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Abstract 

 

Prenatal folate and cobalamin, as well as other one carbon (1C) metabolism nutrients , have 

been linked with foetal development. In the USA, mandatory fortification with folic acid has 

proven to be successful in the prevention of neural tube defects and the reduction of 

homocysteine concentrations in the adult population and has been proposed to be linked 

with the reduction in mortality from stroke. Therefore, 1C metabolism appears to positively 

influence health both in early and late stages of life. However, whether the effects of in 

utero 1C metabolism extend beyond foetal development is unknown. Widespread exposure 

to folic acid from fortified foods and supplements in numerous countries has led to concern 

regarding potentially harmful effects of very high intakes, in particular in subjects with 

cobalamin deficiency. In Europe, beneficial and deleterious effects of folic acid fortification 

are being considered before implementing mandatory fortification of flour with folic acid.  

In this thesis, we evaluated the interactions between prenatal folate and cobalamin and 

their effects on 1C metabolism during pregnancy and subsequently on mid-childhood 

growth and adiposity.  

Five hundred and sixty three pregnant women from the Reus-Tarragona Birth Cohort were 

followed-up throughout pregnancy and 162 of their offspring until 7.5 years of age. 

Extensive lifestyle, biological and obstetrical data was collected from the mothers from the 

first trimester throughout pregnancy and the offspring at mid-childhood. Fasting blood 

samples were collected at each trimester, labour and from the cord, and from the children 

aged 7.5 years. Child weight, height, BMI (age- and sex-standardised z-scores according to 

World Health Organisation) and fat mass (by bioelectrical impedance) were measured. 

Maternal and child red blood cell (RBC) and plasma folate, plasma cobalamin, total 

homocysteine (tHcy), methylmalonic acid (MMA), as well as maternal holotranscobalamin 

(holoTC) were determined in fasting blood samples. Maternal and child MTHFR 677C>T, 
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Abstract 
 

TCN2 776C>G, MTRR 66A>G and 524C>T genetic variants were also determined. First 

trimester overweight was associated with lower plasma folate, despite higher folic acid 

intake in the mothers and in those with high folate intake, RBC folate was higher in 

overweight women (p= 0.011). First trimester cobalamin status was associated with that of 

the offspring at mid-childhood. The associations between cobalamin inadequacy and 

plasma tHcy, MMA or haemoglobin were not modified by elevated folate. However, in 

women with elevated first trimester folate, mean cell volume was 4.8 (95% CI: 2.0, 7.7) and 

5.5 (95% CI: 1.9, 9.1) fL lower in cobalamin inadequate compared with adequate at early 

and late pregnancy respectively. Early pregnancy inadequate RBC folate, plasma cobalamin 

or elevated tHcy was associated with lower offspring linear growth. Folic acid supplement 

use at preconception, but not in the first or second trimesters was associated with higher 

offspring linear growth at mid-childhood. In addition, inadequate holoTC at early or mid-

pregnancy or late pregnancy RBC folate inadequacy was associated with higher adiposity in 

the offspring. Child metabolic markers of folate and cobalamin status were not associated 

with growth or adiposity. Children born to variant homozygous mothers for the MTHFR 

677C>T genetic variant had persistently higher BMI from birth to mid-childhood (p= 0.033). 

The maternal TCN2 776C>G polymorphism was associated with lower height from birth to 

mid-childhood (p= 0.029) and with a faster adiposity rebound after infancy. Among child 

genetic variants, only the MTRR 66A>G was associated with lower linear and ponderal 

growth. 

In conclusion, we found no evidence of a harmful effect of elevated folate status in women 

with cobalamin inadequacy during pregnancy. Pregnancy 1C metabolism influences 

offspring growth and adiposity from birth to mid-childhood.  

Keywords: folate – cobalamin – genetic variants – pregnancy – in utero programming – 

child – adiposity – growth 

UNIVERSITAT ROVIRA I VIRGILI 
PRENATAL ONE CARBON METABOLISM AND IN UTERO PROGRAMMING OF GROWTH AND ADIPOSITY IN THE OFFSPRING 
Pol Solé Navais 
 



3 
 

 

 What is known What is unknown What this thesis adds Future research 
     

C
h

ap
te

r 
1

 

Harmful effects of 
combined elevated folate 
and low cobalamin status 
have been reported in 
countries with folic acid 
mandatory fortification. 

Whether periconception 
folic acid supplement use, 
exacerbates metabolic or 
haematological indicators 
of cobalamin inadequacy 
during pregnancy. 

First trimester folate status 
does not modify the 
association between 
cobalamin inadequacy and 
its metabolic or 
haematological markers 
during pregnancy. 

Monitoring of the effects 
of elevated folate should 
be further assessed in a 
population with high 
prevalence of cobalamin 
deficiency. 

The effect of BMI on RBC 
or plasma folate varies 
according to fortification 
with folic acid. 

Whether BMI is associated 
with RBC or plasma folate 
in a pregnant population, 
and whether folate intake 
modifies the association. 

BMI is negatively 
associated with plasma 
folate, and its association 
with RBC folate depends 
on total folate intake. 

To assess this association 
in controlled randomised 
clinical trials. 

 

    

C
h

ap
te

r 
2

 Maternal cobalamin and 
folate status and 
breastfeeding determine 
child vitamin status up to 
the age of 2 years. 

Whether the effects of 
breastfeeding and 
maternal B-vitamin status 
on child 1C metabolism 
persist at mid-childhood. 

Early pregnancy cobalamin 
is the major determinant of 
cobalamin status in the 
offspring. Breastfeeding is 
not associated with child 
vitamin status at 7.5 years. 

To investigate whether the 
effects of maternal 
cobalamin on status in the 
offspring are mediated by 
shared genetic variants. 
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Abstract 
 

 What is known What is unknown What this thesis adds Future investigations  

    

C
h

ap
te

r 
3

 

Preconception folic acid 
supplement use and 
adequate cobalamin status 
reduce NTD prevalence, and 
are positively associated 
with birth weight.  

Whether prenatal folate or 
cobalamin influence growth 
at 7.5 years. 

Inadequate 1st trimester RBC 
folate, cobalamin or 
elevated tHcy are associated 
with lower offspring linear 
growth at mid-childhood.  

Replication studies are 
needed in different 
populations. 

Maternal MTHFR 677C>T 
and other genetic variants 
related to folate or 
cobalamin transport or 
metabolism have been 
linked with foetal 
development in human and 
experimental studies. 

Whether maternal or child 
genetic variants affecting 1C 
metabolism or transport are 
associated with postnatal 
offspring growth. 

Maternal MTHFR 677C>T 
and TCN2 776C>G were 
associated with higher BMI 
and lower height in the 
offspring from birth to 7.5 
years respectively. Child 
MTRR 66A>G was linked 
with lower growth. 

Other maternal genetic 
variants affecting 1C 
metabolism should be 
investigated in relation to 
offspring growth and 
adiposity. 

Inconsistent effects of 
prenatal folate status on 
offspring BMI have been 
reported.  

Whether prenatal folate 
effects on offspring 
adiposity vary according to 
timing of exposure or 
population characteristics. 

Inadequate late but not 
early pregnancy folate 
status is associated with 
lower offspring BMI. 

Pregnancy folate effects on 
offspring adiposity are 
different in developing and 
developed countries. 

Cobalamin inadequacy 
during pregnancy is not 
associated with offspring 
adiposity, but it is 
associated with higher 
insulin resistance. 

Are markers of active 
cobalamin status or SNPs 
affecting cobalamin 
transport linked with 
offspring adiposity? 

Inadequate pregnancy 
holoTC and maternal TCN2 
776C>G are associated with 
higher BMI and a faster 
offspring adiposity rebound 
after infancy in the offspring 
respectively. 

Other cardiometabolic risk 
factors such as insulin 
resistance, or markers of 
endothelial function and 
inflammation should be 
investigated. 

 

IGF1 axis mediates in utero 
effects of 1C metabolism on 
mice postnatal growth. 

Child IGF1 axis has not been 
assessed in relation to 
prenatal 1C metabolism. 

- - 
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Abbreviations 

Abbreviations Definition 
  

1C One carbon 

ANCOVA Analysis of covariance 

BMI Body mass index 

CI Confidence interval 

DFE Dietary folate equivalents 

DHF Dihydrofolate 

dTMP Deoxythymidylate monophosphate 

EAR Estimated average requirements 

FR Folate receptor 

GH Growth hormone 

GW Gestational weeks 

Hcy Homocysteine 

HoloTC Holotranscobalamin 

IGF Insulin-like growth factor 

IOM Institute of Medicine 

MCV Mean cell volume 

MMA Methylmalonic acid 

PBS Phosphate buffered solution 

PCFT Proton coupled folate transporter 

PGC1-α Peroxisome proliferator-activated receptor gamma coactivator 1-α 

PPAR Peroxisome proliferator-activated receptor 

RBC Red blood cell 

RDA Recommended dietary allowance 

RFC1 Reduced folate carrier 

RTBC Reus-Tarragona Birth Cohort 

SAM S-adenosylmethionine 

SNP Single nucleotide polymorphism 

tHcy Fasting plasma total homocysteine 

THF Tetrahydrofolate 

NHANES National Health and Nutritional Examination Survey 

NTD Neural tube defect 

WHO World Health Organization 
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Enzyme and genetic variant nomenclature 

 

Abbreviation 
International 
nomenclature 

Definition 
   

BHMT EC 2.1.1.5 Betaine-homocysteine s-methyltransferase 

CBS EC 4.2.1.22 Cystathionine-β-synthase 

DHFR EC 1.5.1.3 Dihydrofolate reductase 

FPGS EC 6.3.2.17 Folylpoly-gamma-glutamate synthetase 

FOLH1 EC 3.4.17.21 Folate hydrolase 

MAT I & III EC 2.5.1.6 Methionine adenosylmethyltransferases I & III 

MMA-CoA 
mutase 

EC 5.4.99.2 Methylmalonyl-CoA mutase 

MTHFD1 
EC 1.5.1.5 
EC 6.3.4.3 
EC 3.5.4.9 

Methylenetetrahydrofolate dehydrogenase 

MTHFR EC 1.5.1.20 Methylenetetrahydrofolate reductase 

MTR EC 2.1.1.13 Methionine synthase reductase 

MTRR EC 2.1.1.13 
5-methyltetrahydrfolate-homocysteine 
methyltransferase reductase 

PCC EC 6.4.1.3 Propionyl CoA carboxylase 

SHMT EC 2.1.2.1 Serine hydroxymethyltransferase 

TYMS EC 2.1.1.45 Thymidylate synthetase 

 

Abbreviation Reference SNP Definition 
   

MTHFR 677C>T rs1801133 Methylenetetrahydrofolate reductase 677C>T 

TCN2 776C>G rs1801198 Transcobalamin 2 776C>G 

MTRR 66A>G rs1801394 
5-methyltetrahydrfolate-homocysteine 
methyltransferase reductase 66A>G 

MTRR 524C>T rs1532268 
5-methyltetrahydrfolate-homocysteine 
methyltransferase reductase 524C>T 
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Introduction 

 

Ageing is emerging as a determining factor of global health at the population level, as the 

proportion and absolute number of elderly people are increasing dramatically around the 

world. In 2015, there were 901 million people aged 60 or over, comprising 12% of the 

world’s population. These values are predicted to increase to 2.1 billion people by 2050, 

and to account for 21.3% of the global population (1). In high-income settings, longer 

survival in older age groups has contributed significantly to the rise in life expectancy at 

birth, which is a key driver of population ageing. However, whether these added years in 

life expectancy are accompanied by good or unfavourable health remains unclear (2). Non-

communicable diseases are the worldwide leading cause of death, and were responsible for 

38 million deaths (68%) in 2012 (3). Moreover, between 2005 and 2013, disability-adjusted 

life years (productive years of life lost due to morbidity/disability as well as to premature 

death) increased globally by 10%, exclusively as a result of non-communicable diseases (4). 

In Spain, the percentage of premature deaths (<70 years) attributed to non-communicable 

diseases was 26.9% and 13.4% in men and women respectively in 2012 (3). So far, 

epidemiological studies of non-communicable diseases have provided essential knowledge 

on which the strategies targeting the reduction of impact and treatment of the diseases are 

based. Most research is focused on the study of environmental or genetic stimuli in 

preclinical or clinical stages of the disease during adulthood, after the effects of the 

underlying biological lesion are manifested. There is less information available regarding 

the underlying pathophysiological mechanisms from which the biological lesions, leading to 

non-communicable diseases, develop. The World Health Organization (WHO) has already 

recognised that healthy ageing trajectories may be influenced by experiences in the 

prenatal period (5). Information regarding the effects of early life exposures on subsequent 

health is needed for the development of population-based primary prevention strategies 

aimed at producing healthy ageing trajectories. One of the most outstanding public health 
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strategies in terms of health- and cost-effectiveness is the fortification of cereal grains with 

folic acid in the USA and Canada since 1998. This mandatory policy was implemented to 

prevent the first occurrence and the recurrence of neural tube defects (NTD). It was based 

in evidence from two clinical trials in which a reduction in NTD risk of 70% and 100% was 

achieved after the daily preconceptional folic acid supplementation with 4 mg and 400 µg 

respectively (6,7). NTD-affected pregnancies in the USA and Canada, have been reduced by 

approximately 50% has since mandatory folic acid fortification was introduced (8,9). Other 

beneficial health effects have also been attributed to folic acid fortification. The average 

increase of 100 µg/day in folic acid intake in the USA (10) was followed by a 10% reduction 

in fasting plasma total homocysteine (tHcy) (11). It has also been suggested that this policy 

was successful in the reduction of stroke mortality (12). Therefore, mandatory fortification 

with folic acid has proven to be of value in the prevention of developmental disorders and 

diseases in both early and late stages of life. However, whether early life exposure leads to 

the effects observed in late life remains unknown. 

 

1. One carbon metabolism: general insights. 

One carbon (1C) metabolism involves a complex metabolic network containing the 

interconnected folate and methionine cycles, among other metabolic cycles and pathways. 

This system integrates numerous amino acids and other essential nutrients, such as B 

vitamins that act as substrates, cofactors or coenzymes in numerous reactions, into an 

array of metabolic cycles and pathways with both inter-dependent and disparate functions. 

The folate cycle, an integral part of the 1C metabolic network, is responsible for the 

conversion of dietary folate into active forms leading to the supply and ultimate transport 

of carbon units to metabolic reactions within the network and methyl groups to 

methylation reactions that participate in the epigenetic regulation of gene function. In the 

cytoplasm, 1C metabolism includes three different biosynthetic pathways: the de novo 
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synthesis of DNA and RNA nucleotides and the remethylation of homocysteine (Hcy) to 

methionine. This essential amino acid is involved in protein biosynthesis and is a precursor 

for the generation of s-adenosylmethionine (SAM), which in turn is a cofactor and methyl 

group donor for a number of methylation reactions.  

Each particular biosynthetic pathway uses specific forms of tetrahydrofolate (THF), which 

are interconverted enzymatically. Methionine synthase reductase (MTR, EC 2.1.1.13) is the 

enzyme responsible for the remethylation of Hcy to methionine (13), and requires the 

carbon unit from 5-methylTHF and cobalamin as coenzyme (Figure 1). Hcy has an 

alternative pathway (transsulfuration) in which it is used to produce cystathionine, which is 

further converted to cysteine. The folate cycle is also involved in the formation of 

nucleotides necessary for DNA and RNA synthesis. 10-formylTHF is used as a cofactor for de 

novo purine biosynthesis. Thymidylate synthetase (TYMS, EC 2.1.1.45) catalyses the transfer 

of the carbon unit from 5, 10-methyleneTHF to deoxyuridine monophosphate forming 

deoxythymidylate monophosphate (dTMP) and dihydrofolate (DHF). This biosynthetic 

pathway contributes to DNA stabilisation (14). In the methionine cycle, phospholipids can 

be partly generated involving SAM (15). Moreover, phosphatidylcholine, which is essential 

in cell structure (16), lipid transport (17) and neurotransmission (18), can be synthesised 

through the transfer of three methyl groups from SAM to phosphatidylethanolamine (19). 

Moreover, 1C metabolism is a major source of methyl groups (SAM) for post-translation 

modifications that are independent of genomic changes including histone, DNA and RNA 

methylation (20–22), that may affect many physiological functions (23). Accordingly, 1C 

metabolism status contributes to DNA stability, cellular biosynthesis and to the regulation 

of gene transcription and expression through nucleic acid and protein methylation. These 

essential functions highlight the importance of 1C metabolism in other crucial metabolic 

systems. Considering that both the folate and methionine cycles are ubiquitously present in 

every human cell, derangements in 1C metabolism can have profound effects on cell 

function, metabolism, growth and proliferation.  
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AHCY, adenosylhomocysteinase; BHMT, betaine-homocysteine s-methyltransferase; Cys, cysteine; 
Cystat, cystathionine; DHFR, dihydrofolate reductase; DMG, dimethylglycine; MAT I & III, 
methionine adenosylmethyltransferases I & III; Met, methionine; MTHFD1, 
methylenetetrahydrofolate dehydrogenase; MTRR, 5-methyltetrahydrfolate-homocysteine 
methyltransferase reductase; SAH, s-adenosylhomocysteine; SHMT, serine 
hydroxymethyltransferase. Adapted from (483). 

Figure 1. Folate and cobalamin mediated one carbon metabolism.  
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The classical clinical picture of severe folate or cobalamin deficiency includes megaloblastic 

anaemia, which is caused by a decrease in DNA synthesis and a subsequent abnormal 

maturation of erythropoietic precursors. Unavailability of dTMP leads to the 

misincorporation of deoxyuridine monophosphate in place of dTMP during DNA base 

addition, slowing down DNA replication (24). The pathophysiology of folate and cobalamin 

deficiency may also be accompanied by neuropathy, encephalopathy or myelopathy among 

other neurological complications (25,26). 

The pathways involved in the 1C network are regulated by complex interactions between 

nutrients and enzymes that regulate the reactions. Various genetic polymorphisms, mainly 

affecting enzyme functions, have been described. The network is sensitive to status and 

availability of various amino acids (cysteine, serine and methionine) and B vitamins (folate, 

cobalamin, vitamin B2, vitamin B6) and lifestyle factors such as smoking, alcohol 

consumption or age. THcy is a global biomarker of 1C metabolism status. This sulphur-

containing amino acid is an intermediary in the methionine cycle and the transulphuration 

pathway. When either of these is impaired, intracellular Hcy rises. Numerous 

environmental, nutritional and genetic factors have been studied in relation to Hcy. In this 

regard, age, male sex, smoking, alcohol consumption and impaired renal function increase 

its plasma concentrations (27,28). With regard to genetic variants, the methylene 

tetrahydrofolate reductase (MTHFR) 677C>T polymorphism (see Introduction: Folate for 

more information) has been consistently associated with higher tHcy (29). Folate and 

cobalamin statuses are major modifiable determinants of tHcy (27,30,31), reflected by the 

responsiveness of tHcy to folic acid or cobalamin supplementation (32–34). Indeed, 

inadequate folate or cobalamin status at different stages of the life course may contribute 

to a broad range of clinical consequences. Imbalances in the 1C metabolic network have 

been linked with developmental anomalies such as NTDs (6,35) and congenital heart 

defects (36) as well as pregnancy complications such as stillbirth, preeclampsia (37) or low 

birth weight (38,39) and pathologies such as cardiovascular diseases (40,41) and cancer 
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(42,43). Cobalamin status and the MTHFR 677C>T genetic variant, among other single-

nucleotide polymorphisms, have also been linked with NTD affected pregnancies (44,45). 

However, the effects of the 1C metabolic network during early stages of development on 

subsequent health may not be limited to NTDs and foetal development.  

This thesis is focused on the interactions between cobalamin and folate status and their 

effects on maternal 1C metabolism during pregnancy and subsequently on early growth 

and development in the child.  
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2. Cobalamin 

Characteristics, functions, food sources, bioavailability and requirements from 

preconception to mid-childhood 

Cobalamin is an essential water-soluble vitamin exclusively synthesised by microorganisms. 

The site of cobalamin synthesis by human intestinal flora in the colon is far removed from 

the ileum where absorption occurs. Ruminant gastrointestinal tract bacteria produces 

cobalamin, which accumulates in animal tissues or is secreted via the animal’s milk after its 

absorption (46). Monogastric animals such as pigs and poultry are also sources of 

cobalamin, albeit its content is lower compared to that found in ruminant tissues. Humans 

must obtain cobalamin through the intake of animal foods or synthetic forms used in 

multivitamin supplements or fortified foods (e.g. ready-to-eat breakfast cereals). The term 

cobalamin, in scientific publications, refers to compounds containing a cobalt atom in the 

centre of a corrin ring. ”Vitamin B12
”, refers to synthetically produced stable cobalamin, 

which is not found in nature. Different forms of cobalamin have been identified, however 

only four forms are metabolised by humans. Methylcobalamin and adenosylcobalamin are 

the only ones directly used as coenzymes, but are the most light sensitives. On the other 

hand, hydroxycobalamin and cyanocobalamin must be first converted into an active 

cobalamin form before its use in 1C metabolism and these are the forms used in 

supplements and fortified foods. In general, adenosylcobalamin and hydroxycobalamin are 

the predominant forms found in foods, however methylcobalamin is also very common in 

dairy products (47). In the USA, the intake of cobalamin containing supplements, fortified 

cereals and milk contributes to a great extent to adequate plasma cobalamin 

concentrations (48). In contrast, dairy products and fish intake are the major nutritional 

determinants of plasma cobalamin concentrations in Norway (49). In Spanish children, milk 

and dairy products provide 69.5% of cobalamin required to meet the Recommended 

Dietary Allowance (RDA) (50).  
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Data on cobalamin bioavailability in humans is scarce. However, it is generally assumed to 

be 40 or 50% for healthy adults with normal gastrointestinal function (51,52). Absolute 

absorption of vitamin B12 supplements rises with increasing dose, however the relative 

absorption diminishes as the consumed dose increases (Figure 2). This is due to the 

absorption capacity of intrinsic factor, which is thought to reach saturation at a rate of 1.5-

2.0 µg of cobalamin. Once this dose is exceeded, cobalamin can be absorbed through 

passive diffusion at very low rates (1%) (53). In healthy humans, the absorption of food-

bound cobalamin has been shown to vary according to the quantity and type of protein 

consumed (54). For example, cobalamin from meat is more bioavailable than that from fish 

or eggs (55–58).  

 

 

 

 

 

 

 

 

In order to estimate the cobalamin RDA, the Food and Nutrition Board of the Institute of 

Medicine (IOM) considers bioavailability of food-bound cobalamin to be 50% (59). The 

preconception RDA for cobalamin is not defined by IOM or Spanish guidelines (60), 

however inadequate cobalamin status has been consistently linked with NTD affected 

pregnancies (44,61). Table 1 describes IOM and Spanish RDAs during pregnancy and from 

birth until 9 years of age. For pregnant women, the estimated IOM RDA is 2.6 µg/day. The 

Figure 2. Relative and absolute absorption of vitamin B12 supplements according to dose.  

Adapted from (484). 
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IOM recommendation resulted from the addition of 0.2 to the estimated average 

requirements of adult women (2.2 µg/day), based on the assumption that foetal cobalamin 

deposition during pregnancy is 0.1-0.2 µg/day, and that maternal cobalamin absorption is 

more efficient during pregnancy. The Spanish RDA is lower (Table 1). 

However, the recommendations may be inadequate because some of the assumptions 

made when estimating cobalamin requirements during pregnancy remain to be confirmed. 

The assumed increased efficiency in cobalamin absorption was based on studies performed 

in mice (62) or rats (63), but supporting evidence in humans is limited (64). Currently there 

is insufficient available evidence on which to base pregnancy requirements, but it appears 

that greater cobalamin intakes than those currently recommended may be required to 

achieve optimal cobalamin status (65).  

Table 1. RDA for cobalamin (µg/day) from preconception until mid-childhood. 
 

 IOM (59) Spanish (60) 

Pregnancy 2.6 2.21 
0-6 months 0.42 0.4 
7-12 months 0.52 0.5 
1-3 years 0.9 0.7 
4-5 years 1.2 1.1 
6-9 years 1.2 1.2 

1 Second half of pregnancy. 
2 Adequate intake. 

 

From birth to 12 months, the IOM estimated average intake of cobalamin reflects the 

observed intake of cobalamin in breastfed infants born to omnivorous mothers with 

adequate cobalamin intake in a study by Schneede and coworkers from 1994 (66). Hence, 

the estimated average intake was set at 0.4 µg/day. Moreover, lower intakes were 

associated with increased urinary methylmalonic acid (MMA), a biomarker of low 

cobalamin status. However, infant and maternal cobalamin statuses were not assessed, and 

cobalamin bioavailability from human breast milk remains unknown. Its determination is 
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complicated by methodological artefacts and the necessity to remove unsaturated 

haptocorrin. This increases the detected cobalamin content in human milk (67), but the 

technique was not yet developed at the time of the studies on which the recommended 

average intakes are based. This suggests that the estimated average intakes set by the IOM 

for cobalamin are lower than required. For children up to 1 year, the average intake was 

estimated to be 0.5 µg/day. Spanish RDAs (60) coincide with the average intake from the 

IOM. Bearing in mind the methodological limitations that might have underestimated IOM 

infant requirements; the Spanish approach seems to underestimate cobalamin 

requirements to a higher degree. Data on cobalamin status in children from 1 to 9 years is 

limited, and thus the IOM estimated the RDA by extrapolating from adult values. Spanish 

recommendations are very similar to those from the IOM.  

 

Absorption, transport and metabolism  

Active and passive mechanisms exist for cobalamin absorption. The active process is 

complex, and involves a vast number of anatomical areas within the gastrointestinal tract, 

as well as specific proteins that bind a single cobalamin molecule (68). Animal proteins are 

severed in the stomach by pepsin and chlorhydric acid. Then, free cobalamin rapidly binds 

to haptocorrin, released by salivary and parietal cells. Intrinsic factor, which is one of the 

three cobalamin binding proteins found in humans, is also secreted in the stomach, but its 

affinity for cobalamin is low in the acidic environment media and in the presence of 

haptocorrin. Haptocorrin is digested by pancreatic proteases in the duodenum thereby 

liberating cobalamin and allowing it to bind to intrinsic factor. The intrinsic factor-

cobalamin complex enters the mucosal cells in the distal ileum by receptor-mediated 

endocytosis through the cubilin receptor. When it leaves the enterocyte, cobalamin enters 

the circulation. Intrinsic factor does not enter the bloodstream, and free cobalamin binds to 

either haptocorrin or transcobalamin. Plasma haptocorrin binds between 70-80% of 
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cobalamin (holohaptocorrin), however it is not readily available for cellular uptake (69), and 

its functions are not yet established. Transcobalamin protein binds the remaining 

cobalamin fraction (named the active cobalamin form), and transports the newly absorbed 

cobalamin to tissue cells, where it is internalised through mediated cellular uptake. The 

transcobalamin receptor, encoded by the CD320 gene, mediates the intracellular uptake of 

the transcobalamin-cobalamin complex (holotranscobalamin, holoTC). Once in the cell, 

transcobalamin is degraded in the lysosome and the free cobalamin released is converted 

into cobalamin cofactors (70,71). Foetal cobalamin requirements must be met by the 

transport system that provides all nutrients across the placental barrier. Transplacental 

cobalamin transport is also mediated through the transcobalamin receptor (72), however, 

an alternative holotranscobalamin receptor must function, because transcobalamin 

receptor knock-out is not lethal to embryos (73).  

In mammalian systems, only two enzymes are known to require cobalamin as a cofactor: 

MTR in the cytoplasm and methylmalonyl CoA mutase (EC 5.4.99.2) in the mitochondria. In 

the folate cycle, MTR depends on methylcobalamin as an intermediate methyl carrier to 

transfer the carbon group from 5-methylTHF to homocysteine (74). In contrast, the mutase 

reaction is unrelated to the folate pathway. Because cobalamin is essential for these two 

enzymes, elevated plasma tHcy and MMA are metabolic manifestations of cobalamin 

deficiency (75). However, plasma tHcy is not a specific marker for cobalamin deficiency 

because it is also increased in situations of folate deficiency and altered 1C metabolism. 

Mammalian cytoplasmic and mitochondrial cobalamin-dependent reactions are detailed 

below. 

In the cytosol, and in the first turnover, the methyl group is transferred from 5-methylTHF 

to cob(I)alamin generating methylcob(III)alamin and THF. In the second turnover, the 

methyl group is transferred to hcy forming methionine and cob(I)alamin (Figure 3). The 

oxidation of cob(I)alamin accidentally occurs once in every 200-2000 turnovers, leading to 

the inactivation of MTR. Then, the cofactor requires a reductive methylation in which SAM 
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Adapted from (485). 

Figure 3. Cobalamin dependent remethylation of homocysteine to methionine via MTR and 
MTRR. 

(and not 5-methylTHF) supplies a methyl group, and the electron is supplied via the 5-

methyltetrahydrofolate-homocysteine methyltransferase reductase enzyme (MTRR, EC 

1.16.1.8).  

  

 

 

 

 

 

 

 

  

 

In the mitochondria, methylmalonyl CoA mutase depends on adenosylcobalamin to 

catalyse the conversion of methylmalonyl CoA to sucinyl CoA. This is an intermediate step 

in the conversion of propionate to succinate during the oxidation of odd-chain fatty acids 

and in the catabolism of ketogenic amino acids such as isoleucine, lysine or tryptophan 

(Figure 4). Low adenosylcobalamin concentrations in this pathway lead to elevated MMA.  
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Cobalamin homeostasis during pregnancy and childhood 

During the normal course of pregnancy, plasma cobalamin concentrations decline by 25% 

from 10-12 weeks prior to gestation (76). Plasma holoTC drops from preconception until 8 

gestational weeks (GW), and then remains constant throughout the rest of the pregnancy 

(76,77). The decline in plasma cobalamin observed during pregnancy has been proposed to 

be due to a drop in holohaptocorrin (64). Unchanged cobalamin absorption following an 

oral cobalamin load at different stages of pregnancy, failed to explain stable holoTC 

concentrations during pregnancy (64). It is thought that this reflects a physiological 

mechanism to maintain an adequate cobalamin transfer to the foetus, given that, maternal 

cobalamin stores are depleted during pregnancy, and cobalamin is accumulated in the 

Figure 4. Cobalamin-dependent isomerisation of methylmalonyl-CoA to succinyl-CoA via 
methylmalonyl-CoA mutase.  

Keto-AA, ketogenic amino acids; MMA-CoA mutase, methylmalonyl CoA mutase; OC-Fatty acids, 
odd chain fatty acids. Catabolism of odd chain fatty acids and ketogenic amino acids. 
Adapted from (486) 
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placenta and foetus in mice (62). However, this hypothesis has not been tested in humans 

and available evidence suggests that only newly absorbed maternal cobalamin accumulates 

in the foetoplacental organs (63,65,78). In support of this theory, supplementation with 50 

µg/day from 10 GW to 6 weeks postpartum did not reduce maternal MMA nor tHcy in 

Indian women, despite reducing child MMA and tHcy at 6 weeks postpartum (78). Cord 

blood cobalamin and holoTC concentrations are higher than at any point during pregnancy, 

suggesting a high foetal demand for these metabolites (76).  

In normal pregnancy, plasma MMA increases as pregnancy progresses and despite 

haemodilution. This phenomenon may be explained by higher cobalamin transport to the 

foetus during pregnancy, as reflected by higher correlations between maternal cobalamin 

and cord blood MMA as pregnancy progresses. However, cobalamin status also affects late 

pregnancy MMA concentrations, which are higher in mothers with low (<67 pmol/L) than 

with normal preconception plasma holoTC (76).  

After birth, child serum cobalamin decreases considerably and this is accompanied by an 

increase in plasma tHcy and MMA (79,80). The lowest serum cobalamin and highest tHcy 

and MMA occur in infants aged between 6 weeks and 6 months. Subsequently cobalamin 

increases, peaking at 3-7 years before decreasing again. Plasma tHcy remains low until the 

age of 7 years when it starts to rise until reaching young adult concentrations at puberty. 

MMA concentrations remain low throughout childhood (81). The apparently impaired 

cobalamin metabolism observed in infants has been suggested to be harmless, and related 

to developmental, physiological or nutritional factors inherent to this age group. Moreover, 

elevated MMA may be caused by increased propionate production by intestinal bacteria 

(82), rather than by liver or kidney immaturity (83). Thus, metabolic but not clinical 

cobalamin deficiency might be common among apparently healthy infants in developed 

countries, and may not be confined to sporadic cases related to exclusive breastfeeding 

combined with poor maternal cobalamin status.  
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Environmental and genetic determinants during pregnancy and childhood 

Cobalamin deficiency (plasma cobalamin <148 pmol/L) is a public health concern 

worldwide, and has been the subject of detailed reviews (84,85). In developing countries, 

low socioeconomic status, low consumption of animal foods or derivatives and low 

educational level are associated with impaired cobalamin status (86). As cobalamin 

turnover rate is low, depletion is a lengthy process. Therefore, inadequate cobalamin 

intakes or malabsorption must be permanent in order to achieve cobalamin concentrations 

considered deficient. In India, an elevated prevalence of cobalamin deficiency has been 

observed (87,88), but is mainly due to vegetarianism and restricted access to animal food 

sources. These are not likely to be the causes of cobalamin deficiency (or marginal 

deficiency) in developed countries, where marginal deficiency is mainly due to food-bound 

cobalamin malabsorption (89,90). In these countries, despite low prevalence of cobalamin 

deficiency, it affects population subgroups such as the elderly and pregnant women (76,91–

93). Currently, there is no clear agreement on the cut-off point for adequate cobalamin 

status either during pregnancy or in children. Thus the cut-offs for cobalamin, holoTC, tHcy 

and MMA applied in the general population, have been applied in pregnant women and 

children (65,94,95). Distribution based cut-offs have also been used (94,96,97). This 

complicates comparisons between studies and the study of cobalamin deficiency 

prevalence.  

The prevalence of cobalamin deficiency at preconception was almost 10% in a Spanish 

population not taking cobalamin-containing supplements. More than 50% of women had 

subclinical deficiency (<221 pmol/L) by 32 GW (76). Higher rates of cobalamin deficiency 

during pregnancy were reported in studies carried out in the UK (93,98) and Canada (99). 

These reports of deficiency or marginal deficiency in cobalamin in countries with 

widespread access to animal food sources and comparatively little restriction of intake for 
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religious reasons, illustrate that deficiency is highly prevalent in pregnancy. Deficiency 

during pregnancy is not accompanied by metabolic abnormalities, as reported by unaltered 

MMA concentrations in these studies (76). It is important to collect the blood samples as 

early as possible during pregnancy, to avoid confounding by physiological phenomena that 

may affect intra-subject variability.  

Several environmental factors have been identified as determinants of cobalamin status 

during pregnancy. Higher age, BMI, parity, smoking and alcohol consumption were 

associated with lower (91,92,100) and supplement use with higher cobalamin status 

(91,92). Cobalamin supplementation in doses ranging from 2.6 to 250 µg/day increases 

maternal cobalamin status or prevents its normal decline (65,78,101–103). However, only 

very high doses of cobalamin, exceeding almost 100 times the RDA, led to a reduction in 

plasma MMA or tHcy concentrations (102).  

Maternal cobalamin status is the major determinant of cobalamin in the offspring up until 

the age of two years (80,95,104,105). Child cobalamin deficiency is considered to be 

secondary to maternal cobalamin deficiency. Physiological doses of cobalamin during 

pregnancy increase postnatal child cobalamin status, while reducing MMA and tHcy 

(65,78,101,102). Only one study, carried out in India has investigated whether the impact of 

cobalamin status during pregnancy on child cobalamin persists after two years of age (106). 

