes in one carbon metabolism. The impact of perturbations in one 

carbon metabolism on the health of the mother during pregnancy, on fetal growth and the neonate 

are discussed and their possible mechanism explored.
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1. Introduction

Pregnancy related clinical disorders such as eclampsia, spontaneous fetal loss, premature 

birth, birth defects, and fetal growth retardation are major contributors to perinatal 

morbidities worldwide. A large body of data exists in the literature relating a number of 

environmental, metabolic and endocrine signals to these morbidities. Amongst these, 

intrauterine growth retardation and small for gestational age is perhaps a major contributor 

both for its immediate effects on the neonate and for its relationship with the long term 

health of the offspring. Low birth weight, defined as weight less than 2500gm at term 

gestation, a result of intrauterine growth restriction (IUGR) remains a critical public health 

problem in developing countries. For example, in India it represents almost 25 to 30% of all 

births and is a major contributor to perinatal and neonatal morbidity and mortality and to 

subsequent impaired growth and stunting (Sachdev, 2001). The impact of intrauterine 

growth retardation and consequent low birth weight on the long term health of the offspring 

has now been established in large epidemiological studies in humans from different parts of 

the world and shown in animal models (Barker, 1994; Hales, 1997; Yajnik et al, 1995; 

Godfrey KM, 1998; Ozanne and Hales, 2002; Whincup et al, 2008; Warner and Ozanne, 

2010; Kalhan and Wilson-Costello, 2013). The relationship between fetal growth and its 

regulation and nutritional, and endocrine interactions between the mother, the placenta and 

the fetus has been studied extensively (Murphy et al, 2006; Fowden and Forhead, 2009). In 

relation to fetal mass, these studies have examined the regulation of nutrient (glucose, amino 

acids and fatty acids) transport across the placenta, their regulation and the direct 

contribution of these nutrients to fetal carbon accretion (Riskin-Mashiah et al, 2009; Higgins 

et al, 2010; Resnik R, 2002; HAPO study, 2009; ). However, certain amino acids, such as 

methionine, serine, glycine, not only contribute to protein mass, but also by their role in one 

carbon metabolism, play a unique role in the regulation of cellular metabolism, cell 

proliferation and may impact fetal growth. Methionine, an essential or indispensable amino 

acid and a component of all proteins, is also the immediate source of the methyl (one 

carbon) groups required for the methylation of nucleic acids, proteins, biogenic amines, and 

phospholipids (Brosnan and Brosnan, 2006). Methionine and folate are the key constituents 

of one carbon transfer, providing the one carbon units for the numerous methyl transferase 

reactions. Since the methionine and folate cycles are ubiquitously present in every cell in the 

body and participate in key metabolic reactions, in DNA synthesis and by methylation of 

DNA in gene expression, perturbation in their metabolism either by nutrient deficiency, or 

by nutrient, hormonal and environmental interactions can have profound impact on the cell 

function, metabolism, growth and proliferation. This may have its greatest impact on the 

growing embryo and the fetus. The purpose of this review is to present the physiological 

adaptations in one carbon metabolism in pregnancy, its perturbations by nutritional 

influences and the consequences to the mother and the neonate. Since the long term 

consequences of intrauterine growth restriction have been reviewed several times in recent 

years, the present review focuses on the effects of nutrition mediated perturbations in one 

carbon metabolism and their impact on the health of the mother and the newborn infant.
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2. One Carbon metabolism

One carbon transfer, a crucial component of cellular metabolism, is comprised of folate and 

methionine cycles and supports the critical function of the synthesis of thymidylate, purines 

and methyl transferase reactions. The methionine and folate cycles are ubiquitously present 

in eukaryote cells, and participate in key metabolic reactions, in DNA synthesis and via 

methylation reactions in the expression and regulation of numerous genes and their activity 

and may cause epigenetic changes. Nutritional, environmental, endocrine and other 

disruptions that can affect one carbon metabolism may result in profound change in cell 

function, metabolism, growth and proliferation. This may be most conspicuous during 

cellular growth and proliferation such as growing embryo, fetus and malignancy. A brief 

description of folate mediated one carbon transfer and of methionine metabolism follows. 

The reader is referred to outstanding scholarly reviews for details (Tibbetts and Appling, 

2010; Christensen and MacKenzie, 2006; Stover and Field, 2011; Fox and Stover, 2008, Lu 

and Mato, 2012). The key features of one carbon metabolism are displayed in figure 1. As 

shown, the metabolism of folate and methionine are closely entwined and results in the 

transfer of methyl groups of serine and glycine for the numerous methyltransferase 

reactions. Methionine, an indispensable or essential amino acid is the immediate source of 

the methyl (one carbon units) groups required for the methylation of proteins, phospholipids, 

biogenic amines, nucleic acids and synthesis of creatine. The metabolism of methionine is 

composed of the ubiquitously present transmethylation cycle and the transsulfuration 

pathway. The transmethylation cycle involves the initial conversion of methionine and ATP 

into s-adenosylmethionine (SAM or AdoMet) catalyzed by methionine adenosyltransferase. 

SAM is the universal bioactive methyl donor and donates its methyl group to a large number 

of methyl acceptors catalyzed by methyltransferases. S-adenosylhomocysteine (SAH) is the 

byproduct of the methyltransferase reactions. SAH is reversibly cleaved into homocysteine 

and adenosine by SAH hydrolase. Homocysteine is remethylated to form methionine either 

by methionine synthase which requires vitamin B12 as a cofactor or by betaine 

homocysteine methyltransferase which uses betaine as the methyl donor. The methyl group 

for the remethylation of homocysteine by methionine synthase is donated by 5-methyl 

tetrahydrofolate (5 methyl THF), an intermediary in the folate cycle. Methionine is 

catabolized via transsulfuration cascade, present in the liver, pancreas, intestine, and kidney 

and possibly in the brain. Transsulfuration involves the transfer of sulfur (thiol) of 

homocysteine to serine to form cysteine and alpha ketobutyrate. The reactions are catalyzed 

by B6 dependent enzymes, cystathionine beta synthase and cystathionine gamma lyase. The 

carbon skeleton of homocysteine enters the TCA cycle as propionyl CoA formed by the 

decarboxylation of alpha ketobutyrate. Cysteine is the precursor of taurine as well as a 

component of glutathione. It is significant to note that the transsulfuration pathway is not 

active in the human fetus in utero and appears rapidly immediately after birth (reviewed by 

Kalhan and Bier, 2008; Kalhan and Marczewski, 2012). In addition to the requirement of 

B12, folate and B6 as cofactors, methionine metabolism is also effected by dietary protein 

intake (discussed below) and by the redox state. In addition insulin and glucagon modulate 

the metabolism of methionine by regulating the transsulfuration cascade, or by 

remethylation of homocysteine and indirectly by their effect on whole body turnover of 

proteins.
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Intracellular metabolism of folate is compartmentalized between the cytoplasm and the 

organelles. (Tibbetts and Appling, 2010; Christensen and MacKenzie, 2006). Parallel 

cytosolic and mitochondrial pathways of folate mediated one carbon transfer and connected 

by one carbon donors serine and glycine have been described. It is postulated that serine, 

glycine and other methyl donors contribute to the mitochondrial one carbon pool of 

tetrahydrofolate (THF) to generate 5,10 methylene THF which is then oxidized by the 

mitochondria to formate and carbon dioxide and this formate is the source of methyl groups 

for the methylation of homocysteine in the cytoplasm. The expression of the mitochondrial 

metabolism varies in tissues during development and in other physiological and pathological 

states. The exact role of the interaction between mitochondrial and cytosolic one carbon 

transfer in human health and development remains to be identified.

