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Abstract

One carbon (1C) metabolism is highly important in foetal development, maternal-
placental-foetal unit development and function, and optimal pregnancy outcome. The
folate and methionine cycles, betaine-homocysteine methyltransferase (BHMT)
pathway and related reactions of 1C unit transfer are key components of the 1C
metabolic network. These pathways interact and their activity may be modulated by
status in the nutrients that regulate them. Nutrients involved in 1C metabolism
(including amino acids, osmolytes, B vitamins, nitrogenous bases, phospholipids and
methyl donors) are essential for cell proliferation, metabolism, regulation and
differentiation. The trace elements, zinc, copper, selenium and iron are also essential.
Enzymes and other proteins containing these trace elements are involved in processes
such as oxygen transport, respiratory chain, metal detoxification and oxidative stress.
The effects of frequent 1C metabolism genetic polymorphisms on 1C metabolism
components or whether they are modulated by folate are not clearly understood,
especially during pregnancy. There is much interest in the effect of folate because
mandatory fortification of flour with folic acid has been implemented in numerous
countries but not European countries, among others. Placenta functions include
nutrient and metabolite transport, defence against toxicity, as well as endocrine
functions. The role of the above trace elements in the placenta is unclear and evidence
on determining factors of their concentrations in the placenta is inconsistent. No

previous study has investigated whether 1C metabolism affects these.
The aims of the thesis are to investigate:

1) the effects of frequent maternal 1C metabolism polymorphisms
(methylenetetrahydrofolate reductase MTHFR c.665C>T, betaine-homocysteine
methyltransferase BHMT c.716G>A, reduced folate carrier SLC19A1 c.80G>A and
methionine synthase reductase MTRR c.66A>G) on related metabolite concentrations in

blood during pregnancy and whether these effects are modulated by folate status.
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2) whether lifestyle, obstetrical and demographic parameters and 1C metabolism affect

placental concentrations of zinc, copper, selenium and iron.

3) whether these polymorphisms or placenta trace element concentrations are
associated with adverse pregnancy outcomes such as miscarriage and intrauterine

growth restriction (IUGR), or preterm delivery and IUGR.

The study was based on 617 pregnancies from the Reus-Tarragona Birth Cohort
(RTBC), a longitudinal observational pregnancy study including a subset of 212
pregnancies from which placentas were collected plus other 6 placentas of participants
recruited at labour with focus on adverse pregnancy outcomes. Lifestyle, biological and
obstetrical data was collected from the first trimester throughout pregnancy by
questionnaires and from prenatal check-ups. Fasting blood samples were collected at
<12, 15, 24-27 and 34 gestational weeks (GW). Blood samples from the mother and
cord were also collected at labour. Red blood cell (RBC) and plasma folate, and plasma
cobalamin were determined by microbiological assays. Gas chromatography - mass
spectrometry was used for plasma total homocysteine (tHcy) concentrations, and liquid
chromatography - tandem mass spectrometry for plasma betaine, dimethylglycine
(DMG), choline and cotinine. The genotypes of the four polymorphisms were
determined in maternal and cord leukocyte DNA by matrix-assisted laser
desorption/ionization mass spectrometry. Placenta concentrations of zinc, copper and
selenium were determined by inductively coupled plasma - mass spectrometry, and

those of iron by inductively coupled plasma - optic emission spectrometry.

The tHcy enhancing effect in MTHFR c.665 variant homozygotes was modulated by RBC
folate at <12 GW and by plasma folate from 15 GW on and in the cord: the MTHFR
c.665TT genotype was not associated with elevated (tHcy) during pregnancy when
folate status was high. We suggest the modulation by RBC or plasma folate at different
stages of pregnancy could be due to the pattern of folic acid supplement use. The BHMT

c.716 variant genotypes were associated with lower DMG concentration and ratio
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DMG/betaine in late pregnancy, but in early pregnancy this was found only with high
plasma folate status. We speculate that the activity of the variant BHMT might be lower
at the extremes of the folate status distribution. Plasma folate was an independent
negative predictor of plasma DMG, supporting the idea that the BHMT pathway is
upregulated under low folate status conditions. Plasma/RBC folate and tHcy did not
vary with SLC19A1 c.80G>A genotype. Higher plasma tHcy was found in MTRR c.66
variant homozygotes only in early pregnancy. After stratification by folate status the
effect was lost in the lowest and highest plasma folate tertiles. We suggest the absence
of effect in early pregnancy with low folate status and in mid-late pregnancy might be
due to upregulation of the BHMT pathway. We also suggest the absence of effect in
early pregnancy with high folate status could be due to reduction of this effect by
higher S-adenosyl methionine (SAM) and lower S-adenosyl homocysteine (SAH). More
IUGR neonates had the MTHFR c.665 normal homozygote genotype compared to other
genotypes. A speculative explanation for this might be that embryos with variant

genotypes are less likely to survive when combined with factors leading to [UGR.

Lower zinc concentrations were found in placentas of male than female neonates.
Although the reason is not clear a speculative explanation is that it may be the NBDY
2.56811695C>T polymorphism in the X chromosome (important for zinc status in
RBCs). Users of supplements containing any of the 4 trace elements in the second and
third trimesters had lower placenta copper concentration, and given that most of these
supplements contain only iron, we suggest non-haem iron intake redistributes copper
from the placenta to the intestine to increase ferroxidase activity at that location.
Smoking during pregnancy was associated with higher placenta concentrations of
copper and selenium. Birth weight was negatively correlated with placenta zinc, copper
and selenium, however, after adjustment this was true only for copper. Unlike
selenium, copper was associated with higher IUGR risk after adjustment. In addition to
the associations with smoking and birth weight, placenta zinc, copper and selenium
were positively correlated and not associated with total, food or supplement intake. All

this led us to suggest the levels of these 3 trace elements in the placenta depend mostly
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on overlapping functions, namely oxidative stress and metal toxicity defence. 1C
metabolism was only associated with placenta copper. Plasma cobalamin in early
pregnancy was negatively associated with placenta copper and late pregnancy tHcy
was positively associated with it. Both associations are unclear but we suggest the
mediator of the positive association between tHcy and copper is the placental

adenosylhomocysteinase enzyme.

As major conclusions, with the exception of SLC19A1 c¢.80G>A, the addressed
polymorphisms affect 1C metabolism during pregnancy and their effects are modulated
by folate status in different ways in each case. Some of the analysed factors were
associated with the 4 trace elements in the placenta, but multivariate models explained
very little variability in the observed concentrations. Therefore, other unknown factors,
or factors not considered in these models must be involved. The normal allele for
MTHFR c.665 in the offspring and placenta copper concentration were positively

associated with IUGR risk.
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Introduction
1. Overview of one carbon metabolism.

The one carbon (1C) network involves the intracellular transfer of 1C units between
molecules (Figure 1). These transferable 1C units occur in the forms of formimino
(CHNH), formyl (CHO), methylene (CH:) and especially methyl (CH3) groups. One
carbon donors include amino acids, folates, S-adenosyl methionine (SAM), betaine and
dimethylglycine (DMG), among others. Formyl groups can be acquired directly from
formate into tetrahydrofolate (THF) in a reaction catalysed by formyltetrahydrofolate
synthetases (MTHFDs). 1C metabolism includes the folate cycle, methionine cycle as
well as the choline oxidation pathway (terminating with the betaine-homocysteine
methyltransferase pathway) and related reactions of 1C transfer. The availability of 1C
units is necessary for cell proliferation and metabolism (Molloy 2012), and therefore it
is regarded as highly important in pregnancy for embryo/foetal development.
Derangements in 1C metabolism have been associated with impaired foetal growth and
developmental abnormalities such as neural tube defects. Purines and pyrimidines
(from deoxythymidine) derived from 1C metabolism are necessary for DNA and RNA
synthesis, and hence for DNA replication, repair and expression. In the 1C metabolic
network and transulphuration pathway amino acids are interconverted for protein
synthesis. The universal methyl donor SAM can be produced in the methionine cycle
subsequently to the homocysteine remethylation to methionine, or from dietary
methionine. Homocysteine remethylation can occur by the cobalamin and folate
dependent reaction catalysed by the ubiquitous methionine synthase (MTR); or by the
betaine dependent reaction catalysed by betaine-homocysteine methyltransferase
(BHMT), a minor pathway limited to the liver and kidney (Finkelstein 1990). Three
SAMs are necessary for the complete methylation of phosphatidylethanolamine to
phosphatidylcholine (a glycerophospholipid with choline in the headgroup) (Vance and
Ridgway 1988), which accounts for more than 50% of the phospholipids in mammalian

cell membranes (Zeisel 2006). SAM is also involved in the postranslational

21



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela
ntroduction

modifications of proteins, specifically in protein methylation that can occur in histone
and non-histone proteins. The methyl groups for de novo and maintenance DNA
methylation, as well as for structural and regulatory methylation of RNA, are provided
by SAM. Histone and DNA methylation form part of the epigenetic regulation of gene
expression, hence determining embryo cell differentiation and specialisation.
Epigenetic marks have been shown to be relatively stable and to be heritable and so
have been proposed as a foetal programming mechanism , i.e. predisposition to specific
phenotypes resulting from exposure to the intrauterine environment (Reynolds et al.
2013). The metabolism and specific roles of homocysteine, folate, cobalamin and BHMT

pathway metabolites will be discussed in following sections.
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Figure 1. Folate and methionine cycles, BHMT, transulphuration and related pathways.
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Scheme of folate cycle (green arrows), methionine cycle (orange arrows), choline oxidation pathway (blue
arrows), transulphuration pathway (red arrows) and other related pathways (black arrows). Enzymes are
written in bold, substrates and products are not. Substrates and products involved in DNA, RNA and
protein synthesis, and methylation reactions are underlined. Enzymes [vitamin cofactor]: ALDH7A1,
betaine aldehyde dehydrogenase; AHCY, adenosylhomocysteinase; BHMT, betaine-homocysteine
methyltransferase; CBS, cystathionine-beta-synthase [Bs]; CGL, cystathionine-gamma-lyase [Bs]; CHDH,
choline dehydrogenase [B:]; DHFR, dihydrofolate reductase; MATs, methionine adenosyltransferases;
MTHFDs, formyltetrahydrofolate synthetases?, methenyltetrahydrofolate cyclohydrolases?,
methylenetetrahydrofolate dehydrogenases3; MTHFR, methylenetetrahydrofolate reductase [Bz]; MTR,
methionine synthase [Bi2]; MTRR, methionine synthase reductase [Bz]; MTs, methyltransferases; SHMTs,
serine hydroxymethyltransferases [Be¢]; TYMS, thymidylate synthetase. Metabolites: Cblg/, cobalamin
(1+/2+ oxidation state); CHsCblum, methylcobalamin (3+ oxidation state); DHF, dihydrofolate; DMG,
dimethylglycine; dTMP, deoxythymidine monophosphate; dUMP, deoxyuridine monophosphate; Gly,
glycine; Hcy, homocysteine; SAH, S-adenosyl homocysteine; SAM, S-adenosyl methionine; Ser, serine; THF,
tetrahydrofolate; 10FTHF, 10-formylTHF; 5,10CHTHF, 5,10-methenylTHF; 5,10CH.THF, 5,10-
methyleneTHF; 5CHsTHF, 5-methylTHF. Information adapted from (Finkelstein 1990; Olteanu and
Banerjee 2001; Stover 2010b; Vazquez et al. 2013; Institute of Medicine 2016b).
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2. One carbon metabolism nutrients, metabolites and cofactors previously

shown to affect pregnancy
2.1. Homocysteine
Structure, transport and metabolism

Homocysteine is a sulphydryl-containing amino acid with a molecular structure similar

to methionine and cysteine (Figure 2).