Exclusive breastfeeding for extended periods places greater nutritional demands on the 

mother. Therefore, longer exclusive breastfeeding, as well as breastfeeding per se, reduces 

child serum cobalamin (97,107). High concentrations of odd-chain fatty acids in breast milk 

might be responsible for increased MMA concentrations in breastfed children (108). In 

2001, the WHO recommended that all infants should be exclusively breastfed until the age 

of 6 months, but several concerns have emerged given the insufficient available evidence to 

support this recommendation (109,110). Additionally, both parity (80), and maternal 

smoking during pregnancy (111) have been associated with reduced cobalamin status in the 

neonate. However, whether these effects persist after the neonatal period remains 
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unknown (105). In children, deficiency due to malabsorption increases with age (85), and 

limited access to animal food sources, and maternal depletion are the main causes of 

cobalamin deficiency at younger ages. Inborn errors of cobalamin absorption, transport and 

metabolism as causes of deficiency are very rare (112). Sex does not affect cobalamin status 

in children before puberty (81,113). Data from the National Health and Nutrition 

Examination Survey (NHANES) 1988-94 showed that less than 5% of children in the USA had 

cobalamin intakes below the RDA (59). According to this, the prevalence of cobalamin 

deficiency was lower than 1% (114). Fortified ready-to-eat breakfast cereals contribute 

significantly to reaching the RDA (115,116), however, data regarding their contribution to 

cobalamin status remains inconsistent (116,117). A meta-analysis of 76 studies including 

1490 children published in 2001, reported that the mean cobalamin concentration in 

Spanish children aged 0-15 years old was 502 pmol/L (standard deviation, 93.7) (118). Data 

regarding child cobalamin status (or functional status) in developed countries is limited to 

few reports from Norway (81), USA (119), UK (120), Belgium (121) and Greece (122). In 

addition, none of these studies reported data regarding the association between maternal 

and child cobalamin status. 

A vast number of genetic variants associated with cobalamin absorption, transport or 

metabolism have been described. In this thesis, emphasis is put on non-synonymous 

polymorphisms, with a sufficiently high frequency of the variant allele to explore its effects 

on cobalamin status.  

The sequencing of the TCN2 gene led to the identification of numerous single nucleotide 

polymorphisms (SNP) (123,124). Bearing in mind the function of transcobalamin in the 

cellular uptake of cobalamin, genetic variants affecting this protein could have subtle, but 

potentially important effects on the intracellular regulation of cobalamin functions. The 

TCN2 776C>G (rs1801198) genetic variant is one of the most studied SNPs in the TCN2 

gene. The prevalence of the variant allele is high, although marked differences between 

ethnic groups exist (125,126). The variant G allele has been reported to affect 35-45% of 
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Caucasians in convenience samples. The common cytosine to guanine substitution at base 

position 776, results in the replacement of proline (CCT) with arginine (GCT) at codon 259 

(127). A higher transcription of TCN2 has been associated with the C allele in comparison 

with the G allele (127,128). Consistent with these results, lower transcobalamin 

concentrations have been observed in variant homozygotes (127–130). These findings led 

to numerous reports in which the associations between this SNP and cobalamin 

metabolism biomarkers were reported, however, with different findings (125,128,131,132). 

It has been consistently reported to modify the effect of cobalamin status on plasma tHcy 

(125,133–135). The presence of the variant allele has been associated with higher tHcy in 

subjects with low cobalamin status. As for MMA, the effects remain inconclusive (132,134). 

The effects during pregnancy on MMA have not been studied yet, and the effects on tHcy 

are limited to case-control studies. However, this SNP has been associated with lower 

transcobalamin, holoTC and holoTC/ transcobalamin ratio (129). The only study performed 

in children reported higher tHcy in homozygous variant compared to common genotypes 

(136). 

A key enzyme in the cobalamin-dependent remethylation of Hcy is MTR whose 

methylcobalamin cofactor cycles between different oxidation stages. During this process, 

MTRR maintains cobalamin in its active form, and transfers a methyl group from SAM to 

cobalamin. This enzyme does not only participate in the reductive activation of MTR 

(137,138), but also in its stabilisation (139). Two of the most studied non-synonymous 

polymorphisms of the gene encoding this enzyme are located at the 66 (rs1801394) and 

524 (rs1532268) loci. Both genetic variants reduce the affinity of MTRR for MTR leading to 

lower reactivation of the enzyme (140). The genetic variant at locus 66 (adenosine to 

guanine substitution) is located within the flavin mononucleotide binding domain of the 

enzyme and may interfere with MTR (140). This polymorphism encodes a methionine in 

place of isoleucine at codon 22. The cytosine to thymidine substitution at base position 524, 

results in the replacement of serine with leucine at codon 175. The frequency of the variant 
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allele at the 66 loci is highest in Caucasian (20-38%), and much lower in Asian (7-10%) and 

African (6-8%) populations (141–143). The frequency of the variant allele of the MTRR 

524C>T was 37% in a population based study carried out in Spain (144). Metabolic effects 

have been largely studied for the 66A>G, but not for the 524C>T SNP. However, conflicting 

effects of MTRR 66A>G on tHcy have been reported. Some authors have observed higher 

tHcy concentrations in GG carriers compared to AA (145–148), while others found no 

differences (149–155). It is important to highlight, that gene-nutrient and gene-gene 

interactions may partly explain these inconsistent findings. In a recent study carried out in a 

Spanish population, neither MTRR 66A>G nor 524C>T genetic variants were associated with 

plasma tHcy in unadjusted models, but these effects were modified when stratified by 

cobalamin and/or riboflavin status (only for MTRR 524C>T) (156). In contrast, analysing the 

same population data, the authors observed lower plasma tHcy in the presence of the 

MTRR 524 TT compared to CC genotype (144). This time, the associations were adjusted for 

various SNPs related to folate transport or metabolism, and to B vitamins status, among 

other environmental factors. This illustrates the importance of considering multiple 

nutrients and SNPs affecting 1C metabolism in analytical models rather than isolated 

enzymes or nutrients. The effects of the MTHFR 677C>T SNP were modified by both the 

MTRR 66A>G and 524C>T SNPs (144). 

 

Cobalamin status and adverse pregnancy outcomes 

Globally, clear recommendations to take folic acid-containing supplements from 

preconception throughout the first trimester to prevent NTDs are widespread (157). 

However, no recommendations are in place for cobalamin supplement use. In addition, 

most prenatal supplements contain, if any, such small amounts of cobalamin that they are 

unlikely to correct marginal deficiencies.  
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Over the years, a significant number of authors have reported on the associations between 

inadequate cobalamin status during pregnancy and adverse pregnancy outcomes. Table 2 

summarises the published prospective birth cohort studies performed to analyse the 

associations between cobalamin from preconception and during pregnancy with 

miscarriages, preterm live births, small-for-gestational age (SGA) and birth weight. Elevated 

plasma tHcy has also been associated with various adverse pregnancy outcomes, but these 

are described in the following chapter.  

The effect of cobalamin status on materno-foetal health is evident from the preconception 

period. Adequate preconception cobalamin concentrations (≥258 pmol/L) were associated 

with a 60% reduced risk of preterm birth (odds ratio: 0.4; 95% confidence interval [CI]: 0.2, 

0.9) (158), but did not affect pregnancy loss or probability of conception in Chinese women 

(159). This is relevant because preterm births accounted for 29% of neonatal deaths 

worldwide in 2010 (160,161) and postnatal survival increases with increasing gestation 

length (162). Cobalamin deficiency, and markers of impaired cobalamin metabolism have 

been associated with increased risk of early or spontaneous and recurrent miscarriage 

(96,163). However, to date, these effects have not been confirmed in prospective cohort 

studies (88,100,158,159,164–166). In India, first and second trimester low cobalamin 

intakes have been associated with increased risk of SGA (166). In line with these results, low 

cobalamin status in the same stages of pregnancy was associated with increased SGA risk. 

Most of the available evidence supporting a deleterious effect of inadequate cobalamin 

status during pregnancy is limited to developing countries. In industrialised countries, there 

is no apparent effect of low maternal cobalamin on adverse pregnancy outcomes 

(91,100,164,165), even if cobalamin inadequacy during pregnancy is also highly prevalent 

(91,93,100). In addition, available evidence is restricted to a small number of publications, 

and some methodological flaws are apparent, such as the use of non-fasting blood samples 

and large inter-individual variation in the timing of blood sampling.  
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Table 2. Summary of prospective cohort studies assessing the link between cobalamin status 
and adverse pregnancy outcomes. 

 

Country, 
Year 

Outcome n (%) Stage 
Cobalamin  
(pmol/L)1 

Change or 
effect 

RR or means 
difference 
(95% CI) 

       

China, 
2002 2 (158) 

Preterm live 
birth 

29 (6.7) 

Prec3 363 (122) 
<258 vs. 

≥258  
pmol/L 

0.4 (0.2; 0.9) 

SGA 65 (15.4) 0.9 (0.3; 2.3) 

LBW 33 (7.8) 1.1 (0.5; 2.3) 

UK, 
2006 (164) 

Miscarriage 25 (5.2) 
Egg  

recovery 
- 

1 unit 
increase 
(pg/ mL) 

0.9 (0.6; 1.2) 

India, 
2006 (88) 

SGA 
108 

(28.6) 

12 GW 232 (87) 
Tertiles 

(T1 vs. T3) 

6.0 (1.7; 20.7) 

24 GW  9.3 (2.9; 29.7) 

34 GW  2.8 (1.0; 7.9) 

Japan, 
2007 2 (165) 

Birth weight 96 

7-14 GW 405 (146) 1 unit 
increase 
(pmol/L) 

-1.05 (p= 0.08) 

26-29 GW 301 (96) -5.3 (p= 0.38) 

34-36 GW 265 (95) 0.78 (p= 0.44) 

China, 
2007 2 (159) 

Miscarriage 139 (29) 
Prec3 363 (122) 

<258 vs. 
≥258 

pmol/L 

0.9 (0.5; 1.6) 

Conception4 486 (42) 0.9 (1.6; 1.3) 

Netherlands, 
2012 2 (100) 

Preterm live 
birth 

175 (5.7) 

13 GW 169 Quintiles 

No association 

SGA 135 (4.4) No association 

Preeclampsia 65 (2.1) No association 

India, 
2013 2 (166) 

SGA 99 (31.6) 
12 GW 186 Tertiles 

(T1 vs. T3) 

1.4 (1.0; 2.2) 

24 GW 182 1.5 (0.9; 2.3) 

Netherlands, 
2015 2 (91) 

GA at birth 
1950 13 GW 234 (94) 

Quartiles 
(Q1 vs. Q5) 

No association 

Birth weight No association 

GW, gestational weeks; LBW, low birth weight; Prec, preconception; Q, quartiles; RR, relative risk; 
SGA, short-for-gestational age; T, tertiles. 
1 Mean (SD). When units were pg/mL, mean and SD were multiplied by 0.738. 
2 Fasting conditions not reported or non-fasting confirmed. 
3 Preconception was, on average, two menstrual cycles earlier than conception. 
4 Conception was based on daily urinary human chorionic gonadotropin. 
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Cobalamin’s crucial role in DNA synthesis and repair is established but evidence for an 

effect on pregnancy anaemia is limited to cross-sectional or case-control studies (167–170). 

In addition, NTDs, which are severe birth defects caused by failure of the neural tube to 

close during early foetal development, have been linked with cobalamin deficiency in 

populations with widespread low cobalamin or replete folate status. The prevalence of 

NTDs is 6.7 to 8.2 per thousand live births in some parts of India (171), where cobalamin 

deficiency is widespread (172,173). The role of folic acid in preventing NTDs is well 

established, however, its protective effect may be limited in cobalamin deficient subjects. 

In Canada, where folic acid fortification began in mid-1997, Ray and collaborators reported 

that in women with holoTC concentrations ≤55.3 pmol/L the risk of NTD-affected 

pregnancy was almost tripled compared to women with holoTC concentrations over 121 

pmol/L (adjusted OR: 2.9; 95% CI: 1.2, 6.9) (61). The importance of cobalamin in the 

prevention of NTDs was also observed in an Irish case-control study (44). The authors 

recommended then, that all women should aim for plasma cobalamin concentrations >221 

pmol/L at preconception in order to reduce the incidence of NTDs. Recently, the WHO has 

recommended more research on the added value of cobalamin in the prevention of NTDs 

(174).  

The effect of the TCN2 776C>G genetic variant on NTDs remains inconsistent (175,176). 

However, a role in the aetiology of Down Syndrome (177,178) and miscarriage (179,180) 

has been suspected. Other adverse pregnancy outcomes in relation to the TCN2 776C>G 

SNP have not been investigated.  

As is the case for the MTRR SNPs, the effect of the maternal MTRR 66A>G SNP on NTDs 

varies according to cobalamin status (181). Moreover, a meta-analysis on the potential 

association between this variant and NTD risk concluded that the maternal 66 GG genotype 

increased the risk by 55% (182). However, available evidence has shown inconclusive 

results, with some studies either reporting no effects (183–185) or increased risk of NTD 

(176,186,187). Congenital defects apart from NTDs, such as congenital heart defects or 
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Down Syndrome have been linked with the MTRR 66A>G genetic variant (188–190). A 

higher spontaneous preterm birth prevalence was reported in women with the 

homozygous variant compared to homozygous common genotype (191). Surprisingly, the 

variant allele was associated with reduced BMI in adolescents (192); however these findings 

have not been replicated yet. 
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3. Folates 

Food folates and folic acid: sources, bioavailability and requirements 

Folate is a generic term for a family of water-soluble vitamins, structurally related and 

required for intracellular DNA, RNA and amino acid synthesis. Folate-dependent enzymes 

exceed intracellular folate concentrations (193), and thus the diverse biosynthetic pathways 

compete for a limited pool of folate (194,195).  

As in the case of cobalamin, mammals cannot synthesise folate and require preformed 

folates from the diet. Naturally occurring folates are a mixture of reduced forms of the 

vitamin (predominantly 5-methylTHF), and are usually found in the polyglutamylated form, 

containing a varied number of polyglutamate residues. In contrast, the synthetic form (folic 

acid), which is found in fortified foods or supplements, contains only one glutamate residue 

and is fully oxidised (196), and considerably more resistant to thermolabile destruction and 

more stable than naturally occurring food folates (197). Mandatory folic acid fortification of 

enriched cereal grain products began in January and November 1998 in the USA (198) and 

Canada(199) respectively, and has led to an increase in the folate content of staple foods 

such as bread, rice and pasta. In the NHANES 2003-06 from the USA, daily folic acid intake 

was estimated to be 117 µg for women consuming only enriched cereal-grain products, but 

reached 621 µg per day in women also consuming folic acid supplements and ready-to-eat 

breakfast cereals (14% of the population) (200). The polyglutamylated forms constitute 

two-thirds of the total folate intake in the non-fortified Norwegian population, and are 

mainly consumed through vegetables, bread and potatoes (201). In the USA, before 

mandatory fortification with folic acid, orange juice, white bread, dried beans, green salad 

and ready-to-eat breakfast cereals were the major sources of folate, contributing to 37% of 

the total daily intake (202). 

Controlled long-term feeding trials have estimated that the relative bioavailability of food 

folates is lower than that of folic acid, but varies widely between studies, ranging from 30-
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98% (203–207). Factors such as intestinal hydrolysis of polyglutamate residues, food folate 

conjugation, folate absorption in the small and large intestine, food matrix, instability of 

labile folates before ingestion or during digestion, and genetic variants that affect folate 

absorption or transport can potentially modulate the bioavailability of food folates (208). 

Other studies have estimated the bioavailability of food folates to be 50%, and that of folic 

acid (either in fortified food or as a supplement) 85% when taken with foods, or 100% when 

taken with water on an empty stomach (59,209). Thus, folic acid is 1.7 or twice as 

bioavailable as folates from food sources and bioavailability must be considered when 

assessing dietary intakes. Dietary Folate Equivalents (DFE) are defined as the quantity of 

food folates, plus the quantity of folic acid in the diet multiplied by 1.7 (210). This approach 

is used to calculate RDAs in some (59), but not all countries (60). RDAs calculated by the 

IOM and the Spanish recommendations for daily folate intake from preconception and until 

mid-childhood are described in Table 3. 

In 1991, a study on the effects of daily preconceptional folic acid (4 mg) supplementation 

on the risk of recurrent NTDs, reported a 72% (relative risk: 0.28; 95%CI: 0.12-0.71) 

reduction in the risk of NTD recurrence (6). One year later, Czeizel and coworkers reported 

a reduction in the first occurrence of NTDs after preconceptional supplementation of 

multivitamins containing 0.8 mg of folic acid, other vitamins and trace elements (7). The 

IOM recommends that all women capable of becoming pregnant take 400 µg/dday of folic 

acid from supplements or fortified foods to prevent NTDs (59). These recommendations 

have also been adopted in Spain (60). During pregnancy, the RDA is set at 600 µg of DFE, 

independently of age. This recommendation stemmed from the fact that low dietary intake 

plus 100 µg is insufficient to maintain normal folate status, and so, 200 µg of DFE were 

added to the Estimated Average Requirement (EAR) of non-pregnant women. The Spanish 

RDA is set at 500 µg of folate per day. The adequate intake for infants from birth to 6 

months is set at 65 µg/day and is derived from the average daily volume of breast milk 

(0.78 L) and the average folate concentration of human breast milk after 1 month of 
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lactation (85 µg/L). Adequate intakes for infants aged between 7 and 12 months, were 

extrapolated from the adequate intake for 0-6 month infants, and is set at 80 µg/day. The 

Spanish RDA equals the adequate intake for younger infants, and is lower than the IOM for 

infants aged 7-12 months (50 µg/day). The RDA for children aged 1-8 years was set by 

extrapolation from adult values.  

Table 3. RDA for folates (µg/ day) from preconception until mid-childhood. 
 

 IOM (59)1 Spanish (60) 
Preconception 4002 400 
Pregnancy 600 5003 
0-6 months 654 60 
7-12 months 804 50 
1-3 years 120 100 
4-5 years 160 150 
6-9 years 160 200 

1 Dietary folate equivalents, otherwise indicated. 
2 Folic acid. 
3 Second half of pregnancy. 
4 Adequate Intakes. 

 

Absorption, transport and metabolism  

Folate absorption is a multistep process that primarily occurs in the duodenum and upper 

jejunum and involves a number of transport systems that operate efficiently within the 

acidic medium of the intestinal surface (211). The polyglutamylated forms (most of the 

naturally occurring food folates) must undergo deconjugation by brush border membrane 

folate hydrolase 1 (FOLH1, EC 3.4.17.21) in the small intestine before absorption. This is an 

obligatory step in folate absorption, given that only monoglutamyl forms cross cell 

membranes (Figure 5). After this step, folate monoglutamates are absorbed through 

saturable or nonsaturable mechanisms. Saturable mechanisms include a number of carrier- 

mediated transport proteins that include the reduced folate carrier (RFC1) and the proton  
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coupled folate transporter (PCFT) (212). The RFC1 has a low affinity for reduced folate and a 

highly reduced affinity for folic acid. In contrast, the PCFT has a similar affinity for both the 

reduced forms and folic acid, which is readily transported across the intestinal epithelium 

Figure 5. Absorption and hydrolysis of folic acid and food folates, and transport across the 
brush border membrane. 

Abbreviations: DHF, dihydrofolate; DHFR, dihydrofolate reductase; FOLH1, ; MTHFD1, 
methylenetetrahydrofolate dehydrogenase; MTHFR, methylenetetrahydrofolate reductase; PCFT, 
proton-coupled folate transporter; RFC1, reduced folate carrier; SHMT, serine 
hydroxymethyltransferase; THF, tetrahydrofolate. Food folates are mainly 5-methylTHF, and thus 
can cross to the bloodstream readily after its deconjugation. Adapted from (487) and (208). 
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by PCFT. Both transmembrane transporters are expressed on the apical membranes of the 

intestine, and their mRNAs are up-regulated under folate depletion conditions (213).  

Given the acidic medium of the intestine, most of the absorbed folate is internalised to the 

enterocytes by PCFT, and not by the RCF1, which functions optimally in neutral mediums 

(212,213). Folic acid is metabolised to reduced folates, primarily 5-methyl-THF, during its 

passage through the enterocytes, however, low levels of unmetabolised folic acid (free folic 

acid) may be found in plasma from subjects consuming folic acid from supplements or 

fortified foods. DHFR mediates the reduction of folic acid, and its activity in humans is 

limited and varies considerably between persons (214). This limited ability to activate the 

synthetic form of folic acid may raise folic acid in circulation. Folic acid may appear in the 

circulation as unmetabolised folic acid in different degrees without being previously 

reduced. This form was detected in 94% of Irish elderly unexposed to folic acid fortification, 

however, it only accounted for 1.3% of total plasma folate (215). Other studies have 

reported that plasma free folic acid concentrations increase with folic acid supplementation 

(216). More recently, unmetabolised folic acid has been reported to be detectable across all 

age ranges in the USA population (217), but in a higher proportion (4%) than in Irish elderly 

adults (216). However, it is important to highlight that no differences in unmetabolised folic 

acid concentrations were observed between women randomly allocated to receive 400 µg 

of folic acid/day throughout the second and third trimester and placebo (218).  

Cellular folates exit the basolateral membrane by a mechanism probably involving the 

multidrug-resistance-associated protein (219). Circulating folate, mainly 5-methylTHF, binds 

to low -affinity proteins, with 50% of it bound to albumin. A smaller amount is bound with 

high affinity to folate receptors (FR), a family of three closely related folate-binding proteins 

(FRα, FRβ and FRγ) that can mediate the internalisation of folates into cells. Membrane 

transport of folates from the portal system, where the pH is 7.4, into tissue cells is 

principally mediated by RFC1, and not PCFT. Transplacental transport may be mediated 

either by FRβ, RFC1 or PCFT because all are expressed in placental tissue (212,220–223).  
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Folate concentration in red blood cells (RBC) is much higher than in plasma, and almost all 

RBC folates are 5-methylTHF polyglutamates. The polyglutamate peptides must be re-

established by folylpoly-γ-glutamate synthetase (FPGS, EC 6.3.2.17) before they can be 

retained in the cell for its normal metabolic functioning (224). Substrate competition for the 

FPGS limits the extent of polyglutamylation, and thus the degree in which folates are 

sequestered by the cell (225). Moreover, polyglutamylation increases folate affinity for 

folate-dependent enzymes (226). Monoglutamate forms not metabolised to longer-chain 

polyglutamates may be lost from the cell. As the catalysis of 5,10-methylTHF is irreversible 

in vivo, cobalamin deficient subjects experience a block in the cobalamin-dependent Hcy 

remethylation pathway. Given that 5-methylTHF cannot bypass the block imposed by the 

limited cobalamin, folates are unavailable for DNA synthesis and repair, mimicking folate 

deficiency which is known as the “methyl folate” trap hypothesis (227). In addition, 5-

methylTHF has a low affinity for FPGS (228), and thus 5-methylTHF is not retained in the 

cell, causing decreased intracellular folate and it to be increased in the bloodstream in in 

vitro and in vivo models (229,230). However, to the best of our knowledge, this hypothesis 

has been scarcely investigated in humans.  

The predominant form of folate found in foods (5-methylTHF) is readily used as a substrate 

for the remethylation of homocysteine to methionine, by MTR whose cofactor is 

cobalamin. This reaction also produces THF, which can be methylated by glycine, and thus 

form 5,10-methyleneTHF, or can be catalysed to generate formate and enter the purine 

synthesis pathway. The MTHFR enzyme (EC 1.5.1.20) catalyses the NADPH-dependent 

reduction of 5,10-methyleneTHF to 5-methylTHF, which carries the methyl group for MTR. 

The MTHFR is the only enzyme known to generate 5-methylTHF and is crucial in the folate-

cobalamin metabolic axis within the cell because it regulates the balance between 

thymidylate (for DNA synthesis) and methionine synthesis (methylation reactions). This 

reaction is irreversible in vivo (231) and diverts one methyl group from thymidylate 

synthesis to Hcy remethylation.  
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Plasma folate and RBC folate have been widely used to assess folate status in population-

based studies. In addition, plasma tHcy is used as a non-specific functional biomarker for 

folate status (232).  

 

Folate status and its determinants from preconception to mid-childhood 

The prevalence of folate deficiency is not widespread worldwide (233), but is highly 

prevalent in some countries such as France (234) or Spain (144). It is not associated with 

development level or geographical location, and may be widespread in well-nourished 

populations (233). The cut-off point for plasma folate deficiency was originally set at 7 

nmol/L (235). Nowadays, plasma folate <10 nmol/L is considered deficient, based on 

increased plasma tHcy compared to at higher folate concentrations (236). This cut-off has 

been adopted by the WHO for the assessment of population folate status (237). However, 

serum folate is highly responsive to folic acid intakes, and is considered a measure of recent 

intake. RBC folate represents the amount of folate that accumulates in blood cells during 

erythropoiesis, and is a longer-term indicator of folate status, which is particularly critical in 

the early stages of development. The threshold for folate deficiency according to RBC was 

set at 340 nmol/L (237). Inadequate intake is the leading cause of folate deficiency, and 

increased requirements are also an important cause. Pregnancy has been recognised as a 

period when folate requirements are increased to support rapid cell replication and growth 

in foetal, placental and maternal tissues. In 2015, the WHO recommended an optimal 

threshold for RBC folate of 906 nmol/L (174) above which the greatest prevention of NTD 

would be achieved in women of reproductive age (238,239). In the NHANES 2007-12 

survey, in the USA, Tinker and colleagues reported suboptimal RBC concentrations in 22.8% 

of women of childbearing age (240). These results suggested that a higher frequency might 

be expected in countries without mandatory fortification. The prevalence of folate 

deficiency (plasma folate <7 nmol/L) in women of childbearing age was 24.2% in a Spanish 
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population study that excluded B vitamin supplement users and in the absence of 

mandatory folic acid fortification (144). Moreover, folate deficiency during pregnancy has 

been shown to be highly prevalent in Western countries where fortification with folic acid is 

voluntary (91,93,100).  

Substantial changes in folate biomarkers occur during pregnancy. Plasma folate decreases 

rapidly from the first trimester (241–243); with a larger reduction in women that cease 

regular folic acid supplement use (244) and in variant allele carriers of the MTHFR 677C>T 

polymorphism (245). Although RBC folate has been reported to follow the same pattern 

(244,246,247), a moderate increase was reported in another study (248). However, this 

study included only women with uneventful pregnancies and normal outcomes, and folic 

acid supplement regime was not reported. Serum folate does not decrease when folic acid 

supplementation is continued throughout pregnancy and in fact, RBC folate increases (249). 

Figure 6 shows the fluctuations of plasma tHcy from preconception until labour and in cord 

blood according to folic acid supplementation. THcy decreases by 30% from preconception 

until the first half of pregnancy, and then increases, almost reaching preconception 

concentrations by labour (38,250). The decrease in early pregnancy is not explained by folic 

acid supplementation, serum albumin decline, nor haemodilution, and has been proposed 

to be endocrine-based (250).  
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Most of the surveillance on folate status focuses on adults, however, some publications 

report on folate status in UK, Norwegian and USA children. In infants, both serum and 

whole blood folate are high during the first year of life, and decrease to the median 

concentration found in early childhood (81). The low cobalamin status in the first year of 

life could explain the elevated serum/plasma folate status found in this age group, as a 

result of the “methyl folate” trap, which would lead to high plasmatic folate status (227). 

Moreover, the reduction of both tHcy and serum folate following cobalamin injections 

further supports this hypothesis. After this age, there is a decline in folate status from 

childhood to adolescence (81,119,120). The mechanisms underlying this decline, despite a 

Figure 6. Plasma tHcy concentrations at preconception and during pregnancy and cord 
blood according to folic acid supplement intake. 

Geometric mean (bars define standard error). Continuous line: women taking folic acid supplements, 

dotted line: women not taking folic acid supplements. From (38). Unsupplemented group (▴): 
preconception and 8 and 20 weeks of pregnancy (n = 54); 32 weeks of pregnancy (n = 53); labour 
and foetal cord (n = 47). Group taking folic acid supplements during the second and/or third 
trimesters (▪): preconception (n = 39); 8 and 20 weeks of pregnancy (n = 35); 32 weeks of pregnancy 
(n = 38); labour (n = 37); foetal cord (n = 36). From (38). 

Foetal 

UNIVERSITAT ROVIRA I VIRGILI 
PRENATAL ONE CARBON METABOLISM AND IN UTERO PROGRAMMING OF GROWTH AND ADIPOSITY IN THE OFFSPRING 
Pol Solé Navais 
 



49 
 

normal folate intake, are not clear. However, it might suggest increased folate 

requirements in order to sustain growth. Folate status in pre-school and school age children 

seem not to be compromised based in reports from developed and less developed 

countries (81,94,119,120,251–253).  

In 1997, only one third of USA women of childbearing age consumed supplements 

containing the recommended daily amount of folic acid (254). As a result, mandatory folic 

acid fortification programmes were implemented in the USA and Canada in 1998. In 2015, 

79 countries had implemented the mandatory fortification at least of industrialised milled 

wheat flour with folic acid (255). Such policies have notably increased folate status. In the 

USA, post-fortification RBC folate was 1.5 times greater than pre-fortification (11). 

Furthermore, tHcy was reduced by approximately 10% (11). Moreover, in the Framingham 

Offspring Study cohort, folate deficiency (<7 nmol/L) decreased from 22 to 1.7% and 

hyperhomocysteinemia (>13 µmol/L) decreased from 18.7 to 9.8% after fortification (256). 

The same effect on RBC folate was observed in Canadian women of reproductive age (257), 

and in Chilean women whose RBC folate increase was notably higher (250%) (258). 

Voluntary fortification of foods has also enhanced RBC folate, but only in subjects 

consuming more than 40 µg/day of folic acid from fortified foods (259). However, only 55% 

of the women that consumed ≥99 µg/day of folic acid from fortified foods had optimal RBC 

concentrations (>906 nmol/L).  

Although folic acid intake is one of the major determinants of folate concentrations during 

pregnancy, other factors also affect folate status. In adults, several drugs, such as 

antiepileptic (260,261), folate antagonists (262) or antihypertensive drugs (263) have been 

associated with lower plasma folate and higher tHcy concentrations. Higher BMI (91,264–

266), impaired renal function (267), age (100,268), smoking (100,268) and a low 

socioeconomic status (91,100,268) have also been linked with lower serum folate and 

higher tHcy both in adults and during pregnancy. High BMI could reflect low folate intake 

and a low quality-diet containing small amounts of green leafy vegetables and fruits. 
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However, the association between BMI and RBC folate is not consistent, with observations 

either reporting positive (264,266) or negative effects (269–271). These disparities between 

serum and RBC folate according to BMI, suggest that BMI affects cellular uptake and tissue 

distribution of folate. This hypothesis was confirmed by the observation of different 

pharmacokinetic responses to folic acid supplementation between obese and normal 

weight women of childbearing age (272). It is important to highlight that, the contraposed 

effects of BMI on serum and RBC folate were only found in countries where folic acid 

fortification is mandatory (264,266,272–274). In non-fortified populations (before the 

implementation of fortification, or never fortified), BMI is not associated with RBC folate 

(269–271,275). Whether this phenomenon occurs in a population exposed to voluntary 

fortification, but with an elevated consumption of folic acid supplements is still unknown, 

and may have relevant implications since both low folate and high BMI are risk factors for 

NTD affected pregnancies. 

In children, BMI has also been negatively associated with serum folate and positively with 

both tHcy and RBC folate (265,274,276). In breastfed infants, human breast milk folate is 

maintained at the expense of maternal stores (277) and maternal and cord blood folate 

concentrations are the main determinants of folate status at the age of 6 months (105). In 

contrast to cobalamin concentrations, folate concentrations in neonates are positively 

associated with duration of exclusive breastfeeding (97). This may be due to the high 

bioavailability of folate from breast milk (278). In older children consuming ready-to-eat 

breakfast cereals, serum and RBC folate and tHcy concentrations were higher and lower 

respectively compared with non-consumers (120). It remains unclear whether the effect of 

maternal and exclusive breastfeeding on child folate biomarkers persist later than two 

years of age. No sex-differences in folate status biomarkers have been observed for 

children under 15 (83,113,120,279).  
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Genetic determinants of folate biomarkers have been widely studied. The genetic variant 

that has attracted most of the attention in the last decade is a nonsynonymous mutation at 

base position 677 of the gene encoding the MTHFR enzyme (rs1801133) (280). This cytosine 

to thymine substitution results in the replacement of an alanine with a valine at codon 222 

and produces a thermolabile enzyme with reduced activity in vivo (280). MTHFR catalyses 

the irreversible reduction of 5,10-methyleneTHF to 5-methylTHF, and thus can have a wide 

range of metabolic effects. The worldwide frequency of this polymorphism has marked 

geographical and ethnic differences. The variant homozygous genotype is more common in 

northern China (20%), southern Italy (26%) and in Mexico (32%) according to a report from 

2003, in which over 7000 newborns from 16 areas in the world were screened for the 

MTHFR 677C>T polymorphism (281). The lowest prevalence of the variant homozygous 

genotype was found in Canada, Finland and the USA and in newborns of African descent. 

Newborns of American Hispanic descent had the highest frequency of the variant allele. 

The metabolic phenotype of the variant allele of the MTHFR 677C>T polymorphism has 

been well established. A recent meta-analysis showed that variant homozygous subjects 

had, on average, 13% (95% CI: 7-18%) and 16% (95% CI: 12-20%) lower plasma/ serum and 

RBC folate, respectively, compared to common homozygous (282). Out of numerous SNPs 

affecting folate metabolism and transport, the MTHFR 677C>T had the greatest effect on 

folate status in a population that was unexposed to mandatory folic acid fortification or to 

folic acid supplement use (144). Moreover, MTHFR 677 TT is associated with higher plasma 

tHcy and lower RBC and plasma folates irrespective of the folic acid supplementation 

regime during pregnancy (29). Despite the well-established metabolic effects of this genetic 

variant in adults, its impact during childhood has been scarcely studied. However, available 

evidence suggests that the impact of this genetic variant on tHcy may be limited to older 

children (>10 years) (279,283,284), but increased tHcy in children with the homozygous 

variant genotype (2-17 years) has also been observed. The effects of the MTHFR 677 TT 

genotype on tHcy concentrations might be limited to boys (285) or to children with low 

folate status (284).  
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Folate status, homocysteine and adverse pregnancy outcomes 

The critical and multiple cellular pathways, which depend on folate, highlight the decisive 

role this vitamin exerts in the establishment of a healthy ageing phenotype. Epidemiological 

studies have suggested that inadequate folate status is associated with increased risk for 

leukaemia, lymphoma and colorectal, breast and prostate cancers (286–290). A dual effect 

of folate on cancer risk has been suggested. Given the role of the folate cycle in DNA repair 

and synthesis, folate can either prevent, in non-cancerous cells, events that initiate 

mutation transformations, and may promote their proliferation in cancer cells. Mason et al. 

observed in the USA and Canada that absolute rates of colorectal cancer began to increase 

in 1996 (in the US) and 1998 (in Canada), peaking in 1998 and 2000 in USA and Canada 

respectively, continuing to exceed the pre-fortification trends by 4-6 additional cases per 

100000 subjects (291). Although these observations do not provide causal evidence, the 

authors suggested that the initiation of folic acid fortification programmes could have 

induced the progression of lesions from adenomas or larger cancers that would hence 

become more evident at the time of routine screening. Moreover, the postfortification 

deviation from the downward trajectory was only temporary and with time returned to the 

original downward trend. It has been suggested that fortification uncovered neoplasms that 

would have been eventually recognised with time.  