2.1 Dietary protein and one carbon metabolism

Dietary protein restriction during pregnancy has been used extensively in rodents to examine 

the influence of maternal metabolic and nutritional environment on the immediate and long 

term health of the offspring. A number of outstanding studies have shown that dietary 

protein restriction early or late in pregnancy or during the lactation period causes fetal and 

neonatal growth restriction and predisposes the offspring to the development of obesity, type 

2 diabetes and insulin resistance. The mechanism/s responsible for these long term 

consequences has not been delineated. In this context it is of interest that lower protein 

intake in both humans and animals has been shown to cause hyper-homocysteinemia and 

perturbations in one carbon metabolism. In the following section a brief discussion of these 

data are presented.

It is important to underscore the difference in metabolic and physiologic responses to 

isocaloric protein malnutrition and protein energy malnutrition. While the former is more 

often the consequence of lack of understanding of good nutrient habits and cultural 

constraints, the latter is the result primarily of poverty and economic adversity. Protein 

energy malnutrition results in responses that are similar to those of starvation i.e. increased 

gluconeogenesis, lipolysis, proteolysis, and negative nitrogen balance leading to loss of body 

(fat and protein) mass. A number of carefully done physiological studies have documented 

in detail the temporal metabolic responses to starvation in healthy and obese humans 

(Reviewed by Cahill GF Jr, 2006). In contrast iso-caloric protein malnutrition leads to 

suppression of proteolysis and maintenance of lean body mass and may lead to actual gain in 

fat mass. The metabolic responses in particular those related to protein and amino acid 

metabolism have been examined in both humans and animals. Data from studies of 

kwashiorkor in children had described alterations in plasma amino acid concentration in 

response to lower protein intake (Antener et al, 1981;Whitehead and Dean, 1964;1964). 

While data of human observational studies of kwashiorkor are not easy to interpret because 

of varied duration of protein malnutrition, and because of associated comorbidities such as 

infections, nonetheless these data showed an increase in plasma concentration of non-

essential amino acids (NEAA) and decrease in essential amino acids (EAA) so that the ratio 

of NEAA/EAA was increased at the time of admission to the hospital and decreased in 

response to nutritional rehabilitation. The potential mechanism/s of such responses could not 

be examined in these early studies. Adibi (1968) examined the amino acid responses to 
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dietary protein restriction in humans. In a study of four young subjects placed on completely 

protein free but isocaloric diet for five days, there was a marked increase in plasma 

concentration of alanine, glycine and serine (Adibi SA, 1968). More recent data have further 

characterized these responses and elucidated the potential mechanism of such metabolic 

changes. In a carefully conducted observational study, Ingenbleek and colleagues (2002) 

demonstrated that subclinical protein malnutrition in a goiterous population of sub-Saharan 

Africa was a significant risk factor for the development of hyperhomocysteinemia. 

Additionally the plasma levels of transthyretin, a measure of protein malnutrition, 

progressively decreased with the severity of goiter. The plasma transthyretin levels were 

significantly related to plasma homocysteine levels. The increase in the size of goiter was 

related to a decrease in BMI, Plasma albumin and transthyretin levels. It is significant to 

note that the plasma levels of B6 and folate were in the normal range and that plasma B12 

levels were lower (165+/−35 pmoles/l) in the most severe (stage 3) goiter. The authors 

concluded that since cystathionine levels were low, and homocysteine levels were high, their 

data suggested an acquired defect of cystathionine beta synthase activity as a consequence of 

subclinical protein malnutrition. They speculated that these adaptive responses were aimed 

at preserving methionine homeostasis because of the critical role of methionine in one 

carbon transfers and other critical metabolic functions. The authors based their conclusion 

upon the observation that plasma methionine levels were preserved in spite of low levels of 

other essential amino acids in the most malnourished subjects. However their data could not 

definitively separate the role lower B12 status from that of protein malnutrition.

Ingenbleek and McCully (2012) addressed this question in a later study of vegetarian 

subjects from the Sahel region of Chad, Africa. They compared 24 rural young (18 to 30 yrs 

old) male subjects with 15 urban male control subjects.The rural subjects were mostly 

vegetarian in their dietary habits with ocassional intake of meat. The body weight, body 

mass index, and markers of protein status were lower in the rural subjects as compared with 

the urban controls. However, there was no difference in the plasma levels of vitamins B6, 

B12 and folate amongst the two groups. Interestingly the plasma levels of homocysteine 

were markedly increased and those of cysteine and glutathione significantly decreased in the 

study subjects suggesting inhibition of transsulfuration pathway possibly related to lower 

intake of protein and methionine in the diet. As shown in the Figure 2, a strong negative 

correlation was observed between plasma transthyretin and homocysteine levels suggesting 

that protein malnutrition and possibly lean body mass may be critical determinant of 

hyperhomocysteinemia. Other invetigators have made similar observations in vegetarian 

subjects, although under different clinical and experimental conditions and their data are 

confounded by somewhat lower levels of B12 in the study group (Huang et al, 2003; Mann 

et al, 1999;Hung et al, 2002).