Figure 2. Sulphur-containing amino acids.
A B C

SH S
HaC ~

A. Homocysteine. B. Methionine. C. Cysteine. Adapted from (Institute of Medicine 2016a).

Homocysteine can be remethylated to methionine in the methionine cycle, which
intersects with the folate cycle and with the BHMT pathway (Introduction section 1,
Figure 1). Homocysteine is also metabolised in the transulphuration pathway (Figure
1, red arrows), which is pyridoxine dependent and in which the first enzyme of the
pathway, cystathionine-beta-synthase (CBS), catalyses a reaction that is irreversible
under most in vivo conditions (Finkelstein 1990). Homocysteine and serine are
converted to cystathionine by cystathionine-beta-synthase, and cystathionine to
cysteine, alpha-ketobutyrate and NH; in a reversible reaction catalysed by

cystathionine-gamma-lyase (CGL) (Matsuo and Greenberg 1959).

Several forms of homocysteine are transported in the blood due to its ability to form

disulphides or bind to proteins (Table 1). In human plasma, two homocysteine
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molecules can be oxidised to form the disulphide homocystine, or one molecule of
homocysteine and one cysteine form a mixed disulphide by a mechanism that involves
albumin. It is estimated that 20% of these albumin-mediated oxidations are due to
albumin-bound copper and 80% through albumin-S-S-cysteine or albumin-S-S-
homocysteine by thiol/disulphide exchange (Sengupta et al. 2001). The
posttranslational and covalent binding of homocysteine to proteins is called
homocysteinylation. In S-homocysteinylation a protein-S-S-homocysteine adduct is
formed by the reaction of the thiol group (-SH) of one protein cysteine residue and that
of homocysteine. Hydrogen peroxide can be formed in S-homocysteinylation if oxygen
is the electron acceptor (Jacobsen 2001). In N-homocysteinylation, the side chain
amino group (-NHz) of lysine residues in a protein react with the activated carboxyl of
the homocysteine derivative homocysteine thiolactone, resulting in the linkage of

homocysteine to a protein via an amide bond (Jakubowski 1997).

Some reported plasma concentration values of different homocysteine forms are shown
in Table 1. Most of it is transported as protein S-linked homocysteine, especially
albumin (Refsum et al. 1985). Less as cysteine-homocysteine mixed disulphide (Gupta
and Wilcken 1978), and only trace amounts as the disulphide homocystine (Murphy-
Chutorian et al. 1985), protein N-linked homocysteine (Uji et al. 2002; Perna et al.
2006) and reduced homocysteine (Araki and Sako 1987). Homocysteine thiolactone is
either absent or found in trace amounts (Chwatko and Jakubowski 2005). According to
in vitro experiments (Jakubowski 2001), from the total of protein N-linked
homocysteine half is incorporated in the backbone of the proteins and the rest as N-

homocysteinylation.
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Table 1. Homocysteine forms and mean concentrations in human plasma.

Form Molecule pmol/L
Protein 0
S-linked Protein s’s\/\(c‘ou 6.514, 7.2991
homocysteine 5
o o
Cys-Hcy a s a
HO” s “oH 3.252
disulphide K\ \/\1:1
e - 0
: : Protein
N-linked Protein N’CW$ - 0.353-0.514
H or -
NH,
homocysteine :
NH. O
Hcy-Hcy ho. e I
g Coon 0.065
disulphide \g‘ \/TQH:
q (o]
Homocysteine S\b/NHz e~
thiolactone
Free 0
reduced "S\/YC‘OH 0.0027
homocysteine NH:

Cys, cysteine. Hcy, homocysteine. References: !(Refsum et al. 1985), 2(Gupta and Wilcken 1978), 3(Perna et
al. 2006), 4(Uji et al. 2002), 5(Murphy-Chutorian et al. 1985), ¢(Chwatko and Jakubowski 2005), 7(Araki and
Sako 1987).

The term total homocysteine (tHcy) refers to the homocysteine that can be determined
after a reducing treatment aimed to break disulphide bonds (Refsum et al. 2004);
therefore tHcy includes homocysteine molecules that are, prior to the treatment, free
homocysteine, homocysteine dishulphides and homocysteine bound to proteins and
other molecules by disulphide bonds (but not by amide bonds). Throughout the results
of this thesis, with the exception of samples at labour, tHcy will refer to fasting plasma

concentrations.
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Physiological and clinical relevance

Hyperhomocysteinaemia has been defined as plasma tHcy between 15-30umol/L
(mild), 30-100pumol/L (intermediate) and =100umol/L (severe) (Vollset et al. 2001);
and homocystinuria, caused by an inborn error of metabolism is characterised by

markedly elevated concentrations of plasma or serum tHcy (Mudd et al. 2000).

In spite of homocysteine being an intermediary in the methionine cycle and a precursor
in the synthesis of cysteine by the transulphuration pathway, in excess it is considered
to be harmful due to its associations with many pathological conditions and diseases. It
has not yet been established whether homocysteine is a cause, consequence or
biomarker of the diseases with which it has been associated. Although limited to
atherosclerosis and cardiovascular disease, the main mechanisms proposed for a causal
role include homocysteinylation, impairment of nitric oxide functions, hypomethylation

and oxidative stress.

Homocysteinylation has negative effects on protein on most of the tested proteins
which may lead to pathologies, but this has only be assessed in in vitro experiments. S-
homocysteinylation alters the functions of proteins from plasma (Harpel et al. 1992;
Majors et al. 2002; Zinellu et al. 2015), extracellular matrix (Bescond et al. 1999;
Hubmacher et al. 2005) and plasmatic membrane (Hajjar et al. 1998). In the cytoplasm,
S-homocystenylated metallothioneins have impaired zinc-binding function and
inhibited ability to scavenge superoxide anion radicals (Barbato et al. 2007). N-
homocysteinylated proteins have altered function (Jakubowski 1999; Zinellu et al.
2015), structure (Paoli et al. 2010), degradation rate (Jakubowski 2004) and antigenic
properties (Undas et al. 2004; Jakubowski 2006). It has been proposed that N-
homocysteinylation could affect folate receptors (FOLRs), proteins involved in folate
uptake, causing the consequent impairment of function due to autoantibodies binding
and leading to birth defects that have been associated with low folate status (Taparia et

al. 2007; Wallis et al. 2010).
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Nitric oxide regulates activity and function of proteins, e.g. activation of DNA
methyltransferases (DNMTs) (Hmadcha et al. 1999) and thioredoxin 1 (Haendeler et al.
2002), inactivation of MTR (Danishpajooh et al. 2001) and methionine
adenosyltransferases (Ruiz et al. 1998; Pérez-Mato et al. 1999), and release of zinc from
metallothioneins (Pearce et al. 2000). Homocysteine could reduce or increase nitric
oxide effects through their binding (Gow et al. 2001). Plasma nitric oxide and tHcy are
negatively correlated in vivo (Selley 2003) and homocysteine reduces nitric oxide levels

in human endothelial cells and atherosclerosis model mice (Chen et al. 2014).

Homocysteine can indirectly affect methylation reactions. Adenosylhomocysteinase
(AHCY) catalyses the reversible reaction: adenosine + homocysteine 2 S-adenosyl
homocysteine (SAH) (Prigge and Chiang 2001), and although the synthetic direction is
favoured, the efficient removal of homocysteine and adenosine in the organism makes
the reaction proceed in the hydrolytic direction (Cantoni 1985). This is especially
important because most methyltransferases are inhibited by SAH (Clarke and Banfield
2001). Therefore, impairment in the homocysteine removal mechanisms can lead to an
increase in SAH, and this to higher inhibition of methyltransferases. This idea is
supported by the associations found in a sample of healthy women between plasma
tHcy, plasma SAH but not SAM, and lymphocytes DNA hypomethylation (Yi et al. 2000).
The importance of an indirect hypomethylating effect of homocysteine may depend on
specific cell types. For example, cell culture media with the addition of homocysteine as
50uM has been associated with higher SAH/SAM ratio and the hypomethylation of
specific proteins, in endothelial but not smooth muscle cell lineages (Wang et al. 1997).
The authors consider the specific hypomethylation detected in these experiments can

occur in other proteins as well (Yang et al. 2005).