A recent meta-analysis that included 50000 participants from 13 placebo-controlled clinical 

trials (10 trials for the prevention of cardiovascular disease and 3 in patients with colorectal 

adenoma), concluded that folic acid supplementation (>0.5 mg/ day) does not significantly 

increase or decrease the incidence of overall (RR, 1.06; 95% CI: 0.99-1.13) nor site-specific 

cancer during the first 5 years of intervention (292). The lack of effects of homocysteine-

lowering on the recurrence of cardiovascular events suggests that neither folic acid nor 

tHcy reduction prevent clinical events once the disease is already established (293). 
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Multiple B vitamin supplementation was reported to have beneficial effects against stroke, 

cognitive impairment and depression (40,294–296), however these results were not 

supported by a meta-analysis including 22000 participants. However, there was important 

heterogeneity in baseline participant conditions (healthy and severely demented or with 

excellent or poor B vitamin status were included) and intervention duration in the studies 

included in the analysis (297). 

The importance of folates, and a major driver of much of the attention regarding this 

vitamin, stems from its link with specific developmental disorders associated with 

anomalies in neural tube closure. There is strong and consistent evidence suggesting a 

causal role for folate in the incidence of NTDs, however, the underlying mechanisms have 

not been fully elucidated. It is more likely that complex interactions within the 1C 

metabolism network underlie the development of NTDs attributed to folate inadequacy. 

Mandatory fortification with folic acid reduced the prevalence of NTDs by 30% in the USA 

(8) and almost 40% in Canada (9). In European countries, the prevalence of NTDs has not 

decreased despite the existence of a voluntary fortification policy and longstanding 

recommendations targeting the promotion of preconceptional folic acid supplementation 

(298). A recent meta-analysis including 2033 participants with a history, and 5358 with no 

history of NTD, found that preconception supplementation with folic acid reduced the risk 

of having an NTD affected pregnancy by 70% (RR, 0.31; 95% CI: 0.17-0.58) (299). However, 

there is insufficient evidence on the effect of preconception folic acid containing 

supplement use on the prevalence of other birth defects (299). Due to the relevance of 

folates in the prevention of NTDs, the effects of folic acid supplementation during 

pregnancy on adverse pregnancy outcomes have been extensively studied. Figure 7 

summarises the main results of a meta-analysis performed with data from randomised, 

cluster- randomised and cross-over controlled trials evaluating the supplementation of folic 

acid alone (or with other micronutrients) versus no folic acid (placebo, or same 

micronutrients but no folic acid) during pregnancy on adverse pregnancy outcomes (300). 
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Supplementation with folic acid was only associated with a reduced risk of megaloblastic 

anaemia and with higher birth weight (mean birth weight difference: 135.8 g; 95% CI: 47.9, 

223.7 g), although the risk of a birth weight under 2500 g was not reduced (300).  

Impaired folate status has been associated with adverse pregnancy outcomes. Elevated 

tHcy has been consistently associated with different adverse pregnancy outcomes; birth 

weight is one of the most investigated. A negative association has been consistently found 

between maternal tHcy and birth weight in both industrialised and developing countries 

(38,39,100,301,302). In a previous thesis from our group, elevated first trimester tHcy (>7.4 

µmol/L) was associated with lower birth weight (β-coefficient: 139.6 g; standard error: 54.3; 

p= 0.011), increased risk of IUGR (OR: 8.2; 95% CI: 1.1, 58.7; excluding smokers throughout 

pregnancy) and pathological foeto-placental Doppler function (OR: 3.1; 95% CI: 1.0, 9.2) 

Figure 7. Associations between folic acid supplementation during pregnancy and adverse 
pregnancy outcomes. 

Relative risks and 95% confidence interval for the effect of folic acid supplementation during 
pregnancy versus no folic acid supplementation. Adapted from (300). 
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(303). Exposure timing is also essential in the association between tHcy and birth weight, 

which have been found as early as preconception, and until labour (38). In addition, the 

maternal variant allele of the MTHFR 677C>T SNP has also been associated with lower birth 

weight (39,302). Table 4 summarises prospective cohort studies assessing the link between 

tHcy and adverse pregnancy outcomes other than low birth weight. Elevated tHcy increased 

by 27-90% the risk for miscarriage (or pregnancy loss) in three prospective cohort studies. 

However, the associations with preterm live birth (100,158) or preeclampsia (or pregnancy 

induced hypertension) remain inconsistent (100,301). It should be noted that blood 

samples were collected in fasting conditions only in one study (164),  

Table 4. Summary of prospective cohort studies assessing the link between tHcy status and 
adverse pregnancy outcomes. 
 

Country, 
Year 

Outcome n (%) Stage 
tHcy 

(µmol/ L)1 
Analysis 

(µmol/ L) 
Results 
(95% CI) 

       

China, 
2002 2 (158) 

Preterm live 
birth 

29 (6.7) Prec3 8.6 ± 3.4 
>12.4 vs. 

≤12.4  
3.6 (1.3; 10.0) 

UK, 
2006 (164) 

Miscarriage 25 (5.2) 
Egg  

recovery 
- 

1 unit 
increase 
(pg/ mL) 

1.3 (1.0; 1.6) 

China, 
2007 2 (159) 

Miscarriage 139 (29) 
Prec3 8.6 ± 3.4 

>12.4 vs. 
≤12.4  

1.5 (1.0; 2.5) 

Conception4 486 (42) 0.7 (0.3; 1.4) 

Netherlands, 
2012 2 (100) 

Preterm live 
birth 

175 (5.7) 
<18 GW 6.9 

 ≤5.8 vs. 
≥8.3  

1.4 (0.9; 2.2) 

Preeclampsia 65 (2.1) 1.6 (0.9;2.9) 

Canada, 
2008 2 (301) 

Pregnancy 
loss 

103 (4.9) 

<20 GW 4.3-5.7 
≥P90 vs.  
<P90 

5 

1.9 (1.1; 3.2) 

Hypertension 115 (5.7) 0.6 (0.3; 1.2) 

Preeclampsia 65 (3.2) 2.3 (1.3; 4.3) 

GW, gestational weeks; Prec, preconception; tHcy, total homocysteine. 
1 Mean (or range) ± standard deviation (SD).  
2 Fasting conditions not reported or non-fasting confirmed. 
3 Conception was based on daily urinary human chorionic gonadotropin. 
4 Preconception was, on average, two menstrual cycles earlier than conception. 
5 Percentile 90 according to gestational age-specific tHcy deciles. 
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and those collected during pregnancy were drawn at mid-pregnancy, when tHcy has 

already started to decrease. This issue is very important because it adds inter-subject 

variability, and may account for many differences between observations of different 

studies. The MTHFR 677C>T genetic variant has also been linked with NTDs. A meta-analysis 

including 2000 subjects concluded that mothers with the MTHFR 677 TT genotype had 

doubled (odds ratio: 2.0; 95% CI: 1.5, 2.8) the risk of an NTD-affected pregnancy compared 

to the CC genotype (304). The effect of child genotype was almost the same as the 

maternal (odds ratio: 1.8; 95% CI: 1.4, 2.2). Studies investigating the associations between 

the MTHFR 677C>T genetic variant and other congenital defects have yielded inconclusive 

results (185,305). Other adverse pregnancy outcomes linked with the MTHFR 677C>T 

genetic variant include preeclampsia (TT vs CC: OR, 1.3; 95% CI: 1.1,1.5) (306) and 

unexplained recurrent pregnancy loss (TT vs CC and CT: OR 1.7; 95% CI: 1.3,2.1), but it was 

not associated with preterm live birth (307). 

 

Folic acid safe use and its relationship with cobalamin status 

The prevention of NTDs (8,9) and the reduction of folate deficiency and 

hyperhomocysteinaemia prevalence (256) are undeniable beneficial effects of folic acid 

fortification. Nevertheless, other unexpected health consequences attributed to folic acid 

fortification have been reported. Following folic acid fortification, haematocrit and 

haemoglobin increased (308) and anaemia attributed to folate deficiency was almost 

eliminated in the USA (309). However, other effects have raised some concerns regarding 

the safety of high doses folic acid use, despite relatively little evidence for causality. As 

described earlier in this chapter, a dual effect of folate on cancer risk has been suggested, 

and this is currently one of the major concerns with respect to folic acid fortification 

policies. In addition, higher prevalence of anaemia, cognitive impairment and an increase in 

MMA and tHcy concentrations has been observed in subjects with concomitant cobalamin 
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deficiency and elevated folate/folic acid use (310–312). This might be related to the 

presence of unmetabolised folic acid (313). These findings have never been reported in 

studies carried out in non-fortified countries (314,315), where the prevalence of subjects 

with elevated folate status is usually very low. Nevertheless, an Australian study conducted 

before the introduction of mandatory folic acid fortification, reported higher cognitive 

impairment in subjects with high RBC folate and low cobalamin status when compared to 

participants with normal status in both vitamins (316). Additionally, in subjects with normal 

cobalamin, elevated RBC folate was also associated with higher cognitive impairment. It 

should be highlighted that these studies were all observational, and thus causality cannot 

be ascertained. Several alternative hypotheses to a harmful effect of high folate status have 

been proposed. The severity of cobalamin deficiency is greater in subjects with elevated 

folate than in those with non-elevated folate status (317). The classification of subjects in 

the group of elevated folate and cobalamin deficiency artificially places individuals taking 

high amounts of supplements (or fortified foods) that contain both folic acid and 

cobalamin. Their cobalamin deficiency might thus have been caused by unrecognised 

cobalamin malabsorption, and hence be more severe. This was supported by a study by 

Miller and co-workers, in which the percentage of subjects taking B vitamins containing 

supplements was higher in cobalamin deficient subjects classified as having elevated folate 

(310). Furthermore, in cobalamin deficient patients, folates are released from the cell, 

leading to high circulating folate concentrations. This would indeed favour reverse causality 

(318,319).  

Endorsing the safety of folic acid fortification, it is stated that the high folate status found in 

some subjects from the USA can only be achieved by a high intake of folic acid containing 

supplements and ready-to-eat breakfast cereals, and thus folic acid fortification is not the 

major contributor of high folate status (200). In Spain, modelled intake of fortified products 

as part of a regular breakfast meal would improve women’s dietary folate intake, without 

exceeding the upper limit (1 mg/day) (320). However, the consumption of fortified products 
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in other meals was not explored and could potentially affect the achievement of the upper 

limit.  

Given the current debate, no European country has implemented mandatory fortification of 

cereal grains with folic acid, and arguments both in favour and against fortification have 

emerged (321,322). In addition, neither voluntary fortification with folic acid nor various 

recommendations on folic acid supplementation in women of reproductive age have 

reduced the prevalence of NTDs in Europe (298,323). One of the population subgroups 

most exposed to high folic acid intakes are pregnant women. However, the metabolic or 

clinical effects of cobalamin deficiency in relation to high folate status or folic acid intakes 

have never been assessed in pregnant women. In Spain, folic acid supplements contain 

doses of folic acid ranging from 100 µg to 10 mg per tablet, and are recommended during 

pregnancy without taking cobalamin status into account. 
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4. Growth and developmental programming 

Childhood obesity: definition, prevalence and associated comorbidities 

Obesity is defined by an excess of body weight in the form of fat, and today is recognised as 

the most important public health problem facing the world. The evolution in the number of 

publications arising from obesity research has doubled every 5 years since 1993 (324). It has 

been suggested that the ideal measurement of body adiposity should be accurate, precise, 

accessible, acceptable to the subject and well-documented (325). However, none of the 

currently used techniques meets all of these criteria. Among anthropometric measures, 

BMI, which is a measure of relative fatness, is the most documented due to its ease of 

measurement, acceptability and extended use. In adults, BMI cut-offs have been proposed 

according to an increase in the risk of mortality (326). Until early adulthood, BMI varies 

widely according to age and gender: it typically rises during the first months of life, falls 

until the age of 6 years, and then increases again (327–329). Thus, age- and sex-specific BMI 

cut-offs using either local or international data are needed in children and adolescents in 

order to define overweight and obesity.  
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The prevalence of child overweight including obesity is rising rapidly and is estimated to be 

10% worldwide. Even though, marked geographical differences exist (Figure 8). In Africa, 

the prevalence is lower than 5%, but in Europe and the Americas more than one in five 

children are overweight (330). In Southern Europe, the prevalence is the highest among 

European countries, with a prevalence of 38.2% and 26.8% in Spanish girls and boys 

respectively (331). However, recent prevalence data in 5-7 year old European children 

reported that the prevalence is actually lower (332), a trend that has also been 

documented in most Southern European countries (332). Data from the USA does not 

suggest a decreasing trend, but rather a stabilisation in the prevalence of childhood 

overweight (333). In contrast, rates of severe forms of obesity show upward trends in the 

USA. In addition to the high prevalence rates of childhood overweight, comorbidities 

associated with elevated BMI such as dyslipidaemia, hypertension, impaired glucose 

Figure 8. Worldwide prevalence of overweight in six WHO global regions according to the 
World Obesity Federation. 

EMRO, Easter Mediterranean Region Office; SEAR, South East Asia Region; WPR, Western Pacific 
Region. Cut-offs for overweight were defined according to the World Obesity Federation (488).  
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tolerance and non-alcoholic fatty liver are some of the cardiometabolic complications 

observed in overweight and obese children (334–336). The effects of childhood obesity 

persist into adulthood as seen by the fact that 80% of obese children remain obese as 

adults (337). Overweight and obesity during childhood or adolescence has been linked with 

adult cardiovascular risk factors, cardiovascular heart disease and premature mortality 

(337–340). Risk of death from endogenous causes in children in the highest BMI quartile 

more than doubled (RR, 2.3; 95% CI: 1.5, 3.6) the risk observed for children in the lowest 

BMI quartile (338). However, the associations between childhood BMI and cardiovascular 

risk factors is lost after accounting for adult BMI (337,340). This suggests that 

cardiovascular risk factors associated with childhood overweight may be substantially 

reduced if childhood obesity is successfully treated. Taking into account both the 

prevalence and the increased mortality and morbidity associated with childhood obesity, it 

has been forecasted that the steady rise in life expectancy observed during the last two 

centuries may soon come to an end (341).  

Nevertheless, public health experts have recognised the relevance of childhood obesity as a 

determinant of global health, and many secondary preventive strategies are being 

implemented such as school based educational programs (342,343). However, the 

effectiveness of interventions aimed at reducing child BMI either by school and/ or home-

based programs has proven to be modest (344–348). Therefore, the identification of early 

life risk factors is crucial for the development of childhood obesity prevention strategies. 

Both genetic (349,350) and environmental (351–353) risk factors have been extensively 

documented. Given that 4-year-old obese children are already at increased risk of an 

adverse cardiometabolic profile (334), the interest in the study of the associations between 

early life risk factors (i.e. prenatal period) and cardiovascular health is rising. 

 

Foetal origins of adult cardiovascular health 
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The recognition by the WHO that healthy ageing trajectories can be modulated by prenatal 

exposures (5) supports the need to evaluate prenatal exposures that may lead to 

unfavourable health conditions. The metabolic programming of adult health and disease 

hypothesis proposed by Barker (354) plays a pivotal role. It has been consistently shown 

that low birth weight is associated with higher risk of cardiovascular disease, including 

ischaemic heart disease, type 2 diabetes and incident coronary artery disease (354–359). In 

addition, there is a 6% (95% CI: 3-8%) decrease in adult all-cause mortality for each 

additional kg in birth weight (360). In contrast, high birth weight has been associated with 

adult obesity (361). In these studies, birth weight has been used as a proxy of 

developmental exposures in utero. In line with this concept, other adverse pregnancy 

outcomes such as preterm delivery, gestational diabetes mellitus or excessive weight gain 

during pregnancy have been linked with offspring cardiometabolic risk factors both in 

children and adults (362–366). However, even though the treatment of mild gestational 

diabetes improves neonatal outcomes (367,368), it does not appear to prevent childhood 

obesity nor cardiovascular risk factors (369). This suggests that once the pathology is 

present, its treatment cannot reverse the mid-term impact on health. In low- and middle-

income countries, per standard deviation increase in birth weight there is an increase in 

BMI by 0.5 kg/ m2, in fat mass by 0.2 kg and in the risk of overweight by 28% (OR, 1.28; 95% 

CI: 1.21, 1.35) (370). In addition, faster relative weight gain at 2 years of age was associated 

with increased risk of adult overweight (OR, 1.51; 95% CI: 1.43, 1.60). These findings have 

also been reported in Western countries (361), where a positive association has been found 

between birth weight and rapid postnatal weight gain and adult central adiposity and BMI 

(371–374). In addition, early preterm (<34 GW) and late preterm (34-36 GW) birth increases 

the risk of adult obesity by 140 and 90% respectively, even after adjusting for birth weight 

(375).  

Existing evidence proves a strong, positive and consistent effect of birth weight and 

preterm birth on subsequent BMI and central adiposity both during childhood and 
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adulthood. The above-mentioned examples show how the effect of environmental 

exposures in one generation shapes the development of the subsequent generation. The 

biological bases of this phenomenon are still unknown; however, two different mechanisms 

have been suggested: developmental plasticity and compensatory growth. Plasticity may be 

defined as the phenomenon by which different phenotypes arise from one genotype, in 

response to varied environmental conditions during development (376). This plasticity is 

understood to occur through epigenetic traits that do not modify the genomic sequence 

and include both DNA (377) and histone (378) methylation. It is in these pathways where 1C 

metabolism plays a crucial role in transporting and transferring methyl groups essential for 

methylation reactions. Moreover, different biomarkers, nutrients and genetic variants 

affecting enzymes from the 1C metabolism have been linked with a numerous pregnancy 

and neonatal complications, as highlighted in the previous chapters. It is possible that the 

mechanisms leading to adverse pregnancy outcomes may also lead to underlying 

pathological conditions in the foetus that eventually develop into chronic diseases in late 

life.  

 

The role of one carbon metabolism in developmental programming: experimental 

evidence 

The underlying biological mechanisms for the influence of developmental plasticity on the 

risk of chronic diseases are only beginning to be understood. Most of the evidence arises 

from experimental studies in which nutritional, endocrine, or physiological challenges 

during early development influence metabolic and cardiovascular functions in the offspring. 

A wide range of mechanisms have been proposed (379,380), however, the implication of 

the peroxisome proliferator-activated receptor (PPAR) family is one of the most studied in 

relation to 1C metabolism. This family of transcription factors regulates glucose and lipid 

metabolism, with PPAR-α involved in the catabolism of lipids, and PPAR-γ influencing the 
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storage of fatty acids in adipose tissue (381). Folate or cobalamin deprived female rats from 

preconception had lower placental expression of PPAR-γ than controls (382). A restricted 

diet in both folate and cobalamin during gestation and lactation led to a reduction in PPAR-

α and increase in PPAR-γ expression in the myocardium in the offspring (379). Protein 

restriction in rat dams throughout gestation reduces PPAR-α methylation by 20.6% in their 

pups, resulting in a 10-fold increase in PPAR-α expression. These results have been 

supported by human randomised controlled clinical trials in which infant formula with a 

lower protein content reduces BMI and obesity risk (383) and preperitoneal fat (384) at 

school age. Supplementation with 5 mg/kg of folic acid during gestation in protein 

restricted rat dams prevented the effects observed in their pups (385). In addition to these 

metabolic effects, pups from cobalamin deficient dams had increased fat mass and 

decreased lean body mass (386). Decreased expression of protein arginine 

methyltransferase 1, of the deacetylase sirtuin 1 and increased SAH decreases methylation 

and/or increases acetylation of peroxisome proliferator-activated receptor gamma 

coactivator 1-α (PGC1-α) (379). This methylation/acetylation imbalance impairs the 

coactivation of PPAR described above (380). In contrast, in vitro studies in pre-adipocytes 

suggest that homocysteine downregulates PPAR-γ expression, thus suppressing 

adipogenesis (387). Overall, this evidence suggests that disturbances in 1C metabolism 

affect lipid and glucose metabolism, through PPARs methylation, increasing fat deposition 

and reducing lipid catabolism in pups born to 1C nutrient deprived animals. 

The balance in growth hormone/ insulin-like growth factor 1 (GH/IGF-1) has also been 

identified as a mediator of the restricted growth observed in cobalamin deficient animals 

(388). Cobalamin deficiency in dams induces a decrease in liver taurine production in the 

offspring, which subsequently leads to the impairment of the GH/IGF-1 axis and to growth 

hormone resistance, with a dramatic decrease in osteoblast number and bone formation 

rate. This explained the impaired weight gain and reduced body size during weaning in pups 

born to cobalamin deficient dams. 
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Early life one carbon metabolism and offspring growth and adiposity in humans 

Available evidence in humans of the effects of prenatal 1C metabolism on offspring growth 

and adiposity is limited. In addition, most of the evidence arises from studies carried out in 

developing countries, where cobalamin deficiency is widespread. In Western countries, 

folate and cobalamin deficiency during pregnancy are more prevalent than earlier 

recognised, and hence, these potential effects should also be monitored in industrialised 

countries. Table 5 summarises the available evidence assessing the role of pregnancy 

folate, cobalamin or tHcy on growth and adiposity in the offspring. In 2008, Yajnik and co-  

Table 5. Summary of prospective cohort studies assessing the link between pregnancy folate, 
cobalamin or tHcy status and offspring growth or adiposity. 

 

Country, 
year 

Outcome 
Child 

age1 (n) 
Exposure 
(mean) 2 

Stage 
(GW) 

Analysis 
Results 
(95% CI) 

       

India, 
2008 (389) 

Height 
(cm) 6 

(653) 

RBC Folate (961) 28 

Quartiles 
(Q1 vs Q4) 

109 vs. 110 

Cobalamin (135) 18 110 vs. 110 

Fat mass 
(kg) 

RBC Folate (961) 28 3.0 vs. 3.4* 

Cobalamin (135) 18 3.3 vs. 3.2 

India, 
2014 (39)3 

Height 
(kg) 

9.5 
(533) 

p-Folate (35.4) 

30 

1 SD  
increase 

0.12 (0.02, 0.2) 

Cobalamin (163.5) No association 

tHcy (6.0) No association 

BMI 
(kg/ m2) 

RBC Folate (35.4) 

30 

0.05 (−0.0, 0.1) 

Cobalamin (163.5) No association 

tHcy (6.0) No association 

Netherlands, 
2015 (91)3 

BMI 
(kg/ m2) 

5-6 
(1950) 

RBC Folate (29.7) 
13 

10 unit 
increase 

-0.7 (-0.1, -0.0) 

Cobalamin (234) 
100 unit 
increase 

0.0 (-0.1, 0.1) 

BMI, body mass index, CI, confidence interval; RBC folate, erythrocyte folate; GW, gestational weeks; p-
folate, plasma folate; Q, quartile; tHcy, total homocysteine. 
1 Age in years. 
2 Folate in nmol/ L, cobalmin in pmol/ L and tHcy in µmol/ L. 
3 Fasting conditions not reported or non-fasting confirmed. 
*p= 0.01. 
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workers reported no association between maternal plasma cobalamin at 18 GW and 

offspring height and fat mass at 6 years in 653 mother child-pairs from Pune, India (389). 

However, maternal erythrocyte folate at 28 GW was positively associated with fat mass. 

Furthermore, pregnancy cobalamin and erythrocyte folate were negatively and positively 

associated with insulin resistance in the offspring respectively. In 2014, this study was 

replicated, but in offspring aged 5, 9.5 and 13.5 years (39). Pregnancy plasma folate 

concentrations were positively associated with insulin resistance and height in the offspring 

at 9.5 and 13.5 years after adjusting for child vitamin status and other potential 

confounders. Neither maternal plasma cobalamin nor tHcy concentrations were associated 

with insulin resistance nor growth or adiposity in the offspring. To date only one study has 

assessed the associations between maternal folate or cobalamin status and offspring 

growth or adiposity in a Western country. In contrast to the study by Yajnik, a negative 

effect of maternal folate status on offspring BMI (91) was found in the Netherlands. 

Maternal plasma cobalamin was not associated with offspring BMI. 

A large UK pregnancy cohort (n= 5783), assessed the associations between the maternal 

MTHFR 677C>T SNP and body composition in the offspring. Neither maternal nor child 

MTHFR 677C>T SNP were associated with offspring body composition. In addition, maternal 

folic acid or folate intakes during pregnancy were not associated with body composition in 

the child at 9 years (390). It should be noted that folate and riboflavin status were not 

considered in this study and both of these modify the effect of the MTHFR 677C>T SNP on 

homocysteine (144,156).  

Two randomised, placebo controlled clinical trials evaluated the effects of antenatal 

supplementation with folic acid, or folic acid plus other vitamins on offspring growth at 6-8 

years (391,392). These studies conducted in Nepal provided daily supplements to 4926 

women from enrolment (first trimester) through three months postpartum and 3524 

offspring were followed-up at 6-8 years. Mothers were allocated either to: vitamin A 
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supplements alone (controls); folic acid; folic acid and iron; folic acid with iron and zinc; or 

multiple micronutrient supplements containing folic acid, zinc, iron and 11 other vitamins 

and minerals. All supplements contained vitamin A, and provided the recommended dietary 

allowance for pregnant or lactating women for all micronutrients except for iron and zinc. 

Maternal supplementation with folic acid alone reduced the risk of metabolic syndrome in 

the offspring by 37% compared to the control group at 6-8 years of age, but had no effect 

on any of its components (plasma glucose, HDL cholesterol, triglycerides, blood pressure or 

waist circumference) (391). Other intervention arms in the same trial included supplements 

containing folic acid, but were not associated with metabolic syndrome in the child. 

Maternal supplementation with folic acid, iron and zinc resulted in an increase in mean 

height (0.6 cm; 95% CI: 0.0, 1.3) and a reduction in mean triceps (-0.3 mm; 95% CI: -0.4, -

0.1) and subscapular (-0.2 mm; 95% CI: -0.3, -0.1) skinfold thickness. Other micronutrient 

combinations containing folic acid failed to show a growth benefit, so the effects were 

attributed to zinc (392). In the same study, prenatal supplementation was not associated 

with insulin resistance in the offspring (393). However, maternal cobalamin deficiency 

(<148 pmol/ L) in the first but not in the third trimester, was associated with 26.7% higher 

insulin resistance in the offspring compared to children born to women with normal 

cobalamin status. 

Different approaches have been used to test the association between 1C metabolism and 

bone development. Overall, maternal folate intake or folate status was positively 

associated in a dose-dependent fashion with offspring total bone mineral density in the UK 

ALSPAC cohort (394) and with bone mineral content in Indian children (395). In addition, UK 

children with the MTHFR 677TT genotype had an average of 0.91 (CI: -1.62, -0.20) g/ cm2 

less spinal bone mass density compared to the other genotypes for this polymorphism 

(396). In line with these results, there was also a consistent but rather small effect of the 

maternal MTHFR 677 TT genotype on child’s spinal bone mass density (397).  
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Hypothesis and objectives 

 

Hypothesis 

In utero exposure to low folate or cobalamin concentrations impairs linear and ponderal 

growth and adiposity in the offspring at mid-childhood. 

 

Objectives 

Main objective 

To determine the interactions and effects of folate and cobalamin on one carbon 

metabolism during pregnancy and investigate their association with mid-childhood growth 

and adiposity. 

 

Specific objectives 

- To describe cobalamin and folate metabolic indicators in the first trimester of 

pregnancy. 

 

- To determine the association between genetic, nutritional and other lifestyle 

factors and first trimester folate and cobalamin status. 

 

- To investigate cobalamin and folate status interactions and their association with 

metabolic and haematological markers of low cobalamin status during pregnancy. 

 

- To describe cobalamin and folate metabolic indicators in children at mid-childhood 

(7.5 years). 

 

- To determine the association between genetic, nutritional and other lifestyle 

factors and mid-childhood folate and cobalamin status. 

 

- To investigate the association between prenatal folate and cobalamin status and 

mid-childhood one carbon metabolism status indicators. 
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- To assess the associations of folate and cobalamin status during pregnancy on mid-

childhood linear and ponderal growth and adiposity. 

 

- To investigate the associations between maternal and child genetic variants 

affecting folate and cobalamin metabolism or transport and mid-childhood linear 

and ponderal growth and adiposity. 
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Material and methods 

 

1. Design and study population. 

The work reported in this thesis is from The Reus-Tarragona Birth Cohort (RTBC). The RTBC 

is an ongoing population based longitudinal cohort study from early pregnancy until mid-

childhood carried out by the Area of Preventive Medicine and Public Health from the 

Universitat Rovira i Virgili. This study was designed to identify early pregnancy nutritional 

and maternal genetic factors influencing foetal growth and pregnancy outcomes, as well as 

growth, development and mental performance in their offspring at 7.5 years. The study, to 

date, consists of two different phases, described below: the pregnancy phase and the 

follow-up phase in the children aged 7.5 years.  

Both phases were carried out according to the Declaration of Helsinki, and were approved 

by the Ethical Committees from each of the two participating University Hospitals (Sant 

Joan, Reus and Joan XXIII, Tarragona). Signed informed consent was obtained from all study 

participants in the pregnancy phase and from the childrens’ legal representatives in the 

follow-up phase.  

This study was registered at www.clinicaltrials.gov as NCT01778205. 

 

2. Pregnancy Phase  

Women attending their first antenatal check-up, before 12 GW, with a confirmed viable 

foetus and singleton pregnancy were eligible to participate and were recruited by the Areas 

of Obstetrics and Gynaecology from the two University Hospitals. Exclusion criteria were 

chronic illness or surgical interventions affecting nutritional status, or use of any medication 

that affects folate or vitamin B12 metabolism. 
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In accordance with the Spanish Obstetrics and Gynaecology Society guidelines (398,399), 

pregnant women with low obstetrical risk were recommended to take daily supplements 

containing 400 µg of folic acid until the end of the first trimester. The recommended 

prenatal supplement also contained 2 µg of cyanocobalamin. Women with a history of a 

previous pregnancy affected by NTDs/ other congenital defects or complications or with a 

first-degree relative with NTDs were recommended to take 4-5 mg of folic acid per day until 

the end of the first trimester. Daily iron supplements (40 mg) were also prescribed to all 

women from 12 GW throughout the pregnancy.  

Participant recruitment started in January 2005 and 2006 in the Sant Joan, Reus and Joan 

XXIII, Tarragona University Hospitals respectively. By October 2014, 626 pregnant women 

had been recruited.  

Fasting blood samples were drawn from mothers at <12, 24-27, and 34 GW, and non-

fasting blood samples on admission to hospital with confirmed labour and from the 

umbilical cord vein. Blood samples were collected together with samples routinely collected 

during the prenatal care of pregnancy according to the regional health authorities protocol 

(398).  

 

Medical and obstetrical history, lifestyle and dietary intake data collection 

Maternal age and BMI were recorded at the first antenatal check-up. Participants were 

interviewed by the study team at 20 and 32 GW on supplement use, lifestyle and dietary 

habits. Two interviews were performed to account for changes in toxic habits and 

supplement use that might occur during pregnancy. The information covering the six 

months preconception throughout the first trimester of pregnancy was collected at 20 GW 

and from the first trimester onwards, at 32 GW. A validated food frequency questionnaire 

(400) was used to estimate dietary intake during pregnancy (administered the day after 

labour). 
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Even though the obstetricians recommended folic acid and cyanocobalamin supplements to 

be taken during the first trimester of pregnancy, timing of initiation and supplement intake 

pattern varied widely. As a preventive measure against anaemia, low dose iron 

supplements (40 mg/d) were recommended during the second and third trimesters of 

pregnancy to all participants. Anaemic women were treated with iron supplements 

containing 80 or 120 mg/d, as the obstetricians saw fit. Questionnaires that specifically 

targeted folic acid, cobalamin and iron use were designed to obtain detailed information 

regarding supplement brand, composition, timing of initiation, frequency and duration of 

use. Other multivitamin/ mineral supplement use was also recorded with the same detail. 

Flash cards with images of all available supplements on the market were used to help the 

participants to recall the supplements that they used so that the investigators could clarify 

the doses contained. We used this information to estimate the daily intake of folic acid, 

cobalamin and iron from supplements during the first trimester and between the 4th and 7th 

months of pregnancy. 

Smoking habit during the 5 years prior to pregnancy and throughout the pregnancy itself 

was assessed by interviews at 20 and 32 GW (number of cigarettes/d), medical history and 

plasma cotinine concentrations (>10 ng/mL confirmed active smokers) from blood samples 

at <12, 24-27 GW and from cord blood. Participants were classified in three categories 

according to smoking status: non-smokers, first trimester smokers and smokers throughout 

pregnancy. Similarly alcohol consumption (duration, drinks /w, timing of cessation before 

or during pregnancy) and illegal drug use in the previous 5 years (type and frequency of use 

in the 12 months prior to conception and at the time of the interview) was also recorded.  

Participants were classified according to socioeconomic status in three different categories 

(low, mid and high) based on household income and maternal and paternal occupation 

(401).  
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Information on parity, previous adverse obstetrical outcomes, gestational age at labour and 

offspring’s sex and birthweight were obtained after birth from the obstetrical records. 

Gestational hypertension was also registered and was defined as a first recognised systolic 

blood pressure >140 mmHg and/or a diastolic blood pressure >90 mmHg at least in two 

check-ups (6 hours apart) after the 20th GW (398).  

Complete blood count was routinely performed in all maternal blood samples at each of 

the University Hospitals. Late pregnancy anaemia was defined as a haemoglobin <11 g/dL at 

34 GW or at labour. 

Gestational diabetes was diagnosed following the pregnancy monitoring protocol 

established in both University Hospitals (402) by employing a two-step approach. The first 

screening was performed with a 50 g oral glucose challenge test (GCT) at 24-27 GW in low 

risk pregnancies. If positive (glucose concentration >7.8 mmol/L), a 100 g Oral Glucose 

Tolerance Test was performed (403). Blood samples for glucose determination were taken 

at baseline (fasting) and at 1, 2 and 3 hours after glucose administration. Gestational 

diabetes was diagnosed if at least two glucose determinations were above 5.8, 10.6, 9.2 or 

8.1 mmol/L at the respective sample collections. In pregnancies with previous gestational 

diabetes, a glucose challenge test was performed at the first obstetrical visit and, if 

negative, at 24-27 GW and again at 30 GW. In the case of a positive glucose challenge test, 

the protocol described above for low risk pregnancies was then applied. 

Preterm birth was defined according to WHO criteria (birth at less than 37 GW) (404). SGA, 

hereinafter referred to as intrauterine growth restriction, was defined as a birth weight 

below the 10th percentile according to sex and gestational age standardised references 

from the Spanish Obstetrics and Gynaecology Society (405). Large-for-gestational age was 

defined as a birth weight above the 90th percentile according to sex and gestational age, by 

using the same references as above. We used WHO 2006 Child Growth Standards to 

determine z-scores for birth weight (406).  
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Blood sample collection 

Fasting blood samples were collected at <12, 24-27 and 34 GW and non-fasting at labour 

into ethylenediaminetetraacetic acid (EDTA)-K2 treated vacutainers (10 ml) and a dry 

vacutainer for serum (10 ml). In the case of the cord sample, blood was collected from the 

umbilical vein into 2 X 10 ml EDTA vacutainers and 2 X 10 ml dry vacutainers.before the 

placenta was expulsed.  

All samples were processed at the Institut d’Investigació Sanitària Pere Virgili Biobank 

(http://www.iispv.cat/plataformes_de_suport/en_biobanc_iispv.html) and in the Joan XXIII 

University Hospital research laboratory and the central hospital laboratories of both 

hospitals (cord and labour samples) according to a strict standardised protocol. This 

ensured that samples were kept at 4º C until processed within less than an hour of 

collection to separate whole blood, plasma, serum, washed red cells and leukocyte 

fractions for storage in the biobank at -80º C. Times of sample collection and separation of 

plasma were recorded as a quality control measure to ensure that this protocol was 

complied with. 

Whole blood from EDTA tubes was prepared for posterior red blood cell folate anaylsis by 

diluting it 1:10 with 1 % freshly prepared ascorbic acid solution. The mixture was kept at 

room temperature for 30 minutes in order to allow the ascorbic acid erythrocyte lysates to 

release the serum conjugase, which converts the folate polyglutamates to assayable 

monoglutamate forms. Two aliquots of 250 µl were prepared and stored at -80º C. 