Studies using various animal models have confirmed several of these observations in humans 

and have further explored the possible mechanism/s and biological mediators. However 

these data should be examined with care because of the large variations in study design such 

as ad libitum feeding vs pair feeding, protein restriction vs protein free diet, and the duration 

of dietary protocol. In a similar experimental design of protein free iso-caloric diet in rats, 

Adibi et al (1973) showed a continuous decrease in essential amino acids starting at day 2 

and a marked increase in plasma serine levels.
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The mechanism of hepatic amino acid and fatty acid responses to decreased protein intake 

remain to be fully elucidated. Studies in-vitro and in in-vivo animal models of feeding 

strategies and of gene knockout are providing some interesting insights into the complex 

interactions. As summarized above, gene expression data in the livers of rats exposed to low 

protein intake suggested decreased lipid synthesis, increased fatty acid oxidation, decreased 

urea synthesis and high rate of synthesis of serine (Kalhan et al, 2011). The authors 

attributed the changes in the lipid metabolism to the higher expression of Peroxisome 

Proliferator Activated Receptor alpha (PPARα) observed in their study while the mechanism 

of changes in the hepatic amino acid metabolism could not be determined. PPARα, a 

member of a subfamily of nuclear receptors and highly expressed in the liver, plays a key 

role in the regulation of multiple metabolic pathways (Kersten, 2014). These include 

regulation of hepatic lipid metabolism by regulation of a number of genes involved in fatty 

acid uptake, intracellular fatty acid binding, fatty acid oxidation, gluconeogenesis, and bile 

synthesis and secretion (Kersten 2014). More recently, studies using PPARα knock-out mice 

and PPARα agonist show that activation of PPARα in addition to its effect on lipid 

metabolism also markedly impacts amino acid metabolism (Sheikh et al 2007, Kersten 

FASEB 2001). Oligonucleotide microarray analysis of livers of rats exposed to PPARα 
agonist showed that PPARα modulates a number of genes involved in transamination and 

deamination of amino acids and urea synthesis (Kersten et al, 2001) In a recent study 

Ericsson and colleagues (2014) observed that administration of PPARα agonist WY 14,643 

to rats resulted in 38% increase in total amino acid concentration in the plasma, largely 

explained by increases in serine, glycine and threonine. In addition the concentration of 

arginine in the plasma was lower and that of citrulline and the concentration of ornithine 

higher in the experimental group.

Interestingly hepatic arginase activity was also lower in the animals receiving the PPARα 
agonist, although the total urinary nitrogen in the urine was unchanged. Tracer isotope data 

showed a higher rate of appearance of serine and glycine in the plasma of animals treated 

with PPARα agonist. Thus several of the changes in amino acid metabolism, especially 

those of glycine and serine seen with dietary protein restriction can be attributed to the 

increased hepatic expression of PPARα, also seen in those animals (Kalhan et al, 2011).

Laeger and colleagues identified FGF21 as another endocrine signal to dietary protein 

restrictions in rodents and in humans. FGF21, a peptide hormone secreted by many tissues 

including the liver has a number of effects on energy metabolism. These include 

thermogenesis in the brown adipose tissue, increased hepatic fatty acid oxidation, weight 

loss, and improved glycemia (reviewed by Fisher and Maratos-Flier, 2016). In a series of 

interesting studies, Laeger and colleagues (Laeger JCI 2014) show that dietary restriction of 

proteins, in the presence of maintained energy intake, in ad lib fed rodents, there was a 

marked increase in plasma levels of FGF21 in mice and in rats. This was associated with a 

rapid expression of FGF21 mRNA in the liver within 24 hours and sustained through day 2 

and day 4. Interestingly, there was no effect of low protein diet on the expression of FGF21 

in the skeletal muscle or white adipose tissue. Additionally the previously observed changes 

in hepatic amino acid metabolism i.e. increased expression of 3-phosphoglycerate 

dehydrogenase and asparagine synthase and changes in plasma amino acids (increase in 

glycine, serine, glutamine and alanine) were confirmed in their studies. These data were 
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confirmed in human subjects participating in a controlled trial and placed on dietary protein 

restriction without energy restriction. The authors measured the plasma levels on day 28 of 

the study protocol and observed a 171% increase in plasma FGF21 levels in LP-fed subjects. 

Surprisingly they did not see any change in the expression of PPARα or any change in the 

expression of PPARα responsive genes in the liver. However, there was significant increase 

in the phosphorylation of the eukaryotic initiation factor 2a (EIF2a) in their studies showing 

increase in FGF21. Since serine\threonine kinase general control nonderepressible 2(GCN2) 

has been shown to phosphorylate EIF2a in response to amino acid depletion (starvation), and 

leads to inhibition of general protein translation, the authors examined whether GCN2 was 

involved in the observed responses. By using GCN2 knockout and PPARα knockout mice 

they show that both GCN2 and PPARα contribute to the regulation of FGF21 response to 

protein restriction. Figure 3 summarizes the possible effects of decreased dietary protein 

intake on hepatic metabolism.

Although it is difficult to compare the many studies cited above because of differences in the 

study design and the experimental perturbations, a compelling description of the responses 

to and mechanism of protein restriction in humans and animals can be discerned from these 

data. These studies show that subclinical protein intake along with isocaloric energy intake, 

in humans and animals, result in distinct metabolic responses characterized by decreased 

protein turnover and oxidation (skeletal muscle), increased fatty acid oxidation and 

decreased fatty acid synthesis in the liver and down regulation of urea cycle enzymes in the 

liver. In relation to one carbon metabolism, these data show an induction of serine 

biosynthesis in the liver (and possibly kidney), high rate of transmethylation, and a 

decreased rate of transsulfuration. In humans such a paradigm results in increased plasma 

levels of homocysteine and decreased levels of cysteine and glutathione and an increases in 

plasma levels of key one carbon donors, glycine and serine (Katre et al, 2015).

Few studies have examined the effects of high protein intake on the whole body metabolism. 

These data show adaptive responses to dispose of the additional carbon as increased 

gluconeogenesis and lipogenesis and increase in the activity of cystathionine beta synthase, 

the catabolic pathway of methionine/homocysteine (Azzout-Marniche et al, 2007; Sarr et al, 

2011; Yamamoto et al 1996)’

3. One Carbon Metabolism in Pregnancy

Detailed adaptive responses in one carbon metabolism have not been interrogated in healthy 

women during pregnancy. Most of these studies have been aimed at measurements of plasma 

levels of markers of one carbon metabolism such as homocysteine and regulatory cofactors 

in relation to pregnancy related complications and in relation to fetal health, specifically 

birth defects and birth weight. Additionally longitudinal changes during pregnancy have 

been evaluated only in cross-sectional studies. These data are confounded by clinically 

recommended supplementation with vitamins during pregnancy and by the mandatory 

fortification of cereal and flour with folic acid in some countries.
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3.1 Vitamins