If oxygen is the electron acceptor, homocysteine can form superoxide radicals (O2-) and
hydrogen peroxide (H20:) during S-homocystenylation, autooxidation and oxidation
with cysteine or other thiols (Jacobsen 2001). The binding of homocysteine to nitric

oxide can also produce the reactive oxygen species superoxide (Gow et al. 1997). Some
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authors question the role of homocysteine as an oxidant given that: 1) the physiological
concentrations of homocysteine are relatively low compared to those of cysteine, which
undergoes similar oxidations while being less toxic; and 2) the abundance of
antioxidants and antioxidant enzymes might be enough to compensate homocysteine
induced oxidative stress (Jacobsen 2000). However, antioxidants can ameliorate the
negative effects of homocysteine. Although one-week supplementation with ascorbic
acid does not reduce post-methionine load homocysteine, it does reduce the
impairment of the arterial flow-mediated dilatation (Chambers et al. 1999). This is
mediated by nitric oxide release (Joannides et al. 1995) and its impairment is related to
plasma homocysteine (Chambers et al. 1999). In addition, homocysteine seems to
dysregulate antioxidant enzymes. The plasma concentration of extracellular superoxide
dismutase (SOD3), with copper and possibly zinc cofactors to catalyse the removal of
02, is highly positively correlated with tHcy in treated homocysteinuric patients
(Wilcken et al. 2000). The activity of extracellular superoxide dismutase in plasma of
homocysteine treated rats to mimic a homocysteinuric state is higher than in control
animals (Matté et al. 2009). On the other hand, in vitro experiments have shown the
downregulation of mRNA expression (Upchurch et al. 1997) and activity (Nishio and
Watanabe 1997) of the selenoproteins glutathione peroxidases, which catalyse the
removal of lipid and hydrogen peroxides with glutathione. Glutathione peroxidase
activity is also lower in brain extracts of homocysteinuric rats (Matté et al. 2009).
Homocysteine has been shown to downregulate catalase activity, another antioxidant
enzyme and, a haemoprotein involved in the removal of H,0,, in neuronal (Milton
2008) but not in aortic smooth muscle cell cultures (Nishio and Watanabe 1997). In
these rat models of a homocysteinuric state, catalase activity was lower and higher in
brain extracts or plasma, respectively, compared with the control group (Matté et al.
2009). Although with many unanswered questions, it seems that as previously
proposed for vascular cells (Jacobsen 2000), homocysteine generates oxidative stress

due to mechanisms other than thiol oxidation.
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Other possible homocysteine toxicity mechanisms include the inhibition of DNA
synthesis (as less incorporation of marked thymidine) as a possible growth inhibitory
effect in endothelial cell experiments (Wang et al. 1997; Yang et al. 2005). However, it
is likely that in some pathological conditions associated with homocysteine, the
underlying mechanisms are due to impaired 1C metabolism as will be explained later.
In these situations, homocysteine is regarded as a global biomarker of 1C metabolism,
although it can be a biomarker of the transulphuration pathway as well. Other factors
can affect tHcy levels. Lower glomerular filtration rate (decreased renal function),
higher serum creatinine and albumin concentrations are associated with higher plasma
tHcy concentrations (Wu et al. 1994; Brattstrom et al. 1994; Lussier-Cacan et al. 1996;
Wollesen et al. 1999). Male sex, increasing age, hypothyroidism, late diabetes,
leukaemia and psoriasis are positive determinants, and hyperthyroidism and early

diabetes are negative determinants of tHcy (Refsum et al. 2004).

Total homocysteine increase have been associated with various diseases and
pathological conditions such as Alzheimer disease (Shen and Ji 2015), schizophrenia
(Nishi et al. 2014), multiple sclerosis (Zhu et al. 2011), obstructive sleep apnoea (Niu et
al. 2014), type 2 diabetes (Huang et al. 2013), type 1 diabetic retinopathy (Xu et al.
2014), type 2 diabetic nephropathy (Mao et al. 2014), postmenopausal osteoporosis
(Zhang et al. 2014), hip fracture (Yang et al. 2012b) and polycystic ovary syndrome
(Murri et al. 2013). Homocysteine is considered an independent risk factor of
cardiovascular disease (CVD) due to its associations with pathologies encompassed
under the CVD threshold (World Health Organization 2011), such as coronary artery
disease and stroke (Homocysteine Studies Collaboration 2002; Wald et al. 2002).
Furthermore, the variant allele of the polymorphism methylenetetrahydrofolate
reductase (MTHFR) c.665C>T has been associated with some of the these pathologies
and higher homocysteine concentrations (see Introduction section 3.1). However, there
is some controversy as clinical trials with treatments lowering homocysteine have
usually failed in preventing the recurrence of CVD events. In adults with CVD or at risk

of CVD, B vitamin (including folic acid) based homocysteine lowering treatments lack
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an effect on cardiovascular events (Clarke et al. 2010; Ebbing et al. 2010; McNulty et al.
2012; Marti-Carvajal et al. 2013). On the contrary, a protective effect of these
treatments has been reported in stroke when the participants have no history of stroke
(primary prevention), as reviewed (McNulty et al. 2012). Folic acid based
homocysteine lowering treatment does not reduce myocardial infarction and
cardiovascular mortality in patients with kidney disease (Jardine et al. 2012), although
for the general category CVD, a protective effect has been reported in these patients,

especially evident in the absence of exposure to folic acid fortification (Qin et al. 2013).
Homocysteine in pregnancy

Previously our group described the pattern of changes in tHcy during normal
pregnancy in a longitudinal study of women followed from preconception throughout
labour (Murphy et al. 2002; Murphy et al. 2004). Total homocysteine decreases
between preconception and 8 gestational weeks (GW) and this tendency persists until
20 GW. It then plateaus until 32 GW (Murphy et al. 2002) before gradually increasing
until labour when it returns to similar levels to preconception in mothers that do not
use folic acid supplements (Murphy et al. 2004). Transversal studies have reported
lower tHcy concentrations at all the analysed time points of pregnancy (from 12 to 42
GW) than in non pregnant women (Kang et al. 1986; Holmes et al. 2005; Friesen et al.
2007; Wu et al. 2013). It has been suggested that pregnancy associated endocrine
changes may underlie the decrease in tHcy from early to mid pregnancy because it is
not completely explained by folic acid supplementation, haemodilution or the decrease
in albumin (Murphy et al. 2002). This may also be true for the late pregnancy increase
in tHcy, independently of folic acid supplement use and in the face of continued
haemodilution and increased renal function (Murphy et al, 2004). A similar tHcy
pregnancy pattern has been observed in the Reus-Tarragona Birth Cohort (RTBC)
(Fernandez-Roig et al. 2013) and in other studies (Cikot et al. 2001; Velzing-Aarts et al.

2005; Ubeda et al. 2011). In a Seychelles study where those women taking folic acid
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supplements did it probably sporadically, serum tHcy increased between =13 and 28
GW and subsequently until delivery (Wallace et al. 2008).

Maternal and cord tHcy concentrations are positively correlated in plasma (Murphy et
al. 2004; Molloy et al. 2005) and serum (Guerra-Shinohara et al. 2002; Obeid et al.
2005; Wallace et al. 2008). The plasma/serum concentration of cord tHcy is lower than
maternal tHcy concentration at 37-41GW (Friesen et al. 2007) and at labour (Murphy
et al. 2004; Molloy et al. 2005; Wallace et al. 2008; Fernandez-Roig et al. 2013).

Pregnancy tHcy is modulated by folate, choline, betaine and cobalamin as will be

described in the Introduction sections 2.2, 2.3, 2.4 and 2.5.

In a Spanish study it was reported that neonates born to women with plasma tHcy in
the highest tertile at preconception, 8 GW or at labour, weighed less than those born to
women in the low-mid tertile (Murphy et al. 2004). The odds of having lower birth
weight offspring in high versus low-normal tHcy at these same points of pregnancy was
confirmed in the study by multivariate analysis, and maternal plasma tHcy

concentration at labour was a negative predictor of birth weight (Murphy et al. 2004).

Congenital heart defects affect the walls or valves of the heart, or the arteries and veins
near the heart and can disrupt normal blood flow (National Institutes of Health 2016a).
Maternal hyperhomocysteinaemia in non-pregnant women has been associated with a
3.4-fold higher risk of congenital heart defects in the offspring (Verkleij-Hagoort et al.
2007). No association between second trimester serum tHcy and conotruncal heart
defects in the offspring was reported in a case control study carried out
postfortification with folic acid in the USA (Shaw et al. 2014). Higher concentrations of
amniotic fluid tHcy were associated with higher risk of congenital heart defects in a
prefortification USA study (Wenstrom et al. 2001). In a rat study, there was higher
incidence of congenital heart defects in the offspring of dams receiving three
intraperitoneal injections of 8uM homocysteine on gestation days 8, 9 and 10 compared

to saline injected dams (He et al. 2009).
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Neural tube defects (NTDs) develop in the first month of pregnancy and can affect the
foetal brain, spine or spinal cord. NTDs include spina bifida, anencephaly, exencephaly,
Chiari malformation and encephalocele (Renuka et al. 2009; National Institutes of
Health 2016a; National Institutes of Health 2016b). Higher maternal concentrations of
plasma/serum tHcy are associated with NTDs, in cohort and case control studies, as
reported in a meta-analysis (Tang et al. 2015). For example, in an Irish case-control
study of pregnant women unsupplemented with vitamins, there was higher maternal

plasma tHcy at #14-15 GW in NTD-affected pregnancies or with previous NTD-affected

pregnancies compared to their respective controls (Mills et al. 2014).

Omphalocele is a congenital abdominal wall defect in which the intestine or other
abdominal organs are outside of the body due to incomplete closure of the navel area
(National Institutes of Health 2016a). In a study from The Netherlands, a country
without mandatory folic acid fortification, in a case group of the combined birth defects
(54 NTD, 17 congenital heart defect, 7 omphalocele, 4 orofacial clefts cases) there was
higher amniotic fluid tHcy than in controls; although the controls specimens had been

collected on average 4 weeks earlier than the cases (Brouns et al. 2008).

Hyperhomocysteinaemia is associated with increased risk of recurrent miscarriage
(two or more pregnancy losses) (Nelen et al. 2000). There is higher maternal
plasma/serum tHcy in pregnancies with hypertension disorders than in uncomplicated

pregnancies (Visser et al. 2014).
2.2. Folate
Structure, transport and metabolism

The term “folic acid” is wused to refer to the most oxidised form of
pteroylmonoglutamate (used in supplements and fortified foods), whereas “folates”
encompasses a wide range of biological molecules derived from pteroylmonoglutamate.

Folic acid is a 2-amino-4-oxo-pteridine moiety bound by a methylene group at the C-6
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position to a p-aminobenzoyl-glutamate moiety (Figure 3). The aforementioned

derivatives can have one or more of the modifications stated in Figure 3 (Shane 2010).

Figure 3. Folates.