Plasma was separated from the EDTA vacutainer at 1500 g for 15 minutes at 4º C and 

stored in aliquots of 1 ml -80º C. Serum was separated after coagulation of blood at room 

temperature (approximately 30 minutes after its collection) and aliquoted and stored at -

80º C. 
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In order to isolate leukocytes, phosphate buffered solution was added to the remaining 

buffy coat and erythrocytes in the EDTA tube, and was thoroughly mixed by inversion. The 

mixture was transferred to a Falcon tube containing 30 ml of haemolysis solution, mixed by 

inversion and then kept at room temperature for 20 minutes to lyse the remaining 

erythrocytes. The Falcon tube was centrifuged for 5 minutes at 2000 g at room 

temperature, the supernatant discarded and the pellet resuspended in 20 ml of haemolysis 

solution. The tube was centrifuged under the same conditions as described above and as a 

result, the leukocytes were isolated from the other cell types. The supernatant was 

discarded again and 450 µl of PBS and 10 ml of Cell Lysis Solution (Qiagen GmbH, Hilden, 

Germany) were added to the leukocyte aliquot and preserved at -80º C. This tube was kept 

at room temperature and protected from light for at least 1 month and a maximum of 2 

years. 

Leukocyte DNA was extracted and quantified in preparation for maternal and cord genetic 

polymorphism determinations. Autopure Protein Precipitation Solution (3.33 mL) was 

added and mixed with vortex to obtain a homogenous mix before incubation in iced water 

for 15 minutes. The mixture was centrifuged at 2000 g at 4º C for 12 minutes. The 

supernatant containing the suspended DNA was removed, and added to a 50 ml Falcon 

tube with 10 ml of cold 100% isopropanol. The tube was gently mixed by inversion until the 

precipitated DNA was visible. After centrifuging at 2000 g at 4º C for 5 minutes, the 

supernatant was discarded (pellet contained the DNA). The tube was dried for 30-40 

minutes on absorbent paper, and 1200 µl of DNA Hydration Solution were added to the 

Falcon tube, mixed and further incubated at room temperature for 3-4 days in a mixer 

incubator. DNA quantification was performed using a spectrophotometer Nanodrop 1000 

at 260 nm wavelength using 2 µl of hydrated DNA.  

 

Biochemical and genetic determinations 
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Plasma aliquots of 0.5 ml from each pregnancy sample and the cord and child and 120 ng of 

lyophilised DNA from each mother and cord were shipped on dry ice to BeVital A/S (Bergen, 

Norway) and analysed, ensuring that all samples from the same pregnancy were analysed in 

the same batch, within <18 months after sample collection.  

Red blood cell and plasma folate 

Folate concentrations in plasma and whole blood were determined by an automated 

microbiological assay using a microtiter plate and a chloramphenicol-resistant strain of 

Lactobacillus casei (407). Performances for inter- and intra-assay coefficient of variation 

were 4 and 5% respectively and the lower detection limit was 2 nmol/L (408). 

Plasma cobalamin 

Total cobalamin concentrations were determined by an automated microbiological assay 

using a microtiter plate and a colistin sulphate-resistant strain of Lactobacillus leichmannii 

(409). The lower detection limit was 30 pmol/L, and inter- and intra-assay coefficients of 

variation 4 and 5% respectively (408). 

Plasma total homocysteine, methylmalonic acid and cotinine 

Plasma total homocysteine, methylmalonic acid and cotinine were determined by liquid 

chromatography–tandem mass spectrometry (410). Cotinine, an oxidised metabolite of 

nicotine, is a marker of recent tobacco exposure. Participants with plasma cotinine 

concentration >10 ng/mL were considered smokers, and ≤10 ng/mL non-smokers (411). The 

lower limits of detection were 0.1 and 0.03 µmol/L and 1 nmol/L, inter-assay coefficient of 

variation 2, 3-8 and 6% and intra-assay coefficient 1-2, 1-4 and 2-3% respectively for total 

homocysteine, methylmalonic acid and cotinine determinations .  

Plasma holotranscobalamin 
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Plasma holotranscobalamin concentrations were determined by the AxSYM active-B12 

immunoassay (Abbott Laboratories, Abbott Park, IL, USA), with a lower limit of detection of 

1 pmol/L. The inter-assay coefficient of variation was lower than 10%.  

Plasma creatinine 

Creatinine concentrations were determined by Jaffé reaction (Química Clínica Aplicada, SA, 

Amposta, Spain) and were used as an estimation of renal function (412). Inter- and intra-

assay coefficients of variation were 2.1 and 1.7% respectively.  

Genetic polymorphisms 

DNA isolated from both mother and cord blood leukocytes were used to determine genetic 

polymorphisms affecting folate metabolism and cobalamin metabolism and transport. 

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry was used to 

analyse the methylenetretrahydrofolate reductase 677C>T, transcobalamin 2 776C>G, 5-

methyltetrahydrofolate-homocysteine methyltransferase reductase 66A>G and 5-

methyltetrahydrofolate-homocysteine methyltransferase reductase 524C>T genotypes 

(413).  

 

3. Follow-up phase at 7.5 years 

When the offspring of mothers included in the pregnancy phase of the study were 7.5 years 

old, a letter was sent to their parents/legal guardians briefly describing the aims and 

protocols of the child development phase. Two weeks later, the letter was followed up with 

a telephone call to offer any further information required and to establish whether the 

child agreed to participate or not. In the case of agreement, two visits were programmed in 

the aforementioned University Hospitals within four months of acceptance. The first visit, 

early in the morning following an overnight fast, consisted of anthropometrical, body 

composition and blood pressure measurements, and blood sample collection. The second 
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visit, that did not require the chid to be fasting, was performed at an agreeable time with 

the parents to encourage participation. This time, the child’s legal guardian (usually one of 

the parents) was interviewed by a member of the study team and three questionnaires on 

physical activity, clinical history and food intake were completed. All recruited participants 

born before September 2008 were included in the analysis (n= 162). 

 

Clinical, dietary intake and physical activity data collection  

Parents were interviewed by members of the study team to obtain data on previous 

illnesses and chronic diseases that was categorised according to the International 

Classification of Diseases-10. Information on food allergies, medication and exposure to 

tobacco smoke was also recorded. The parents were asked whether children were exposed 

to passive smoking. They were also asked to assess whether precocious puberty had started 

in their children with the aid of the Tanner scales for child physical development. Pubertal 

stage was classified according to breast development in girls and genital development in 

boys. Information regarding feeding mode during the first years of life, including exclusive 

and total breastfeeding lengths, as well as age (months) at introduction of complementary 

feeding. Information on household income and on parental occupation was obtained to 

reassess socioeconomic status. 

Dietary intake was assessed with a previously validated (400), 45-item food frequency 

questionnaire proxy administered by the parents for the child. This questionnaire included 

information on dietary habits and supplement intake. Total daily energy, macro- and 

micronutrient intakes were derived using an adapted version of a French food composition 

database (414). Information on brand, dose and frequency of vitamin or mineral containing 

supplements use was registered. 

Physical activity was assessed using the Physical Activity Questionnaire for Children (415). 

This is a 7-day recall questionnaire to estimate physical activity in school age children 
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considering their participation in different activities and sports, the physical exertion during 

the declared activity and activity throughout the whole day (during school time, recess after 

meal times and after school or during extra-curricular activities and at weekends/during 

holidays). A final value accounting for total physical activity during the previous week was 

then calculated. The higher the value the more active the child was. This questionnaire has 

acceptable reliability and convergent validity (416,417) and discriminates the known sex- 

and age-differences in physical activity correctly (418). Physical inactivity was also taken 

into account. Interviewers asked for the time spent in front of a screen (either playing video 

games or watching TV) was recorded and a daily average time was calculated (hours/day). 

Information on growth trajectories from birth and until the age of 6 years was obtained 

from the paediatrician’s growth records provided by the parents. Height, weight and check-

up date were recorded. Whether children were up to date on their programmed 

vaccinations or not was also recorded.  

 

Anthropometric and body composition measurements 

Anthropometric measures were taken by a trained member of the study team following the 

WHO guidelines (419). Children were asked to come fasting to the check-up and to pass 

urine before assessment. Measurements were taken at a similar time of the day to 

minimise biological variation and were recorded by observers working in pairs. One 

observer took the measurements and the other one recorded the data immediately to 

minimise mistakes during data entry. Hospital technicians ensured that the equipment was 

calibrated regularly. The same team member carried out measurements for every child.  

Participants were asked to take off their shoes, clothes and hair ornaments and undo 

braids, when necessary. Child stayed in their underwear during the whole visit and room 

temperature was kept comfortable throughout the check-up. Before measurements were 
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undertaken, all procedures were explained to the parents and child, reassuring them of the 

harmless nature of the measurements. All measurements were taken to the last completed 

number. 

Height was measured in duplicate with University Hospital stadiometers with an accuracy of 

0.1 cm. Children were asked to stand still, with their heels together and feet facing 

outwards at a 60º angle, head in the Frankfort plane and palms of their hands placed on 

their legs. 

Weight was recorded in duplicate using an electronic scale (Tanita BC-420MA, Tanita 

Corporation, Tokyo, Japan) and a precision of 0.100 g. Children were asked to stand still on 

the centre of the weighing platform with their feet slightly apart.  

All circumferences were measured in duplicate with a non-stretchable measuring tape 

(Seca GmBH & Co Kg, Hamburg, Germany) with an accuracy of 0.1 cm. To measure head 

circumference the observer stood on one side of the child. The tape was passed around the 

head and held just above the eyebrows and over the occiput protuberance and parallel to 

the floor. Mid-upper-arm circumference was measured at half the distance between the tip 

of the acromion and the olecranon process, marked previously with eyeliner. The tape was 

wrapped around the relaxed right arm lying flat. To measure waist circumference (420), the 

child was asked to stand still, with its feet together, weight uniformly distributed and 

breathing normally. The measurement was taken at the mid-point between the iliac crest 

top and the lower margin of the last palpable rib and hip circumference was measured at 

the widest portion of the buttocks (420). Both waist and hip circumferences were measured 

after exhaling normally and with the tape lying parallel to the floor.  

Right subscapular, tricipital, bicipital and suprailiac skinfold thicknesses were measured in 

triplicate using a Harpenden skinfold calliper (Holtain Ltd, Crymych, Wales), with an 

accuracy of 0.2 mm. Bicipital and tricipital skinfold thicknesses were measured at the mid-

point between the tip of the acromion and the olecranon process, in the anterior and 
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posterior arm respectively. Subscapular skinfold thickness was measured below the inferior 

angle of the scapula and the suprailiac skinfold was measured just over the iliac crest top. 

All skinfold thickness measurements were taken grasping the skinfold gently to reduce 

discomfort and following the natural lines of skin. To prevent skin contraction, skinfold 

thickness measurements were taken consecutively at different places in a row three times, 

hence avoiding successive application of pressure to the skin.  

Study members encouraged children to cooperate. In the rare cases where a child was 

uncooperative, measurements became increasingly difficult to assess and hence, only one 

set of measurements was undertaken (<1% of children).  

Body composition was estimated using tetrapolar bioelectrical impedance analysis (Tanita 

BC-420MA, Tanita Corporation, Tokyo, Japan). Bioelectrical impedance is based on the 

existing relationship between resistance to a known current and total body water (which is 

calculated), and hence fat mass is estimated (421). The estimations of two body 

compartments (fat mass and fat-free mass) are deduced using equations not supplied by 

the manufacturer. Two measurements were undertaken at 50 kHz. Total fat mass, fat-free 

mass and total impedance were recorded. 

 

Calculated variables 

The mean of the repeated measurements of anthropometry and bioelectrical impedance 

variables was calculated and used for the analysis. BMI was calculated as weight (kg) 

divided by height squared (m2). Weight (kg), height (m) and BMI (kg/m2) were transformed 

to age- and sex-specific z-scores according to WHO references (422). These references were 

used to account for age and sex differences in growth. The Lambda-Mu-Sigma (LMS) 

method was used to derive the z-scores to account for asymmetry of the distributions. This 
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method summarises the distribution with three parameters: the median (M), the 

coefficient of variation (S) and the skewness of the distribution (L).  

For any given x value, the z-score was then calculated as: 𝑧 =
[(

𝑥

𝑀
)
𝐿
−1]

𝐿∗𝑆
.  

Height, weight and calculated BMI from paediatric records of child growth and 

development were also transformed to age- and sex-specific z-scores according to the WHO 

references for 0-60 months and for school-age children (406,422) for each measurement 

from birth to 6 years. 

Overweight and obesity were defined according to the International Obesity Task Force 

criteria (327). These cut-offs were employed because values are based on internationally 

based percentiles passing through BMI 25 and 30 kg/ m2 at age 18, which are linked to 

mortality rates.  

Mean skinfold thickness was calculated as the mean of subscapular, tricipital, bicipital and 

suprailiac skinfold thicknesses (423). The waist-to-height and waist-to-hip ratios were also 

calculated as the ratio between waist circumference (cm) and height (cm) and waist (cm) 

and hip (cm) circumferences respectively. 

As fat mass and fat-free mass are strongly correlated with height, they are usually 

expressed as a percentage of weight, but this is not the most informative way to express 

body composition data. Hence, adjusting fat-free mass and fat mass for height squared 

generates the fat-free mass index and the fat mass index, which provides indices of relative 

fat and fat-free mass expressed in the same units as BMI (424).  

 

Blood sample collection 
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A trained nurse collected children’s blood samples while they were in the supine position. 

Two vacutainers of 10 ml were collected: one containing EDTA-K2 and another with a clot 

activation factor. Sample processing was initiated at the hospital with a portable centrifuge 

in order to ensure that plasma was separated in <30 minutes and serum fraction in <1 hour. 

Samples were then transported to the Faculty of Medicine URV laboratory in coolers, 

where the aliquots were frozen at -80º C and the sample processing protocol was 

continued.  

Sample collection was carried out using exactly the same protocols as in the pregnancy 

phase. Whole blood, plasma and leukocytes from the EDTA vacutainer and serum from the 

clot activator vacutainer were separated into different aliquots and frozen at -80º C.  

 

Biochemical and genetic determinations 

Aliquots of 0.5 ml were transported on dry ice to BeVital A/S (Bergen, Norway) and 

analysed in batches within <18 months of sample collection. Plasma aliquots of 0.5 ml and 

25 µL of whole blood were shipped from every sample and 120 ng of lyophilised DNA from 

those children whose SNPs were not genotyped because cord blood was unavailable. 

Red blood cell and plasma folates, cobalamin, tHcy and methylmalonic acid were 

determined using the same techniques as for the pregnancy phase. The same 

polymorphisms as for the mother were genotyped in the children. 

 

4. Statistical analysis 

Every chapter has a detailed description of the statistical analysis used. All statistical 

analysis were performed using SPSS (SPSS Inc, Chicago, IL, USA) for Windows, version 22.0, 

and all graphs were drawn with GraphPad Prism version 6.0 (GraphPad Software, San 

Diego, CL, USA).  
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Chapter 1: Determinants of early pregnancy folate and cobalamin status 

 

Introduction 

Mandatory folic acid fortification of flour has been highly effective in the prevention of 

NTDs (425,426). However, the safety of folic acid fortification has been questioned (310–

312). Harmful effects have been attributed to elevated plasma folate concentrations, 

particularly in subjects with cobalamin deficiency. Studies carried out in the USA where 

mandatory fortification is in place, have reported that elevated folate status exacerbates 

metabolic and clinical signs of cobalamin deficiency (310–313,427). Increased MMA and 

tHcy (310,311) and risk of anaemia and cognitive impairment (312,313) were reported in 

elderly subjects with elevated folate status combined with cobalamin deficiency, compared 

to those with normal status in both vitamins. It has been speculated that, the effects on 

cognitive impairment and anaemia were mediated to some extent by unmetabolised folic 

acid (313). In contrast, in elderly subjects from the UK, Ireland and Norway, countries 

where folic acid fortification is voluntary, no significant associations were observed 

between folate status and metabolic and clinical indicators of cobalamin deficiency 

(314,315,428). In these studies, the prevalence of elevated folate combined with cobalamin 

deficiency was lower than in studies performed in the USA, and the criteria for defining 

cobalamin deficiency was different. Concerns regarding possible adverse effects in sectors 

of the population that are susceptible to low cobalamin status, such as the elderly, has 

enhanced the debate on the safety of folic acid fortification, and delayed the 

implementation of mandatory fortification with folic acid policies in Europe (321–323), 

while NTD prevalence has remained stable over the past 25 years (298). 

In Western countries, inadequate cobalamin status during pregnancy is more prevalent 

than previously recognised, affecting 35% of pregnant Canadian women, (93,99) and has 

been linked with adverse pregnancy outcomes such as intrauterine growth restriction 
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(88,166), prematurity (158) and NTDs (44) among others. On the other hand, higher rates of 

NTDs (238), preterm birth (429) and SGA (430) have been reported in pregnant women 

with inadequate compared to normal folate status. Moreover, moderately elevated early 

pregnancy tHcy, a nonspecific functional metabolic marker of both cobalamin and folate 

status, has also been related with several adverse pregnancy outcomes such as 

preeclampsia (301,431,432), preterm birth (158) and miscarriage (159,164). A negative 

association has been consistently found between early prenatal tHcy concentrations and 

birth weight in both industrialised and developing countries (38,39,100,301,302). Whether 

elevated plasma folate exacerbates the effects of cobalamin inadequacy should be 

intensively monitored. Folic acid supplements are prescribed worldwide (157) without 

taking into account maternal cobalamin status. In India, elevated prenatal folate status in 

women with inadequate cobalamin status has been associated with gestational diabetes in 

the mother (433) and with increased risk of SGA and insulin resistance in the offspring 

(166,389).  

On the other hand, low plasma folate has been consistently found in overweight and obese 

subjects (91,264–266), but the association between RBC folate and BMI is unclear. BMI was 

reported to be positively associated with RBC folate status in studies carried out in the 

presence of mandatory folic acid fortification (264,266,272–275), although no association 

was observed in one study (45) nor in studies carried out in countries where mandatory 

fortification is absent (269–271). Two studies have shown that obesity has a negative effect 

on short-term folate pharmacokinetics, lowering its uptake in obese subjects administered 

folic acid (272,434). These findings do not explain the opposite effects of BMI on plasma 

and RBC folate. Nevertheless, this issue may be of public health significance because the 

prevalence of NTDs is 75% higher in obese compared to non-obese women (435,436), 

which may be due to lower serum folate. Worldwide, 15% of adult women were obese in 

2014 (437) and trends in overweight and obesity prevalence are not decreasing in the USA 
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nor in Europe (438,439). Folic acid recommendations in women of childbearing age and 

during pregnancy are the same regardless of BMI.  

Metabolic and clinical effects of the MTHFR 677C>T SNP have been widely described in 

non-pregnant and pregnant populations. Out of multiple SNPs potentially affecting folate 

status, our group recently reported that the MTHFR 677C>T SNP most affected folate status 

(144). Studies of the effects of TCN2 776C>G and MTRR 66A>G and 524C>T on plasma 

cobalamin or its biomarkers, tHcy or MMA, are limited to non-pregnant populations, with 

the exception of MTRR 66A>G which has been studied once in pregnant women (152). The 

genetic variant at locus 66 has been more extensively studied than that at locus 524. In 

addition, conflicting effects of MTRR 66A>G on tHcy have been reported with some authors 

observing higher tHcy concentrations in subjects with the GG compared to AA genotype 

(145–148), while others found no differences (149–155). 

 

It is not known whether early pregnancy BMI is associated with either RBC or plasma folate 

status in the absence of mandatory fortification in a population exposed to high folic acid 

supplement use, and whether folate intake modifies this relationship. Moreover, data 

regarding the safety of elevated early pregnancy folate in women with cobalamin 

inadequacy is lacking. 

 

Specific objectives 

The specific objectives of this chapter are: 

- Objective 1: To describe cobalamin and folate metabolic indicators in the first 

trimester of pregnancy. 
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To determine the association between genetic, nutritional and other 

lifestyle factors and first trimester folate and cobalamin status. 

 

- Objective 2: To investigate cobalamin and folate status interactions and their 

association with metabolic and haematological markers of low cobalamin status 

during pregnancy. 

 

Material and methods 

The materials and methods applicable to this chapter have been described in the general 

Material and methods section. 

 

Statistical analysis 

Descriptive statistics: Descriptive characteristics comprising means (95% CI) or median (P25-

P75) and relative frequencies (95% CI), where applicable, are reported for all of the women 

that participated in the pregnancy study. Genotype and allele frequencies (95% CI) of the 

studied genetic variants are also reported. One sample or goodness of fit χ2 was used to 

test deviations from Hardy-Weinberg equilibrium of the observed allele frequencies (440).  

Objective 1: Maternal folate and cobalamin status (at <12 GW) are described. Folate 

deficiency was defined as: plasma folate ≤10 nmol/L (237) or RBC folate ≤340 nmol/L (237) 

and elevated plasma tHcy as tHcy ≥10 µmol/L (441). It should be noted that given the 

effects of pregnancy on tHcy, even in the first trimester, the use of this tHcy value as a 

reference in pregnant women is not ideal, but pregnancy reference values are not 

established. Marginal cobalamin deficiency was defined as: plasma cobalamin ≤221 pmol/L 

(442) or plasma MMA ≥0.210 µmol/L (443). RBC folate ≤906 nmol/L was defined as 

suboptimal for protecting against NTDs (238). 
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Plasma nutrient /biomarker (folate, cobalamin, holoTC, MMA and tHcy) distributions were 

skewed to the right so were natural log transformed. Demographic, lifestyle and genetic 

determinants of RBC and plasma folate and plasma cobalamin in early pregnancy were 

evaluated by univariate linear regression analysis. Stepwise multiple linear regression 

models were used to assess the associations between the previously identified explanatory 

variables and indicators of folate or cobalamin status. The same variables as for cobalamin 

were used to evaluate the determinants of plasma holoTC concentrations. Determinants of 

functional biomarkers of folate and cobalamin status (tHcy and MMA respectively) were 

identified by stepwise multiple linear regression analysis based on the determinants of 

folate and cobalamin status. The four studied genetic variants were included in all of the 

models as they were shown in a study of a similar local population to be associated with 

folate and cobalamin status (144,156). 

The effect of maternal overweight (25≤ BMI <30 kg/m2) or obesity (BMI ≥30 kg/m2) 

compared with normal weight (18.5≤ BMI <25 kg/m2) on first trimester RBC and plasma 

folate status was studied. Participants classified as underweight (BMI <18.5 kg/m2; n=15), 

were excluded from these analyses. Analysis of covariance (ANCOVA) was used to assess 

whether differences in plasma folate according to BMI categories remained after adjusting 

for previously identified determining factors. Interactions between BMI categories and total 

folate intake (tertiles) on RBC folate were assessed by ANCOVA adjusting for the MTHFR 

677C>T genetic variant in a co-dominant model. Results are stratified by total folate intake 

tertiles when significant interactions were observed between BMI and total folate intake on 

RBC folate.  

Objective 2: The effects of early pregnancy low cobalamin status on metabolic and 

haematological parameters according to early pregnancy folate status were assessed 

throughout pregnancy. Early pregnancy marginal cobalamin deficiency was classified as 

defined in Objective 1. Women were also categorised as having elevated (≥45 nmol/L) or 

non-elevated (<45 nmol/L) plasma folate (310) at early pregnancy. Another cut-off has been 
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previously used for elevated folate (≥30 nmol/L) and all analyses were repeated using this 

cut-off (314,315). Cross-sectional and longitudinal interactions between folate and 

cobalamin statuses were assessed for plasma MMA and tHcy at <12, 12, 24-27 and 34 GW 

and at labour. The MMA model included plasma creatinine (at blood sample collection), 

first trimester BMI categories and smoking (for cross-sectional analysis) or smoking 

throughout pregnancy (longitudinal analysis). The plasma tHcy model included the same 

factors as MMA plus the maternal MTHFR 677C>T genetic variant in a co-dominant model. 

Interactions between marginal cobalamin deficiency and total folate intake (tertiles) on 

plasma and RBC folate were also assessed throughout pregnancy by ANCOVA analysis 

adjusting for the same factors as the tHcy models (except for plasma creatinine in RBC 

folate models).  

The interactions between plasma folate and cobalamin status on haemoglobin and mean 

cell volume (MCV) were assessed in early (<12 GW) and late (34 GW) pregnancy by 

ANCOVA analysis. Logistic regression analysis was used to identify the interactions between 

folate and cobalamin statuses on early and late pregnancy (≥34 GW) anaemia (haemoglobin 

<11 g/dL). All models assessing haematological outcomes included first trimester BMI, age, 

socioeconomic status, plasma creatinine at time of blood sample collection, first trimester 

smoking or smoking throughout pregnancy and iron supplement use in the first or second 

trimester (for early or late pregnancy models respectively) as adjusting factors.  
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Results 

One thousand five hundred and seventy three women were screened at their first 

antenatal check-up (Figure 9). 906 were excluded due to gestational age ≥12 weeks or 

unviable foetus, leaving 667 women eligible to participate. After inviting them to 

participate, a further 2 were excluded due to twin pregnancy and 626 women agreed to 

participate. Of these, 563 went on to have live births and were followed-up throughout 

pregnancy. By March 2016, 379 offspring had reached 7.5 years and were eligible to 

participate in the follow-up study. We successfully contacted 314 parents and 162 children 

(51.5%) were recruited.  
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1573 women screened at 1

st 
prenatal check up 

667 confirmed viable foetus of <12 GW 

626 accepted 

563 live births 

Figure 9. Participant flow chart from recruitment until offspring follow-up at mid-
childhood.  

2 twin pregnancies excluded 

9 never turned up 
36 miscarried 
8 abandoned 
Terminations:  
- 8 congenital malformations 
- 2 Down syndrome 

379 eligible children aged 7.5 y (2013-2016) 

314 were successfully contacted 

162 agreed to participate 

Reasons for refusal 
Busy parental schedule/ Distance 
Fear of blood sample 
Uninterested 
Child death 

906 excluded:  
- Gestational age > 12w  
- Unviable foetus 

Reus-Tarragona Birth Cohort flow chart in the two phases: pregnancy and offspring follow-up at 

mid-childhood. Women recruited from January 2005 and until October 2014 were included in the 

pregnancy phase, and offspring born at or before September 2008 in the follow-up phase. 
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Selected descriptive characteristics of studied participants  

Maternal demographic and lifestyle descriptive characteristics are shown in Table 6. Mean 

gestational age at recruitment was 9.1 (95% CI: 8.9, 9.3) weeks, mean first trimester BMI 

was 23.8 (95% CI: 23.5, 24.2) kg/m2 and age was 31.9 (95% CI: 31.5, 32.3) years. 

Overweight, obesity and low socioeconomic status were observed in 21.8, 6.9 and 6.6% of 

the women respectively. Smoking throughout pregnancy was very prevalent (17.4%; 95% 

CI: 14.4, 20.7). Most women using illegal drugs stopped their use during pregnancy, and 

occasional or regular alcohol consumption was observed in 13.6% of women. 

Table 6. Maternal demographic and lifestyle descriptive characteristics.1 
 

 Value 
Gestational age at recruitment, weeks [556] 9.2 (9.0, 9.4)  
Early pregnancy age, y [560] 31.9 (31.5, 32.3)  
Previous pregnancies, % [561] 52.9 (48.8, 57.0)  
Previous miscarriages, % [561] 33.3 (29.6, 37.3) 
Previous preterm birth, % [561] 5.3 (3.8, 7.5)  
Planned pregnancy, % [533] 80.8 (77.2, 83.9)  
1st trimester body mass index, kg/m2 [550] 23.8 (23.5, 24.2)  
Body mass index categories, % [550]  

Underweight 2.9 (1.8, 4.7)  
Overweight 21.8 (18.6, 25.5) 
Obesity 6.9 (5.1, 9.3)  

Current smoking, %   
1st trimester [562] 28.4 (24.7, 32.2)  
Throughout pregnancy [559] 17.4 (14.4, 20.7)  

Socioeconomic status [558]  
Low 6.6 (4.8, 9.0) 
Middle 49.8 (45.7, 54.0) 
High 43.5 (39.5, 47.7) 

Occasional alcohol consumption, %  
Preconception [518] 53.3 (49.0, 57.5)  
Pregnancy [528] 13.6 (11.0, 16.8)  

Illegal drug use, %  
Preconception [539] 2.4 (1.4, 4.1) 
Pregnancy [539] 0.4 (0.1, 1.3)  

1 All data shown are means or percentages (95% confidence interval). 
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The majority of women reported that their pregnancy was planned (80.8%). Folic acid 

supplement use was less frequent at preconception (34.5%) compared to during the first 

trimester (87.5%: p<0.05) (Table 7). Median total folate (638 µg/day) and cobalamin (6.0 

µg/day) intakes throughout pregnancy were above the IOM RDA. However, folic acid from 

supplements contributed more to total folate intake (57.7%) than cobalamin supplement 

use to total cobalamin intake (15.1%).  

 

Table 7. Maternal nutritional descriptive characteristics.1  
 

 Value 
Dietary intake  
Energy, kcal/day [467] 1953 (1905, 2001) 
Total folate, µg/day2 [441] 638 (517, 839) 
Total cobalamin, µg/day2 [441] 6.0 (4.7, 7.7) 
Folic acid supplements, %  

Preconception [510] 34.5 (30.5, 38.9) 
1st trimester [521] 87.5 (84.4, 90.1) 

1st trimester folic acid intake, µg/day2 [521] 400 (267, 534) 
Cobalamin supplement use, %  

1st trimester [521] 63.7 (59.5, 67.7) 
2nd trimester [538] 34.0 (30.1, 38.1) 

1st trimester cobalamin supplement intake, µg/day2 [529] 1.1 (0.0, 1.8) 
Iron supplement use, %   

1st trimester [521] 15.5 (12.7, 18.9) 
2nd trimester [538] 57.8 (53.6, 61.9) 

1 All data shown are means or percentages (95% confidence interval), unless otherwise indicated.  
2 Median (P25, P75). 

 

Table 8 describes prenatal, obstetrical and perinatal characteristics. Mean gestational age 

at labour was 39 (95% CI: 38.9, 39.1) weeks, 4.6 (95% CI; 3.2, 6.7) % of births were 

premature and mean birth weight was 3218 (95% CI: 3180, 3255) g. There were 44 (7.8%) 

and 49 (8.7%) cases of intrauterine growth restriction and large-for-gestational age 

respectively. Gestational diabetes mellitus and pregnancy-induced hypertension affected 
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7.0% and 6.1% of the pregnancies respectively. Anaemia affected 2.8 (95% CI: 1.7, 4.6) % 

and 32.3 (95% CI: 28.6, 36.3) % of women during the first and third trimesters respectively.  

 

Table 8. Prenatal, obstetrical and perinatal descriptive characteristics.1 
 

 Value 
GDM, % [558] 7.0 (5.2, 9.4) 
PIH, % [479] 6.1 (4.2, 8.6) 
Early pregnancy anaemia, %2 [537] 2.8 (1.7, 4.6) 
Late pregnancy anaemia, %2 [536] 32.3 (28.6, 36.3) 
GA at labour, weeks [563] 39.0 (38.9, 39.1) 
Preterm delivery, %3 [563] 4.6 (3.2, 6.7) 
Offspring female sex, % [563] 51.2 (47.0, 55.3) 
Birth weight, g [562] 3218 (3180, 3255) 
Birth weight, z-score4 [562] -0.20 (-0.28, -0.11) 
IUGR, %5 [562] 7.8 (5.9, 10.3) 
LGA, %5 [562] 8.7 (6.7, 11.3) 
Abbreviations: GA, gestational age; GDM, gestational diabetes mellitus; IUGR, intrauterine 
growth restriction; LGA, large-for-gestational age; PIH, pregnancy-induced hypertension;. 
1 All data shown are means or percentages (95% confidence interval).  
2 Defined as a haemoglobin <11 g/dL at ≤12 gestational weeks or >34 gestational weeks. 
3 Defined as a gestational age ≤37 weeks. 
4 According to the WHO age- and sex-standardised growth charts. 
5 According to the Spanish Obstetrics and Gynaecology guidelines. 

 

Maternal genotypes and allele frequencies for the MTHFR 677C>T, MTRR 66A>G, MTRR 

524C>T and TCN2 776C>G genetic variants are shown in Table 9. All the observed genotype 

frequencies were in Hardy-Weinberg equilibrium (p>0.05). The variant allele for the MTRR 

66A>G and 524C>T SNPs were the most and least frequent respectively. However, the 

prevalence of variant homozygous genotypes was high for all of the studied SNPs (≥11.6%). 
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Table 9. Genotype and allele frequencies of studied polymorphisms.1 
 

 Genotype frequency (%) 
Variant allele 
frequency (%) 

 Common 
homozygous 

Heterozygous 
Variant 

homozygous 

MTHFR 677C>T (n= 571) 
34.3  

(30.5, 38.3) 
48.7  

(44.6, 52.8) 
17.0  

(14.1, 20.3) 
41.3  

(38.5, 44.2) 

MTRR 66A>G (n= 569) 
29.5  

(25.9, 33.4) 
44.6  

(40.6, 48.7) 
25.8  

(22.4, 29.6) 
48.2  

(45.3, 51.1) 

MTRR 524C>T (n= 569) 
41.3  

(37.3, 45.4) 
47.1  

(43.0, 51.2) 
11.6  

(9.2, 14.5) 
35.1  

(32.4, 38.0) 

TCN2 776C>G  (n= 570) 
33.2  

(29.4, 37.1) 
49.3  

(45.2, 53.4) 
17.5  

(14.6, 20.9) 
42.2  

(39.4, 45.1) 
MTHFR, methylenetetrahydrofolate reductase; MTRR, 5-methyltetrahydrofolate-homocysteine 
methyltransferase reductase; TCN2, transcobalamin 2. 
1 Values are percentages (95% confidence interval).  

 

Early pregnancy folate and cobalamin status 

Folate and cobalamin status in early pregnancy were evaluated by assessing RBC and 

plasma folate and cobalamin, as well as their functional biomarkers tHcy and MMA (for 

cobalamin only). Figure 10 shows the median (P25, P75) RBC folate, plasma cobalamin, tHcy 

and MMA and the prevalence of first trimester marginal deficiency or elevated plasma 

biomarker concentration. First trimester median plasma folate was 27.9 (P25, P75: 15.4, 41.6) 

nmol/L, and excess plasma folate (plasma folate ≥45 nmol/L) was present in 20.2% (95% CI: 

17.1, 23.7%) of the women. First trimester RBC and plasma folate deficiency affected 3.1 

and 11.4% of pregnancies respectively. Suboptimal RBC folate (≤906 nmol/L) was observed 

in 44.0 (95% CI: 39.1, 47.5) % of the women. The prevalence of suboptimal folate status was 

3-fold lower in women that had taken preconception folic acid supplements compared to 

women that did not (58.3%; 95% CI: 52.9, 63.5; p< 0.001). The prevalence of folate 

deficiency in women not taking folic acid supplements either at preconception or during 

the first trimester was 33.3% (95% CI: 21.7, 47.5%). However, tHcy ≥10 µmol/L was only 

observed in seven women. Marginal cobalamin deficiency was found in 6.3 (95% CI: 8.6, 

4.6%) % of women and elevated plasma MMA in 2.7 (95% CI: 1.6, 4.3%) %.  
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Figure 10. First trimester folate and cobalamin status in the Reus-Tarragona Birth Cohort.  