Specific responses in concentration of vitamins and other substrates in the plasma have been 

observed in healthy women with advancing gestation. Few studies have examined these 

changes longitudinally in nutritionally sufficient population who were not receiving 

supplemental vitamins. Since the current clinical practice recommends supplemental 

vitamins for pregnant women and with the increasing use of fortification of food, such 

studies cannot be done at the present time. Cikot and colleagues (Cikot et al, 2001) 

examined longitudinal changes in plasma concentration of a number of vitamins in healthy 

women with uncomplicated pregnancy and healthy outcomes. The study subjects were not 

taking vitamins or food supplements. A progressive decline in the plasma concentration of 

vitamin B12 was observed through gestation, reaching marginal or what would be 

considered deficient levels (150 picomoles/L) by 28–32 weeks gestation. The levels reached 

preconceptional levels by six weeks after delivery. A similar response was seen in plasma 

concentration of pyridoxal 5-phosphate. Serum folate showed a small decrease while red 

blood cell folate increased slightly during pregnancy. Stable isotopic tracer studies did not 

show any pregnancy related changes in the estimates of body folate pool size, catabolism, or 

and other measured components of folate metabolism (Gregory et al, 2001). Similar changes 

in plasma concentration of vitamins were observed by other investigators (Lopez-Quesada et 

al, 2003; Bruinse and van den Berg, 1995). These data are critical for the evaluation of 

studies examining the association of maternal nutritional status with perinatal health and in 

the design of clinical trials examining the impact of various intervention strategies. These 

physiological adaptive responses in changes in vitamin levels were not seen by us in healthy 

pregnant women receiving supplemental vitamins (Katre et al, unpublished data). The 

concentrations of B12, folate and B6 are markedly higher in the cord blood as compared 

with simultaneously obtained maternal blood suggesting an active transport of these 

vitamins across the placenta against a concentration gradient (Obeid et al, 2005; Ba et al, 

2011). Placental folate transport has been shown to be established early in pregnancy 

providing folate for placental and fetal one carbon metabolism (Solanky et al, 2010). These 

data have been interpreted as suggesting a high demand by the fetus for these cofactors.

3.2 Amino acids

Serine Glycine—Serine, a dispensable or non-essential amino acid, plays a key role in one 

carbon metabolism in-vivo (Kalhan and Hanson, 2012). It is a major contributor to the one 

carbon pool and also is required for the formation of glycine, cysteine, taurine, 

phospholipids etc. Studies in rat and in humans show that during fasting, serine is 

synthesized in the kidney and released into circulation and is taken up by almost all organs 

including the liver and the skeletal muscle. Liver is quantitatively the most important 

consumer of serine (Brosnan and Hall, 1989; Brundin and Wahren, 1994). Stable isotopic 

tracer studies from Gregory’s group have shown that almost all of the methyl groups 

required for the whole body remethylation of homocysteine in humans are contributed by 

serine (Davis et al, 2004; Gregory JF III, 2000). In healthy pregnant women, a decrease in 

concentration of serine in the plasma occurs early in pregnancy and is sustained through 

gestation (Plasma serine conc. Non-pregnant 113+/− 24.5; Pregnant early, 71.9+/−6.2; late,

68.5+/−9.6 μmole/l). The decrease in plasma concentration is accompanied with a decrease 
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in whole body rate of serine turnover (Non-pregnant 152.9+/−42.8; pregnant early 123.7+/

−21.5; late102.8+/−18.2 μmoles.kg-1.h-1.The physiological significance of these changes in 

relation to one carbon metabolism are not easy to delineate and primarily may represent the 

maternal responses aimed at conservation and accretion of nitrogen (Kalhan et al 2002, 

Kalhan SC, 2000). The decrease in turnover of serine in late pregnancy may also be the 

consequence of high turnover of serine and glycine in the fetal compartment resulting in 

high recycling of the isotopic tracer used in these studies and resulting in an underestimation 

of the flux (Kalhan SC, 2013). Such an inference will be consistent with the reported data in 

sheep fetus and discussed below.

Studies in the sheep have shown a high rate of one carbon transfer in the fetal liver and the 

placenta (Geddie et al, 1996; Cetin et al, 1991; 1992; Moores et al, 1994). In a series of 

studies in chronically catheterized fetal sheep preparation in-vivo, using various isotopic 

tracers and the application of Fick’s principle, Battaglia and colleagues have shown that: the 

uptake of serine and glycine by the uterus/placenta from the maternal circulation is low 

when compared with an essential amino acid like leucine; the serine taken up by the uterus/

placenta is entirely metabolized (converted to glycine) in this compartment and is not 

transferred to the fetus; the concentration of serine and glycine in the fetal circulation is 

remarkably high ( serine ~600–700μM, glycine~400–600μM); there is a unique inter-organ 

flux of serine and glycine between fetal liver and placenta so that glycine released by the 

placenta into the fetal circulation is taken up by the liver and converted into serine which is 

then transported back to the placenta and converted to glycine. In addition the estimated 

serine flux in the fetal compartment using tracer dilution methods was remarkably high (42 

μmol.min−1,kg−1 fetus) and approximately 8% of serine flux was decarboxylated to CO2. 

These high rates suggest an increased rate of entry of methyl groups into the one carbon 

pool in order to support methylation demands and nucleotide synthesis. The ontogenic 

pattern of the activity and expression of serine hydroxymethyltransferase in the fetal liver 

and in the placenta would suggest a high rate of one carbon metabolism in the fetus with 

advancing gestation (Narkewicz et al 1999). As discussed below, recent data of high formate 

in the fetal sheep are consistent with the high rate of turnover of the one carbon pool in the 

fetus. Whether a similar situation occurs in the human is not known, the high rate of 

transmethylation in late gestation in humans would be consistent with these observations. 

However, the relatively low activity of serine hydroxymethyltransferase in the human 

placenta (Lewis et al 2005) will also suggest that placenta may not play a big a role in 

serine-glycine metabolism in humans as in sheep.

Methionine—In contrast to serine, distinct changes in whole body metabolism of 

methionine are evident in healthy pregnant women during pregnancy. The fractional rate and 

the total rate of transsulfuration of methionine is shown to be significantly higher during the 

first trimester of pregnancy as compared with the non-pregnant women. In contrast, the rate 

of transmethylation was significantly higher in the third trimester of pregnancy (Dasarathy et 

al, 2010). The high rate of transmethylation may be related to high methylation demands in 

late gestation
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3.3 Homocysteine

Homocysteine, the demethylation product of methionine, is the key branch point 

intermediate of methionine cycle and does not participate in protein synthesis (Figure 1). 

Data in healthy adults show that approximately 50% of homocysteine generated in the whole 

body is remethylated to form methionine and the rest is metabolized via the transsulfuration 

cascade (Young et al, 1991; MacCoss et al, 2001). The changes in plasma concentration of 

homocysteine are related to its intracellular metabolism. An increase in intracellular 

concentration as a result of decrease in metabolism (decreased transmethylation due to folate 

or B12 deficiencies or decreased transsulfuration due to B6 deficiency) will result in its 

release in circulation. A number of studies have shown a decrease in plasma homocysteine 

concentration during pregnancy (Dasarathy et al, 2010; Cikot et al, 2001; Ubeda et al, 2011; 

Murphy et al, 2002; Walker et al, 1999). The decrease is evident at 8–16 weeks of gestation 

with a further decrease during the second trimester (Walker et al, 1999). The reported data 

during the third trimester have been variable, some studies showing an increase in the third 

trimester relative to the levels in the second trimester while others show no significant 

change in the concentration (Walker et al, 1999;, Lopes-Queseda, et al, 2003; Cikot et al, 

2001; Dasarathy et al, 2010). These differences may be related to the longitudinal vs. cross-

sectional nature of the studies. Since 70 to 80% of plasma homocysteine is bound to 

albumin, Walker and colleagues suggested that the decrease in homocysteine levels may be 

related to the lower albumin concentration in the pregnant subjects (Walker et al, 1999). In 

their study, supplementation of pregnant subjects with folic acid resulted in higher plasma 

and red blood cell folate levels and lower plasma homocysteine concentration. 