A B 0 o

- 10 ~ C
Yy Y @ r,
H
12 s b o
S T % ' .?,/ |
H H ) . AN, 0
(1) I i
Ho g o ™y o e
Lo -Aminobenzoic L
Pteridine P acid Glutamate I H i

A. Folic acid. Atom positions are shown as no-parenthesis numbers. Folic acid modifications: reduction of
the N-8 and N-5 of the pyrazine ring of the pterin moiety (1), acquisition and oxidation or reduction of one-
carbon units at N-5 and/or N-10 position (2), and elongation of the glutamate chain via gamma-peptide
linkage (3). B. Tetrahydrofolate monoglutamate. C. 5-methyltetrahydrofolate monoglutamate. From
(Institute of Medicine 2016a).

Natural dietary folates have a polyglutamate chain, and 5-methylTHF is the
predominant form. Folate absorption requires the hydrolysis of polyglutamate folate
forms to monoglutamate forms that can cross cell membranes. Of the two enzymes that
can catalyse the hydrolysis of these glutamates, folate hydrolase 1 (FOLH1, also known
as glutamate carboxypeptidase II) and gamma glutamyl hydrolase (GGH), the former is
considered to be mainly responsible for removing glutamates from the human
intestine. There is low expression of gamma glutamyl hydrolase as mRNA in the human
small intestine and pancreas, suggesting that it may have a role in intestinal folate
absorption, although minor compared to folate hydrolase 1 (Yin et al. 2003). A

saturable transport system acts at the physiological concentrations of folate found in
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the intestinal lumen (<10puM) with an optimal pH of 6 (proximal small intestine pH)
(Rosenberg et al. 1985). These and other characteristics (similar affinity for folic acid as
for reduced folate forms, pH-dependence) of this transport system have been identified
in the proton coupled folate transporter (SLC46A1), and not in the other candidate for
folate intestinal absorption, the reduced folate carrier (SLC19A1) (Qiu et al. 2006).
However, the upregulation of the SLC19A1 and folate receptors in the intestine of folate
deficient mice suggests they might have a role, although less important than the proton
coupled folate transporter, in folate intestinal uptake (Liu et al. 2005). At
pharmacological concentrations of folate (>10uM) in the intestinal lumen, a non-
saturable transport (diffusion) exists (Rosenberg et al. 1985). The folate in the
enterocyte can be exported to the blood stream mainly as monoglutamate, or be
transformed into polyglutamate forms that are coenzymatically active and retained in
the enterocytes (and all cells) (Shane 2010). The cytosolic and mitochondrial enzyme
folypolyglutamate synthetase (FPGS) catalyses the synthesis of folypoly-gamma-
glutamates, i.e. the addition of glutamates to the glutamate chain in folates. Mammalian
folypolyglutamate synthetase has the following affinity pattern for monoglutamate
folate forms: Dihydrofolate (DHF), THF, 10-formylTHF > 5-CH3THF, 5,10-CH,THF >
Folic acid (Cichowicz and Shane 1987; Chen et al. 1996). It is considered that SLC19A1
is the main importer of folate in systemic tissues (Zhao and Goldman 2013), as will be

summarise in Introduction section 3.3.

The most abundant folate forms found in the blood plasma are monoglutamate 5-
CH3THF, in the cytosol polyglutamate 5-CH3THF, and in the mitochondria
polyglutamate 10-formylTHF (Shane 2010). Red blood cell (RBC) folate concentrations
are used as a measure of long-term (120 days) folate status because the RBC only
accumulates folate during erythropoiesis and cannot release it when the RBCs are

mature (Shane 2010).

Folic acid metabolism is of concern because although it is not significantly present in

fresh natural foods, it is the form used in most vitamin supplements and that added to
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flour in fortification policies. Dihydrofolate reductase (DHFR) catalyses the reduction of
DHF to THF (Stover 2010a), being DHF a product of pyrimidines synthesis (see
Introduction section 1, Figure 1). Human hepatic dihydrofolate reductase has been
reported to catalyse the reduction of folic acid to DHF at physiological pH, although this
reaction is slower than the reduction of DHF to THF (Bailey and Ayling 2009).

During the folate cycle (Figure 1, green arrows), 1C units are transferred from folates
to: 1) homocysteine, in homocysteine remethylation; 2) 5-Aminoimidazole-4-
carboxamide ribonucleotide (AICAR), in purine synthesis; and 3) deoxyuridine
monophosphate (dUMP), in pyrimidine synthesis (Stover 2010a). Serine is a 1C unit
donor that serves to recycle folate by serine hydroxymethyltransferases (SHMTs) in
cytosol and mitochondria (Appling 1991). Formate can also be incorporated directly
into folates in the cytosol as described in Introduction section 1. Other 1C unit donors
for folate recycling are dimethylglycine (DMG), sarcosine and glycine, which are
demethylated in the mitochondria (Yoshida and Kikuchi 1970; Wittwer and Wagner
1981).

Physiological and clinical relevance

As explained in Introduction section 1, folate is involved in methylation reactions (of
DNA, proteins, and other molecules and compounds), interconversion of amino acids
and synthesis of nucleotides and nitrogenous bases. A study in piglets reported that the
percentage of methyl groups destined for methyl acceptors in the liver is: 49% for
phosphatidylethanolamine (see Introduction point 2.3), 32% for proteins, 18% for
guanidinoacetate, 0.1% for DNA, and the rest are destined for other acceptors
(McBreairty et al. 2013). The enzyme guanidinoacetate methyltransferase catalyses the
transfer of one methyl group from SAM to guanidinoacetate producing creatine
(Joncquel-Chevalier Curt et al. 2015). Creatine is an osmolyte and, when
phosphorylated, a form of energy storage in muscle and brain (Joncquel-Chevalier Curt
et al. 2015). Feeding piglets a diet deficient in folate, betaine and choline lead to an

increase in methyl groups destined for phosphatidylethanolamine, a decrease in those
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destined for guanidinoacetate but no change in those destined for proteins and DNA

methylation (Robinson et al. 2016).

Folate is an essential nutrient and the recommended dietary allowance (RDA) for folate
in men and women is 400pg/day (d) of dietary folate equivalents (Institute of Medicine
2000). Dietary folate equivalents take into account the different bioavailabilities of food
folates and folic acid, and are defined as the quantity of food folates plus the quantity of
folic acid in the diet multiplied by 1.7 (Bailey 1998). In Spain the recommended dietary
intake in men and women is 300ug/d of folate (Federacion Espafiola de Sociedades de

Nutricién Alimentacién y Dietética 2010).

The World Health Organization (WHO) has two criteria for assessing folate status in
populations (World Health Organization 2012). The first is based on the risk of
megaloblastic anaemia, a disease known to be associated with low folate status; and
categorises folate status according to the following values for plasma/serum:
<6.8nmol/L (deficiency), 6.8-13.4 (possible deficiency), 13.5-45.3 (normal range),
>45.3nmol/L (elevated). The second criteria is based on the folate concentration below
which homocysteine concentration is not optimal: plasma/serum folate of <10nmol/L
(deficiency). These two criteria are also used for the cutoffs of RBC folate. RBC folate
concentrations of <226.5nmol/L (megaloblastic anaemia criteria) or <340nmol/L
(homocysteine criteria) are considered deficiency. It is important to note that in the
megaloblastic anaemia criteria folate determination is the microbiological assay and in
the homocysteine criteria is the radioassay (differences between both assays will be

described in Introduction section 3.1).

Serum tHcy was higher in patients with folate deficiency compared to normal status
(Allen et al. 1993b) and population studies from different geographic regions including
the USA (Selhub et al. 2000; Selhub et al. 2008) and China (Hao et al. 2007) have
confirmed the negative association between plasma/serum folate and tHcy. Folic acid
supplementation was confirmed to have a tHcy lowering effect in a meta analysis of 27

clinical trials (Homocysteine Lowering Trialists’ Collaboration. 2005).
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In addition to methylation reactions, folate is involved in DNA and RNA synthesis by the
transfer of 1C units to form purines and pyrimidines (deoxythymidine) (Introduction
section 1, Figure 1). Low folate status can limit growth at the two aforementioned
biosynthetic pathways (Steegers-Theunissen et al. 2013). Uracil can be incorporated in
DNA as the nucleotide deoxyuridine instead of deoxythymidine, then a repair
mechanism starts with the removal of the nitrogenous base and breaking of the DNA
strand. If the level of uracil in DNA is high DNA breaks accumulate and this leads to
genetic instability (Blount et al. 1997; Ciappio and Mason 2010). Healthy
splenectomised subjects with <317nmol/L RBC folate had higher blood cell DNA uracil
concentration than those with RBC folate >317nmol/L, and DNA uracil decreased after
supplementation 5mg/d folic acid for 8wk in both groups (Blount et al. 1997). It has
been hypothesized that the resulting genetic instability rather than aberrant
methylation, is the main mechanism for tumour occurrence associated with low folate
status. Increased intestinal uracil/thymine ratio and tumourigenesis, as well as DNA
breaks and damage was observed in mice fed folate deficient diets (Knock et al. 2006;
Knock et al. 2008); and this was not corrected after administration of betaine (methyl
donor) (Knock et al. 2008). In populations at risk of CVD or with CVD, homocysteine
lowering treatments with B vitamins supplementation is not associated with the
incidence of any types of cancer (Clarke et al. 2010; Zhou et al. 2011; Marti-Carvajal et
al. 2013). Specifically in colorectal cancer, folate is considered to play a dual role.
Before the establishment of neoplastic foci, folate suppresses tumour development and
progression, and after the establishment folate enhances tumour growth and
progression, as reviewed (Smith et al. 2008). Plasma folate concentrations are
positively associated with prostate cancer risk in cohort studies, and it has been
suggested that this effect is in the rate of progression of localized prostate cancer

(Collin et al. 2010).

As for CVD, lower concentrations of plasma/serum folate have been associated with
venous thrombosis in a meta analysis (Zhou et al. 2012). Most prospective cohort

studies have found an association between low baseline plasma/serum folate
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concentrations and risk of stroke but not of coronary artery disease, as reviewed (Kalin
and Rimm 2010). Higher intakes of folate were protective against hypertension in a
cohort of women in prefortification USA (Forman et al. 2005). Meta analyses of
randomised controlled trials have found a protective effect of folic acid
supplementation against stroke in populations unexposed to mandatory folic acid

fortification but not in fortified populations (Yang et al. 2012a; Zeng et al. 2015).