Dots are median (P25, P75, Y left axis) and columns percentage of marginal deficiency (95% CI, Y right axis). Marginal deficiency 
was defined as: RBC folate ≤340 nmol/L, plasma cobalamin ≤221 pmol/L, tHcy ≥10 µmol/L and MMA ≥0.210 µmol/L. Sample size: 
plasma markers (n= 569) and RBC folate (n= 529).  
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Elevated first trimester plasma folate (≥45 nmol/L) was found in 20.2 (95% CI: 17.1, 23.7) % 

of the participants and concomitant elevated folate (≥45 nmol/L) and low cobalamin (≤221 

pmol/L) in 1.1%. The use of a lower cut-off to define elevated plasma folate (≥30 nmol/L) 

yielded similar results (2.1%). 

 

Determinants of early pregnancy folate and cobalamin status 

We investigated whether demographic, lifestyle and genetic factors were associated with 

RBC and plasma folate and plasma cobalamin by univariate linear regression analysis (Table 

10). In this table only the R2*100 values are reported because we set out to identify which 

variables are most related with RBC and plasma folate and plasma cobalamin and to 

identify candidates for inclusion in subsequent multivariate analyses, rather than to 

specifically quantify the association. Pregnancy planning and preconception folic acid 

supplement use were positively associated with the three metabolic markers. Total folate 

intake, first trimester smoking and cobalamin supplement use were all significant 

determinants of both RBC and plasma folate. Cobalamin intake, plasma creatinine and 

socioeconomic status were all associated with the two plasma biomarkers. Folic acid 

supplement use during the first trimester was linked with RBC and plasma folate, BMI only 

with plasma folate and gestational age at blood sample collection and maternal age were 

associated with plasma cobalamin concentrations. In univariate models, the studied genetic 

variants were not associated with RBC and plasma folate or with plasma cobalamin 

concentrations.  
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Table 10. Univariate associations between demographic, lifestyle and genetic factors as 
determinants of RBC folate and plasma folate and cobalamin in early pregnancy.1 
 

 RBC 
Folate 

Plasma 
folate 

Plasma 
cobalamin 

Continuous variables    
Gestational age at recruitment, weeks  0.5 [503] 0.0 [539] 1.2† [539] 
Maternal age, years 0.4 [515] 0.1 [551] 0.8* [551] 
Total folate intake, µg/ day 4.2‡ [403] 9.9‡ [434] 0.0 [434] 
Total cobalamin intake, µg/ day 0.6 [403] 3.5‡ [434] 2.5‡ [434] 
Plasma creatinine, µmol/L 0.72 [512] 1.8† [548] 1.1* [548] 
Categorical variables    
Pregnancy planned 6.1‡ [491] 4.8‡ [524] 1.1* [524] 
BMI categories 0.5 [506] 1.5* [541] 0.7 [541] 
First trimester smoker  2.2‡ [517] 2.1‡ [553] 0.3 [553] 
Socioeconomic status  0.9 [513] 2.3‡ [549] 1.1* [549] 
Preconception alcohol consumption  0.1 [477] 0.4 [509] 0.0 [509] 
Preconception folic acid supplement use 17.9‡ [470] 8.3‡ [503] 1.1* [503] 
First trimester folic acid supplement use 0.8* [480] 2.4‡ [512] 0.4 [512] 
First trimester cyanocobalamin 
containing supplement use 

6.8‡ [480] 6.7‡ [512] 0.7 [512] 

MTHFR 677C>T polymorphism 0.9 [516] 0.5 [549] 0.8 [549] 
MTRR 66A>G polymorphism 0.5 [515] 0.7 [548] 0.2 [548] 
MTRR 524C>T polymorphism 0.9 [515] 0.4 [548] 0.5 [548] 
TCN2 776C>G polymorphism 0.9 [516] 0.8 [549] 0.1 [549] 
Abbreviations: BMI, body mass index; MTHFR, methylenetetrahydrofolate reductase; MTRR, 
methylenetetrahydrofolate-homocysteine methyltransferase reductase; TCN2, transcobalamin 2.  
1Univariate linear regression analysis with demographic, lifestyle and genetic variants as 
independent variables and RBC folate and plasma folate and cobalamin as dependent variables. 
Plasma folate and cobalamin were natural log transformed before analysis. Values are univariate 
model R2*100, symbols indicate model significance and square brackets sample size. Independent 
variables were regressed as continuous (with specified units), or categorical variables: Pregnancy 
planning [no vs. yes]; BMI categories [underweight BMI <18.5, overweight 25 ≤ BMI > 30 or obesity 
BMI ≥ 30 vs. normal weight 18.5 ≤ BMI <25 kg/ m2]; first trimester smoker [no vs. yes]; 
socioeconomic status [medium or high vs. low]; preconception alcohol consumption [no vs. yes]; 
preconception folic acid supplement use [no vs. yes]; 1st trimester folic acid supplement use [no vs. 
yes]; 1st trimester cobalamin supplement use [no vs. yes]; maternal MTHFR 677C>T [CT vs. CC and 
TT vs. CC]; MTRR 66A>G [AG vs. AA and GG vs. AA]; MTRR 524C>T [CT vs. CC and TT vs. CC]; TCN2 
C>G [CG vs. CC and GG vs. CC]. *p< 0.05; †p< 0.01; ‡p< 0.001. 
2 p= 0.059.  
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We evaluated the effects of variables significantly associated in the univariate models with 

RBC and plasma folate and plasma cobalamin in multivariate analysis by stepwise multiple 

linear regression analysis, which are detailed below. Determinants of functional biomarkers 

of folate and cobalamin status were also assessed. Multi-collinearity was assessed by 

examining tolerance, which was lowest for plasma folate (0.69) in the model assessing tHcy 

concentrations.  

 

RBC folate model 

Folic acid supplement intake at preconception increased RBC folate (β= 586 nmol/L; 95% CI: 

459, 713) and was its major determinant, explaining almost 17.3% of first trimester RBC 

folate variability. The factors that most contributed to RBC folate after preconceptional folic 

acid supplement use (in the model that explained in total 28.9% of its variability; n= 393; p 

< 0.001) were cobalamin supplements in the first trimester (β= -390 nmol/L; 95% CI: -513, -

268), pregnancy planning (β= 172 nmol/L; 95% CI: 14, 329) and MTHFR 677 CT (β= -154 

nmol/L; 95% CI: -282, -26) and TT (β= -307 nmol/L; 95% CI: -471, -142) compared to CC, in 

that order.  

 

Plasma folate model 

Plasma folate increased with increasing total folate intake (β= 1% per 100 µg/day; 95% CI: 

0.7, 1.3) and was higher in women who had planned their pregnancy (β= 1% per 100 

µg/day; 95% CI: 0.7, 1.3) and in those taking folic acid supplements before conception (β= 

1% per 100 µg/day; 95% CI: 0.7, 1.3) or during the first trimester (β= 1% per 100 µg/day; 

95% CI: 0.7, 1.3). These factors explained 28.8% of plasma folate variability (n= 408; p for 

model< 0.001). Total folate intake and folic acid supplement use at preconception, alone, 

accounted for 14.8% of plasma folate variability.  
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Plasma cobalamin model 

Only 7.8% of total plasma cobalamin variability was explained in the fully adjusted model 

(n= 408; p for model< 0.001). Per µg/day of cobalamin ingested, early pregnancy cobalamin 

concentrations increased by 2.3% (95% CI: 1.0, 3.6%). Total cobalamin intake, plasma 

creatinine (β= 0.7%; 95% CI: 0.3, 1.2) and folic acid supplement use at preconception (β= 

8.0%; 95% CI: 1.5, 14.9) were, in that order, the three major determinants of plasma 

cobalamin, and were positively associated with this B vitamin. The same model as for 

plasma cobalamin was used to identify the determinants of holoTC. Explained variability 

was lower than for cobalamin, and only plasma creatinine and gestational age at blood 

sampling were associated with holoTC (positive association).  

 

THcy model 

The same model as for plasma folate was fitted, but including RBC and plasma folate and 

plasma cobalamin. The model explained 25.2% of early pregnancy tHcy variability (n= 408; 

p for model< 0.001). RBC folate (β= -0.60%; 95% CI: -0.96, -0.24) and plasma cobalamin (β= 

-3.45%; 95% CI: -5.21, -1.70) were negatively associated with plasma tHcy, and plasma 

creatinine (β= 1.00%; 95% CI: 0.67, 1.32), MTHFR 677 TT vs. CC (β= 12.52%; 95% CI: 6.19, 

19.23) and MTRR 66 AG vs. AA (β= 6.65%; 95% CI: 1.01, 1.11) and MTRR 66 GG vs. AA (β= 

9.02%; 95% CI: 3.2, 15.19) were positively associated with tHcy concentrations.  

 

Plasma MMA model 

Plasma cobalamin (β= -0.08%; 95% CI: -0.10, -0.05) was the major determinant of MMA 

concentrations (R2*100= 7.7%), and, along with first trimester smoking (β= -6.96%; 95% CI: -
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13.34, -0.12), was negatively associated with MMA. Creatinine (β= 0.69%; 95% CI: 0.28, 

1.12) and the MTRR 524 TT vs. CC (β= 11.59%; 95% CI: 1.93, 22.16) were positively 

associated with MMA concentrations, and the final model accounted for 12.4% of MMA 

variability. All models were significant (p< 0.001).  

 

Folate and BMI status interactions in early pregnancy 

We further assessed the interactions between folate and BMI on plasma and RBC folate. 

Women with high BMI in the first trimester had lower plasma folate (Figure 11). However, 

we found no associations between RBC folate and BMI (p= 0.216).  

Significant interactions between BMI categories and tertiles of total folate intake (p= 0.032) 

on RBC folate concentrations were found by ANCOVA and after adjusting for the maternal 

MTHFR 677C>T polymorphism in a co-dominant model. The associations between BMI 

categories and RBC folate were then assessed according to tertiles of total folate intake. 

There were no differences in RBC folate according to BMI categories in the first or second 

tertiles of total folate intake. In contrast, in the highest tertile, overweight women had 

significantly higher RBC folate (n= 32; mean: 1773; 95% CI: 1482, 2063 nmol/L) compared to 

women with normal weight (n= 85; mean: 1373; 95% CI: 1195, 1551 nmol/L; p= 0.011). 

These differences were found despite no differences in total folate intake between BMI 

categories within each tertile category of total folate intake. In addition, we found that the 

ratio RBC: plasma folate was higher in overweight (mean: 46.2; 95% CI: 41.8, 50.7; p= 

0.036) and obese (mean: 50.0; 95% CI: 42.1, 57.7; p= 0.029) subjects compared to normal 
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weight (mean: 40.8; 95% CI: 38.3, 43.3). Early pregnancy plasma tHcy was also higher in 

obese (mean: 5.9; 95% CI: 5.5, 6.3 µmol/L) compared to normal weight (mean: 5.3; 95% CI: 

5.2, 5.5 µmol/L; p= 0.009) and overweight (mean: 5.4; 95% CI: 5.2, 5.6 µmol/L; p= 0.036) 

women. Adjusting for plasma cobalamin and creatinine concentrations did not change the 

results. 

 

 

Figure 11. Plasma folate and folic acid intake in early pregnancy according to BMI status.  

Analysis of covariance was used to assess the effect of body mass index on plasma folate in early 
pregnancy adjusting for plasma creatinine, folic acid supplements intake at preconception, planned 
pregnancy and 1st trimester smoking. ANOVA was used to assess the effect of body mass index on 
folic acid intake. Dots are estimated means and bars 95% CI. Normal weight, 18.5 ≤BMI < 25 (n= 
337); overweight, 25 ≤BMI <30 (n=109); obese, BMI ≥30 (n= 33) kg/m2. Compared to normal 
weight women: *p< 0.05. 

* 

* 
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Folate and cobalamin interactions in early pregnancy on MMA and tHcy throughout the 

pregnancy 

Women with elevated first trimester plasma folate (≥45 nmol/L) and marginal plasma 

cobalamin deficiency (≤221 pmol/L) accounted for a small proportion of the population 

(1.1%). After removing cases with a Cook’s distance >1 (n= 1, Cook’s distance= 2.99), 

elevated plasma folate did not modify the association between cobalamin status and 

plasma MMA concentrations in early pregnancy (pinteraction= 0.603, Table 11). No interactions 

between folate and cobalamin on MMA at 15, 24-27, 34 GW or at labour (pinteraction always ≥ 

0.333 throughout all of these time points) were observed. Models were adjusted for plasma 

creatinine, BMI categories and first trimester smoking (for <12 GW) or smoking throughout 

pregnancy (for all other time points). Folate status did not modify the association between 

cobalamin and tHcy concentration at any point (pinteraction≥ 0.178) after adjusting for plasma 

creatinine, BMI categories, MTHFR 677C>T (co-dominant model) and first trimester 

smoking (for <12 GW) or smoking throughout the pregnancy (for all other time points). A 

different cut-off for elevated plasma folate (≥30 nmol/L) has also been suggested, and 

therefore all analyses were repeated using this threshold. Subjects with a Cook’s distance 

>1 were also excluded from these analyses (n= 2, Cook’s distance ≥1.29). Again, no 

significant interactions were found between cobalamin and folate status on MMA 

(pinteraction> 0.143) nor on tHcy concentrations (pinteraction≥ 0.084) at any time of pregnancy.  

Given the limitation of the low number of participants in the low cobalamin status sub-

groups, we tested the same hypothesis by setting low cobalamin status at P25 (≤ 299 

µmol/L). Folate and cobalamin interacted significantly on first trimester MMA 

concentrations (pinteraction= 0.030). In subjects with adequate cobalamin status, MMA did not 

differ according to plasma folate status (mean difference from non-elevated plasma folate: 

0.004; 95% CI: -0.01, 0.02 µmol/L). However, in women with inadequate cobalamin status, 

MMA concentrations were higher in women with elevated plasma folate compared to non-

elevated plasma folate (mean difference from non-elevated plasma folate: 0.02; 95% CI: 
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0.5, 0.00). The interaction on MMA was not observed at any other time point of the study 

(pinteraction≥ 0.131), nor on plasma tHcy at any point during pregnancy (pinteraction≥ 0.066).  
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Table 11. Biomarker concentrations according to early pregnancy cobalamin and folate status groups 
throughout pregnancy.1 
 

Cobalamin 
status2 

Folate 
status2 

MMA (µmol/L) 

<12 GW 15 GW 24-27 GW 34 GW Labour 

>221 <45 
0.12 (0.12, 0.13) 

[405] 
0.12 (0.11, 0.13) 

[307] 
0.14 (0.13, 0.14) 

[360] 
0.16 (0.15, 0.16) 

[360] 
0.17 (0.17, 0.18)  

[355] 

>221 ≥45 
0.12 (0.11, 0.13) 

[105] 
0.12 (0.11, 0.14) 

[91] 
0.13 (0.12, 15) 

[102] 
0.17 (0.15, 0.18) 

[102] 
0.17 (0.16, 0.19) 

[91] 

≤221 <45 
0.15 (0.13, 0.17) 

[29] 
0.21 (0.17, 0.25) 

[21] 
0.19 (0.17, 0.22) 

[27] 
0.22 (0.19, 0.25) 

[27] 
0.24 (0.21, 0.27) 

[26] 

≤221 ≥45 
0.13 (0.10, 0.17) 

[5] 
0.14 (0.05, 0.22) 

[4] 
0.13 (0.07, 0.19) 

[4] 
0.19 (0.12, 0.27) 

[4] 
0.18 (0.11, 0.25) 

[3] 
Cobalamin 

status 
Folate 
status 

tHcy (µmol/L) 
<12 GW 15 GW 24-27 GW 34 GW Labour 

>221 <45 
5.5 (5.4, 5.6) 

[405] 
4.6 (4.5, 4.7) 

[305] 
4.9 (4.8, 5.0) 

[358] 
5.5 (5.4, 5.7) 

[357] 
6.5 (6.3, 6.7) 

[342] 

>221 ≥45 
4.8 (4.6, 5.0) 

[105] 
4.3 (4.2, 4.5) 

[91] 
4.3 (4.0, 4.5) 

[102] 
5.1 (4.7, 5.5) 

[91] 
5.9 (5.5, 6.3)  

[90] 

≤221 <45 
5.8 (5.4, 6.3) 

[29] 
5.0 (4.6, 5.4) 

[21] 
5.3 (4.9, 4.5) 

[27] 
6.1 (5.4, 6.8) 

[26] 
7.4 (6.6, 8.2) 

[24] 

≤221 ≥45 
5.8 (4.9, 6.8) 

[6] 
4.9 (4.1, 5.7) 

[5] 
4.3 (3.2, 5.4) 

[5] 
5.9 (4.1, 7.6) 

[4] 
6.3 (4.5, 8.0) 

[5] 
Abbreviations: GW, gestational weeks; MMA, methylmalonic acid; tHcy, total fasting plasma homocysteine. 
1 Means (95% CI) were derived by using ANCOVA analysis adjusting for plasma creatinine (at blood sample collection), first 
trimester BMI categories and 1st trimester smoking (at <12 GW) or throughout pregnancy (from 15 GW). Plasma tHcy model 
also included maternal MTHFR 677C>T (CT vs. CC and TT vs. CC). P-values for interaction term (cobalamin*folate status) 
were as follows for <12 gestational weeks until labour: for MMA, p= 0.603, p= 0.148, p= 0.077, p= 0.403 and p= 0.183; for 
tHcy, p= 0.178, p=0.583, p= 0.514, p= 0.851 and p= 0.614. Subjects with a Cook’s distance >1 were excluded from the 
analyses. 
2 Cobalamin status (pmol/L) and folate status (nmol/L) at <12 GW. 
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In animal models, it has been suggested that cobalamin deficient animals with a high folate 

intake experience a rise in plasma (444) and a reduction in RBC folate concentrations, due 

to the inability to retain folate forms in tissue cells. We evaluated whether the effects of 

folate intake on plasma and RBC folate were modified by cobalamin status by ANCOVA 

analysis. Figure 12 shows the first trimester effects of total folate intake on plasma folate 

concentrations according to cobalamin status. No differences in plasma folate were 

observed between cobalamin status groups within each tertile of total folate intake. No 

significant interactions were found between first trimester total folate intake tertiles and 

cobalamin status on plasma folate at any time of pregnancy (pinteraction≥ 0.215), following 

exclusion of participants with Cook’s distance over 1 (n= 1; Cook’s distance= 2.95). In 

addition, cobalamin status did not modify the association between total folate intake and 

RBC folate concentrations at any time of pregnancy (pinteraction≥ 0. 715). 
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The effect of first trimester folate and cobalamin interactions on haematological 

parameters 

Haematological abnormalities have also been observed in subjects with concomitant 

cobalamin deficiency and elevated folate status. We used ANCOVA analysis to check for 

interactions between elevated plasma folate and marginal cobalamin deficiency, as 

previously defined, on haemoglobin concentrations and MCV in early (<12 GW) and late 

pregnancy (34 GW). Folate status modified the association between cobalamin and 

haemoglobin (pinteraction= 0.005) only at <12 GW. Table 12 shows the effects of cobalamin 

Figure 12. Plasma folate according to 1st trimester total folate intake and cobalamin 
status. 

Analysis of covariance was used to assess the cobalamin status (> or ≤221 pmol/ L) on plasma 
folate in early pregnancy according to 1st trimester total folate intake and adjusting for plasma 
creatinine, 1st trimester smoking and MTHFR 677C>T. Sample size: Low tertile: adequate (n= 127), 
inadequate cobalamin (n= 10); medium tertile: adequate (n= 132), inadequate cobalamin (n= 8); 
high tertile: adequate (n=137), inadequate cobalamin (n= 7). P-value for interaction= 0.256.  
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according to folate status on haemoglobin in early pregnancy. Women with non-elevated 

folate and cobalamin inadequacy had lower haemoglobin than women with adequate 

cobalamin (p= 0.04). However, in women with elevated folate status, inadequate cobalamin 

was borderline associated with higher haemoglobin concentration compared to women 

with adequate cobalamin status (p= 0.062). There were no interactions neither with MCV in 

early pregnancy (pinteraction= 0.136) nor with haemoglobin (pinteraction= 0.089) or MCV 

(pinteraction= 0.679) at 34 GW. All models were adjusted for BMI, socioeconomic status, 

creatinine concentrations, first trimester smoking (at <12 GW) or smoking throughout the 

pregnancy (from 15 GW) and iron supplement intake (first or second trimester intake 

according to the time of pregnancy studied). 

 

Table 12. Early pregnancy haemoglobin concentrations (g/dL) according to cobalamin 
and folate status. 1 
 

 Cobalamin status 
 Adequate  

(>221 pmol/L) 
Inadequate  

(≤221 pmol/L) 
Non-elevated folate 
(<45 nmol/L) 

12.7 (12.7, 12.8) 12.5 (12.3, 12.7)* 

Elevated folate 
(≥45 nmol/L) 

12.4 (12.1, 12.7) 13.3 (12.5, 14.0)† 

1 Values are means (95% CI). Subjects were categorised according to cobalamin status and non-
elevated plasma folate (<45 nmol/L) or elevated plasma folate (≥45 nmol/L). Means were derived 
by ANOVA after adjusting for first trimester BMI (kg/ m2), age (years), socioeconomic status, 
plasma creatinine concentrations (µmol/L), 1st trimester smoker and iron supplement use. 
Different from adequate cobalamin status within each folate status group: *p= 0.040; †p= 0.062. 

 

By using the lower cut-off for elevated plasma folate (≥30 nmol/L) no interactions were 

observed between folate and cobalamin statuses on haemoglobin concentrations at either 

<12 or at 34 GW (pinteraction= 0.177 and 0.666, respectively). However, significant interactions 

were observed on MCV at both <12 (pinteraction= 0.015) and 34 GW (pinteraction= 0.029). At <12 

GW, there were no differences in MCV according to cobalamin status in subjects with non-
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elevated folate status. However, in pregnant women with elevated folate status, MCV was 

4.8 fL (95% CI: 2.0, 7.7 fL) lower in inadequate cobalamin status women than in those with 

adequate cobalamin status (Figure 13). The same results were obtained at 34 GW: in 

women with high first trimester folate status, MCV was lower if women also had 

inadequate cobalamin status (mean difference: 5.5; 95% CI: 1.9, 9.1). No differences were 

observed in subjects with non-elevated folate status (88.6 [95% CI: 89.9, 89.3] vs. 88.3 [95% 

CI: 85.9, 90.8] in adequate vs. inadequate cobalamin respectively).  

Whether elevated folate status modified the associations between cobalamin and 

pregnancy anaemia (haemoglobin <11 g/ dL) was assessed at both early (<12 GW) and at 

late pregnancy (≥34 GW). No interaction between folate and cobalamin status was 

observed on the risk of early (pinteraction= 0.737) or late pregnancy (pinteraction= 0.999) anaemia. 

These observations were not different when a lower cut-off point for elevated folate status 

(≥30 nmol/L) was used.  
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Discussion 

In this chapter, we described folate and cobalamin status metabolic biomarkers and their 

determinants in early pregnancy. We also evaluated the interactions between elevated 

plasma folate and low cobalamin status on metabolic and haematological markers of 

cobalamin deficiency. Our results show no evidence of a deleterious effect of elevated 

plasma folate on the association between marginally low cobalamin and metabolic or 

Figure 13. Early pregnancy mean cell volume according to plasma folate and cobalamin 
status. 

Analysis of covariance was used to assess the interactions between cobalamin status (> or ≤221 
pmol/L) and plasma folate status (< or ≥30 nmol/L) on mean cell volume adjusting for BMI, 
socioeconomic status, creatinine concentrations, 1st trimester smoking and 1st trimester iron 
supplement intake. Sample size: Non-elevated folate: adequate (n= 233), inadequate cobalamin 
(n= 20); elevated folate: adequate (n= 221), inadequate cobalamin (n= 11). P-value for interaction= 
0.015. Compared to adequate status within each folate status group. *p< 0.001 

* 
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haematological markers during pregnancy in a population exposed to regular folic acid 

supplement use.  

Marginal first trimester cobalamin and RBC folate deficiencies were found in 6.3% and 3.1% 

of women respectively. The prevalence of elevated plasma folate was 20.2% in early 

pregnancy. Only 1 in every 3 women used preconceptional folic acid supplements and, 

suboptimal RBC folate status was observed in 15.9% of the women. However, blood 

samples were not drawn at preconception and therefore first trimester folic acid 

supplement use could have reduced the prevalence of suboptimal folate status. This data 

and data from national birth cohorts suggests that folic acid supplement use at 

preconception in our sample is similar to Denmark (30%) (445), but higher than in Norway 

(446) and France (447) (20 and 15% respectively). There was no evidence of functional 

cobalamin or folate deficiency as indicated by plasma tHcy and MMA in early pregnancy.  

In our sample, mean RBC folate concentrations were marginally lower and suboptimal RBC 

folate prevalence higher compared to those reported in Canadian pregnant women (mean 

RBC folate: 1280 nmol/L; suboptimal RBC folate: 26.3%) (448), where folic acid fortification 

was implemented in 1998. However, mean RBC folate and plasma tHcy concentrations 

were similar to those observed in women using folic acid supplements during the first 

trimester (400 µg/day) in Northern Ireland (249) and in The Netherlands (91). In a different 

Spanish cohort, plasma folate (35 nmol/L) and tHcy (4.4 µmol/L) were higher and lower 

respectively at 15 GW (243). Studies from India (389) and Nepal (103) reported slightly 

lower RBC and plasma folate status compared to our study. In a previous study of a 

representative sample of our local population, our group observed that a quarter of women 

of fertile age not using vitamin supplements were folate deficient (≤7 nmol/L) (144). In the 

present study, the prevalence of folate deficiency was lower in the whole sample, but was 

higher in women not taking folic acid supplements either at preconception or during the 

first trimester (33%; 95% CI: 21.7, 47.5). We observed that median cobalamin status was 

higher than in a different Spanish cohort (243), and almost doubled that of Northern Irish 
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(249) and Nepalese (103) women, while tripling that of Indian (389) women (at 18 GW). 

Plasma MMA was only assessed in the Indian study, in which the average concentrations 

were almost 8-fold higher than those from this study (389). Marginal cobalamin deficiency 

was observed in 35% of Canadian mothers at 12-16 GW (99). In the same Canadian study, 

tHcy was lower than in our study, probably because of the mandatory fortification with folic 

acid or timing of blood sampling. Cobalamin status in pregnant women in a previous study 

from our group was lower than in the present study, but MMA concentrations were similar 

(76). Lifestyle, nutritional, environmental and genetic factors may be responsible for the 

differences observed between different studies. However, pregnant women in our study 

may not be representative of fertile women in our population because it included women 

that had all of their prenatal care in the hospital. These were women with high-risk 

pregnancies or hospital workers. The majority of the women declared having planned their 

pregnancy, and the rate of planned pregnancies was higher than previously reported in 

many countries (449). It is possible that the frequency of folic acid supplement use at 

preconception was overestimated, because a recent multi-centre Spanish study reported it 

to be 22% (450). 

At <12 GW, RBC folate is a good estimator of preconceptional folate status as seen by its 

association with preconceptional folic acid use. Unexpectedly, women using cobalamin-

containing supplements during the first trimester had lower plasma and RBC folate 

compared to women not using cobalamin supplements. This is likely to be due to the fact 

that high dose folic acid supplements (>1 mg) on the Spanish market do not contain 

cobalamin, and supplements containing cobalamin usually have lower doses of folate (≤400 

µg). Findings from previous studies suggesting a negative association between plasma 

folate and BMI (91,264–266) were confirmed in pregnant women despite a higher intake of 

folic acid from supplements in obese compared to normal weight women. However, the 

effects of BMI on RBC folate appear to be mediated by dietary folate intake. In pregnant 

women with medium-high folate intake, overweight was associated with higher RBC folate. 
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In contrast, we found no differences in RBC folate between obese and normal weight 

women. These findings support a previous report that obese compared to normal weight 

non-pregnant women consumers of at least 400 µg/dday of folic acid from supplements 

had higher RBC folate (264). Obesity may influence the intestinal uptake of folic acid if 

adiposity diminishes the uptake of orally administered folic acid (272,434). In addition, the 

up-regulation of transepithelial transport of folic acid in intestinal cells in folate deficiency 

(213) is a potential mechanism for a higher RBC folate when plasma folate is low (for 

example, in overweight or obese subjects). In addition, obese women had higher first 

trimester tHcy and RBC: plasma folate ratio than normal weight women.  

 

In early pregnancy, the prevalence of concomitant elevated folate and low cobalamin status 

was low (1.1%). To the best of our knowledge, the interactions between folate and 

cobalamin status on metabolic and haematological indicators of low cobalamin have not 

been studied in pregnant women before. Our results do not replicate previous reports of a 

deleterious effect of elevated plasma folate status on plasma MMA and tHcy in cobalamin 

deficient old adults (310,311). On the other hand, the lack of interactions between early 

pregnancy elevated folate and low cobalamin status on haemoglobin and MCV, endorsed 

the metabolic findings as well as previous findings in old adults from the UK (314). 

However, when we applied a lower cut-off for elevated plasma folate, MCV was lower at 

early and late pregnancy in subjects with concomitant elevated plasma folate and low 

cobalamin than in subjects with adequate cobalamin and elevated folate. These differences 

were not observed in subjects with non-elevated plasma folate. In 2010, Morris and 

collaborators published similar results in relation to MCV (313). In noninstitutionalised USA 

adults with cobalamin deficiency, higher circulating folic acid was associated with lower 

MCV (β-coefficient: -1.44; 95% CI: -2.84, -0.03), potentially reducing the macrocytosis 

associated with cobalamin deficiency. However, the effects of elevated plasma folate (>75th 

percentile) on macrocytosis in low cobalamin subjects varied according to the method used 
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to determine plasma folate. This issue is unlikely to apply to our study since both plasma 

and RBC folate were determined by the gold standard (microbiological assay) (452). Initial 

concerns regarding folic fortification stemmed from the possible missed diagnosis of 

cobalamin deficiency by the MCV reduction by an elevated folate status. Given that folic 

acid must be first reduced to THF, and that THF may be used to synthesize purines and 

dTMP, elevated plasma folate from folic acid consumption may bypass the 5-methylTHF 

block in cobalamin deficient subjects. This would allow all cells in general, and rapidly 

dividing cells in particular, to mature properly. Proper maturation of erythrocytes is 

observed in parallel to a reduction in MCV following fortification with folic acid in the USA. 

The prevalence of low serum cobalamin in the absence of macrocytosis or anaemia did not 

increase. This suggests that there is no reason for concern regarding masking of cobalamin 

deficiency at the population level (453). We did not detect macrocytosis in our study and an 

effect on MCV does not necessarily indicate an effect on macrocytosis. The prevalence of 

women exposed to elevated plasma folate was higher than that reported in studies carried 

out in non-fortified countries but the prevalence of cobalamin deficiency was very low, and 

the use of a higher cut-off defining inadequate cobalamin status could have masked the 

potential negative effects of elevated folate. Furthermore, the exposure to high dose folic 

acid supplements was confined, at most, to some months before conception and until 

blood samples were collected in the first trimester. Therefore, a longer-term exposure, 

similar to that of folic acid fortification, may be needed to detect a deleterious effect of 

elevated folate status in subjects with low cobalamin concentrations.  

 

As intervention studies with folic acid on cobalamin deficient populations would be 

unethical, the longitudinal design of our study offers the most suitable choice to investigate 

folate-cobalamin interactions. Relevant limitations must be highlighted, such as the lack of 

data regarding the underlying cause of low cobalamin status, which lessened our ability to 

predict early pregnancy cobalamin concentrations. In order to redress this point, 
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information on potential pregnancy confounders affecting plasma cobalamin, folate, MMA 

and tHcy such as renal function, supplement use or genetic polymorphisms was carefully 

recorded. In addition, and to ensure appropriate sample processing, optimized procedures 

were used to minimize sample processing artefacts in MMA, tHcy and cobalamin 

determinations (454). It is also important to highlight that, despite our relatively large 

sample size, the low cobalamin/ high folate group was small. Only a 1.1% of the total 

sample was classified in this group, however the prevalence in the population may be 

higher given the medium-high socioeconomic status of the studied sample. 

The demonstration that the negative association between plasma folate and BMI is also 

observed in pregnant women during the first trimester gives some insight into the potential 

mechanisms by which BMI may influence NTD risk. The intake of folate appears to be 

responsible for the positive association between RBC folate and BMI.  

Elevated plasma folate in pregnant women with inadequate cobalamin status has no 

harmful effects on metabolic or haematological markers of cobalamin deficiency in this 

non-fortified population exposed in the short term to folic acid supplement use. Despite 

high use of folic acid supplements in the first trimester, folate and cobalamin status are are 

still far from being optimal for the maximum prevention of NTD.  
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Chapter 2: Determinants of child folate and cobalamin status 

 

Introduction 

In Western countries, folate and cobalamin deficiencies are not prevalent during childhood. 

In the USA, cobalamin deficiency in children is estimated to be lower than 1% (114). A 

meta-analysis from 2001 including 1490 children, reported that the mean cobalamin 

concentration in Spanish children aged 0-15 years old was 502 pmol/L (standard deviation, 

93.7) (118). Worldwide folate status in pre-school and school age children seems not to be 

compromised, according to existing reported data (81,94,119,120,251–253).  

Breast and formula milk contain enough folate to maintain adequate status in newborns 

and protect them from folate deficiency. In breastfed infants, human milk folate is 

maintained at the expense of maternal stores (277). Maternal cobalamin during pregnancy 

is highly associated with breast milk cobalamin (455), and exclusive breastfeeding for 

extended periods places greater nutritional demands on the mother. Indeed, longer 

exclusive breastfeeding, as well as breastfeeding per se, is associated with reduced child 

serum cobalamin (97,107). In contrast to cobalamin, folate status in neonates is positively 

associated with exclusive breastfeeding duration (97). In 2001, the WHO recommended 

that all infants should be exclusively breastfed until the age of 6 months, but several 

concerns have emerged given the insufficient available evidence supporting this 

recommendation (109,110). 

Maternal cobalamin status during pregnancy is the major determinant of offspring status 

up until two years of age (80,95,104,105). Child cobalamin deficiency is considered to be 

secondary to maternal cobalamin deficiency. Supplementation with physiological doses of 

cobalamin during pregnancy increases postnatal cobalamin in the baby, while reducing 

MMA and tHcy (65,78,101,102). Only one study, carried out in India has investigated 

UNIVERSITAT ROVIRA I VIRGILI 
PRENATAL ONE CARBON METABOLISM AND IN UTERO PROGRAMMING OF GROWTH AND ADIPOSITY IN THE OFFSPRING 
Pol Solé Navais 
 



Results. Chapter 2 

whether the impact of cobalamin status during pregnancy on child cobalamin persists after 

two years of age (106). Maternal and cord blood folate concentrations are the main 

determinants of folate status at the age of 6 months (105). 

The effects of the MTHFR 677C>T polymorphism on tHcy and RBC and plasma folate status 

have been widely described in adults, but not in children. The limited body of evidence 

suggests that this genetic variant affects 1C metabolism in children older than 10 years 

(279,283,284), boys (285) or subjects with low folate status (284). Other genetic variants 

such as the TCN2 776C>G, MTRR 66A>G or 524C>G that have been studied in adults have 

attracted limited attention in paediatric settings. Only one study reported the effects of 

TCN2 776A>G on 1C metabolism in children, with higher tHcy in variant compared to 

common homozygotes (136). 

Data regarding child folate or cobalamin status (or functional status) in developed countries 

is limited to a few reports from Norway (81), the USA (119), the UK (120), Belgium (121) 

and Greece (122) and none of them have reported the association between maternal and 

child cobalamin status. In addition, all studies reporting the association between pregnancy 

folate or cobalamin or breastfeeding and infant status in these vitamins are limited to 

children under two years of age. The effects of genetic variants affecting folate or 

cobalamin transport or metabolism have been scarcely studied. It is not known whether 

maternal folate and cobalamin status or breastfeeding affect offspring folate and cobalamin 

status at mid-childhood. 