Homocysteine is transported across the placenta to the fetus along a downward 

concentration gradient (Malinov et al, 1998; Molloy et al, 2002). The significantly lower 

concentration of total homocysteine in the umbilical artery vs. umbilical vein suggests 

utilization of homocysteine by the human fetus at term gestation (Malinov et al, 1998). 

Studies of isolated microvillous plasma membrane of human placenta show that 

homocysteine is transported across the placenta using system L, A, and y+L amino acid 

transporters with affinities similar to endogenous amino acids (Tsitsiou et al, 2009, 2011). 

Of these system L constitutes the primary transport system. Interestingly homocysteine 

could competitively inhibit transport of other amino acid raising the possibility of impacting 

syncitiotrophoblast metabolism and function as well as impacting fetal supply of essential 

nutrients (Tsitsiou et al, 2009).

3.4 Formate

Formate is a key intermediate in the cellular folate-mediated one carbon metabolism. 

Interest in the metabolism of formate was generated with the recognition of 

compartmentalization of folate in the cytosol and mitochondria of most living organisms 

(Appling; Christiansen). As discussed by Lamarre and colleagues (Morrow et al., 2015, 

Lamarre et al, 2013), serine, glycine, sarcosine and dimethylglycine are the major donors of 

the one carbon units to the tetrahydrofolate pool in the mitochondrium. The 5, 10-methylene 

tetrahydrofolate formed is oxidized through a series of reactions to form formate which can 

exit the mitochondrium and combine with THF to form 10-formyl-THF. As shown in figure 

1, 10-formy-THF can be used for purine synthesis or can be further reduced and participate 

in the synthesis of thymidine or in methylation reactions. Folate and B12 deficiency by 
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attenuating the methylation of homocysteine has been shown to result in high levels of 

homocysteine and formate in the plasma and urine of experimental animals (Lamarre et al, 

2011; Deacon et al, 1990, Rabinowitz et al, 1958)

There are no published data on metabolism of formate in human pregnancy or neonate. 

Washburn and colleagues (Washburn et al, 2015) examined the concentration of formate in 

the mother, fetus and the neonate in the sheep. The animals were chronically cannulated and 

were studied at days 119–121 of gestation (full term ~147 days). They observed markedly 

high formate levels in the fetal plasma and in the amniotic fluid as compared with the 

maternal plasma. In addition the plasma formate levels were higher in the newborn lamb and 

persisted for approximately 8 weeks after birth. The mechanism/s of this increase could not 

be discerned in this study and was not related to deficiency of folate or B12 in the mother or 

the fetus. Since late gestation and the newborn period are times of maximal growth, there is 

a great demand for the one carbon groups for the synthesis of purines, nucleotides and for 

the many methylation reactions. The authors hypothesized that the high circulating formate 

in the fetus may be a means of providing one-carbon group to several tissues. The high 

levels of formate may be related to high rate of mitochondrial folate-mediated one carbon 

flux and as suggested by Fan and colleagues (Fan et al, 2014), it also may contribute 

NADPH for reductive biosynthesis. In the sheep fetus the high formate may be related to the 

high flux of serine and glycine in the feto-placental compartment (Kalhan and Hanson, 

2012). Although a similarly high serine-glycine flux has not been observed in studies in 

human, it is of interest that the tracer isotope measured rates of transmethylation have been 

reported to be markedly high in pregnant women during the third trimester and in the human 

neonates studied soon after birth ( Dasarathy et al,2010; Thomas et al,2008). Future studies 

will define the role of formate in fetal one carbon metabolism and ascertain the perturbation 

in formate metabolism caused by nutrient (folate, B12, protein) insufficiencies and their 

impact on maternal and fetal health.

4. One carbon metabolism and the health of the mother, fetus and newborn

A number of nutrients that impact one carbon metabolism, have been examined extensively 

in human pregnancy, in both developed and underdeveloped countries representing well-

nourished and undernourished populations, over many years and critically reviewed in the 

literature. These studies have examined either the habitual dietary intakes or responses to 

various nutrient supplements. The supplements have either been used singly or in 

combination as a nutrient mixture in both nutritionally sufficient and nutritionally 

insufficient subjects. Often the difference in dose and the design of the study makes the 

comparison of the data difficult. Most of these studies have used infant’s birth weight as the 

outcome measure. Baby’s birth weight, although an easily measurable outcome index, is a 

composite response to a large number of nutritional, endocrine and other maternal, placental 

and fetal contributors and may not necessarily represent the impact of nutrient examined. In 

the following, the data of nutrient that could impact one carbon metabolism in the mother or 

the fetus are presented.
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4.1 Homocysteine

Increased levels of homocysteine in the plasma are an integrated response to a number of 

factors such as folate, B12, B6 and B2 deficiencies or a consequence of low dietary protein 

intake, certain gene polymorphisms such as methyl tetrahydrofolate and methionine 

synthase (Barbosa et al, 2008; Verhoef et al, 2006), renal disease or the result of endocrine 

disturbances. Non pregnant subjects with marginal intake of B vitamins show a correlation 

between the plasma concentration of homocysteine and folate, B12 and B6 (Katre et al 

2015; Yajnik et al, 2014). Such a relationship is not consistently seen in nutritionally 

sufficient populations. Data from studies in adults show plasma homocysteine as an 

independent risk factor for cardiovascular, thromboembolic and other vascular disorders by 

impacting endothelial cell function (Hajjar, 2001; Werstuck et al 2001; Medina et al, 2001; 

Perla-Kajan et al, 2007). Elevated levels of homocysteine have been related to a number of 

pregnancy related disorders including early pregnancy loss (Nelen et al, 2000; Ronnenberg 

et al, 2007), preeclampsia (Lopez-Quesada et al, 2003, Vollset et al, 2000; Patrick et al, 

2004), premature birth (Vollset et al, 2000), placental abruption or infarction (Goddijn-

Wessel et al, 1996) and congenital heart defects (Hobbs et al, 2005). These effects of 

homocysteine have been attributed to its impact on vascular endothelial cell function, 

increased thromboembolic activity and oxidant activity (Eskes TKAB, 2000).