Severe folate deficiency causes megaloblastic anaemia, and there is more evidence
supporting impaired DNA synthesis than impaired methylation, as the main mechanism
for the development of this pathology (Stabler 2010). DNA replication is slower than
cell growth leading to impaired maturation of the nuclei of erythropoietic precursors,

resulting in aberrantly larger RBCs, a typical feature of megaloblastic anaemia.

Folate deficiency has been associated with neurological complications such as cognitive
impairment, dementia and depressive disorders (Reynolds 2014). In a meta analysis of
six case control studies, low plasma/serum folate concentration was associated with
Alzheimer disease (Shen and Ji 2015). Low plasma/serum folate concentration is also
associated with cognitive impairment among adults over 65 years old (Michelakos et al.

2013).
Folate in pregnancy

A postfortification Canadian study reported higher plasma folate concentration in
pregnant women at 36 GW than in non pregnant controls (mothers of young children)
(Wu et al. 2013). In addition to the use of prenatal multivitamin supplements in the
pregnant women, the non pregnant controls of this study might not have recover the
normal folate pools (Wu et al. 2013), as it has been reported that serum folate pool is
not replete at 6 month postpartum (Bruinse et al. 1985). Studies without the use of folic
acid supplements in pregnancy have found lower folate concentrations in pregnant
than in non pregnant women (Ball and Giles 1964; Ek and Magnus 1981). In the RTBC,

plasma folate concentrations decrease when folic acid supplementation is stopped and
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RBC folate concentrations decrease in late pregnancy (Fernandez-Roig et al. 2013).
Similar decreases have been found in most studies for plasma/serum (Ek and Magnus
1981; Bruinse et al. 1985; Qvist et al. 1986; Bartels et al. 1989; Cikot et al. 2001;
Wallace et al. 2008; Ubeda et al. 2011) and RBC folate (Ek and Magnus 1981; Qvist et al.
1986); but there are also reports of no change (Velzing-Aarts et al. 2005; Wu et al.
2013) or an increase (Cikot et al. 2001; Takimoto et al. 2007). Processes occurring in
pregnancy has been proposed as the causes for the usual folate decline in pregnancy,
e.g. increased folate demand for the growth of the foetus and uteroplacental structures,
haemodilution, increased folate clearance and excretion, and hormonal changes

(Tamura and Picciano 2006).

Maternal and cord folate concentrations are positively correlated in plasma (Molloy et
al. 2005) and serum (Obeid et al. 2005; Wallace et al. 2008). Plasma/serum cord folate
is higher than maternal folate at labour (Molloy et al. 2005; Obeid et al. 2005; Wallace
et al. 2008; Fernandez-Roig et al. 2013).

Although the pregnancy change of tHcy (see Introduction section 2.1) is independent of
folate status, folic acid supplementation has been associated with lower tHcy than
without supplementation from 20 GW on (Murphy et al. 2002; Murphy et al. 2004).
Higher plasma tHcy throughout pregnancy was found in the RTBC with low maternal
plasma folate status compared to high (Fernandez-Roig et al. 2013). Maternal serum
folate is a negative predictor of tHcy (Wallace et al. 2008). In the RTBC, maternal
plasma folate concentration was a negative predictor of plasma tHcy throughout
pregnancy when folate status was low, and only at mid-late pregnancy when folate
status was high (Fernandez-Roig et al. 2013). Maternal plasma/serum folate and tHcy
are negatively correlated (Kim et al. 2004; Molloy et al. 2005; Velzing-Aarts et al. 2005;
Wallace et al. 2008), and a similar tHcy-folate correlation has been found in cord

plasma (Molloy et al. 2005).

According to the Institute of Medicine, the RDA for folate in pregnant women is

600pg/d of dietary folate equivalents (Institute of Medicine 2000). In Spain the
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recommended dietary intake is 500ug/d of folate (Federacion Espaiiola de Sociedades

de Nutricién Alimentacién y Dietética 2010).

A meta-analysis reported that folic acid supplementation during pregnancy was
associated with higher birth weight in humans (Lassi et al. 2013). Deficient or excessive
folic acid intake, i.e. 3-fold lower or 20-fold higher than the recommended intake,
respectively, in pregnant mice was associated with growth retardation in the foetus

(Pickell et al. 2009; Pickell et al. 2011).

In a postfortification USA case control study, low second trimester maternal serum
folate was protective against conotruncal heart defects in the offspring (Shaw et al.
2014). Excessive folic acid intake in pregnant mice was associated with less thickness

of ventricular walls in the hearts of embryos (Pickell et al. 2011).

Periconceptional use of folic acid supplements has been consistently reported as
protective against NTDs (MRC Vitamin Study Research Group 1991; Czeizel and Dudés
1992; Berry et al. 1999), and this led to the mandatory fortification of flour with folic
acid in the USA in 1998 (US Food and Drug Administration 1996). Subsequently, other
countries adopted the same policy (Figure 4). The policy in the USA has led to an
increase in total folate intake by a mean of 323pg/d of dietary folate equivalents
(Choumenkovitch et al. 2002), as well as increases in serum and RBC folate
concentrations (Ganji and Kafai 2006); and a decrease in plasma tHcy (Pfeiffer et al.

2008).
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Figure 4. Countries with mandatory folic acid fortification policy?.

Countries with mandatory folic acid policy are shown in blue, without in white colour. ! Source: FFI (Food

Fortification Initiative 2016).

A meta analysis reported that low maternal concentrations of plasma/serum folate
were associated with NTDs affected pregnancies (Tang et al. 2015). Given the
association between maternal folate status and NTDs, RBC folate concentrations above
906nmol/L have been recommended for the prevention of NTDs (World Health
Organization 2015).

A Swedish case control study found an association between low plasma folate
concentrations in pregnant women at 6-12 GW and the risk of miscarriage (George et
al. 2002). Deficient folic acid intake (3-fold lower than the recommended intake) in

pregnant mice was associated with higher embryonic loss (Pickell et al. 2009).

A meta analysis of four clinical trials reported lower incidence of megaloblastic
anaemia in pregnant women taking folic acid supplements during pregnancy than in

non-supplement user pregnant women (Lassi et al. 2013).
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2.3. Betaine, dimethylglycine and choline
Structure, transport and metabolism

The structure of betaine, DMG and choline is shown in Figure 5 (Institute of Medicine
2016a). Choline is the precursor of betaine, which can form DMG in a reaction catalysed

by BHMT.

Figure 5. Main components of the choline oxidation pathway.
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A. Betaine. B. Dimethylglycine. C. Choline. Adapted from (Institute of Medicine 2016a).

Choline and its derivatives digestion is a complex process. Several phospholipases from
pancreatic secretions remove lipid moieties from phosphatidylcholine (Shapiro 1953;
van den Bosch et al. 1965), resulting in liposoluble and hydrosoluble derivatives (Le
Kim and Betzing 1976). The liposoluble derivatives are considered to be absorbed by
passive diffusion (Jiang et al. 2013), and the hydrosoluble derivatives can be further
hydrolysed rendering free choline (Parthasarathy et al. 1974). Three families of choline
transporters exist: high affinity choline transporter 1 (SLC5A7), choline transporter-
like proteins (SLC44As), and organic cation transporters (SLC22As) (Michel et al.
2006). The choline transporter-like protein family, specifically SLC44A1, is considered
the main mediator of free choline intestinal absorption (Horie et al. 2014); and not the

other two families (Kamath et al. 2003; Horie et al. 2014).

Intestinal absorption of betaine is mediated by the IMINO transporter, which also
absorbs proline (Stevens and Wright 1985). This transporter is coded by the SLC6A20
gene (Kowalczuk et al. 2005; Takanaga et al. 2005). The expression pattern of the

IMINO transporter, with high expression in the distal small intestine and low
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expression in other organs and regions of the digestive system, supports a role in
intestinal absorption (Takanaga et al. 2005). As for systemic betaine uptake, the GABA
(gamma-aminobutyric acid) / betaine transporter (SLC6A12) is considered the main
mediator (Kempson et al. 2014). This transporter has higher affinity for GABA than for
betaine (Borden et al. 1995), and has been detected in many organs including the
placenta (Rasola et al. 1995). In vitro experiments suggest the amino acid transport
system A, in addition to the GABA/betaine transporter, is involved in hypertonic-stress
induced betaine uptake in liver (Peters-Regehr et al. 1999) and placenta (Nishimura et

al. 2010).

Choline is oxidised in two consecutive reactions to form betaine (Figure 6). First
choline is converted into betaine aldehyde in a reaction catalysed by choline
dehydrogenase (CHDH), a mitochondrial enzyme; then betaine aldehyde is further
oxidised to betaine by the betaine aldehyde dehydrogenase (ALDH7A1) (Ueland 2011).
Betaine aldehyde dehydrogenase has cytosolic and mitochondrial isoforms (Chern and
Pietruszko 1995; Chern and Pietruszko 1999), being both coded by the same gene
(Pietruszko and Chern 2001) and the activity higher in the cytosol (Chern and
Pietruszko 1999).

In the betaine-dependent homocysteine remethylation, which is less important than
the folate-dependent pathway, one methyl group is transferred from betaine to
homocysteine to form DMG and methionine in a reaction catalysed by BHMT (Figure

6).
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Figure 6. Choline oxidation pathway and further demethylation of DMG.
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Scheme of the choline oxidation pathway and further demethylation of DMG to glycine. Enzymes are
written in bold, substrates and products are not; methyl and methylene groups are illustrated in blue
circles. Enzymes [vitamin cofactor]: ALDH7A1, betaine aldehyde dehydrogenase; BHMT, betaine-
homocysteine methyltransferase; CHDH, choline dehydrogenase; DMGDH, dimethylglycine dehydrogenase
[B2]; SARDH, sarcosine dehydrogenase [B:z]. Metabolites: DMG, dimethylglycine; THF, tetrahydrofolate;
5,10-CH2THF, 5,10-methylenetetrahydrofolate. Adapted from (Ueland et al. 2005).