 

Specific objectives 

The specific objectives of this chapter are: 

- To describe cobalamin and folate metabolic indicators in children at mid-childhood 

(7.5 years). 
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- To determine the association between genetic, nutritional and other lifestyle 

factors and mid-childhood folate and cobalamin status. 

 

- To investigate the association between prenatal folate and cobalamin status and 

mid-childhood one carbon metabolism status indicators. 

 

Material and methods. 

The materials and methods applicable to this chapter have been described in the general 

Material and methods section. 

 

Statistical analysis. 

We first examined the descriptive characteristics in the offspring at mid-childhood. Means 

(95% CI) or median (P25, P75) or relative frequencies (95% CI) are shown for mothers of 

children that participated in the follow-up check-up and those of non-participants. 

Descriptive characteristics are reported for all of the children and according to sex. 

Differences in maternal characteristics according to follow-up participation, and child 

characteristics according to sex were assessed by t-test or χ2 for continuous or categorical 

variables respectively. Genotype and allele frequencies (95% CI) of the studied genetic 

variants are also reported. One sample or goodness of fit χ2 was used to test deviations 

from Hardy-Weinberg equilibrium of the observed allele frequencies (440). 

Folate deficiencies were defined as: plasma folate ≤10 nmol/L (237), RBC folate ≤340 

nmol/L (237) and elevated plasma tHcy as tHcy ≥10 µmol/L (441). Marginal cobalamin 

deficiencies were defined as: plasma cobalamin ≤221 pmol/L (442) or plasma MMA ≥0.210 

µmol/L (443). Suboptimal RBC folate was defined as ≤906 nmol/L (238). 
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The bivariate correlations between maternal folate and cobalamin status throughout 

pregnancy and cord and child vitamin statuses were assessed (Pearson correlation 

coefficients are reported). Plasma nutrient /biomarker (folate, cobalamin, holoTC, MMA 

and tHcy) distributions were skewed to the right so were natural log transformed.  

Demographic, lifestyle and genetic determinants of RBC and plasma folate and plasma 

cobalamin at mid-childhood were evaluated by univariate linear regression analysis. All 

variables observed to be associated with child folate or cobalamin status were then 

included in the multiple linear regression models. Determinants of functional biomarkers of 

folate and cobalamin status (tHcy and MMA respectively) were identified by stepwise 

multiple linear regression analysis based on the determinants of folate and cobalamin 

status. The four studied genetic variants were included in all of the models. 

 

Results 

Comparison of selected descriptive characteristics of studied participants  

Selected maternal demographic and lifestyle descriptive characteristics are shown in Table 

13 according to child participation in the follow-up phase. Mothers of child participants 

were more likely to have consumed alcohol before and during pregnancy than those of 

nonparticipants (p< 0.001). Daily energy intake and second trimester cobalamin 

supplement use were higher in mothers of participators compared to non-participators (p< 

0.05) but no other significant differences in maternal lifestyle, demographic or nutritional 

descriptive characteristics were observed between the two groups. We assessed 

differences in obstetrical and perinatal characteristics between the two groups of mothers 

by t-test and χ2 for continuous and categorical variables respectively, and no differences 

were detected.  
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Table 13. Maternal demographic, lifestyle and nutritional descriptive characteristics 
according to child participation in the follow-up phase.1 
 

  Followed-up Not followed-up 
GA at recruitment, weeks  9.1 (8.8, 9.4) [161] 9.3 (9.1, 9.5) [395] 
1st trim age, years   32.3 (31.7, 32.9) [162] 31.7 (31.2, 32.2) [398] 
Previous pregnancies, %   49.4 (41.8, 57.0) [162] 54.4 (49.5, 59.2) [399] 
Previous abortions, %   34.0 (27.1, 41.5) [162] 33.1 (28.6, 37.8) [399] 
Previous preterm birth, %  3.7 (1.7, 7.8) [162] 6.0 (4.1, 8.8) [399] 
Planned pregnancy, %   80.8 (73.8, 86.3) [151] 80.4 (76.1, 84.0) [382] 
1st trimester BMI, kg/m2   23.8 (23.1, 24.1) [162] 23.8 (23.4, 24.2) [388] 
1st trimester smoking, %   22.2 (16.5, 29.2) [162] 18.5 (15.0, 22.6) [388] 

Smoking throughout pregnancy, %   20.4 (14.9, 27.2) [162] 16.1 (12.8, 20.1) [397] 
Socioeconomic status  [162] [396] 

Low  3.7 (1.7, 7.8) 7.8 (5.6, 10.9) 
Middle  47.5 (40.0, 55.2)  50.8 (45.8, 55.7) 
High  48.8 (41.2, 56.4) 42.0 (37.4, 46.8) 

Alcohol consumption, %    
Preconception   70.7 (62.9, 77.5) [147] 46.4 (41.4, 51.4)† [371] 
Pregnancy   24.2 (18.0, 31.6) [149] 9.5 (6.9, 12.9)† [379] 

Preconception illegal drug use, %  2.0 (0.7, 5.6) [153] 2.6 (1.4, 4.7) [386] 
Pregnancy illegal drug use, %  0.0 (0.0, 0.0) [153] 0.5 (0.1, 1.9) [386] 
Dietary intake    
Energy, kcal/day   1869 (1773, 1965) [145] 1992 (1937, 2045)* [322] 
Total folate, µg/day2   648 (535, 2399) [138] 636 (506, 774) [303] 
Total cobalamin, µg/day2   5.9 (4.5, 7.1) [138] 6.2 (4.9, 8.0) [303] 
Folic acid supplements, %    

Preconception   36.7 (29.4, 44.8) [162] 33.6 (28.9, 38.6) [392] 
1st trimester  88.1 (81.9, 92.3) [151] 87.3 (83.5, 90.3) [370] 

1st trimester folic acid intake, µg/day2   400 (267, 1936) [151] 400 (267, 501) [370] 
Cobalamin supplement use, %    

1st trimester   58.3 (50.3, 65.8) [151] 65.9 (61.0, 70.6) [370] 
2nd trimester  27.5 (21.0, 35.0) [153] 36.6 (32.0, 41.5)* [385] 

1st trimester cobalamin supplement 
intake, µg/day2  

 1.1 (0.0, 1.8) [151] 1.3 (0.0, 1.8) [370] 

Iron supplement use, %     
1st trimester   15.9 (10.9, 22.6) [151] 15.4 (12.1, 19.4) [370] 
2nd trimester   64.1 (56.2, 71.2) [153] 55.3 (50.3, 60.2) [385] 

Abbreviations: BMI, body mass index; GA, gestational age.  
1All data shown are means or percentages (95% confidence interval), unless otherwise indicated. 
Differences between mothers of participators and non-participators were assessed by χ2 and t-test 
for categorical and continuous variables respectively. *p< 0.05; †p< 0.001 
2Median (P25, P75). 
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Selected characteristics of the 162 participating children are described in Table 14. Girls 

accounted for 52.5% of the sample, two out of three children were breastfed and exclusive 

breastfeeding duration was almost 3 months on average. Total folate and cobalamin 

intakes were above the IOM RDA. Overweight was observed in 32 children (19.8%) and 

obesity was prevalent in 8.0% of the sample, according to the World Obesity Foundation 

criteria. Girls were less physically active (p< 0.01) and had lower head circumference, higher 

fat mass, fat mass index (p< 0.05) and diastolic blood pressure compared to boys (p< 

0.001). 
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Table 14. Offspring descriptive characteristics at follow-up (7.5 years) overall and 
according to sex.1 
 

 Overall 
(n= 162) 

Girls  
(n=85) 

Boys  
(n= 77) 

Age, months 90.1 (89.8, 90.3) 89.9 (89.5, 90.3) 90.3 (89.8, 90.7) 
Breastfed, % 66.7 (59.1, 73.5) 68.2 (57.7, 77.2) 64.9 (53.8, 74.7) 
Exclusive breastfeeding 
duration, months 

2.9 (2.5, 3.3) 2.9 (2.4, 3.5) 2.8 (2.2, 3.4) 

Screen viewing time,  
hours/day 

1.7 (1.5, 1.8) 1.6 (1.4, 1.8) 1.7 (1.5, 1.9) 

Physical activity, score 3.1 (3.0, 3.1) 2.9 (2.8, 3.0) 3.2 (3.1, 3.3)† 
Energy intake, kcal/day 1836 (1716, 1955) 1792 (1690, 1893) 1884 (1657, 2111) 
Total folate intake, µg/day 231 (217, 246) 236 (211, 261) 226 (213, 239) 
Total cobalamin intake,  
µg/day 

4.7 (4.4, 5.0) 4.6 (4.4, 4.8) 4.8 (4.1, 5.4) 

Height, cm 127 (126, 128) 127 (126, 128) 126.9 (126, 128) 
Weight, kg 26.9 (26.1, 26.7) 27.1 (25.9, 28.3) 26.6 (25.6, 27.7) 
BMI, kg/m2 16.6 (16.2, 17.0) 16.7 (16.1, 17.4) 16.5 (16.0, 16.9) 
Height, z-scores2 0.52 (0.38, 0.66) 0.61 (0.43, 0.79) 0.41 (0.20, 0.62) 
Weight, z-scores2 0.60 (0.43, 0.78) 0.66 (0.42, 0.90) 0.53 (0.29, 0.79) 
BMI, z-scores2 0.39 (0.21, 0.58) 0.39 (0.12, 0.66) 0.39 (0.14, 0.65) 
MUAC, cm 19.2 (18.8, 19.6) 19.1 (18.5, 19.6) 19.4 (18.8, 20.0) 
Head circumference, cm 51.9 (51.6, 52.2) 51.5 (51.2, 21.8) 52.4 (51.9, 52.8)‡ 
Waist circumference, cm 56.9 (55.8, 57.9) 56.9 (55.6, 58.0) 55.6 (55.6, 58.0) 
Fat mass, kg3 5.6 (5.1, 6.1) 6.1 (5.3, 6.8) 5.1 (4.6, 5.6)* 
Fat mass index, kg/m2 3 3.4 (3.2, 3.7) 3.7 (3.3, 4.2) 3.1 (2.8, 3.4)* 
Skinfold thickness sum, mm3 33.8 (31.2, 36.3) 37.4 (33.8, 41.1) 29.8 (26.5, 33.1) 
Overweight, %4 19.8 (14.4, 26.6) 23.5 (15.8, 33.6) 15.6 (9.1, 25.3) 
Obesity, %4 8.0 (4.7, 13.2) 11.8 (6.5, 20.3) 3.9 (1.3, 10.8) 
SBP, mmHg5 105 (103, 106) 105 (103, 107) 104 (103, 106) 
DBP, mmHg5 63 (52, 65) 66 (64, 67) 61 (59, 62) ‡ 
Abbreviations: BMI, body mass index; MUAC, mid-upper arm circumference; SBP, systolic blood 
pressure; DBP, diastolic blood pressure. 
1 All data shown are means or percentages (95% CI). Differences between sexes were assessed by 

χ2 and T-test for categorical and continuous variables respectively.*p< 0.05; †p<0.01; ‡p< 0.001 
2 According to the WHO age- and sex-standardised growth charts. 
3 Valid measurements were not obtained for 2 girls and 2 boys. 
4 Defined according to the World Obesity Foundation (former International Obesity Task Force). 
5 Point blood pressure readings were not performed in 12 girls and 15 boys. 
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Child genotypes and allele frequencies for the MTHFR 677C>T, MTRR 66A>G, MTRR 524C>T 

and TCN2 776C>G genetic variants are shown in Table 15. No differences in genetic variant 

frequencies were observed among women or children followed-up compared to those not 

followed-up (data not shown). All the observed genotype frequencies were in Hardy-

Weinberg equilibrium (p>0.05). The variant allele for the MTRR 66A>G and 524C>T 

polymorphisms were the most and least frequent genotypes respectively. However, the 

prevalence of variant homozygous genotypes was high for all of the studied 

polymorphisms. 

 

Table 15. Child genotype and allele frequencies of studied polymorphisms.1 
 

 Genotype frequency (%) 
Variant allele 
frequency (%) 

 Common 
homozygous 

Heterozygous 
Variant 

homozygous 

MTHFR 677C>T  (n= 146) 
36.7  

(32.5, 41.2) 
45.0  

(40.5, 49.6) 
18.3 

(15.0, 22.0) 
40.8  

(35.4, 46.5) 

MTRR 66A>G  (n= 147) 
28.2  

(24.5, 32.5) 
46.4  

(41.9, 51.0) 
25.4  

(21.6, 29.6) 
47.6  

(42.0, 53.3) 

MTRR 524C>T  (n= 146) 
45.8  

(41.3, 50.4) 
42.3 

(37.9, 46.9) 
11.8  

(9.2, 12.1) 
33.6  

(28.4, 39.2) 

TCN2 776C>G  (n= 147) 
32.4  

(28.3, 36.8) 
48.5  

(43.9, 53.0) 
19.1  

(15.8, 23.0) 
40.8  

(35.4, 46.5) 
MTHFR, methylenetetrahydrofolate reductase; MTRR, 5-methyltetrahydrofolate-homocysteine 
methyltransferase reductase; TCN2, transcobalamin 2. 
1 Values are percentages (95% confidence interval).  

 

Child folate and cobalamin status  

Folate and cobalamin status in the RTBC were evaluated by assessing RBC and plasma folate 

and cobalamin, as well as their functional biomarkers tHcy and MMA. Figure 14 shows the 

median (P25, P75) RBC folate, plasma cobalamin, tHcy and MMA and the prevalence of 

deficiency or marginal deficiency in the offspring at mid-childhood. Median plasma folate in 

the offspring was 17.4 (P25, P75: 12.3, 26.9 nmol/L). The prevalence of mid-childhood RBC 
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folate deficiency was 6.7%, and plasma folate deficiency was 12.3% (95% CI: 9.2, 14.5%). 

Suboptimal RBC folate (≤906 nmol/L) was found in 53.3% (95% CI: 43.8, 62.6%) of children. 

Plasma folate excess (plasma folate ≥45 nmol/L) was observed in 5.7% (95% CI: 2.6, 11.8%) 

of the children. Elevated tHcy (≥10 µmol/L) was only observed in one child. Nevertheless, 

reference ranges have not been established for children and this is the proposed cut-off for 

elevated tHcy in adults. Plasma tHcy (µmol/L) was higher in children with low compared to 

adequate plasma folate (geometric mean [95% CI]: 6.4 [5.7, 7.4] versus 5.3 [5.1, 5.5]; p< 

0.001) or low compared to adequate RBC folate (geometric mean [95% CI]: 6.5 [5.9, 7.2] 

versus 5.4 [5.1, 5.6], p< 0.05). We found no signs of marginal cobalamin deficiency in 

children, despite 5.7 (95% CI: 2.6, 11.8) % of them having elevated plasma MMA. 
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Figure 14. Mid-childhood folate and cobalamin status in in the Reus-Tarragona Birth Cohort.  

Dots are median (P25, P75, Y left axis) and columns percentage of marginal deficiency (95% CI, Y right axis). Marginal deficiency 
was defined as: RBC folate ≤340 nmol/L, plasma cobalamin ≤221 pmol/L, tHcy ≥10 µmol/L and MMA ≥0.210 µmol/L. Sample size 
for plasma markers (n= 106) and RBC folate (n= 105).  
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Determinants of child folate and cobalamin status 

The associations between maternal folate status (RBC and plasma folate and plasma tHcy) 

during pregnancy and status in the offspring were evaluated, and are shown in Table 16. 

Mid-pregnancy RBC folate was associated with offspring RBC folate (p< 0.05), but not with 

plasma folate nor tHcy at mid-childhood. On the other hand, early pregnancy plasma folate 

was associated with lower plasma tHcy in the offspring (p< 0.05), and at labour was 

positively associated with both child RBC and plasma folate (p< 0.05). Plasma tHcy at mid-

pregnancy and at labour were associated with higher offspring plasma tHcy (p< 0.05). We 

found no associations between cord and mid-childhood measurements. 

Table 16. Associations between maternal folate status during pregnancy and 
offspring RBC folate and plasma folate and tHcy at mid-childhood.1 
 

 Child 
Pregnancy RBC folate Plasma folate Plasma tHcy 
RBC folate     
1st trimester 0.005 [103] -0.041 [104] -0.161 [104] 
2nd trimester 0.229* [97] 0.033 [98] -0.173 [98] 
3rd trimester 0.172 [90] 0.047 [91] -0.112 [91] 

Plasma folate    
1st trimester 0.107 [103] 0.069 [104] -0.248* [104] 
2nd trimester 0.190 [97] 0.124 [98] -0.106 [98] 
3rd trimester 0.127 [92] 0.160 [93] -0.173 [93] 
Labour 0.267* [88] 0.249* [89] -0.117 [89] 
Cord 0.055 [86] 0.004 [87] -0.023 [87] 

Plasma tHcy    
1st trimester - - 0.158 [104] 
2nd trimester - - 0.215* [98] 
3rd trimester - - 0.174 [93] 
Labour - - 0.209* [89] 
Cord - - 0.178 [87] 
Abbreviations: RBC, red blood cell.  
1 Pearson correlation coefficients are shown for the associations between maternal folate 
status indicators and offspring indexes at mid-childhood. *p< 0.05. 
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The associations between maternal plasma cobalamin and MMA throughout pregnancy and 

indicators in the offspring at mid-childhood are shown in Table 17. Maternal plasma 

cobalamin throughout pregnancy was strongly and positively associated with offspring 

cobalamin status and appeared to be stronger at mid-pregnancy. Cord cobalamin was not 

associated with child status. No associations were found between maternal cobalamin at 

any point during pregnancy or cord cobalamin and offspring plasma MMA or tHcy. 

Maternal and cord plasma MMA were strongly associated with offspring status at 7.5 years 

(p <0.01).  

 

Table 17. Associations between maternal cobalamin and MMA status during 
pregnancy and offspring plasma cobalamin, MMA and tHcy at mid-childhood.1 
 

 Child 
Pregnancy Plasma cobalamin Plasma MMA Plasma tHcy 
Plasma 
cobalamin 

   

1st trimester 0.258† [103] 0.072 [104] 0.003 [104] 
2nd trimester 0.399‡ [97] -0.015 [98] -0.070 [98] 
3rd trimester 0.380‡ [92] -0.078 [93] -0.044 [93] 
Labour 0.332† [88] 0.042 [89] 0.105 [89] 
Cord 0.114 [86] -0.092 [87] 0.020 [87] 

Plasma MMA    
1st trimester - 0.295† [104] - 
2nd trimester - 0.286† [98] - 
3rd trimester - 0.286† [93] - 
Labour - 0.322† [89] - 
Cord - 0.287† [87] - 
Abbreviations: RBC, red blood cell.  
1 Pearson correlation coefficients are shown for the associations between maternal folate 
status indicators and offspring indexes at mid-childhood. †p< 0.01; ‡p< 0.001. 

 

We investigated whether early pregnancy or child demographic, lifestyle and genetic 

variants were associated with child RBC and plasma folate and plasma cobalamin using 

univariate linear regression analysis (Table 18). Only the R2*100 values are reported 
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because we set out to identify which variables are most related with RBC and plasma folate 

and plasma cobalamin and are candidates for inclusion in subsequent multivariate analyses, 

rather than to specifically quantify the association. Tolerance was ≥0.59 in all models and 

hence there was no collinearity among the studied covariables. 

Maternal folate status in early pregnancy, breastfeeding, exclusive breastfeeding duration 

and child BMI were not associated with child plasma or RBC folate status. Plasma cobalamin 

was also not associated with breastfeeding or with exclusive breastfeeding duration. 

Multivariate linear regression analysis was used to evaluate the determinants of folate and 

cobalamin status at mid-childhood. Given the relatively small sample size, we included all 

factors significantly (or borderline significantly) associated with the corresponding markers 

in the model. All genetic variants were included in the analysis.  
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Table 18. Univariate associations between demographic, lifestyle and genetic factors as 
determinants of RBC folate and plasma folate and cobalamin at mid-childhood.1 
 

 RBC 
folate 

Plasma 
folate 

Plasma 
cobalamin 

Continuous variables    
Maternal age, years 2.1 [104] 1.4 [105] 4.0* [104] 
Child age, months  5.9* [104] 2.5 [105] 2.6 [104] 
Total folate intake, µg/day 0.0 [104] 1.2 [105] 1.2 [104] 
Total cobalamin intake, µg/day 0.0 [104] 0.4 [105] 0.3 [104] 
RTEBC, portion/day 0.1 [104] 10.3‡ [105] 0.8 [104] 
Creatinine, µmol/L 0.1 [104] 0.2 [105] 3.32 [104] 
Exclusive breastfeeding, months 0.6 [104] 0.1 [105] 0.0 [104] 
Categorical variables    
Sex 0.3 [104] 0.0 [105] 0.4 [104] 
Child overweight 0.1 [104] 0.0 [105] 1.9 [104] 
Breastfeeding 1.0 [104] 0.1 [105] 0.2 [104] 
Socioeconomic status 6.5* [104] 12.3‡ [105] 0.5 [104] 
Smoking throughout pregnancy 1.0 [104] 6.1* [105] 4.1* [104] 
MTHFR 677C>T SNP 7.9* [102] 7.7* [103] 3.6 [102] 
MTRR 66A>G SNP 2.1 [102] 0.7 [103] 3.1 [102] 
MTRR 524C>T SNP 1.0 [101] 2.3 [102] 2.0 [101] 
TCN2 776C>G SNP 3.4 [101] 0.6 [102] 4.1 [101] 
Abbreviations: MTHFR, methylenetetrahydrofolate reductase; MTRR, methylenetetrahydrofolate-
homocysteine methyltransferase reductase; RTEBC, ready-to-eat breakfast cereals; TCN2, 
transcobalamin 2.  
1Univariate linear regression analysis with demographic, lifestyle and genetic variants as 
independent variables and RBC folate and plasma folate and cobalamin as dependent variables. 
Plasma folate and cobalamin were natural log transformed before analysis. Values are univariate 
model R2*100, symbols indicate model significance and square brackets sample size. Independent 
variables were regressed as continuous (with specified units) or categorical (sex [male vs. female], 
child overweight [overweight vs. non-overweight], breastfeeding [≥1 month vs. <1month], 1st 
trimester smoker [no vs. yes], socioeconomic status [medium or high vs. low], MTHFR 677C>T [CT 
or TT vs. CC], MTRR 66A>G [AG or GG vs. AA], MTRR 524C>T [CT or TT vs. CC] and TCN2 776C>G [CG 
or GG vs. CC]) variables. *p< 0.05; †p< 0.01; ‡p< 0.001. 
2p= 0.066. 
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RBC and plasma folate models 

The MTHFR 677C>T variant homozygous genotype was negatively associated with both RBC 

(β= -251.7 nmol/L; 95% CI: -478.7, -24.7) and plasma folate (β= -28.1%; 95% CI: -45.5, -4.9%) 

compared to the common homozygous genotype. Child age (β= 58.0 nmol/L; 95% CI: 9.5, 

106.6) and high versus low socioeconomic status were positively associated with RBC folate 

and ready-to-eat breakfast cereals with plasma folate (36.5% higher on average per portion 

increase; p= 0.007). Models predicted 25.7 and 29.1% of RBC and plasma folate variability 

(p for models = 0.005 and <0.001 for RBC and plasma folate respectively; n=101 and 102 

respectively). 

 

Plasma cobalamin model 

Maternal plasma cobalamin concentration at early pregnancy was the major determinant 

of child cobalamin status: per every 100 pmol/L increase in first trimester cobalamin child 

cobalamin concentrations increased by on average 8.0% (95% CI: 3.5, 12.5%). Maternal 

smoking throughout pregnancy was borderline negatively associated with child cobalamin 

concentrations (p= 0.057). The model predicted 30.1% of cobalamin concentration 

variability (p for model <0.001; n= 99).  

The determinants of functional metabolic markers of cobalamin and folate status were 

evaluated by stepwise multiple linear regression.  

 

MMA model 

This model was adjusted for the determinants associated with child cobalamin above, as 

well as child plasma cobalamin and early pregnancy plasma MMA. The effects of maternal 

MMA and cobalamin, and child cobalamin concentrations on child MMA were independent 
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of each other. The major determinant of child MMA was child cobalamin concentration (per 

100 pmol/L, β= -4.7%; 95% CI: -0.7, -8.7%) and then first trimester plasma MMA (β= 

252.4%; 95% CI: 52.1, 716.8%), cobalamin (per 100 pmol/L, β= 6.8%; 95% CI: 0.4, 13.2%) 

and smoking throughout pregnancy, in that order. After adjusting for the studied genetic 

variants, smoking was no longer associated with child MMA concentrations. The final model 

explained 20.8% of child MMA variability (p for model <0.001, n= 99).  

 

THcy model 

For tHcy, factors previously found to be associated with RBC and plasma folate were 

included in the model, as well as child cobalamin and RBC folate and maternal tHcy 

concentrations in early pregnancy. Child RBC folate alone predicted 23.8% of child tHcy, and 

per every 100 nmol/L increase in RBC folate, tHcy decreased by 1.8% (95% CI: -2.7, -0.9) in 

the fully adjusted model. Child plasma cobalamin was also negatively associated with child 

tHcy (model R2*100= 30.1%; p< 0.001; n= 98). Child genetic variants were not associated 

with tHcy, however, there was a trend suggesting that children with the MTHFR 677 TT 

genotype had higher tHcy concentrations compared to the CC genotype (p= 0.064).  

 

Discussion 

In this chapter, we described folate and cobalamin status metabolic biomarkers and 

identified their major determinants at mid-childhood. We found no evidence of an effect of 

breastfeeding on long-term child folate or cobalamin status. Pregnancy cobalamin, as early 

as from the first trimester, persists as the strongest determinant of child cobalamin status 

at mid-childhood.  
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RBC folate deficiency was found in 6.3% of children but there was no evidence of cobalamin 

deficiency based on plasma cobalamin. In contrast, 5.7% of the children had elevated 

plasma MMA. Plasma folate deficiency was highly prevalent (12.3%), doubling that of RBC 

folate deficiency. However, there was no evidence of functional folate deficiency, based on 

elevated tHcy in the children. Cobalamin status (plasma cobalamin and MMA 

concentrations) and folate (plasma folate and tHcy) were similar to those reported in 

Norwegian (81) and Greek (456) children. All of our children were of a similar age, 7.5 years 

± 2 months, and we did not observe any effect of age on plasma folate or tHcy. However, 

age was positively associated with RBC folate.  

We confirmed that maternal cobalamin status during pregnancy is still a major determinant 

of offspring cobalamin concentrations at mid-childhood. Previously this association had 

been described for infants. To the best of our knowledge, this study is the first to identify 

this association from as early as the first trimester and throughout the rest of pregnancy 

until 7.5 years of age in the offspring. In addition, there seems to be a functional effect of 

maternal cobalamin status given that both maternal and child cobalamin status were 

associated with child MMA concentrations. Shared genetic and lifestyle factors between 

the mother and the child could explain the effects of maternal cobalamin on infant vitamin 

status. However, we found an effect of maternal cobalamin on infant MMA independently 

of the effect of child cobalamin and maternal MMA. Surprisingly, the associations between 

maternal cobalamin and child MMA were positive, where an inverse association was 

expected. However, data is lacking regarding reference ranges and the true biological 

meaning of MMA concentrations in growing children. It may be affected by cobalamin 

utilisation for growth. 

Despite the well-established metabolic effects of the MTHFR 677C>T genetic variant on 

tHcy in adults, its effect during childhood has been scarcely studied. However, available 

evidence suggests that its effect on tHcy may be limited to older children (>10 years) 

(279,283,284), boys (285) or children with low folate status (284). We found that the 
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MTHFR 677 TT genotype was associated with lower RBC and plasma folate, and a 

borderline higher tHcy compared to the CC genotype. These results have never been 

reported before in children, but are very similar to those observed in adults from the same 

geographical region (144). Child TCN2 776C>G, MTRR 66A>G and 524C>T were not 

associated with either folate or cobalamin status markers. To the best of our knowledge, 

this study is the first to assess the effects of the MTRR 66A>G and 524C>T polymorphisms 

on folate metabolic markers in children.  

Cobalamin transport and uptake mechanisms are less diverse than those of folate. Hence, 

cobalamin marginal deficiency is usually caused by food-bound cobalamin malabsorption 

(89,90), rather than by a low intake, as opposed to folate. We suggest that cobalamin status 

is more susceptible than folate to genetic variations affecting either cobalamin uptake or 

transport, which would explain the close and strong relationship between maternal and 

child cobalamin status. The case for MMA is relatively similar. Recently, a novel genetic 

variant (3-hydroxyisobutyryl-CoA hydrolase, rs291466; minor allele frequency: 0.43) 

affecting MMA has been reported, which is associated with elevated MMA, independently 

of cobalamin status (457).  

One limitation of this study was the small sample size in relation to child metabolic 

parameters. The child recruitment phase of the study is ongoing and only biochemical 

determinations of the first 106 children have been carried out so far. However, we included 

functional biomarkers of folate and cobalamin status to provide more insight into 

intracellular folate and cobalamin status. We cannot rule out whether the association 

between maternal and child cobalamin status is due to shared genetic variants, despite 

adjusting for several genetic variants affecting cobalamin metabolism and transport. In 

addition, we did not have information on maternal B-vitamin status during the follow-up 

phase to compare with that of the children, and so could not assess whether common 

nutritional factors highlighted this association. Data regarding cobalamin and folate content 

of breast milk, or child status at younger ages was also missing. However, we assessed the 
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maternal effects from early pregnancy, and at different time-points throughout the 

pregnancy, which has never been performed before. 

In conclusion, breastfeeding regime appears not to affect child folate nor cobalamin status 

at 7.5 years of age. Our data suggests that maternal cobalamin status persists as the main 

determinant of child cobalamin status at 7.5 years. It remains to be determined whether 

this association is mediated by a common genetic profile.  
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Chapter 3: Maternal one carbon metabolism during pregnancy and offspring growth and 

adiposity at mid-childhood 

 

Introduction 

The impact of environmental exposures on one generation may shape the development of 

the subsequent generation (458). Developmental plasticity has been found to be critical in 

early stages of life and can be understood as epigenetic traits that do not modify the 

genomic sequence (377,378). However, these epigenetic marks, including DNA methylation 

which controls stable changes in gene expression potential (459), may result in permanent 

alterations in body physiology and metabolism. Any pathological consequences that they 

may cause are often observed much later in life. 1C metabolism plays a crucial role in 

transporting and transferring methyl groups, essential for methylation reactions. In 

addition, 1C nutrients are widely recognised as pivotal for optimal growth and development 

in prenatal life and throughout childhood. Strong evidence suggests a protective effect of 

folate against the risk of NTDs (6,35). In parallel, folic acid supplementation during 

pregnancy was reported, in a recent meta-analysis of randomised controlled clinical trials, 

to increase birth weight (mean difference from non-folic acid supplement use: 135.75 g; 

95% CI: 47.9, 223.7) (300). In addition, both maternal plasma tHcy and the MTHFR 677C>T 

variant allele have been associated with lower offspring birth weight (38,39). However, 

available evidence from pregnancy cohort studies examining the associations of pregnancy 

1C metabolism and offspring growth and adiposity during childhood is limited. Moreover, 

previous reports have yielded discrepant findings with either positive, negative or no 

associations between pregnancy 1C metabolism and child growth or adiposity. In 2008, 

Yajnik and collaborators reported, for the first time, higher BMI in 6-year old Indian children 

born to women with high erythrocyte folate compared to lower at 28 GW (389). 

Krishnaveni et al. did not confirm these results but showed a positive association between 
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plasma folate and offspring linear growth at 9.5 and 13.5 years (39). A recent report from a 

Dutch birth cohort reported a negative association between second trimester plasma folate 

and child BMI at 5-6 years (91). To date no effects on offspring growth or adiposity have 

been observed for pregnancy cobalamin.  

The role of prenatal folate status in the prevention of NTDs in the offspring has been the 

focal point of most of the epidemiological, clinical and experimental attention to date. 

Therefore, preconceptional recommendations concerning folic acid supplementation 

consider solely the prevention of NTDs. To the best of our knowledge, other offspring 

outcomes including childhood growth and adiposity have been scarcely considered in the 

context of prenatal folate status. Elevated tHcy in early pregnancy was associated with 

reduced birth weight, increased IUGR risk and impaired foeto-placental Doppler function in 

a recent thesis from our group (303). The effects of prenatal 1C metabolism may extend far 

beyond foetal development, but so far, this is unknown. 

 

Specific objectives 

The specific objectives of this chapter are: 

- To assess the associations of folate and cobalamin status during pregnancy on mid-

childhood linear and ponderal growth and adiposity. 

 

- To investigate the associations between maternal and child genetic variants 

affecting folate and cobalamin metabolism or transport and mid-childhood linear 

and ponderal growth and adiposity.  
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Material and methods 

The materials and methods applicable to this chapter have been described in the general 

Material and methods section. 

 

Statistical analysis 

We first examined whether differences in plasma folate and cobalamin biomarkers existed 

in early pregnancy among the women who participated in the follow-up phase compared 

with those who did not. Median (P25, P75) or relative frequencies (95% CI) according to 

offspring participation in the follow-up phase are reported. Differences in continuous or 

categorical variables were assessed by t-test or χ2 respectively.  

We then evaluated the effects of early, mid and late pregnancy inadequate folate and 

cobalamin biomarker status on child weight, height and BMI age- and sex- standardised z-

scores using multiple linear regression analyses. Subjects were grouped into inadequate 

plasma folate (≤10 nmol/L) (237), cobalamin (≤221 pmol/L) (442), holoTC (≤40 pmol/L) 

(460) or MMA (≥0.210 µmol/L) (443) categories. Distribution based cut-offs were used for 

inadequate RBC folate and plasma tHcy. The lower quartiles of RBC folate (first trimester: 

≤651 nmol/L; second trimester: ≤810 nmol/L; third trimester: ≤603 nmol/L) and highest 

quartiles of plasma tHcy (first trimester: ≥6.0 µmol/L; second trimester: ≥5.4 µmol/L; third 

trimester: ≥6.1 µmol/L) were used to group subjects as having inadequate RBC folate or 

tHcy respectively. Offspring growth z-scores were derived from WHO growth charts (422).  

The effect of first trimester folate and cobalamin status biomarkers on child growth was 

assessed using three different models:  

- An unadjusted model. 
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- A model including potential maternal and child confounders (maternal first 

trimester age, BMI [for child weight and BMI models] or height [for child height 

models], RBC folate or plasma cobalamin status [for child cobalamin and folate 

models respectively], socioeconomic status during pregnancy and at follow-up, 

smoking throughout pregnancy and exclusive breastfeeding duration). 

- A model including the previous factors plus two potential mediators (child physical 

activity score and daily total energy intake). Whether the effects of early pregnancy 

folate and cobalamin status biomarkers on child growth were modified by 

breastfeeding (≤1 month vs. >1 month) or sex was analysed by ANCOVA adjusting 

for the factors listed for the second model above.  

Given that maternal folate during pregnancy has been positively associated with offspring 

BMI (389), we addressed whether elevated plasma folate (≥45 nmol/L) at any time of 

pregnancy (<12, 24 and at 34 GW) was associated with offspring growth. A previously 

published lower cut-off point for elevated plasma folate (≥30 nmol/L) (314,315) was also 

evaluated. Interactions between elevated folate and inadequate cobalamin during 

pregnancy on offspring growth were assessed by ANCOVA. Given the observed associations 

between RBC folate status at any time of pregnancy and offspring’s height we assessed the 

effects of different timing of maternal folic acid supplementation on child height using 

three different multiple linear regression models. We compared offspring age- and sex-

standardised height z-scores between folic acid supplement users vs. non-users before 

conception, during the first trimester and during the second trimester adjusting for 

potential confounders.  