The impact of elevated homocysteine levels in the maternal plasma on fetal growth and birth 

weight in the humans has been of interest for a long time. It has been speculated that higher 

levels of homocysteine in the maternal plasma could impact fetal growth either directly by 

increased transport to the fetus or indirectly by its impact on maternal health and pregnancy 

related disorders. As discussed above, it has been difficult to evaluate the independent effect 

of homocysteine alone from that of co-existing nutrient insufficiencies and other 

confounders. A large study of nutritionally sufficient Dutch general population showed a 

negative correlation between maternal plasma homocysteine concentration measured at 30–

34 weeks gestation and birth weight (Hogeveen et al, 2010). However the correlation was 

lost in a multivariate analysis. Regression analysis revealed maternal smoking, gestational 

age, and female sex were the strong determinants of birth weight in this study. A number of 

studies from nutritionally sufficient and nutritionally insufficient populations have shown an 

association between plasma homocysteine concentration of the mother and infant’s birth 

weight ( Vollset et al, 2000;Yajnik et al, 2005; Lindblad et al, 2005; Takimoto et al, 2007). A 

meta-analysis of 19 studies of over twenty one thousand subjects revealed a small increased 

risk for small for gestation age offspring in association with higher maternal homocysteine 

(Hogeveen et al, 2012). When expressed as a linear effect, a 1-SD increase in maternal 

homocysteine corresponded to a decrease of 31g in birth weight. The authors concluded that 

the small decrease in birth weight might be of little clinical relevance for the individual 

newborn; however it could be of importance at a population level. In contrast to all these 

data, one study from Montreal, Canada, showed that mothers with small babies had lower 

homocysteine concentrations than those giving births to larger ones (Infante-Rivard et al, 

2003). Observational associations between homocysteine and birth weight, as discussed here 

are confounded by various nutritional and life style factors and may suffer from reverse 

causality. Mendelian randomization, as proposed by Katan, is an alternative method that uses 

genetic variations associated with lifestyle and other environmental exposures to account for 
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these limitations (Smith and Ebrahim, 2004). Two studies have used Mendelian 

randomization to examine the relationship between maternal total homocysteine and 

offspring birth weight. Yajnik and colleagues (2014), in a study of two independent cohorts 

from India showed that increase in maternal homocysteine concentration resulted in a small 

decrease in birth weight and established a causal role for maternal homocysteine in fetal 

growth. A similar analysis by lee et al from Korea also showed a negative association 

between maternal homocysteine levels and birth weight; however the association did not 

reach statistically significant level (Lee et al 2013). Taken together these studies show that 

elevated total homocysteine concentrations in the mother appear to have a small but 

significant effect on fetal growth and birth weight. The mechanism of such effect and its 

long term impact on the health of the offspring remains to be determined.

4.2 Folate and B12 Vitamins

The effect of the alterations in the status of vitamins, folate, B12, B6 on one carbon 

metabolism during pregnancy and on maternal health has not been examined in humans or 

animal models in detail. From the published data it is difficult to extract the effect of 

individual vitamin, B12 alone or folate alone, on perinatal health because of the high 

frequency of low multi-nutrient status.

Only recently, interest in the impact of vitamin B12 on maternal and infant health has surged 

following the identification of low vitamin B12 status in the vegetarian populations and 

underscored by studies of developmental programing led by Yajnik and colleagues from 

Pune, India. A review of the literature relating B12 status and perinatal health has been 

published recently (Finkelstein et al, 2015). In relation to maternal health, Krishnaveni and 

colleagues (2009) suggested that low plasma vitamin B12 in pregnancy was associated with 

gestational ‘diabesity’ and later diabetes The authors observed that women with low vitamin 

B12 levels (B12 <150pmol/l) had significantly higher body mass index, sum of skin-fold 

thickness, insulin resistance and a higher incidence of gestational diabetes mellitus (GDM) 

as compared with non-deficient women. However the association with GDM became non-

significant after adjusting for BMI. Interestingly, among B12 deficient women the incidence 

of GDM increased with increasing folate concentration. Furthermore vitamin B12 deficiency 

during pregnancy was positively associated with prevalence of diabetes at 5 years 

postpartum. The authors interpreted these data to suggest that vitamin B12 deficiency may 

be an important factor underlying the high risk of ‘diabesity’ in south Asian Indians. These 

are interesting data. However since the large proportion of their subject population was 

vegetarian with possibly lower protein and higher fat/carbohydrate intake, the observation 

could also be the result of their dietary habits leading to higher BMI, sum of skin fold 

thickness and lower B12. A compromised vitamin B12 status has been reported in a number 

of studies of lactovegetarian subjects (Antony AC, 2003, Pawlak et al, 2014). Plasma 

choline, betaine and dimethylglycine were lower at 36 weeks gestation in women who were 

folate replete but had low plasma B12 levels (Wu et al, 2013). Since dietary choline can be a 

source of methyl groups for one carbon metabolism, the authors suggested that the B12 and 

choline interaction could be a determinant of infant growth. Low vitamin B12 status has 

been associated with intrauterine growth retardation, but the data were confounded by a 

number of other contributors such as low socioeconomic status and pre-pregnancy body 
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weight (Muthayya et al, 2006). Other studies from nutritionally sufficient populations have 

not observed any relationship between maternal B12 and IUGR (Takimoto et al, 2007). Low 

maternal B12 also has been shown to be associated with insulin resistance in the offspring 

(Yajnik et al, 2008; Stewart et al, 2011) and with neural tube defects (Molloy et al, 2009). 

Future studies examining the relationship between vitamin B12 and one carbon metabolism 

during pregnancy and childhood would be critical in defining the mechanism of these 

observations. Because of the established relationship between pre-conceptional folate status 

and neural tube defects, folate supplement during pregnancy has become the standard of 

care. Therefore few studies have examined directly the relationship between folate status and 

maternal and fetal health. These data show a positive correlation between maternal folate 

levels and baby’s birth weight (Lindblad et al, 2005; Relton et al, 2005; Villalpando S, 2008; 

Timmermans et al, 2009). Important interactions between maternal folate and B12 status and 

perinatal health have been reported, however they require further detailed mechanistic 

evaluation (Dwarkanath et al, 2013; Sargoor et al, 2010).

4.3 Protein

The impact of high and low protein diet during pregnancy and lactation has been studied 

extensively in animal models. In contrast the data in humans have been limited. Although 

studies of protein supplement and therefore higher protein intake can be conducted in 

humans, it is not ethically acceptable to restrict protein intake in the vulnerable pregnant 

population. Therefore the data in humans have been restricted to observational studies and 

are often confounded by associated changes in total energy and other nutrients. These data 

are not comparable with the experimental data in animals where most reported studies have 

examined the impact of dietary protein in the range of 6–8% of total energy intake. Such a 

drastic reduction in dietary protein is not seen in humans in the absence of associated 

decrease in energy intake, as seen in famine conditions or mass starvation. As discussed 

above the physiological responses to isocaloric protein restriction are markedly different 

from those seen with protein-energy malnutrition.