DMG can donate up to three more methyl groups through three mitochondrial
reactions which are irreversible in vivo (Figure 6). First, in a reaction catalysed by the
covalent flavoenzyme DMG dehydrogenase (DMGDH), DMG is converted to sarcosine
donating one methyl group to THF which is converted to 5,10methyleneTHF. Sarcosine
can subsequently be converted to glycine, and THF to 5,10methyleneTHF by another
covalent flavoenzyme, sarcosine dehydrogenase (SARDH) (Wittwer and Wagner 1981).
Finally, glycine and THF can be transformed to CO2, NHz and 5,10methyleneTHF by the
glycine cleavage system (Yoshida and Kikuchi 1970). The glycine N-methyltransferase

is a cytosolic enzyme that catalyses the reverse reaction of sarcosine dehydrogenase;
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i.e. the transfer of one methyl group from SAM to glycine, to form SAH and sarcosine.
The glycine N-methyltransferase reaction is important when methionine and SAM are
high due to dietary intake of labile methyl groups exceeding the amount required for

obligatory methylation reactions (Mudd et al. 2001; Mudd et al. 2007).

Phosphatidylcholine can be synthesised by  two pathways: the
phosphatidylethanolamine methyltransferase (PEMT) pathway, and the cytidine
diphosphate—choline (CDP-choline) pathway, (Figure 7) (Caudill 2010). The PEMT
pathway involves three methylation reactions of phosphatidylethanolamine where
SAM is the methyl donor (Ridgway and Vance 1987). Choline can be synthesised from
phosphatidylcholine by the action of phospholipases, and if phosphatidylcholine was

synthesised by PEMT, the process is called "endogenous synthesis of choline".

Figure 7. PEMT pathway, CDP-choline pathway and choline synthesis reactions.

Phosphatidylethanolamine

3 SAM

PEMT
3 SAH

Phosphatidylcholine

TCHP‘I’:I.

CDP-choline

PLs

TPCYTIS

Phosphocholine

ALPL TCHKS

Choline

Scheme of phosphatidylcholine and choline biosynthetic pathways: PEMT pathway (violet arrows), CDP-
choline pathway (brown arrows), choline synthesis reactions (black arrows). Enzymes: ALPL, alkaline

phosphatase; CHKs, choline kinases; CHPT1, choline phosphotransferase; PCYT1s, choline-phosphate
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cytidylyltransferases; PEMT, phosphatidylethanolamine methyltransferase; PLs, phospholipases.
Metabolites: CDP-choline, cytidine diphosphate—choline; SAH, S-adenosyl homocysteine; SAM, S-adenosyl
methionine. Adapted from (Mudd et al. 2001; Caudill 2010).

Physiological and clinical relevance

Betaine, as other methylamines, acts physiologically as an organic osmolyte against
osmotic stress (Yancey et al. 1982), especially in medullary kidney cells and
chondrocytes (Wehner et al. 2003). In line with this, the expression of the
GABA/betaine transporter and the betaine uptake have been reported to increase
under hypertonic conditions (Sheikh-Hamad et al. 1994; Peters-Regehr et al. 1999;
Nishimura et al. 2010). Betaine is also an stabiliser of macromolecular structure and
function (Yancey et al. 1982; Sheikh-Hamad et al. 1994). In canine kidney cell cultures,
betaine inhibits the heat-shock protein 70 (HSP70) response to elevated temperature
and this is attributed to HSP70 and betaine being both protein stabilisers (Sheikh-
Hamad et al. 1994).

Betaine can act as a methyl donor. According to rat experiments, in the liver, betaine-
dependent homocysteine remethylation is as important as folate-dependent
homocysteine remethylation (Finkelstein and Martin 1984a). However, the latter is
thought to prevail globally in mammals based on the fact that BHMT activity has only
been detected in some organs whereas MTR is ubiquitous (see Introduction section
3.2). The contribution of each pathway to homocysteine remethylation in the whole
organism has not been assessed, but a study of healthy Dutch adults reported that the
inverse association between serum folate and fasting plasma tHcy was stronger than
that between betaine and tHcy, suggesting that the MTR reaction prevails under normal
circumstances (Melse-Boonstra et al. 2005). Complementary treatment with large
doses of oral betaine is useful against very high tHcy due to inborn errors of
metabolism (Wilcken et al. 1983; Wilcken et al. 1985; Bartholomew et al. 1988).
Supplementation with 3-6g/d of betaine also reduces plasma/serum tHcy in healthy

(Brouwer et al. 2000; Olthof et al. 2003; Steenge et al. 2003; Alfthan et al. 2004) and
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obese individuals (Schwab et al. 2002). Lower doses of betaine seems to require
treatments longer than at least one week to have a tHcy-lowering effect (Olthof et al.
2003; Alfthan et al. 2004). Plasma/serum betaine was a negative predictor of post-
methionine load plasma homocysteine in Dutch (Holm et al. 2005) and Norwegian
populations (Holm et al. 2004) and also of tHcy (Lever et al. 2005; Melse-Boonstra et al.
2005; Imbard et al. 2013).

In spite of the endogenous synthesis of choline, choline is considered an essential
nutrient, based on choline deficient individuals showing signs of liver dysfunction
(Zeisel et al. 1991). Choline adequate intake is 550mg/d for men and 425mg/d for
women according to the Institute of Medicine (Institute of Medicine 2000), and
400mg/d for both sexes according to the European Food Safety Authority (EFSA - NDA
Panel 2016).

High plasma DMG concentrations were associated with risk of acute myocardial
infarction in a study of a Norwegian angina pectoris patients cohort (Svingen et al.
2013). In another Norwegian cohort, low plasma DMG concentrations were associated
with low bone mineral density, and among elder individuals with risk of hip fracture

(Oyen et al. 2015).
Betaine, dimethylglycine and choline in pregnancy

Higher plasma choline and lower betaine and DMG concentrations were reported in
postfortification Canadian pregnant women at 36 GW (Wu et al. 2013) or at delivery
(Friesen et al. 2007) than in non pregnant women. Some authors consider that the
higher and lower concentrations of choline and betaine, respectively, in pregnant
women are not due to a lower conversion of choline to betaine, but to increased betaine
turnover. This is based on the observation that leukocyte choline dehydrogenase mRNA
is upregulated in pregnancy (Friesen et al. 2007). A postfortification USA clinical trial

with diets containing labelled choline suggested a greater use of choline for the
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synthesis of phosphatidylcholine (by both the PEMT and the CDP-choline pathways) in

third trimester pregnant women than non pregnant women (Yan et al. 2013).

In the RTBC, maternal plasma betaine during pregnancy follows a pattern where the
concentration decreases from early to mid pregnancy, and slightly increases afterwards
toward labour without returning to early pregnancy concentrations (Fernandez-Roig et
al. 2013). A similar pattern in pregnancy betaine changes was observed in studies from
the Netherland Antilles (Velzing-Aarts et al. 2005), Seychelles (Wallace et al. 2008), and
in one postfortification Canadian study (Visentin et al. 2015) but not another (Wu et al.
2013). Maternal plasma DMG also decreases toward mid pregnancy and increases
afterwards reaching higher concentrations at or close to labour than at early pregnancy
(Velzing-Aarts et al. 2005; Fernandez-Roig et al. 2013; Wu et al. 2013; Visentin et al.
2015). Maternal plasma choline increases from early pregnancy to late pregnancy
(Velzing-Aarts et al. 2005; Fernandez-Roig et al. 2013; Wu et al. 2013; Visentin et al.
2015).

There is a positive correlation between maternal and cord plasma betaine at 34GW in
Dutch (Hogeveen et al. 2013), at 37-41GW in Canadian (Friesen et al. 2007) and at
labour in Irish women (Molloy et al. 2005). Similar positive correlations have been
found for DMG (Molloy et al. 2005; Friesen et al. 2007; Hogeveen et al. 2013); and for
choline (Friesen et al. 2007; Hogeveen et al. 2013), except in an Irish study (Molloy et
al. 2005). Maternal plasma betaine, DMG and free choline are positive predictors of
their respective cord plasma analytes, although borderline significant for free choline
(Visentin et al. 2015). Therefore, foetal statuses in betaine, DMG and to a lesser extent

choline seem to reflect maternal status.

Cord betaine (Molloy et al. 2005; Friesen et al. 2007; Wallace et al. 2008; Fernandez-
Roig et al. 2013; Hogeveen et al. 2013; Visentin et al. 2015), DMG (Molloy et al. 2005;
Fernandez-Roig et al. 2013; Hogeveen et al. 2013; Visentin et al. 2015), and choline
(Molloy et al. 2005; Friesen et al. 2007; Fernandez-Roig et al. 2013; Hogeveen et al.

2013; Visentin et al. 2015) are higher than maternal concentrations of these
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compounds. This suggests a flux of these to the foetus and/or: 1) increased choline
oxidation for the synthesis of betaine that can subsequently be used in the BHMT
pathway producing DMG in the foetus; 2) increased synthesis of choline from the
phosphatidylcholine produced in the PEMT pathway or transported to the foetus.
Results from a pregnancy study with labelled choline suggest phosphatidylcholine
derived from the PEMT pathway and not from the CDP-choline pathway is
preferentially produced/taken up by the foetus (Yan et al. 2013).

Maternal plasma betaine is a negative predictor of tHcy throughout pregnancy
(Velzing-Aarts et al. 2005; Wallace et al. 2008) and at labour (Molloy et al. 2005) and
there was a tendency for a negative correlation between these in another study (Wu et
al. 2013). In the RTBC, the negative association between plasma betaine and tHcy was
observed at an earlier stage of pregnancy in mothers with low folate status than in
those with high folate status (Fernandez-Roig et al. 2013). This suggests that the BHMT
pathway may be upregulated in response to worsening folate status as pregnancy
progresses. Other interactions among 1C metabolism compounds will be explained in

Introduction point 2.5.

Some studies suggest the BHMT pathway metabolites are involved in oxidative and
osmotic stress protection during pregnancy, and foetal programming. DMG, through its
full oxidation to glycine in the mitochondria, is considered to contribute to glutathione
synthesis during human pregnancy. This is based on the negative correlation between
DMG and 5-oxoproline, a compound formed during glutathione synthesis when glycine
is limited, in maternal or cord plasma (Friesen et al. 2007). Betaine added to the media
protected against raised osmolarity in in vitro mouse embryo experiments (Biggers et
al. 1993; Dawson and Baltz 1997). Such experiments also revealed that betaine
transport exists in 1-cell stage embryos and is increased with increasing osmolarity
(Anas et al. 2007). The transport is by the IMINO transporter and stops at the 2-cell
stage (last analysed time point is blastocyst stage) (Anas et al. 2008). In addition,

betaine is present in mouse oviduct in vivo, and its concentration in dams with embryos
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is about twice that of dams with unfertilised eggs (Anas et al. 2007). According to these
studies betaine in its roles as methyl donor and as osmolyte, is important during
pregnancy. Higher serum methionine concentration was detected in the offspring of
betaine supplemented sows suggesting a role for it in foetal programming of

methionine (Li et al. 2014a).