The effects of maternal genetic variants, affecting folate and cobalamin transport or 

metabolism, on offspring growth were assessed in both additive and dominant models by 

linear regression analysis. In the additive model, the β-coefficients (95% CI) for the increase 

in one variant allele for each corresponding genetic polymorphism are reported, and for the 

dominant model, the reported β-coefficients represent the mean difference in the studied 
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outcome between variant homozygotes and heterozygotes compared with common 

homozygotes. These β-coefficients represent the mean difference in weight, height and 

BMI age- and sex-standardised z-scores from adequate status.  

Three different models were used for the additive and dominant models. The first model 

included the four studied maternal genetic variants (MTHFR 677C>T, MTRR 66A>G, MTRR 

524C>T and TCN2 776C>G). In order to account for a potential effect of child genotype, 

child genetic variants were added to the crude model (model 2). Finally, a third model 

consisted of adjusting model 2 for the potential confounders and mediators previously 

used, plus first trimester RBC folate and cobalamin status. We also assessed the effects of 

the four child genetic variants on growth in similar models.  

We used linear mixed effects models with height, weight and age- and sex- standardised 

BMI z-scores as dependent variables to model growth curve trajectories from 1 month until 

7.5 years according to the studied maternal genotype to account for within-subject 

correlations between repeated measures and different numbers of observations at follow-

up. The aim of the analysis was to test whether the effects of maternal genotype on 

offspring growth that we observed at mid-childhood were persistent throughout childhood. 

Models included fixed effect terms for age, age2 and age3 (excluded for the BMI model) in 

months, as well as exclusive breastfeeding length, birth weight z-score, smoking throughout 

pregnancy, socioeconomic status at follow-up, maternal BMI (for weight and BMI models) 

or height (for height models), early pregnancy folate and cobalamin status (inadequate vs. 

adequate) and offspring corresponding genotype. Random effects included the intercept, 

age, age2 and age3, to account for repeated correlations and allow within-subject 

trajectories to vary. Random effects for height, weight and BMI were allowed to covary via 

an unstructured covariance matrix and fitting was accomplished by restricted maximum 

likelihood estimation. Residual variances were allowed to vary according to age groups (1, 

2, 6, 12 months and 1.5, 3, 4, 6 and 7.5 years) for every subject using a diagonal structure. 

The effects of maternal genotypes (MTHFR 677C>T, TCN2 776C>G, MTRR 66A>G and MTRR 
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524C>T) were individually assessed for each of the three dependent outcomes as fixed 

factors. Interaction term with age (age, age2 and age3) was added as fixed effects in all 

models and were consecutively excluded from the models when their associations with the 

dependent variable were non-significant, from highest to lowest order. In order to evaluate 

growth curve trajectories we assumed that missing values were missing at random. We 

assessed the correlations between the number of measurements performed and child 

socioeconomic status, weight at birth, gestational age at labour, height, weight and BMI at 

follow-up and exclusive breastfeeding duration. We found no associations between number 

of measurements and the above listed factors by Pearson linear correlation. We 

exhaustively checked the models and assumptions to ensure the validity of the models, 

including the use of log likelihood ratio tests and residual plots. 

We also used linear regression analysis to evaluate the effect of studied maternal 

genotypes (additive model) on height and first trimester weight and BMI, after adjusting for 

age, smoking throughout the pregnancy and socioeconomic status. 

As in the case of the evaluation of the associations between folate and cobalamin 

biomarkers during pregnancy and offspring growth at mid-childhood, we also evaluated the 

effects of these biomarkers on offspring adiposity using linear regression models. Exposure 

variables were categorised as described above, and models included maternal first 

trimester age, BMI, socioeconomic status during pregnancy and at follow-up, smoking 

throughout pregnancy, exclusive breastfeeding duration and child height, physical activity 

score and daily total energy intake. Offspring adiposity outcomes were waist circumference 

(cm, according to WHO), fat mass (kg), fat mass index (kg/ m2) and skinfold thickness mean 

(mm, mean of subscapular, suprailiac, tricipital and bicipital skinfold thicknesses). In 

addition, the risk of offspring overweight or obesity was evaluated according to maternal 

folate and cobalamin biomarkers during pregnancy. Overweight and obesity were defined 

according to the World Obesity Foundation (327). Logistic regression models were used to 

carry out these analyses, after adjusting for the abovementioned confounding factors. 
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Cross-sectional analyses were also performed to investigate the associations between 

folate and cobalamin status biomarkers and mid-childhood growth. Folate and cobalamin 

status variables were tested as linear and categorical variables. Distribution based cut-offs 

were used for all biomarkers. The first quartile of plasma (≤12.1 nmol/L) and RBC (≤589 

nmol/L) folate and plasma cobalamin (≤568 pmol/L) were used to define inadequate folate 

or cobalamin status, and the fourth quartile of plasma tHcy (≥6.3 µmol/L) and MMA (≥0.160 

µmol/L) to define elevated tHcy and MMA respectively. Multiple linear regression analysis 

was used to study these effects after controlling for maternal age, smoking throughout 

pregnancy, first trimester BMI, exclusive breastfeeding duration, socioeconomic status at 

childhood and child physical activity score and total energy intake.  

 

Results 

Maternal folate and cobalamin status in early pregnancy according to RTBC participation  

Differences in early pregnancy folate and cobalamin biomarkers between participants and 

non-participants in the follow-up study are shown in Table 19. We found no differences in 

first trimester metabolic markers of folate and cobalamin status between mothers of 

children participating in the follow-up phase compared with non-participants. In contrast, 

mothers of participants had lower energy (mean: 1869; 95% CI: 1773, 1965; p= 0.019), 

protein (mean: 74.1; 95% CI: 69.8, 78.3; p= 0.009), carbohydrate (mean: 177; 95% CI: 165, 

190; p= 0.019) and cobalamin (mean: 4.9; 95% CI: 4.6, 5.3; p= 0.017) intake from food 

compared with those of non-participants. 
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Table 19. First trimester maternal nutritional characteristics according to 
follow-up participation.1 
 

 Followed-up 
(n= 1620 

Not followed-up 
(n= 394) 

Plasma folate, nmol/L 27.3 (15.3, 41.4) 28.1 (15.5, 42.0) 
Folate ≤10 nmol/L, % 8.8 (5.3, 14.2) 12.7 (9.8, 16.3) 
Folate ≥45 nmol/L, % 18.1 (12.9, 24.8) 21.1 (17.3, 25.4) 

RBC folate, nmol/L 942 (632, 1478) 1003 (656, 1468) 
Folate ≤651 nmol/L, % 26.3 (20.0, 33.6) 24.9 (20.7, 29.6) 

Plasma cobalamin, pmol/L 357 (282, 441) 381 (307, 459) 
Cobalamin ≤221 pmol/L, % 7.5 (4.3, 12.7) 5.8 (3.9, 8.6) 

Plasma holotranscobalamin, pmol/L 70.5 (51.8, 87.6) 72.1 (51.8, 56.1) 
HoloTC ≤40 pmol/L, % 8.8 (5.3, 14.2) 8.4 (5.6, 12.4 

Plasma tHcy, µmol/L 5.2 (4.5, 5.9) 5.3 (4.5, 6.0) 
tHcy ≥6.0 µmol/L, % 23.8 (17.8, 30.9) 25.4 (21.3, 29.9) 

Plasma MMA, µmol/L 0.110 (0.100, 0.130) 0.112 (0.100, 0.140) 
MMA ≥0.221 µmol/L, % 3.1 (1.3, 7.1) 2.5 (1.4, 4.6) 

Abbreviation: holoTC, holotranscobalamin; MMA, methylmalonic acid; RBC, red blood 
cell; tHcy, total homocysteine. 
1 All data values shown are median (P25, P75) or percentages (95% confidence interval). 
Differences between participants followed-up and not followed-up were assessed by 
χ2 and t-test for categorical and continuous variables respectively. 

 

Longitudinal associations between first trimester folate and cobalamin status and 

offspring growth 

The associations between first trimester folate and cobalamin status biomarkers and 

weight, height and BMI sex- and age-standardised mid-childhood z-scores are shown in 

Table 20. None of these vitamins (or any of their functional biomarkers) was associated 

with mid-childhood weight. However, lower height was observed in offspring born to 

inadequate compared with adequate RBC folate (mean z score difference from adequate 

status: -0.30; 95% CI: -0.58, -0.02), plasma cobalamin (mean z score difference from 

adequate status: -0.69; 95% CI: -1.17, -0.21) and tHcy (mean z score difference from 

adequate status: -0.33; 95% CI: -0.62, -0.03) statuses. These associations were observed in 

both crude and fully adjusted models. By adjusting folate and cobalamin models for 
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cobalamin and folate status respectively, we found that the effects of these metabolites on 

offspring height were independent from each other. Inadequate compared to adequate 

first trimester cobalamin status and RBC folate was associated with almost 120% (95% CI: -

221.9, -50.2%) and 50% (95% CI: -88.5, -29.9%) lower child height (z score) respectively. 

First trimester status in these two vitamins explained 8.2% of offspring height variability. 

Elevated pregnancy plasma MMA was associated with lower child height (mean z score 

difference from normal status: -0.89; 95% CI: -1.70, -0.10). However, these effects were lost 

after adjusting for potential confounders (mean z score difference from normal status: -

0.64; 95% CI: -1.38, 0.09). Low (≤40 pmol/L) compared to normal first trimester plasma 

holoTC status was associated with increased offspring BMI at mid-childhood (mean z score 

difference: 0.66; 95% CI: 0.02, 1.29). No other indicator of maternal folate or cobalamin 

status was associated with offspring BMI.  

We observed no interactions between markers of folate and cobalamin status in early 

pregnancy and sex or breastfeeding on offspring growth. 
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Table 20. Associations between first trimester folate and cobalamin status biomarkers and child growth at 7.5 years. 
 

 Weight (z-score) Height (z-score) BMI (z-score) 

 Crude Model 1 Model 2 Crude Model 1 Model 2 Crude Model 1 Model 2 
          

Folate 
0.07 1 

(-0.54, 0.69) 

-0.04 
(-0.67, 0.59) 

0.09 
(-0.55, 0.72) 

-0.10 
(-0.59, 0.39) 

-0.13 
(-0.59, 0.32) 

-0.07 
(-0.54, 0.39) 

0.17 
(-0.49, 0.83) 

0.07 
(-0.61, 0.75) 

0.23 
(-0.45, 0.92) 

          
RBC folate  

-0.37 
(-0.76, 0.02) 

-0.35 
(-0.74, 0.04) 

-0.31 
(-0.69, 0.08) 

-0.38 
(-0.69, -0.07) 

-0.32 
(-0.57, -0.04) 

-0.30 
(-0.58, -0.02) 

-0.19 
(-0.62, 0.23) 

-0.19 
(-0.61, 0.23) 

-0.14 
(-0.55, 0.28) 

          
Cobalamin  

-0.05 
(-0.71, 0.61) 

-0.21 
(-0.87, 0.45) 

-0.14 
(-0.80, 0.51) 

-0.72 
(-1.24, -0.20) 

-0.72 
(-1.20, -0.24) 

-0.69 
(-1.17, -0.21) 

0.48 
(-0.22, 1.19) 

0.37 
(-0.35, 1.08) 

0.45 
(-0.26, 1.16) 

          
HoloTC  

0.32 
(-0.29, 0.93) 

0.29 
(-0.31, 0.89) 

0.30 
(-0.30, 0.89) 

-0.30 
(-0.79, 0.19) 

-0.23 
(-0.68, 0.22) 

-0.23 
(-0.68, 0.22) 

0.67 
(0.01, 1.31) 

0.65 
(0.01, 1.30) 

0.66 
(0.02, 1.29) 

          
tHcy  

-0.14 
(-0.54, 0.27) 

-0.24 
(-0.64, 0.16) 

-0.19 
(-0.59, 0.21) 

-0.31 
 (-0.63, 0.02) 

-0.35 
(-0.64, -0.06) 

-0.33 
(-0.62, -0.03) 

0.02 
(-0.42, 0.46) 

-0.07 
(-0.51, 0.37) 

-0.01 
(-0.45, 0.42) 

 
 

         
MMA 

-0.92 
(-1.9, 0.07) 

 

-0.77 
(-1.77, 0.22) 

-0.57 
(-1.18, 0.17) 

-0.89 
(-1.70, -0.10) 

-0.64 
(-1.38, 0.09) 

-0.67 
(-1.40, 0.07) 

-0.54 
(-1.37, 0.53) 

-0.28 
(-1.43, 0.80) 

-0.35 
(-1.4, 0.70) 

          

Abbreviations: BMI, body mass index; holoTC, holotranscobalamin; MMA, methylmalonic acid; RBC, red blood cell; tHcy, total 
homocysteine. 
1Values are β-coefficients (95% CI) which represent the mean difference in age- and sex-standardised weight, height and BMI z-scores from 
the reference group (adequate status for vitamins or elevated for biomarkers). Adequate status was categorised as: plasma folate (>10 
nmol/L), RBC folate (>651 nmol/L), plasma cobalamin (>221 pmol/L), plasma holoTC (>40 pmol/L) and nonelevated biomarkers as plasma 
tHcy (<6.0 µmol/L) and plasma MMA (<0.210 µmol/L). β-coefficients were derived by multiple linear regression analysis. World Health 
Organisation growth charts were used to calculate individual standardised z-scores. Sample included 160 mother-child pairs. 
Crude model was unadjusted; Model 1 was adjusted for maternal 1st trimester age, BMI (for weight and BMI models) or height (for height 
models), socioeconomic status during pregnancy and at follow-up, smoking throughout pregnancy and exclusive breastfeeding duration; 
Model 2 included model 1 plus child physical activity score and total daily energy intake. Adjusted models included plasma cobalamin and 
RBC folate for folate and cobalamin models respectively. 
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Longitudinal associations between folate and cobalamin status throughout pregnancy 

and offspring growth 

The effects of second and third trimester folate and cobalamin status indicators on child 

growth were assessed and are shown in Figure 15. Children born to women in the lowest 

quartile of RBC folate (≤603 nmol/L) in the third trimester only, had higher BMI compared 

with children born to women with adequate RBC folate status (mean z score difference: 

0.55; 95% CI: 0.09, 1.01). These results were consistent with those observed for plasma 

folate inadequacy (data not shown).  

Only inadequate first trimester maternal RBC folate or cobalamin status, affected child 

height (Figure 15 A and B). However, low holoTC (≤40 pmol/L) at 24-28 GW was associated 

with higher offspring BMI (mean z score difference: 0.50; 95% CI: 0.04, 0.97) and lower 

height (mean z score difference: -0.40; 95% CI: -0.72, -0.08) compared with those with 

adequate holoTC (data not shown). The associations between holoTC and BMI were lost 

after adjusting for child physical activity score and total daily energy intake. 

Elevated first and third trimester tHcy was associated with lower height in the offspring at 

7.5 years (Figure 15 C; mean z score difference for late pregnancy: -0.33; 95% CI: -0.62, -

0.42) compared with those with normal tHcy. There was a borderline association between 

elevated plasma MMA at any time of pregnancy and height in the offspring, however it was 

never associated with either weight or BMI (Figure 15 D).  

Elevated plasma folate at any time of pregnancy was not associated with mid-childhood 

weight (mean z score difference in early pregnancy from adequate status: -0.33; 95% CI: -

0.78, 0.13; R2*100: 14.7; n= 160; p for model= 0.012), BMI (mean z score difference in early 

pregnancy from adequate status: -0.36; 95% CI: -0.85, 0.12; R2*100: 14.8; n= 160; p for 

model= 0.011) or height (mean z score difference in early pregnancy from adequate status: 

-0.09; 95% CI: -0.42, 0.24; R2*100: 24.1; n= 160; p for model< 0.001) (data not shown). 

Results were not modified after using a lower cut-off for elevated plasma folate (≥30 
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nmol/L). In addition, elevated or deficient first trimester plasma folate did not modify the 

association between marginal cobalamin deficiency and offspring growth at mid-childhood.  

Given that the effects of RBC folate on offspring height were only observed for first 

trimester RBC folate, and that we did not observe any effect of plasma folate, we 

investigated whether supplementation with folic acid before conception, in early and in 

mid-pregnancy were associated with child height at 7.5 years. Mid-childhood height (z-

score) was over 60% greater in children born to mothers that used folic acid supplements at 

preconception compared to non-users (mean z score difference: 0.26; 95% CI: 0.01, 0.51; 

R2*100: 31.2; n: 160; p for model <0.001) after adjusting for maternal age, height, marginal 

first trimester cobalamin deficiency, smoking throughout pregnancy, exclusive 

breastfeeding duration, socioeconomic status during pregnancy and at follow-up, child 

physical activity score and energy intake. No differences in offspring height were observed 

between children born to folic acid supplement users and non-users in early (mean z score 

difference: -0.15; 95% CI: -0.58, 0.28; R2*100: 30.1; n: 149; p for model <0.001) or mid-

pregnancy (mean z score difference: 0.19; 95% CI: -0.08, 0.46; R2*100: 30.8; n: 151; p for 

model <0.001).  

UNIVERSITAT ROVIRA I VIRGILI 
PRENATAL ONE CARBON METABOLISM AND IN UTERO PROGRAMMING OF GROWTH AND ADIPOSITY IN THE OFFSPRING 
Pol Solé Navais 
 



 

159 
 

Figure 15. Associations between folate and cobalamin status biomarkers during pregnancy and offspring growth at 7.5 years.  

Associations between RBC folate (A), plasma cobalamin (B), tHcy (C) and MMA (D) throughout pregnancy and offspring age- and sex-
standardised weight, BMI and height z-scores (WHO growth charts) at mid-childhood. Symbols (lines) show the mean difference (95% CI) 
from children born to mothers with adequate status in folate or cobalamin (<221 pmol/L) or with normal tHcy or MMA (<0.210 µmol/L) 
derived from multiple linear regressions. RBC folate (1st: <651; 2nd: <810; 3rd trimester: <603 nmol/L); tHcy (1st: >6.0; 2nd: >5.4; 3rd trimester: 
>6.1 µmol/L). Model was adjusted for 1st trimester maternal age, BMI or height, socioeconomic status during pregnancy and at follow-up, 
smoking throughout pregnancy, exclusive breastfeeding duration, child physical activity score and total energy intake. 
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Associations between folate and cobalamin related maternal genetic variants and 

offspring growth 

In this study, we tested the associations between maternal genetic variants related to 

folate or cobalamin transport or metabolism and child growth outcomes. Ideally, to test 

causality a randomised intervention trial should be used. However, other approaches must 

be used when such trials are unethical such as in our pregnancy study. The prospective 

nature of this study was also a strong point in the testing of causal associations. 

Furthermore, the advantage of genotype is that it is randomised at conception and is 

unaffected by lifestyle confounders. Therefore genetic variants affecting environmental or 

lifestyle exposures may be used to overcome the limitation of observational studies, 

improving the confidence in the causality of the associations, if any actually exists (461). 

The associations between maternal and child genetic variants in folate and cobalamin 

transport or metabolism and child growth at mid-childhood are reported in Table 21.  

We observed no associations between the maternal MTHFR 677C>T polymorphism and 

offspring growth at mid-childhood. The maternal MTRR 66A>G genetic variant was not 

associated with either child weight or BMI, but was positively associated with height in both 

the additive (β-coefficient: 0.31; 95% CI: 0.07, 0.55) and the dominant (β-coefficient: 0.36; 

95% CI: 0.02, 0.07) models after adjusting for child genotype. Associations were lost after 

adjusting for potential confounders. Maternal MTRR 524 CT and TT genotypes compared to 

CC genotype was associated with lower weight (β-coefficient: -0.45; 95% CI: -0.83, -0.06) 

and BMI (β-coefficient: -0.46; 95% CI: -0.87, -0.04) in the offspring in the most adjusted 

model. The most consistent effect was observed for maternal TCN2 776C>G. For every 

additional maternal variant allele, child height (z score) was almost 35% lower (β-

coefficient: -0.23; 95% CI: -0.45, -0.01) and children born to women carrying at least one 

variant allele were shorter than those born to common homozygous mothers (mean 

difference: -0.38; 95% CI: -0.67, -0.08).  
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Table 21. Associations between maternal folate and cobalamin related genetic variants child growth at 7.5 years. 
 

 Additive Dominant 
 Crude Model 1 Model 2 Crude Model 1 Model 2 
 

 

        

MTHFR 677C>T 
          Weight 0.031 (-0.22, 0.28) 0.04 (-0.28, 0.36) 0.11 (-0.20, 0.42) -0.01 (-0.39, 0.36) 0.09 (-0.34, 0.50) 0.10 (-0.32, 0.51) 

      -    Height 0.01 (-0.20, 0.21) -0.04 (-0.29, 0.22) -0.01 (-0.24, 0.23) 0.08 (-0.23, 0.39) 0.18 (-0.16, 0.52) 0.13 (-0.19, 0.44) 

          BMI 0.04 (-0.22, 0.30) 0.09 (-0.25, 0.43) 0.17 (-0.17, 0.49) -0.08 (-0.48, 0.31) -0.03 (-0.48, 0.42) -0.00 (-0.44, 0.44) 

          MTRR 66A>G 
          Weight 0.10 (-0.16, 0.35) 0.22 (-0.08, 0.51) 0.10 (-0.19, 0.39) 0.19 (-0.21, 0.59) 0.33 (-0.10, 0.75) 0.10 (-0.32, 0.52) 

          Height 0.14 (-0.07, 0.19) 0.31 (0.07, 0.55) 0.21 (-0.01, 0.43) 0.20 (-0.13, 0.53) 0.36 (0.02, 0.70) 0.16 (-0.16, 0.48) 

          BMI 0.05 (-0.22, 0.31) 0.09 (-0.23, 0.40) -0.01 (-0.32, 0.30) 0.13 (-0.29, 0.55) 0.19 (-0.26, 0.64) 0.00 (-0.45, 0.45) 

       MTRR 524C>T 
       Weight -0.16 (-0.43, 0.12) -0.20 (-0.51, 0.11) -0.24 (-0.55, 0.06) -0.31 (-0.67, 0.07) -0.38 (-0.78, 0.02) -0.45 (-0.83, -0.06) 

       Height -0.04 (-0.26, 0.19) -0.08 (-0.33, 0.18) -0.07 (-0.29, 0.16) -0.17 (-0.47, 0.14) -0.25 (-0.57, 0.08) -0.20 (-0.50, 0.09) 

       BMI -0.18 (-0.47, 0.11) -0.23 (-0.56, 0.11) -0.30 (-0.62, 0.03) -0.29 (-0.68, 0.10) -0.35 (-0.77, 0.08) -0.46 (-0.87, -0.04) 

 
 

     TCN2 776C>G 

       Weight -0.20 (-0.46, 0.05) -0.26 (-0.56, 0.04) -0.27 (-0.56, 0.02) -0.34 (-0.71, 0.04) -0.38 (-0.77, 0.01) -0.40 (-0.78, -0.01) 

       Height -0.20 (-0.41, 0.01) -0.29 (-0.53, -0.04) -0.23 (-0.45, -0.01) -0.38 (-0.69, -0.07) -0.45 (-0.77, -0.14) -0.38 (-0.67, -0.08) 

       BMI -0.12 (-0.39, 0.15) -0.13 (-0.45, 0.19) -0.17 (-0.48, 0.13) -0.18 (-0.48, 0.31) -0.20 (-0.61, 0.22) -0.21 (-0.62, 0.20) 
          

Abbreviations: BMI, body mass index; MTHFR: methylenetetrahydrofolate reductase; MTRR: 5-methyltetrahydrofolate-homocysteine 
methyltransferase reductase; TCN2, transcobalamin 2. 
1Values are β-coefficients (95% CI) representing, in the dominant model, the mean difference in age- and sex-standardised weight, height and 
BMI z-scores between variant homozygous and heterozygous and common homozygous. β-coefficients were derived by multiple linear 
regression analysis. World Health Organisation growth charts were used to calculate individual standardised z-scores. Sample included 147 
mother-child pairs. Crude model was adjusted for the other maternal genetic variants; model 1 was further adjusted for child polymorphisms. 
Model 2 included model 1 plus maternal 1st trimester age, BMI (for weight and BMI models) or height (for height model), plasma cobalamin 
and RBC folate concentrations, socioeconomic status during pregnancy and at follow-up, smoking throughout pregnancy, exclusive 
breastfeeding duration, child physical activity score and total daily energy intake. 
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Moreover, the presence of at least one variant allele of the TCN2 776C>G genetic variant in 

the mother was associated with lower offspring weight compared to the common 

homozygous genotype (mean z score difference: -0.40; 95% CI: -0.78, -0.01), but only in the 

most adjusted model. However, the associations were borderline significant in the other 

models. It should be highlighted that these results were found even after adjusting for child 

genotype.  

The MTRR 66A>G polymorphism in the child was negatively associated with weight 

(additive model, β-coefficient: -0.30; 95% CI: -0.59, 0.00) and height (additive model, β-

coefficient: -0.39; 95% CI: -0.61, -0.16). No associations were found between child MTHFR 

677C>T, MTRR 524C>T and TCN2 776C>G genetic variants and mid-childhood growth. 
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Associations between folate and cobalamin related genetic variants and offspring growth 

trajectories  

We further examined the longitudinal trajectories of offspring age- and sex-standardised 

weight, height and BMI z-scores from birth until mid-childhood according to folate and 

cobalamin related genetic variants using mixed effects models. We analysed 970 growth 

measurements from birth until 7.5 years, with an average of six measurements per child. 

Offspring height, BMI and weight growth trajectories according to maternal MTHFR 677C>T 

and TCN2 776C>G genetic variants are illustrated in Figure 16. The maternal MTHFR 677C>T 

polymorphism had no effects on offspring height nor weight but was significantly 

associated with BMI (Figure 16; A, B and C). The offspring of MTHFR 677 TT mothers had 

persistently higher BMI (mean BMI z-score: 0.86; 95% CI: 0.54, 1.17) from birth until mid-

childhood (p= 0.033) compared with CC (mean BMI z-score: 0.34; 95% CI: 0.03, 0.65) or CT 

(mean BMI z-score: 0.42; 95% CI: 0.12, 0.71) mothers after adjusting for multiple 

comparisons (p= 0.050 and 0.040 for TT vs. CT and TT vs. CC respectively). The effects were 

consistent across all age groups.  

We observed significant interactions between the maternal TCN2 776C>G genetic variant 

and offspring age on offspring weight (p< 0.01) and BMI (p< 0.01) (Figure 16; D and F). In 

the first 12 months after birth, offspring born to heterozygous mothers had the highest 

weight and BMI and offspring born to variant homozygous mothers had the lowest weight 

and BMI. However, after 12 months, the opposite occurred: children born to heterozygous 

mothers had the lowest weight and BMI and those born to variant homozygous mothers 

had the highest BMI and weight. The effects of the maternal TCN2 776C>G SNP on BMI 

became more evident as children grew older, with the biggest difference at 7.5 years. These 

findings are consistent with an earlier adiposity rebound in children born with low BMI or 

weight. In agreement with these findings, the offspring of common homozygous mothers 

were taller (z-scores) from birth and until mid-childhood compared to the offspring 
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Figure 16. Offspring growth trajectories according to maternal MTHFR 677C>T and TCN2 776C>G polymorphism.  

Mean (95% CI) age- and sex-standardised BMI, weight and height z-scores from 1 month through 7.5 years according to maternal MTHFR 
677C>T (A, B and C) and TCN2 776C>G (D, E and F) SNP derived from linear mixed effects models. Fixed effects: age, age2 and age3, as well 
as exclusive breastfeeding length, birth weight z-score, smoking throughout pregnancy, socioeconomic status at follow-up, maternal BMI 
(for weight and BMI models) or height (for height models), early pregnancy folate and cobalamin status and offspring genotype. Sample 
size: 1 (n= 94); 6 (n= 112); 12 months (n= 98); 1.5 (n= 102); 2 (n= 94); 3 (n= 56); 4 (n= 74); 6 (n= 70); 7.5 years (n= 160). *p< 0.05; **p< 0.01  
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of heterozygous mothers. However, the effect size was small (mean difference between 

common homozygous and heterozygous: 0.33; 95% CI: 0.03, 0.63, p= 0.024 after adjusting 

for multiple comparisons). 

Figure 17 show the mean age- and sex- standardised weight, height and BMI z-score 

trajectories from birth to mid-childhood according to maternal MTRR 66A>G and MTRR 

524C>T genetic variants by linear mixed effects models. On average, weight (mean, AA: 

0.11; 95% CI: -0.14, 0.36; AG: 0.37; 95% CI: 0.15, 0.58; GG: 0.41; 95% CI: 0.15, 0.67) and 

height (mean, AA: -0.45; 95% CI: -0.72, -0.17; AG: -0.19; 95% CI: -0.43, 0.05; GG: 0.12; 95% 

CI: -0.18, 0.41) were consistently lower in children born to common compared with variant 

homozygous mothers for the MTRR 66A>G SNP (p= 0.075 and 0.005 for weight and height 

respectively after adjusting for multiple comparisons). These effects were consistently 

observed from birth until mid-childhood. However, we observed no effects of maternal 

MTRR 66A>G on offspring BMI trajectory.  

The maternal MTRR 524C>T genetic variant was not associated with growth trajectories for 

weight (mean, CC: 0.32; 95% CI: 0.07, 0.57; CT: 0.20; 95% CI: -0.03, 0.43; TT: 0.32; 95% CI: -

0.04, 0.67), height (mean, CC: -0.20; 95% CI: -0.48, 0.08; CT: -0.28; 95% CI: -0.54, -0.02; TT: -

0.08; 95% CI: -0.49, -0.02) or BMI (mean, CC: 0.63; 95% CI: 0.32, 0.94; CT: 0.41; 95% CI: 0.12, 

0.69; TT: 0.40; 95% CI: -0.05, 0.85) in the offspring. 
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Figure 17. Offspring growth trajectories according to maternal MTRR 66A>G and MTRR 524C>T polymorphism.  

Mean (95% CI) age- and sex-standardised weight, height and BMI z-scores from 1 month until 7.5 years according to maternal MTRR 66A>G 
(A, B and C) and MTRR 524C>T (D, E and F) genotypes from linear mixed effects models. Fixed effects: age, age2 and age3, as well as 
exclusive breastfeeding length, birth weight z-score, smoking throughout pregnancy, socioeconomic status at follow-up, maternal BMI (for 
weight and BMI models) or height (for height models), 1st trimester folate and cobalamin status and offspring genotype. Sample size: 1 (n= 
94); 6 (n= 112); 12 months (n= 98); 1.5 (n= 102); 2 (n= 94); 3 (n= 56); 4 (n= 74); 6 (n= 70); 7.5 years (n= 160). 
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Associations between maternal folate and cobalamin related genetic variants and 

maternal weight, height and BMI 

We assessed whether the effects of maternal genetic variants related to folate and 

cobalamin transport or metabolism were associated with maternal weight, height and BMI. 

We found no evidence for any associations between maternal genetic variants and weight 

or BMI. However, the MTRR 66A>G genetic variant was positively associated with maternal 

height. Per every additional variant allele, height was an average of 0.71 cm (95% CI: 0.05, 

1.38) greater. 

 

Effect of birthweight and gestation length on the associations between folate and 

cobalamin status during pregnancy and offspring growth at mid-childhood  

We assessed whether the previously reported effects of maternal folate and cobalamin 

status during pregnancy on offspring growth were affected by weight at birth and/ or by 

gestational length. Inclusion of birth weight, gestational age at labour or both factors in 

multiple linear regression models did not alter the associations between maternal folate 

and offspring growth at mid-childhood.  

 

Longitudinal associations between folate and cobalamin status during pregnancy and 

offspring adiposity at mid-childhood 

The effects of maternal 1C metabolism on offspring adiposity are shown in Figure 18. We 

found no associations between maternal tHcy and MMA at any time of pregnancy and 

waist circumference, fat mass, mean skinfold thickness and fat mass index. First trimester 

cobalamin inadequacy was associated with higher waist circumference, however no effects 

were observed on any other adiposity measurement. Early and mid-pregnancy RBC folate 

status was not associated with offspring adiposity. However, inadequate third trimester 
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RBC folate status (≤603 nmol/L) was associated with higher offspring waist circumference 

(β-coefficient: 2.93; 95% CI: 0.63, 5.23), fat mass (β-coefficient: 1.03; 95% CI: 0.01, 2.06) 

and skinfold thickness mean (β-coefficient: 0.71; 95% CI: 0.09, 1.33) compared with 

adequate RBC folate. No effects were observed on fat mass index (β-coefficient: 0.51; 95% 

CI: -0.13, 1.15). All analyses were adjusted for first trimester maternal age, BMI, 

socioeconomic status during pregnancy and at follow-up, smoking throughout pregnancy, 

exclusive breastfeeding duration, child height (except for fat mass index), physical activity 

score and energy intake.  
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Figure 18. Associations between low folate or cobalamin status during pregnancy and offspring adiposity at 7.5 years.  

Associations between maternal 1C biomarkers during pregnancy and offspring waist circumference (A), fat mass (B), skinfold thickness 
mean (C) and fat mass index (D). Symbols (lines) are mean differences (95% CI) observed in the respective low status categories from 
adequate status [RBC folate (1st: >651; 2nd: >810; 3rd trimester: >603 nmol/L); tHcy (1st: <6.0; 2nd: <5.4; 3rd trimester: <6.1 µmol/L); 
cobalamin (>221 pmol/L); MMA (<0.210 µmol/L)] by multiple linear regression. Model was adjusted for 1st trimester maternal age, BMI, 
socioeconomic status and smoking during pregnancy, socioeconomic status at follow-up, exclusive breastfeeding length, child height 
(except for D), physical activity score and energy intake.  
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We assessed the risk of offspring overweight and obesity according to maternal folate and 

cobalamin biomarker status by multiple logistic regression analysis after adjusting for the 

abovementioned factors (Table 22). We found no associations between first trimester 

folate and cobalamin status biomarkers and offspring overweight. After adjusting for 

potential confounders, we observed that inadequate first trimester plasma holoTC 

increased the probability of offspring obesity by 7-fold (odds ratio: 6.8; 95% CI: 1.3, 35.7). 

This association was not maintained in the unadjusted model, and no other prenatal 

biomarker was associated with offspring obesity. 
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Table 22. Risk of offspring overweight and obesity according to maternal folate and 
cobalamin biomarker status at early pregnancy. 
 