The effects of isocaloric protein restriction during pregnancy on maternal health and 

metabolic responses have not been examined in detail. In a previous study in rat, we had 

examined the effect of isocaloric protein restriction on the metabolism of the mother and 

translation initiation factors as indices of protein synthesis in the maternal and fetal liver 

(Parimi et al, 2004). These data showed that protein restriction in pregnancy resulted in a 

higher rate of oxygen consumption and lower levels of branched chain amino acids, lysine 

and histidine early in gestation suggestive of a lower rate of whole body protein turnover as 

was seen in the non- pregnant animals (Kalhan et al, 2011). Correspondingly and as 

anticipated the plasma urea nitrogen was lower in the protein restricted animals from day 10 

to day 18 of gestation, followed by a marked increase till parturition. Interestingly, the 

concentration of non-essential amino acids, serine, glycine, and glutamine markedly 

increased on day 18 and 21, a period of rapid growth of fetal mass in the rat. Similar changes 

in glycine, serine and other amino acids were observed in other studies (Rees et al, 1999; 

Petrie et al, 2002). The phosphorylated 4E-BP1 (gamma form) in the maternal liver was 4-

fold higher in the LP group. The phosphorylated eIF2alpha was higher in the livers of IUGR 

fetuses. The data on translation initiation factors suggest a higher rate of protein synthesis in 
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the maternal liver and a lower rate in the fetal liver in response to protein restriction, the later 

could be part of a systemic response resulting in decrease in growth of the fetus. These data 

are in contrast to the non-pregnant animals where a simultaneous decrease in essential amino 

acids, suggesting a lower rate of whole body proteolysis, and an increase in serine and 

glycine suggestive of higher methylation demands or higher requirements of one carbon 

units and underscore the moderating influence of pregnancy on these responses. In summary, 

the initial maternal responses to protein restriction in rat could be aimed at conserving 

maternal nitrogen in the face of decreased intake and only later in the presence of high fetal 

demands, during the period of rapid increase in fetal mass that changes in amino acids 

related to one carbon metabolism were evident. Such responses may not be apparent in 

humans with relatively low fetal/maternal mass ratio as compared with rodents. 

Corresponding data of isocaloric protein restriction for human pregnancy cannot be 

developed because of associated risk. Additionally observational studies in humans also are 

confounded by accompanying lower energy intake and changes in the intake of other macro 

and micronutrients.

Studies in animal models, in particular rodents, have clearly demonstrated the effect of 

dietary protein restriction on the long term health of the offspring. Although the impact on 

the fetal growth and on birth weight of the pup was inconsistent in various studies, these data 

show that dietary protein restriction to 6–8% of metabolisable energy during pregnancy or 

lactation resulted in adiposity and insulin resistance (Snoeck et al, 1990),altered beta cell 

proliferation, islet size, islet insulin content and vascularization in the pancreas (Dahri et al, 

1991; Fernandez-Twinn et al, 2004;), decreased renal mass and hypertension ( Chen et al, 

2010;Jackson et al, 2002) ),impact longevity by affecting metabolic pathways implicated in 

the regulation of life span ( Chen et al, 2009) , alter circadian physiology, and appetite 

(Sutton et al, 2010). The mechanism/s of these programming effects of low protein intake 

have been examined and attributed to alterations in gene expression and epigenetic 

(methylation and acetylation of genes and histones) modifications in the fetal liver and 

placenta. Similar to dietary protein restriction, isocaloric high protein (40% protein) diet 

through pregnancy in rat, caused lower body weight of the pups on day 2 after birth 

(Daenzer et al, 2002). At age 3, 5 and 6 weeks, the pups born to high protein fed mothers 

exhibited higher body weight when compared with pair fed controls. In addition, these pups 

had greater relative and total fat mass and lower energy expenditure at age 9 weeks. In 

another study (Thone-Reineke et al, 2006) the effect of high protein feeding during 

pregnancy was noted to sex-dependent, increased blood pressure and glomerulosclerosis in 

the male offspring and higher body weight and increased fat pads in the female offspring. 

Other investigators have also shown programing effects of high protein exposure during 

pregnancy (Desclee de Maredsous et al, 2016). The maternal mediators of the observed 

programing effects and the impact of high protein diet on one carbon metabolism has not 

been studied in detail during pregnancy.

Most studies in humans are either observational of habitual nutrient intake or clinical trials 

of nutrient supplement. By their very nature, these studies are difficult to conduct and the 

data not easy to interpret because of a number of confounding variables even after statistical 

adjustments.
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The association between maternal protein intake and fetal growth was examined by 

Blumfield and colleagues in healthy pregnant women (Blumfield et al 2012, Blumfield and 

Collins 2014). Fetal growth and composition was documented by serial ultrasound 

measurements and maternal diet was quantified by a validated food frequency questionnaire 

administered during first and third trimester. Their data showed an inverse correlation 

between maternal intake of protein and abdominal subcutaneous fat of the fetus at 36 week 

gestation. The abdominal fat was highest with low protein intake, less than 16% of energy, 

and the mid-thigh fat was highest when protein intake was 18–21% of energy, and high fat 

and low carbohydrate intake. A previous study of low income urban women had found a 

significant quadratic relationship between maternal protein intake and infant’s birth weight 

(Sloan et al 2001). These investigators observed the mean birth weight of infants born to 

mothers in the low (<50g/day) and high (>85g/day) protein groups were 67grams and 88 

grams less than those mothers whose dietary intake of proteins was in the intermediate 

range. Other studies have shown a relationship between lower protein intake in late gestation 

and lower placental weight and neonatal birth weight (Godfrey et al 1996). The effect was 

more pronounced when lower protein intake in the third trimester was associated with higher 

carbohydrate intake in early pregnancy. A careful analysis of a number of clinical trials of 

high protein supplement by Kramer and recently updated by Ota and colleagues (Kramer 

1993, Kramer 2000, Kramer and Kakuma 2003, Ota et al 2015) show that high protein 

supplement does not seem to be beneficial to the mother or the fetus and was associated with 

significant increased risk of small for gestational age infants. In summary, data from studies 

in human suggests that both high and low protein diet in pregnancy impacts fetal growth and 

results in lower birth weight. The mechanism of these effects remains to be delineated. 