Choline adequate intake during pregnancy is 450mg/d (Institute of Medicine 2000), or
480mg/d (EFSA - NDA Panel 2016).

Top versus low quartile cord plasma choline or betaine was associated with a greater
risk of low birth weight (LBW, <2.5Kg birth weight) and cord choline or betaine and
DMG were negative and positive predictors, respectively, of birth weight in a Dutch
study (Hogeveen et al. 2013). In a Singapore pregnancy cohort, maternal plasma
betaine at 26-28 GW was a negative predictor of birth weight and other neonatal
anthropometric values; and higher maternal plasma betaine was associated with a
greater risk of an small for gestational age (SGA, <P1o birth weight) neonate (van Lee et
al. 2016). The causes for these associations are unclear and several hypotheses have
been proposed, e.g. increased choline oxidation pathway is able to generate more
glycine through the demethylation of DMG, being glycine necessary for foetal growth
(Hogeveen et al. 2013).

In a postfortification USA case control study, second trimester maternal serum betaine,
DMG and total choline were not associated with conotruncal heart defects in the
offspring (Shaw et al. 2014). The incidence of ventricular septal defects was higher in
the offspring born to mouse dams fed a choline deficient compared to control diet

(Chan et al. 2010).

An Irish pregnancy case-control study reported no differences in plasma betaine and
choline at =14-15 GW in pregnant women not taking supplements and with NTD-
affected pregnancies or with previous NTD-affected pregnancies, and their respective

controls (Mills et al. 2014). However in this study there was more proportion of variant
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homozygotes for the PEMT +5465G>A polymorphism in cases compared to controls
suggesting a role for the synthesis of phosphatidylcholine by PEMT in NTDs; although
no differences in plasma betaine, choline and tHcy were observed among the alleles
(Mills et al. 2014). In an American case control study higher betaine intakes were
associated with lower risk of NTD-affected pregnancy in a subsample of Hispanic
ethnicity with mixed exposure to folic acid fortification (Chandler et al. 2012). An
American prefortification study reported that high intakes of choline were protective
against having a NTD-affected pregnancy (Shaw et al. 2004). In a postfortification
pregnancy study with maternal blood samples collected at *15-18 GW, lower and
higher serum choline concentrations increased and decreased, respectively, the risk of
a NTD-affected pregnancy (Shaw et al. 2009a). Neurulating mouse embryos exposed to
inhibitory analogues of choline or of phosphatidylcholine synthesis derivatives
developed NTD (Fisher et al. 2001). Although little is known, the choline oxidation
pathway could be necessary for the PEMT pathway and this to form and close the

neural tube.
2.4. Cobalamin

Structure, transport and metabolism

Cobalamin and vitamin Bi; are a water soluble vitamin containing a corrin ring where
two of the four pyrrole rings are directly bound to a central cobalt atom (Institute of
Medicine 2016a). The cobalt atom is coordinated by four pyrrole nitrogens and a
nitrogen of a dimethylbenzimidazole group. A sixth coordinating ligand can be present,
such as in methylcobalamin (methyl group carbon atom) and adenosylcobalamin
(deoxyribose C5'); or absent such as in cobalamin. The term “cobalamin” refers to
cofactor forms, such as methylcobalamin and deoxyadenosylcobalamin (also

”

abbreviated as adenosylcobalamin); and “vitamin Bi;” refers to non-metabolically
active forms, such as aquacobalamin, cyanocobalamin and hydroxycobalamin (IUPAC-

IUB 1975). Cyano and hydroxycobalamin are synthetically produced stable compounds
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that are added to fortified foods, vitamin supplements and injections; but

hydroxycobalamin can also be formed spontaneously from methyl and

adenosylcobalamin in the organism (Obeid et al. 2015). The oxidation state of the
cobalt atom can be written as roman numerals in parenthesis (IUPAC-IUB 1975). The
structure of biologically active cobalamin forms is shown in Figure 8 (Institute of

Medicine 2016a).

Figure 8. Cobalamin cofactors.
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A. Methylcob(IlI)alamin. B. Adenosylcob(III)alamin. From (Institute of Medicine 2016a).

Throughout this thesis, blood and tissue cobalamin concentrations will refer to the

combination of metabolically and non-metabolically active cobalamin forms.

The digestion of cobalamin is a complex process. A protein present in saliva,
haptocorrin (TCN1), binds free cobalamin forms. In the upper small intestine,
haptocorrin is degraded and cobalamin binds to the intrinsic factor (GIF) (Allen et al.
1978). The intrinsic factor-cobalamin complex is absorbed in the distal small intestine
(Nexo 1998), mainly by cubilin (Seetharam et al. 1997; Christensen and Birn 2002).

Uptaken cobalamin is modified and whether retained in the enterocyte as cofactor or
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transported to the basolateral membrane where it is released to the plasma, in
complexes with haptocorrin or with transcobalamin 2 (TCN2) (Nexo 1998; Moestrup
and Verroust 2001). Haptocorrin and transcobalamin 2, bind mostly the forms
methylcobalamin and adenosylcobalamin, respectively (Nexo 1977). Transcobalamin
2—cobalamin complexes are delivered to cells by the ubiquitous transcobalamin 2
receptor (CD320) (Nexo and Hollenberg 1980; Moestrup et al. 1996) and to a lesser
extent by megalin in some specific tissues (Moestrup et al. 1996). Plasma cobalamin is
found mostly as methylcobalamin, less as adenosylcobalamin, and the lowest
concentrations as other forms such as cyanocobalamin and hydroxycobalamin (Linnell
et al. 1974; Gimsing et al. 1983). In tissues the major form is adenosylcobalamin

(Linnell et al. 1974).

Cobalamin acts as transient methyl group receptacle in the folate-dependent
homocysteine remethylation reaction catalysed by the cytosolic enzyme MTR

(Weissbach and Taylor 1970). This reaction consists in two steps:
1) 5-CH3;THF + MTR-cob(I)alamin — THF + MTR-CH3cob(Ill)alamin
2) MTR-CHscob(11l)alamin + Homocysteine — MTR-cob(I)alamin + Methionine

Every 200-1000 turnovers the MTR cobalamin cofactor is spontaneously oxidised and a
reductive methylation catalysed by the methionine synthase reductase (MTRR) is

necessary (see Introduction section 3.4).

Adenosylcobalamin participates in the molecular rearrangement of methylmalonyl-
coenzyme A (methylmalonyl-CoA) to form succinyl-coenzyme A; a reaction catalysed
by the methylmalonyl-CoA mutase, a mitochondrial enzyme (Banerjee 1998). This
reaction links branched-chain amino acid metabolism and degradation of dietary odd
chain fatty acids and cholesterol, that produce methylmalonyl-CoA; to the Krebs cycle

where succinyl-coenzyme A is targeted (Thoma et al. 1998).
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Crosstalk between both cobalamin dependent reactions has been suggested.
Experiments with murine leukaemia cells showed intracellular protein-bound
cobalamin is associated to MTR and methylmalonyl-CoA mutase, and when 5-
methylTHF and homocysteine were added to the media there was an increase in

cobalamin associated with MTR (Quadros and Jacobsen 1995).
Physiological and clinical relevance

The known metabolic functions attributed to cobalamin are derived from those of the
MTR and the methylmalonyl-CoA mutase reactions, that is, folate dependent
homocysteine remethylation and providing metabolites for the Krebs cycle. Several
facts, such as an alternative and more efficient pathway for the targeting of branched-
chain amino acids and odd chain fatty acids to the Krebs cycle; has led some authors to
suggest the methylmalonyl-CoA and its pathway may have unknown non-anaplerotic

functions (Allen et al. 1993b).

Cobalamin plays an intimate role with folate in homocysteine remethylation, but it may
also affect folate-related DNA synthesis in situations of cobalamin deficiency that can
lead to the accumulation of the 5-methylTHF form because the MTHFR reaction that
leads to its synthesis is irreversible and the impaired MTR reaction prevents its
conversion to THF ("methylfolate trap"). As a result, other forms of folate involved in
purine and pyrimidine synthesis decrease, leading to haematological abnormalities
(Scott et al. 1981; Scott and Weir 1981). It is considered that this process has evolved
from the necessity of providing methyl groups under low supply of methionine; in such
circumstances DNA biosynthesis is restricted to reduce cell division and hence the use
of methionine for protein synthesis (Scott et al. 1981; Scott and Weir 1981). In rats
with cobalamin deficiency that is not severe enough to cause anaemia or illness, there
are higher 5-methylTHF and lower THF concentrations, and higher DNA uracil content
in colonic mucosa; than in cobalamin replete rats (Choi et al. 2004). In this study there
were no differences in plasma folate and colonic mucosa total folate concentrations

between the groups (Choi et al. 2004). Therefore, the "methylfolate trap" is considered
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the mechanism by which cobalamin deficiency results in secondary intracellular
deficiency of all forms of folate except 5-methylTHF, leading to haematological
abnormalities indistinguishable from those caused by folate deficiency (Allen 2000). In
untreated megaloblastic anaemia, the concentrations of the different forms of
cobalamin are equally reduced in cells, but in blood plasma the methylcobalamin

concentration is disproportionately reduced (Linnell et al. 1974).

Cobalamin is an essential nutrient, and the RDA for cobalamin in adults is 2.4pg/d
(Institute of Medicine 2000). In Spain the recommended dietary intake is 2ug/d of
cobalamin (Federacion Espafiola de Sociedades de Nutricion Alimentacién y Dietética

2010).

The WHO has set the threshold for cobalamin deficiency as a plasma cobalamin below
150pmol/L (de Benoist 2008). Plasma cobalamin >150pmol/L and <221pmol/L has

been categorised as marginal cobalamin deficiency (Allen 2009).