 Overweight 
(32/ 162)1 

Obesity 
(13/ 162) 

Plasma folate ≤10 nmol/L 4/ 14 2/ 14 
Crude 1.692 (0.49, 5.77) 2.05 (0.41, 10.32) 
Model 1 1.22 (0.29, 5.05) 2.98 (0.48, 18.60) 
Model 2 1.70 (0.40, 7.31) 4.12 (0.62, 27.31) 

Plasma folate ≥45 nmol/L 2/ 29 1/ 29 
Crude 0.25 (0.06, 1.10) 0.35 (0.04, 2.84) 
Model 1 0.24 (0.05, 1.15) 0.40 (0.05, 3.54) 
Model 2 0.26 (0.05, 1.26) 0.46 (0.05, 4.05) 

RBC folate ≤651 nmol/L 6/ 42 2/ 42 
Crude 0.59 (0.22, 1.55) 0.49 (0.10, 2.29) 
Model 1 0.59 (0.21, 1.65) 0.51 (0.10, 2.53) 
Model 2 0.65 (0.23, 1.82) 0.55 (0.11, 2.74) 

Plasma cobalamin ≤221 pmol/L 3/ 12 2/ 12 
Crude 1.38 (0.35, 5.37) 2.49 (0.48, 12.81) 
Model 1 1.32 (0.30, 5.85) 3.10 (0.50, 19.06) 
Model 2 1.34 (0.29, 6.26) 3.17 (0.46, 22.06) 

Plasma holoTC ≤40 pmol/L 5/ 14 3/ 14 
Crude 2.43 (0.75, 7.83) 3.68 (0.88, 15.37) 
Model 1 2.91 (0.80, 10.56) 6.58 (1.32, 32.72) 
Model 2 2.86 (0.76, 10.76) 6.77 (1.28, 35.74) 

Plasma tHcy ≥6.0 µmol/L 9/ 38 4/ 38 
Crude 1.34 (0.56, 3.20) 1.48 (0.43, 5.10) 
Model 1 1.02 (0.39, 2.66) 1.40 (0.39, 5.03) 
Model 2 1.15 (0.43, 3.03) 1.57 (0.43, 5.73) 

Abbreviations: holoTC, holotranscobalamin; RBC, red blood cell; tHcy, total homocysteine. 
1Child with outcome per total group sample.  
2Values are odds ratio (95% CI) for offspring overweight and obesity according to the World 
Obesity Foundation and according to early pregnancy folate and cobalamin marker status. Multiple 
logistic regression analysis was used. Sample included 160 mother-child pairs. 
Crude model was unadjusted. Model 1 was adjusted for maternal 1st trimester age, BMI (for weight 
and BMI models) or height (height model), socioeconomic status during pregnancy and at follow-
up, smoking throughout pregnancy, exclusive breastfeeding duration and folate and cobalamin 
models were adjusted for cobalamin status and RBC folate status respectively. Model 2 included 
model 1 plus child physical activity score and total daily energy intake.  
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Cross-sectional associations between folate and cobalamin status and growth at mid-

childhood 

We also assessed whether child folate and cobalamin biomarker status influence growth, in 

order to identify whether the effects observed may have been caused by the influence of 

maternal folate and cobalamin status on child status. No linear effects were observed 

between child metabolic markers of folate and cobalamin status and child weight, height 

and BMI age- and sex-standardised z-scores by multiple linear regression analysis. 

Inadequate plasma folate (≤12.1 nmol/L), RBC folate (≤589 nmol/L), cobalamin (≤568 

pmol/L), tHcy (≥6.3 µmol/L) or MMA (≥0.160 µmol/L) were not associated with any growth 

measure (Figure 19). Models were adjusted for maternal age, smoking throughout 

pregnancy, first trimester BMI (for weight and BMI models) or height (for height models), 

exclusive breastfeeding duration, socioeconomic status at childhood and child physical 

activity score and total energy intake.  
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Figure 19. Associations between child folate and cobalamin status biomarkers and growth 
at mid-childhood. 

Abbreviations: BMI, body mass index; MMA, methylmalonic acid; RBC, red blood cell; tHcy, total 
homocysteine. 
1Associations between RBC folate, plasma cobalamin, tHcy and MMA at mid-childhood and age- 
and sex-standardised weight, BMI and height z-scores (WHO growth charts). Dots show the mean 
difference (95% CI) from adequate status with multiple linear regression analysis. Inadequate 
statuses were defined as plasma folate (≤12.1 nmol/L), RBC folate (≤589 nmol/L), cobalamin (≤568 
pmol/L), tHcy (≥6.3 µmol/L) or MMA (≥0.160 µmol/L). Model was adjusted for 1st trimester 
maternal age, BMI (for weight and BMI models) or height (for height models), socioeconomic 
status at follow-up, smoking throughout pregnancy, exclusive breastfeeding duration, physical 
activity score and total energy intake. Sample size n= 107. 
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Discussion 

In this chapter, we investigated whether folate and cobalamin status biomarkers during 

pregnancy and related maternal genetic variants affect offspring growth and adiposity at 

mid-childhood. The results show that folate and cobalamin status and related maternal 

genetic variants affect linear growth and adiposity in the offspring. This study was designed 

to include biological data from the first trimester of pregnancy, a critical phase for 

understanding developmental programming yet seldom included in most studies that focus 

on mid to late pregnancy.  

Our first finding showed that children born to women with low first trimester cobalamin, 

RBC folate or elevated tHcy were shorter than children born to women with adequate 

status in the vitamins or non-elevated tHcy respectively. Inadequate first or second 

trimester holoTC (the active form of cobalamin) was associated with higher BMI in the 

offspring at mid-childhood. Late pregnancy inadequate RBC folate was associated with 

higher offspring BMI in parallel with other adiposity measures including waist 

circumference and fat mass. Interestingly, these results were found despite no effects of 

child folate and cobalamin biomarkers on growth or adiposity. It should be highlighted that 

inadequate status was defined well above what is considered deficient, supporting the idea 

that a high proportion of the general population might be exposed to the reported 

deleterious effects on growth and adiposity. We observed no effects of pregnancy tHcy or 

MMA on offspring weight. Regarding genotypes affecting folate and cobalamin transport or 

metabolism, the presence of at least one variant allele of the maternal TCN2 776C>G or 

MTRR 524C>T polymorphisms negatively affected growth in the offspring. Those born to 

heterozygous or variant homozygous compared to common homozygous mothers, for 

these polymorphisms weighed less and those born to TCN2 776 CG or GG compared to CC 

genotype were also shorter. We observed a consistently higher BMI trajectory from birth 

until mid-childhood in offspring of MTHFR 677C>T homozygous variant compared to 

heterozygous or common homozygous mothers. The effects of the maternal TCN2 776C>G 
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polymorphism on offspring height were observed as early as 1 month after birth, but its 

effects on weight and BMI suggested earlier catch-up growth in children born to 

homozygous variant mothers. Given that the TCN2 776 GG genotype has been associated 

with lower serum and cerebrospinal fluid holoTC in several studies (132,135,462,463), this 

finding could explain the reported associations between first trimester holoTC and offspring 

BMI at mid-childhood. Finally, a major susceptibility to developmental programming was 

observed in offspring exposed to impaired first trimester 1C metabolism compared to those 

exposed at mid- or late pregnancy. Folic acid supplement intake at preconception was 

associated with increased height in the offspring at mid-childhood, however first or second 

trimester folic acid supplementation had no effect on offspring height. Similarly, first 

trimester, but not second or third trimester, plasma cobalamin inadequacy was associated 

with lower height in the offspring at 7.5 years.  

There is previous evidence of a potential link between maternal folate and cobalamin status 

during pregnancy and offspring growth in experimental studies in animals and 

observational studies in humans. One of the most studied mechanisms involves the IGF axis 

which is crucial in normal somatic growth and development. An increase in methylation at 

differentially methylated regions of the IGF-II gene has been observed in women using folic 

acid supplements during pregnancy compared to non-users (464,465), but results remain 

inconsistent (466). It should be noticed that IGF-II and IGF-I are responsible for foetal and 

postnatal development respectively (467), but available evidence suggesting a role of 1C 

metabolism on IGF-I is limited. The decrease in IGF-I protein expression observed in embryo 

skull bone from rats born to folic acid restricted dams (468), in parallel with the finding that 

IGF-I concentrations are positively correlated with child growth (469) support the results 

reported in this chapter. In addition, compared with wild type mice, those born to 

cobalamin deficient dams (genetic murine model) had lower absolute osteoblast per 

trabecular area and a dramatically decreased bone formation rate (388). These findings 

were in line with the strong effects on height observed in children born to marginally 
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cobalamin deficient mothers or mothers carrying the TCN2 776C>G variant allele. Again, the 

effects in mice were mediated by IGF-I histone methylation, which induced a taurine-

dependent growth hormone resistance.  

The link of 1C metabolism related genetic variants with growth has been scarcely studied. 

Mtrr knockout mice had pups with restricted growth and developmental delay (470). In this 

case, the observed effects were not mediated by the IGF axis but by decreased histone 

methylation at the Igf1 locus. At mid-childhood, we observed similar effects of the maternal 

MTRR 524C>T polymorphism at mid-childhood, and MTRR 66A>G polymorphism on weight 

and height growth trajectories from birth until mid-childhood. We also observed that both 

the maternal and child MTRR 66A>G variant allele compared to the common homozygous 

genotype was associated with higher maternal and child height respectively. Intriguingly, 

child but not maternal MTRR 66A>G variant allele was associated with higher child IGF-II 

concentrations (471), results that could potentially explain the divergent effects between 

the maternal and child MTRR 66A>G genetic variant on child linear growth. Why the 

maternal MTRR 66A>G common homozygous genotype negatively influences offspring 

linear growth while the child genotype has the opposite effect remains unclear. We cannot 

ascertain whether this is a casual finding, but may manifest the relevance of intrauterine 

environment on subsequent health.  

Studies in 1C nutrient restricted rat dams supports the hypothesis of a link between 

impaired 1C metabolism and increased offspring adiposity. A reduction in pup myocardium 

PPAR-α expression was observed after prenatal dietary restriction of vitamin B12 and folate 

which lead to impaired lipid metabolism (379). However, the link between folic acid and 

adiposity remains unclear in both experimental and human studies. Folic acid 

supplementation with 5 mg/kg of body weight prevented the effects of protein restriction 

by decreasing PPAR-α expression (385). In addition to these metabolic effects, increased fat 

mass percentage is observed in pups born to cobalamin deficient compared to control 

dams (386). We found a negative association between pregnancy holoTC and offspring 
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adiposity. To the best of our knowledge, these associations have not been studied before. 

Interestingly, cobalamin was not associated with offspring BMI or adiposity as reported in 

other studies, suggesting that intracellular cobalamin deficiency, rather than extracellular 

cobalamin deficiency, may alter fatty acid metabolism in the offspring. In line with these 

findings is the observation that children born to TCN2 776C>G homozygous variant mothers 

had a faster rate of BMI growth than children born to homozygous common allele mothers. 

The TCN2 776C>G polymorphism has been associated with lower intracellular cobalamin 

(129), suggesting a role for holoTC. The role of cobalamin in the β-oxidation pathway 

involves MMA; however, this is unlikely to explain the transgenerational effects reported in 

this chapter. 

The effects of the maternal MTHFR 677C>T genetic variant on offspring body composition 

have been previously assessed in a cohort of 5783 pregnant women, whose offspring were 

followed-up at 9 years of age (390). No effect of the maternal nor the child genetic variant 

on body composition was observed, however, this study did not adjust for folate status, 

which has been found to be an effect modifier of the association between MTHFR 677C>T 

and tHcy (29). In addition, we observed effects in children from birth until mid-childhood, 

but no longer at mid-childhood. This suggests that the effects of maternal MTHFR 677C>T 

on offspring adiposity are limited to earlier stages of life.  

Experiments altering early pregnancy environmental exposures have shown that the 

periods of blastocyst development and pre-implantation are highly susceptible to 

epigenetic changes (472). A potential explanation is that DNA demethylation normally 

occurs during the cleavage stage and remethylation during the implantation period 

(between 6 and 12 days after conception) (473,474). Our results support this hypothesis. 

We found a link between RBC but not plasma folate at <12 GW and offspring height. RBC 

folate indicates long-term folate status (the previous 120 days or ≈17 weeks) and plasma 

folate indicates recent folate intake. Hence, first trimester RBC folate indicates folate status 

during the periconceptional period. In addition, folic acid supplement use at preconception 
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but not in the first or second trimesters was associated with higher offspring height. 

Findings reported in studies evaluating the quasi-experimental Dutch famine (475) and 

results arising from the restriction of methyl donors in female sheep preovulatory oocytes 

(476) have also shed light on the relevance of exposure timing in developmental 

programming. 

 

Previous studies have evaluated the influence of 1C metabolism during pregnancy on 

growth and adiposity beyond foetal development. Yajnik and coworkers reported, in an 

Indian population (Pune), a positive effect of RBC folate at 28 GW on offspring adiposity at 

6 years (389). However, these effects were not replicated later by Krishnaveni et al., who 

found no associations between maternal folate status and offspring adiposity at either 5, 

9.5 or 13.5 years (39). In contrast, in the Netherlands, Krikke found a negative association 

between mid-pregnancy folate and offspring BMI at 5-6 years (91). In our study, late, but 

not early pregnancy RBC folate seem to support the latter findings in the Netherlands. In 

addition, we did not find any effect of elevated plasma folate throughout pregnancy on 

offspring growth nor adiposity. These discrepancies may arise due to population differences 

in mean protein intake. As stated earlier, folic acid supplementation in protein-restricted 

dams had the same effect on pup PPAR-α expression as folic acid deprivation in protein 

non-restricted dams. In Pune (India), median dietary protein intake was low (41.7 g at 28 

GW) (389) compared to the expected intake in the Netherlands and compared to the intake 

in the studied population from the present study (77 g/day). Folate status in subjects with 

low protein intake would reduce fatty acid catabolism, thus favouring its accumulation. The 

opposite effect would be observed in subjects with normal to elevated protein intake: 

folate status would increase fatty acid oxidation. Given that both underweight and 

overweight are linked with increased risk of mortality (477), folate status during pregnancy 

seems to optimally modulate the expression of genes according to the received 

environmental stimuli. Indeed, in a randomised controlled clinical trial, infant formula with 
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lower protein content compared to infant formulas with higher protein content reduced 

BMI and obesity risk, in children with apparently normal folate status (383). These findings 

could be mediated through the IGF1 axis, as suggested by the authors (478). Nevertheless, 

this proposed protein-dependent differential impact of folate during pregnancy on 

offspring BMI remains speculative. It has also been suggested that balanced folate and 

cobalamin status is necessary for optimal growth (389), but we found no interactions 

between folate and cobalamin status during pregnancy on offspring growth. 

To date, no effects on offspring growth or adiposity have been attributed to cobalamin 

status during pregnancy. In normal pregnancies, cobalamin declines by approximately 25% 

from preconception and throughout pregnancy (76). However, this decrease is not 

accompanied by an alteration in functional biomarkers of cobalamin status, despite 

increases in tHcy and MMA in late pregnancy (38,76). Therefore, the influence of pregnancy 

on between-subject variability is greater the later in pregnancy the blood sample is 

collected. 

The study has strengths and limitations. The most important limitation is the relatively 

small sample size (162 mother-child pairs). However, it consisted of a very well 

characterised population both genetically and phenotypically from the first trimester 

throughout pregnancy. Ideally, a random control trial to test the effect of first trimester 

folate or cobalamin status on growth and adiposity in the offspring would enable us to test 

whether the association is causal. However, such a trial would be unethical in humans given 

the established risk of grave neural tube defects in the foetus in the presence of maternal 

folate or cobalamin deficiency. Our prospective study did enable us to test the effect of 

exposure to low early pregnancy folate or cobalamin status on growth and adiposity at mid-

childhood and to adjust all of the analyses for numerous potential confounders allowing us 

to assume a high degree of confidence when interpreting the results. Although unmeasured 

residual confounding cannot be ruled out, our models were adjusted for established 

confounding factors to date. An alternative interpretation to our results could be that 
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women not using preconceptional folic acid supplements or those with inadequate 

cobalamin or folate status at early pregnancy are less health-conscious, negatively affecting 

offspring achievement of optimal growth compared to more health-conscious women. 

However, we found that maternal and not child genetic variants affecting intrauterine 

folate and cobalamin transport or metabolism were associated with offspring growth and 

growth trajectories. Thus, we observed via these randomly occurring genetic variants that 

prenatal and not postnatal exposure to impaired 1C metabolism has a role in 

developmental programming.  

Our observation that folic acid supplementation at preconception and inadequate first 

trimester RBC but not plasma folate affected offspring growth, highlights the relevance of 

the preconceptional period in developmental programming. In addition, inadequate folate 

and cobalamin status during pregnancy are associated with impaired offspring growth or 

adiposity and we found no harmful effects of regular early pregnancy folic acid supplement 

use, often in excess of 400 µg/day on offspring growth and adiposity. Given the associations 

between adiposity and height with other cardiometabolic risk factors (335,479,480), the 

influence of prenatal folate and cobalamin biomarkers on these risk factors should also be 

investigated.  

In summary, our study shows that prenatal exposure to inadequate 1C metabolism, as early 

as during the preconceptional period, induces growth impairment in the offspring at mid 

childhood. Europe has failed to implement an effective strategy for the prevention of NTDs 

with folic acid. Considering the reported results, the benefits of mandatory fortification of 

cereal grains with folic acid may not be limited to the prevention of NTDs and could 

potentially enhance postnatal optimal growth attainment. 
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Discussion 

 

Global context 

The importance of optimal early development in determining lifelong healthy ageing 

trajectories is gaining recognition (5). The 1C metabolic network has proven to be highly 

important in embryogenesis, foetal development and in determining pregnancy outcome. 

Its recognised role in neural tube development led to the implementation of mandatory 

fortification of flour with folic acid in the USA and Canada in 1998. An impressive reduction 

in NTD prevalence (8,9) was observed after its implementation, as well as other health 

benefits affecting the general population, such as a reduction in plasma tHcy (11). It has 

been suggested that this metabolic effect was accompanied by a reduction in stroke 

mortality in the post-fortification era (12). Unlike many other countries, European countries 

have not implemented mandatory fortification with folic acid to date, while the debate 

regarding the proven benefits and possible risks is ongoing. The current strategies to 

prevent NTD occurrence such as allowing voluntary folic acid fortification and the 

recommendation for the use of folic acid at preconception are widely practised by member 

states of the European Union but have not been successful in reducing NTD prevalence 

(298).  

The studied mother-child pairs were not exposed to mandatory fortification, but high doses 

of folic acid supplements (>1 mg/day) were frequently used during the first trimester of 

pregnancy. The exposure to such doses has been identified as of concern for four priority 

areas of research by the National Toxicology Program and Office of Dietary Supplements at 

the USA National Institutes of Health (481). Generally, the concern is with regard to the 

combined exposure to folic acid from fortified foods and supplements, of population 

subgroups with underlying metabolic imbalances (such as cobalamin deficiency or obesity), 

that may render them susceptible to adverse effects of high folate status. We found no
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evidence to suggest deleterious effects of elevated folate status in pregnant women with 

cobalamin inadequacy on either metabolic or haematological indicators of cobalamin 

deficiency. However, we did observe that women with concomitant elevated folate and low 

cobalamin status (1.1 % of those studied) had lower MCV than those with adequate 

cobalamin. This might be interpreted as evidence of masking of cobalamin deficiency, a 

major concern of folic acid fortification, but the relatively small sample size hindered our 

ability to identify macrocytosis. It would be interesting to investigate this further in 

pregnant women from a population such as the USA where combined exposure to 

fortification and supplement use is commonplace, and globally folate status of pregnant 

women is likely to be higher. There is evidence that folic acid supplement use in the 

preconception period is more effective in preventing NTDs in normal weight compared to 

overweight and obese women (482) and affects RBC and plasma folate compartments 

differently in women with high BMI (264). We confirmed a BMI-folate intake interaction on 

RBC folate status and observed that the RBC folate-plasma folate ratio was higher in 

overweight and obese compared to normal weight women. These observations may be 

relevant in informing future research and folic acid fortification policies on doses of the 

vitamin for effective improvement in folate status in overweight or obese women in a 

society where overweight and obesity are becoming increasing prevalent.  

The results from this thesis suggest that prenatal 1C metabolism affects offspring growth 

far beyond foetal development. To the best of our knowledge, the following findings are 

novel:  

- BMI is negatively associated with plasma folate in pregnant women, but its 

association with RBC folate depends on total daily folate intake. 

- Specific indicators of pregnancy cobalamin status are associated with cobalamin 

and MMA in the offspring. 
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- Inadequate folate or cobalamin, elevated tHcy in early pregnancy or no use of 

folic acid supplements at preconception is associated with lower offspring 

linear growth. 

- Folate and cobalamin transport or metabolism related maternal genetic 

variants are associated with growth and adiposity in the offspring.  

 

The fact that subtle imbalances, and not clinical deficiency, in folate or cobalamin during 

pregnancy were linked with growth and adiposity in the offspring at mid-childhood suggests 

that prenatal exposure to folic acid and probably vitamin B12 may potentially affect long-

term health and development in the subsequent generation. This study expands the 

evidence supporting prenatal 1C metabolism programming of growth and adiposity in the 

offspring and suggests that maternal folic acid supplement use at the levels observed is not 

harmful to growth or adiposity in the offspring.  

 

Strengths and limitations 

Biological, clinical and lifestyle data were collected from the first trimester of pregnancy. 

Only a limited number of longitudinal pregnancy studies with prospectively collected data 

throughout pregnancy have been carried out to date. It is exceptionally difficult to obtain 

first trimester data because it depends on the timely initiation of prenatal care by the 

mother. Prenatal data available from most prospective mother child cohorts is usually from 

late pregnancy, and exceptionally from mid-pregnancy. 

The prospective nature of the study design enabled us to test hypotheses regarding early 

prenatal exposures and outcomes in the offspring in a well characterised (both 

phenotypically and genotypically) mother-child cohort.  
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The exposure-outcome associations of interest in our study are limited in the sense of not 

meeting some criteria to test causality. It would be unethical to perform a randomised 

control trial to test the nutrient imbalances of interest on child development and metabolic 

outcomes. Thus, the only option was to carry out an observational study despite the 

potential limitations of unmeasured residual confounding factors that this entails. However, 

the prospective nature of the study with time points representative of each trimester of 

pregnancy and in which each mother acted as her own control was a strong point of the 

study design.  

 

The relatively small sample size in the child follow-up group to date may appear to be a 

potential limitation. The number of children eligible to participate (having reached 7.5 

years) and the participation rate of 50% of these at follow-up, limited the sample size. We 

had anticipated a higher participation rate based on previous experience in another 

mother-child cohort. The relocation of our hospital from the city centre to the suburbs, as 

well as the necessity for children to miss school during the morning of the check-up may 

have affected the participation rate. Sample size is expected to increase because the child 

recruitment phase is still ongoing. However, we had sufficient statistical power to explore 

numerous hypotheses linking early prenatal 1C metabolism and exposures with outcomes 

in the children.  

It is possible that the requirement of seeking prenatal care before completing the first 

trimester of pregnancy and subsequently that the parents voluntarily bring their child for a 

health check-up may have introduced a selection bias into the study. Most women were 

Caucasian and had moderate-high socioeconomic status. This limits the extrapolation of 

conclusions to other populations.  
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Future perspectives 

Further investigation is required to completely test some hypotheses that this thesis set out 

to address and new hypotheses that have stemmed from the findings of the thesis. The 

results should be replicated in studies of different populations incorporating Mendelian 

randomisation to provide information on the causal relevance of the different components 

in 1C metabolism to understand and complete current knowledge on the in utero 

programming of growth and adiposity.  

The safety of elevated folic acid in subjects with cobalamin inadequacy should be carefully 

monitored in already existing clinical trials and observational studies in order to gain 

information on whether mandatory fortification with folic acid is safe for the whole 

population. Ethical issues exist on the inclusion of people with cobalamin deficiency in 

clinical trials without treating their deficiency. In this sense, animal models could be used to 

examine the effects of folic acid supplementation in the presence of cobalamin deficiency. 

The inclusion of subjects with marginally deficient cobalamin status in intervention studies 

with different doses of folic acid would pose no ethical concerns, and would provide 

valuable information. There is also the need to establish reference ranges for elevated 

folate and cobalamin deficiency and marginal deficiency during pregnancy and childhood.  

Regarding the long-term effects of prenatal 1C metabolism on offspring growth and 

adiposity, replication studies in a variety of populations would be of great interest to 

corroborate the present findings, and to shed light on the differential phenotypic effects 

that this metabolic network may have. The present cohort has great potential and is of 

remarkable value given the early recruitment and the longitudinal follow-up during 

pregnancy, including the collection of six blood samples. However, the sample size should 

be increased in order to gain sufficient statistical power to test hypotheses affecting some 

small subgroups in the cohort. Moreover, the effects of 1C metabolism during pregnancy 

on other offspring health outcomes should be assessed. Whether the observed effects on 
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growth and adiposity reported in this thesis are accompanied by cognitive impairment, 

elevated blood pressure or altered metabolic profile remains unknown. Therefore, the 

studied outcomes should include offspring cognitive development and blood pressure, as 

well as biomarkers of glucose metabolism, lipid profile, inflammation and endothelial 

function. To test whether some of the observed effects reported here are mediated 

through the IGF1 axis, would assess a new hypothesis generated by this and previous 

research. Further follow-up of this cohort of children at a later stage of development is of 

interest in order to evaluate the persistence of these effects over time. 

The use of Mendelian randomisation bypasses the intrinsic limitations to observational 

studies. Given the wide range of genetic variants associated with alterations in 1C 

metabolism, the effects of these variants should also be investigated. Moreover, it is 

necessary to clarify whether the timing of exposure is essential in the relationship between 

prenatal exposure and long-term outcomes. In this sense, paternal effects have not been 

examined in this thesis but would shed light on this issue given their implications in normal 

placentation and in the initial demethylation of whole genome.  

Finally, the findings of this thesis in parallel with further studies (derived or not from this 

cohort) will provide strong evidence to inform public health strategies such as the 

fortification with folic acid and vitamin B12 to enhance balance in 1C nutrient status and to 

counteract the deleterious effects of common SNPs. 
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Conclusions 

 

Specific objectives 

Objective: To describe cobalamin and folate metabolic indicators in the first trimester of 

pregnancy. 

 

 First trimester marginal plasma cobalamin deficiency affected 6.3% of the 

pregnancies, but functional biomarkers were normal.  

 

 First trimester RBC folate status was not optimal for the prevention of NTDs, 

despite folic acid supplementation. First trimester plasma folate deficiency and 

elevated plasma folate affected 11.4% and 20.2% of the mothers, respectively. 

 

Objective: To determine the association between genetic, nutritional and other lifestyle 

factors and first trimester folate and cobalamin status. 

 

First trimester folic acid supplement intake, pregnancy planning and maternal 

MTHFR 677C>T genetic variant accounted for most of the RBC folate variability. 

Maternal MTHFR 677C>T and MTRR 66A>G variant homozygous genotypes 

compared to common homozygous genotypes were associated with higher plasma 

tHcy. 
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First trimester maternal BMI was negatively associated with plasma folate, and 

folate intake modified the association between BMI and RBC folate. 

 

Objective: To investigate cobalamin and folate status interactions and their association 

with metabolic and haematological markers of low cobalamin status during pregnancy. 

  

Elevated folate status did not exacerbate biochemical or haematological 

abnormalities related to low cobalamin status in a population unexposed to 

mandatory fortification with folic acid but with high use of folic acid supplements. 

 

Objective: To describe cobalamin and folate metabolic indicators in children at mid-

childhood (7.5 years). 

 

 All of the children studied had optimal plasma cobalamin status but elevated 

plasma MMA was observed in 5.7% of them. Plasma folate deficiency and elevated 

plasma folate affected 12.3% and 5.7% of children respectively.  

 

Objective: To determine the association between genetic, nutritional and other lifestyle 

factors and mid-childhood folate and cobalamin status. 

 

Child MTHFR 677C>T variant homozygous compared to common homozygous 

genotype was associated with lower mid-childhood plasma and RBC folate status.  

 

Breastfeeding and exclusive breastfeeding length were not associated with either 

child folate or cobalamin status at mid-childhood.  
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Objective: To investigate the association between prenatal folate and cobalamin status and 

mid-childhood one carbon metabolism status indicators. 

 

Pregnancy cobalamin status was the most important determinant of, and was 

positively associated with mid-childhood cobalamin status. Pregnancy folate status 

was not associated with mid-childhood folate status. 

 

Objective: To assess the associations of folate and cobalamin status during pregnancy on 

mid-childhood linear and ponderal growth and adiposity. 

 

Inadequate first trimester plasma cobalamin, RBC folate or elevated tHcy were 

associated with lower linear, but not ponderal, mid-childhood growth. 

 

Folic acid supplement use at preconception, but not in the first or second trimester, 

was associated with higher linear mid-childhood growth. 

 

Inadequate first or second trimester plasma holoTC or inadequate third trimester 

RBC folate were associated with higher mid-childhood adiposity. 

 

Child biomarkers of folate and cobalamin status were not associated with either 

linear or ponderal growth or adiposity at mid-childhood. 
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Objective: To investigate the associations between maternal and child genetic variants 

affecting folate and cobalamin metabolism or transport and mid-childhood linear and 

ponderal growth and adiposity. 

 

The maternal TCN2 variant 776 CG genotype compared to CC genotype was 

associated with persistently lower linear growth from birth until mid-childhood. 

Children from GG compared to CG or CC mothers had lower BMI during infancy but 

a faster BMI rebound from early- to mid-childhood.  

 

The maternal MTHFR 677 TT compared to CT or CC genotypes was associated with 

higher BMI growth from birth until mid-childhood. 

 

Children born to mothers with the MTRR 66 AA genotype compared to GG 

genotype were shorter and weighed less from birth until mid-childhood. 

 

Children with the MTRR 66 variant allele compared to AA genotype had lower 

linear and ponderal growth at mid-childhood.  
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Scientific and academic contributions and other merits 

 

Articles 

Solé-Navais P, Cavallé-Busquets P, Fernandez-Ballart JD, Murphy MM. Early pregnancy B 

vitamin status, one carbon metabolism, pregnancy outcome and child development. 

Biochimie 2015; S0300-9084. DOI: 10.1016/j.biochi.2015.12.003. PMID: 26700149.  

 

International conference contributions 

Conference: World Forum for Nutrition Research Conference. Reus (Spain), 2013. 

Authors: Bueno O, Cavallé-Busquets P, Fernandez-Ballart JD, Ballesteros M, Berrocal-

Zaragoza MI, Salat-Batlle J, Fernàndez-Roig S, Garcia-Minguillan CJ, Solé Navais P, Murphy 

MM.  

Title: Long-term pregnancy plasma and red cell folate response to first trimester folic acid 

supplementation. 

Format: Poster. 

 

Conference: 9th Homocysteine and One-Carbon Metabolism. Dublin (Ireland), 2013. 

Authors: García-Minguillán CJ; Fernandez-Ballart JD; Cavallé-Busquets P; Ballesteros M; 

Bueno O; Berrocal-Zaragoza MI; Solé P; Meyer K; Ueland PM; Murphy MM. 

Title: The effects of the MTRR 66A>G and MTRR 524C>T polymorphisms on homocysteine 

during pregnancy vary depending on riboflavin and cobalamin status. 

Format: Oral communication. 

 

Conference: IUNS 20th International Congress of Nutrition. Granada (Spain), 2013. 
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Scientific and academic contributions and other merits 
 

 

Authors: Bueno O, Cavallé-Busquets P, Fernandez-Ballart JD, Ballesteros M, Berrocal-

Zaragoza MI, Salat-Batlle J, Fernàndez-Roig S, Garcia-Minguillan CJ, Solé Navais P, Murphy 

MM. 

Title: First trimester folic acid supplementation enhances folate status throughout 

pregnancy and reduces the effect of the MTHFR 677C>T polymorphism. 

Format: Oral communication. 

 

Conference: IUNS 20th International Congress of Nutrition. Granada (Spain), 2013. 

Authors: Garcia-Minguillan CJ, Cavallé-Busquets P, Fernandez-Ballart JD, Ballesteros M, 

Berrocal-Zaragoza MI, Bueno O, Solé Navais P, Murphy MM. 

Title: Riboflavin status is inversely associated with homocysteine and determines the effect 

of the MTHFR 677C>T polymorphism on homocysteine during pregnancy. 

Format: Oral communication. 

 

Conference: FASEB: Folic Acid, Vitamin B12, and One Carbon Metabolism. Steamboat 

Springs (United States), 2014. 

Authors: Murphy MM; Fernandez-Ballart JD; Solé-Navais P; Ballesteros M; Bueno O; Ueland 

PM; Meyer K; Cavallé-Busquets P. 

Title: Elevated paternal homocysteine or MTHFR 677TT genotype and risk of impaired 

placental function, gestational hypertension or intrauterine growth retardation. 

 Format: Oral communication. 
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Conference: FASEB: Folic Acid, Vitamin B12, and One Carbon Metabolism. Steamboat 

Springs (United States), 2014. 

Authors: Solé-Navais P; Cavallé-Busquets P; Bueno O; Fernandez-Ballart JD; Ballesteros M; 

Colomina-Muela JM; Ueland PM; Salat-Batlle J; Murphy MM. 

Title: First Trimester high folate status combined with low cobalamin status and MMA and 

tHcy during pregnancy in the Reus Tarragona Birth Cohort. 

 Format: Poster. 

 

Conference: 10th International conference One Carbon Metabolism and Homocysteine. 

Nancy (France), 2015. 

Authors: Colomina JM; Cavallé-Busquets P; Fernandez-Roig S; Solé-Navais P; Fernandez-

Ballart JD; Ballesteros M; Ornosa G; Ueland PM; Meyer K; Murphy MM. 

Title: Effects of the BHMT c.716G>A polymorphism on the betaine dimethylglycine pathway 

during pregnancy. 

 Format: Oral communication. 

 

Conference: 10th International conference One Carbon Metabolism and Homocysteine. 

Nancy (France), 2015. 

Authors: Solé-Navais P; Ornosa G; Fernandez-Ballart JD; Cavallé-Busquets P; Ballesteros M; 

Colomina JM; Ueland PM; Murphy MM. 

Title: Early pregnancy cobalamin status on anthropometry and adiposity in the offspring at 

7.5 years (Reus-Tarragona Birth Cohort). 

 Format: Poster. 

 

UNIVERSITAT ROVIRA I VIRGILI 
PRENATAL ONE CARBON METABOLISM AND IN UTERO PROGRAMMING OF GROWTH AND ADIPOSITY IN THE OFFSPRING 
Pol Solé Navais 
 



Scientific and academic contributions and other merits 
 

 

Conference: 10th International conference One Carbon Metabolism and Homocysteine. 

Nancy (France), 2015. 

Authors: Murphy MM; Solé-Navais P; Fernandez-Ballart JD; Ballesteros M; Cavallé-Busquets 

P. 

Title: Early pregnancy B vitamin status, one carbon metabolism and pregnancy outcome. 

 Format: Oral communication. 

 

Book chapters (In Press) 

Authors: Obeid R, Solé-Navais P, Murphy MM. Chapter title: Cobalamin during pregnancy 

and lactation. Book title: Vitamin B12: advances and insights (Obeid R ed.). Publisher: CRC 

Press/ Taylor & Francis Group.  

Authors: Solé-Navais P, Obeid R, Murphy MM. Chapter title: Cobalamin – folate 

interactions. Book title: Vitamin B12: advances and insights (Obeid R ed.). Publisher: CRC 

Press/ Taylor & Francis Group.  

Authors: Obeid R, Solé-Navais P, Murphy MM. Chapter title: Cobalamin after birth and 

during early life. Book title: Vitamin B12: advances and insights (Obeid R ed.). Publisher: CRC 

Press/ Taylor & Francis Group.  

 

Teaching and academic activities 

Medical school (approximately 60 hours/ annum since 2012) 

- Research and Documentation Bases (70%) 

- General Epidemiology (30%) 

Myofascial Pain Specialist Course (2 hours, 2016) 

- Introduction to SPSS statistical package (SPSS Inc, Chicago, IL, USA) 
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Experimental Animal Care and Handling Course (4 hours, 2016) 

- Biostatistics and sample power calculation 

 

Awards 

Poster prize: Best Poster Award for “Early pregnancy cobalamin status on anthropometry 

and adiposity in the offspring at 7.5 years (Reus-Tarragona Birth Cohort)”. 10th International 

Conference one carbon metabolism, vitamins B and homocysteine, Nancy (France), 2015.  

 

Other contributions 

- Active role in the fieldwork of the pregnancy and follow-up phases of the Reus-

Tarragona Birth Cohort. 

- Active role setting-up and designing the follow-up phase at 7.5 years at both 

University Hospitals (Reus and Tarragona). 

 

Involvement in scientific projects 

Title: Links between in utero one carbon metabolism and development and health in the 

offspring at 7.5-8 years. Principal Investigator: Michelle Murphy. Duration: 3 years. REF: 

PI13/02500. Funding source: Instituto de Salud Carlos III/ Fondo FEDER. 
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