Whether the observed changes are mediated via changes in maternal or fetal one carbon 

metabolism cannot be determined since none of the markers of one carbon metabolism were 

examined. In this context it is of interest that a high protein (21% of energy) supplement in 

healthy men caused a significant increase in postprandial total homocysteine concentration 

in the plasma (Verhoef et al 2005). Additionally energy and protein supplement in Indian 

underweight pregnant women did not impact serine and glycine kinetics (Dwarkanath et al 

2016). The physiological and biological implication of these studies, in relation to maternal 

and neonatal health, requires further evaluation.

4.4 Multinutrient deficiency

Single nutrient deficiencies for example B12 deficiency (pernicious anemia) although occur 

in otherwise well-nourished populations are uncommon in the developing world particularly 

in relation to vitamins and protein, the nutrients that impact one carbon metabolism. In the 

undernourished populations of the world, more often there are multiple nutrient deficiencies 

along with decreased intake of energy and protein (Bhardwaj et al, 2013; Food and Nutrition 

Bulletin, 2008; Sukla et al, 2014). This is confounded by environment, economy, cultural 

and other societal factors that result in unique situations in different populations. While the 

incidence of low folate status has decreased markedly as a result of mandatory fortifications 

in some parts of the world, such is not the case where fortification is not mandated. Studies 

from India have shown lower folate, B12, iron status in children, adolescents and pregnant 

women. Particularly in children the lower micronutrient status has been associated with 

stunting, lower BMI and other parameters suggestive of compromised protein energy intake. 
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Additionally there is a strong correlation between undernutrition in children and adults. In 

India interestingly, perhaps because of the vegetarian dietary habits, folic acid deficiency is 

not as common, however simultaneous deficiency of iron and B12 along with stunting and 

lower BMI are common (Refsum et al, 2001).

Both observational and interventional studies suggest that maternal nutritional status, rather 

than the pregnancy related disorders are the major determinants of IUGR. Although a 

number of intervention strategies (single or multiple micronutrients, protein, energy 

supplements) have been tested to prevent IUGR, the effect size has been small (Sachdev 

HPS, 2001; Christian et al, 2003), so that low birth weight remains a significant and 

persistent problem in the developing world. The small effect size in part may be due to the 

insufficiency of a number of micro and macronutrients, rather than a single nutrient, so that 

new approaches to evaluate integrated response to multiple nutrient insufficiencies are 

required in order to effectively prevent IUGR. Interventions based upon a single biomarker 

and a single nutrient are not likely to result in optimal outcomes. In relation to methionine 

and one carbon metabolism, three vitamins folate, B12 and pyridoxine are directly involved 

and insulin and glucagon exert their effect directly by regulating transsulfuration cascade or 

by effecting methionine synthase and indirectly by their effect on the whole body turnover of 

proteins (Jacobs et al,2001; Ratnam et al, 2002; Kalhan SC,2009a; Kalhan SC,2009b). 

Dietary restriction of proteins influences one carbon metabolism by increasing the 

biosynthesis of serine, increasing transmethylation and decreasing transsulfuration (Kalhan 

et al, 2011). These later responses are opposite of those due to folate and B12 deficiencies. 

Thus in case of multinutrient deficiencies, the expected responses would be an integration of 

responses to individual micronutrient deficiency or insufficiency. In a preliminary study, we 

have examined the effect of multinutrient insufficiency on parameters of one carbon 

metabolism in Indian women and compared these with nutritionally sufficient western 

women (Katre et al, 2015). The Indian women who were mostly vegetarian, were shorter 

and lighter compared with the Americans and had lower plasma levels of B12, folate and B6 

also had lower plasma levels of essential amino acids and glutathione. The concentration of 

serine, glycine and homocysteine in the plasma was higher in the Indian subjects. There was 

a negative correlation between plasma B6 and homocysteine and between folate and serine 

and glycine. The observed changes in amino acids and markers of one carbon metabolism 

were likely the result of marginal protein intake and lower B12, folate and B6 status. Such 

integrated responses have not been interrogated during pregnancy. Only a comprehensive 

evaluation of these kinds of responses combined with isotopic tracer studies will allow the 

evaluation of the relationship between perturbations in one carbon metabolism and maternal 

and fetal health.

In summary, a unique adaptive response in nitrogen metabolism aimed at conserving 

nitrogen for protein accretion by the mother in anticipation of fetal demands is evident in 

early pregnancy in humans. In addition characteristic changes in methionine and one carbon 

metabolism are evident during gestation in the mother and during development in the fetus. 

The requirement of vitamin B12, folate, B6 and its regulation by environmental and 

endocrine signals makes methionine and one carbon metabolism particularly susceptible to 

these influences. Additionally the ubiquitous expression of components of methionine and 

one carbon metabolism in the body and its role in the numerous cellular processes including 
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cell proliferation, methylation, and epigenetic modifications suggest that alterations in one 

carbon metabolism are likely to have profound effects on the health of the mother, the fetus 

with long term consequences for the offspring. Only rigorously conducted clinical studies in 

combination with appropriate animal models are likely to inform the mechanism of these 

sequelae and help develop intervention strategies.
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Highlights

• One carbon transfers are critical component of intracellular metabolism 

of most eukaryotes.

• Characteristic adaptations in one carbon metabolism are observed in 

the mother, fetus and placenta.

• Perturbations in one carbon transfer can have profound impact on cell 

function, proliferation and growth.

• Decreased dietary protein intake has profound effects on one carbon 

metabolism.

• Environmental and nutritional influences, by affecting one carbon 

metabolism, impact the health of the mother, fetus and neonate with 

long term consequences.

Kalhan Page 27

Mol Cell Endocrinol. Author manuscript; available in PMC 2017 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Pathways of cellular one carbon metabolism (details in text).Green: transmethylation cycle; 

yellow: transsulfuration cascade; black; mitochondrial and cytosolic folate metabolism 

pathway.
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Figure 2. 
Relationship between transthyretin and total homocysteine concentration in the plasma in 

subjects with protein malnutrition (diamonds) and control (circles) subjects. Reproduced 

from Ingenbleek et al, 2012 with permission.
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Figure 3. 
Effects of dietary protein restriction upon hepatic metabolism. A low protein intake, via an 

unknown mechanism possibly via change in intracellular amino acid levels, causes changes 

in hepatic amino acid and lipid metabolism. The changes in amino acid metabolism, 

mediated by PPARα, result in increased biosynthesis of serine and glycine aimed at 

provision of one carbon units and a decreased production of urea aimed at conservation of 

nitrogen. Dietary protein restriction also induces FGF21 either via PPARα or via a general 

stress response. Increased FGF21 causes an increase in fatty acid oxidation and (not shown) 

decreases fatty acid synthesis. Increase in hepatic FGF21 results in higher levels of FGF21 

in the plasma which cause an increase in thermogenesis and energy expenditure in the brown 

adipose tissue. GCN2: general control nonderepressible 2; EIF2α: eukaryotic initiation 

factor 2 alpha; ATF4/5: activating transcription factor 4 and 5.
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