In situations of cobalamin deficiency, homocysteine and methylmalonic acid
accumulate (Allen et al. 1993b). Methylcobalamin is the cofactor for MTR and so tHcy
increases as a result of impairment. Methylmalonic acid is a metabolite upstream the
pathway where methylmalonyl-CoA mutase reaction is located, and accumulates for the
impairment in this reaction where adenosylcobalamin is the cofactor. Both, tHcy and
methylmalonic acid can be considered biomarkers of cobalamin status, although tHcy is
not specific. There is a negative association between plasma/serum cobalamin and
tHcy in cohort studies (Selhub et al. 2000; Selhub et al. 2008). According to a meta
analysis, vitamin By, supplementation in addition to folic acid supplementation, has a
higher plasma homocysteine lowering effect than folic acid alone (Homocysteine

Lowering Trialists’ Collaboration. 2005).

As previously commented for plasma folate, prostate cancer risk is higher per
100pmol/L increase in plasma/serum cobalamin (Collin et al. 2010). It is unknown if in

this association cobalamin could be a cause such as the MTR c.2756A>G variant allele;

57



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela
ntroduction

or a consequence due to increased haptocorrin production by prostate tumour cells
(Collin et al. 2010). Higher plasma/serum cobalamin concentrations are found in cases
of postmenopausal osteoporosis (Zhang et al. 2014), and lower concentrations in cases
of venous thrombosis (Zhou et al. 2012) and multiple sclerosis (Zhu et al. 2011), than in

controls.
Cobalamin in pregnancy

Plasma cobalamin is higher in pregnant women at 12 (Bartels et al. 1989), 16 and 36
GW (Wu et al. 2013), than in non pregnant women. In the RTBC, plasma cobalamin
decreases throughout pregnancy (Fernandez-Roig et al. 2013) as previously reported
in other studies (Bartels et al. 1989; Cikot et al. 2001; Koebnick et al. 2002; Velzing-
Aarts et al. 2005; Murphy et al. 2007; Wallace et al. 2008; Ubeda et al. 2011; Wu et al.
2013; McNulty et al. 2013).

Cord and maternal plasma/serum cobalamin are positively correlated (Molloy et al.
2005; Obeid et al. 2005), but higher concentrations are found in the cord than in the
maternal compartment (Obeid et al. 2005; Wallace et al. 2008; Fernandez-Roig et al.
2013).

Plasma cobalamin and tHcy are negatively correlated, in pregnant women (Molloy et al.
2005; Velzing-Aarts et al. 2005) and in the cord (Molloy et al. 2005; Wallace et al.
2008).

The RDA for cobalamin in pregnant women is 2.6ug/d (Institute of Medicine 2000), and
in Spain the recommended dietary intake is 2.2ug/d of cobalamin (Federacién Espafiola

de Sociedades de Nutriciéon Alimentacién y Dietética 2010).

No differences in second trimester maternal serum cobalamin were found in cases of
conotruncal heart defects in the offspring and controls in a postfortification USA study
(Shaw et al. 2014). In this study no data about cobalamin deficiency is provided being

the low serum cobalamin quartile <282pmol/L (Shaw et al. 2014). Lower maternal
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concentrations of plasma/serum cobalamin are associated with neural tube defects

(NTD), in cohorts and case control studies (Tang et al. 2015).

One link between cobalamin and omphalocele comes from a case control study of a
sample of multiple ethnicities from USA and exposed to folic acid fortification. After
adjusting for confounders and correcting for multiple comparisons, only the
transcobalamin 2 receptor c.23A>G polymorphism out of 23 single nucleotide
polymorphisms (SNPs) in 13 one-carbon metabolism genes, was associated with a
higher risk of omphalocele in the variant homozygote versus the normal homozygote

foetuses (Mills et al. 2012).

Serum cobalamin was lower in cases of recurrent miscarriage than pregnant controls at
~11 GW in a Syrian study whose whole sample cobalamin mean was marginal deficient

(180pmol/L) (Hubner et al. 2008).
2.5. Interactions

The necessity to investigate interactions between the different micronutrients is
increasingly recognised. Traditionally they have often been studied individually but the
importance of nutrient-nutrient and gene-nutrient interactions on metabolic and

clinical outcomes is increasingly clear.

The negative association between serum betaine concentration and post-methionine
load plasma homocysteine is stronger in individuals with low folate status (Holm et al.
2005). Post-methionine load betaine becomes a weaker predictor of homocysteine
after a 3wk treatment with folic acid, vitamin Biz and B¢ (Holm et al. 2004). Betaine and
choline intakes were negatively correlated with fasting tHcy and post-methionine load
plasma homocysteine in a USA cohort, especially with low folate and cobalamin status;
and when stratifying according to folic acid fortification the associations of betaine and
choline intakes and post-methionine load homocysteine was lost in the postfortification
sample (Lee et al. 2010). Higher betaine to DMG conversion (as whether lower betaine,

higher DMG or higher DMG/betaine ratio in plasma) has been reported when folate is
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low in pregnancy for the RTBC; and betaine becomes a negative predictor of tHcy
earlier in pregnancy in women with low folate status than with high (Fernandez-Roig et

al. 2013).

A clinical trial of folic acid supplementation with Northern Irish healthy men and
women showed that post-treatment serum cobalamin was a more important predictor
of plasma tHcy than folate (Quinlivan et al. 2002). In coronary artery disease patients
evaluated 3 month after the complete implementation of folic acid fortification in USA,
serum cobalamin was negatively associated with serum tHcy whereas serum folate was
not (Liaugaudas et al. 2001). These results suggest the effect of cobalamin on tHcy

depends on folate status.

Genetic variations in enzymes and transporters involved in 1C metabolism and related
pathways can modulate the relationships between the metabolites addressed in this
thesis, and the metabolites themselves can modify the effect of a given polymorphism.
A 12wk postfortification USA clinical trial of diets containing 600ug/d of folic acid,
200mg/d of docosahexanoic acid and 480 or 930mg/d of choline during the third
trimester of pregnancy, revealed a greater betaine to DMG flux in carriers of the variant
allele for the MTHFR c.665C>T polymorphism in both diet groups (Ganz et al. 2016).
Betaine dependent homocysteine remethylation did not differ between genotypes of
the MTR c.2756A>G polymorphism in the 480mg/d choline group, but was lower in
variant allele carriers compared to normal homozygotes in the 930mg/d choline group
(Ganz et al. 2016). Other nutrient-gene interactions affecting 1C metabolism and

clinical outcomes are discussed in Introduction section 3.

Advancing the knowledge of the interactions within 1C metabolism may shed light on
the discrepancies that have been and are being reported in the field, such as differences

between populations exposed and unexposed to mandatory folic acid fortification.
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3. Enzymes affecting homocysteine remethylation, the reduced folate carrier and

polymorphisms associated with these.

3.1. Methylenetetrahydrofolate reductase and the c¢.665C>T polymorphism
(rs1801133)

Methylenetetrahydrofolate reductase

Methylenetetrahydrofolate reductase (MTHFR; Enzyme Commission, EC 1.5.1.20)
catalyses the irreversible reduction of 5,10-methyleneTHF to 5-methylTHF, the methyl
donor in folate dependent remethylation (Introduction section 1, Figure 1). The MTHFR
gene is located at chromosome 1 (cytogenetic band 1p36.3), contains 11 exons and 10
introns and is coded in the minus strand (Goyette et al. 1994; Goyette et al. 1998;
GeneCards 2016). Additional exons with alternative splicing have been identified
(Rozen 2001). Mammalian MTHFR is a flavoenzyme, specifically flavin adenine
dinucleotide (FAD) as cofactor; and the electron donor is nicotinamide adenine
dinucleotide phosphate (NADPH). MTHFR is strongly inhibited by SAM, but this can be
partially reversed by SAH, that can compete with SAM in a non-catalytic site of the
enzyme (Kutzbach and Stokstad 1971). Mammalian MTHFR is mainly in the form of
homodimers (Matthews et al. 1984).

Phosphorylated and non-phosphorylated forms of MTHFR have been detected in in
vitro experiments with human recombinant MTHFR (Yamada et al. 2005; Marini et al.
2008), and in vivo in mouse liver (Christensen et al. 2015). The degree of
phosphorylation state and differences in the designs of the in vitro studies could
underlie the controversial results: phosphorylation downregulating (Yamada et al.
2005) or upregulating (Marini et al. 2008) enzyme activity. There is evidence in vivo
(male mice fed a diet with excessive folic acid) supporting the phosphorylation is

inhibitory (Christensen et al. 2015).

Like folate dependent remethylation, MTHFR activity is ubiquitous as it has been

detected in all the analysed organs in rat, with the highest abundance in kidney
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(Finkelstein et al. 1978). As for the cellular location, it has been found mainly in the

cytoplasm (Finkelstein et al. 1978).

Diet might modulate the activity and expression of MTHFR. The protein expression of
MTHFR was downregulated with excess folic acid intake in a study of male mice wild
type or mild deficient for MTHFR (Christensen et al. 2015). But protein content in the
diet did not affect MTHFR activity, according to the values of activity per milligram of

protein in rat liver experiments (Finkelstein et al. 1978).
MTHFR c.665C>T polymorphism

MHEFR is affected by the common polymorphism c.665C>T (also known as 677C>T) in
which the substitution of the cytosine at a GCC codon by a thymidine results in a GTC
codon and substitution of alanine at position 222 by valine (Frosst et al. 1995; Goyette
et al. 1998). The 665 nucleotide position is in the exon 4 (Goyette et al. 1998), whereas
the 222 amino acid position is in the N-terminus domain which is catalytic (Shan et al.

1999).

Human lymphocyte (Frosst et al. 1995) and placenta (Daly et al. 1999) studies have
shown that MTHFR activity is lower in the heterozygote than in the homozygote normal
genotype and lowest in the homozygote variant genotype. This was also true for
residual activity after heat inactivation. Thus the variant enzyme is thermolabile and
has lower activity (Frosst et al. 1995; Daly et al. 1999). Lower concentrations of 5-
methylTHF and higher concentrations of other folate derivatives such as those involved
in DNA synthesis would be expected if MTHFR activity is reduced. Supporting this, in
TT compared to CC USA Caucasian women (Davis et al. 2005; Huang et al. 2008) and
adults (Summers et al. 2010) there were higher RBC THF, 5,10-methyleneTHF,
formylTHF, and lower RBC 5-methylTHF concentrations. Also there were lower blood
DNA uracil concentrations in TT than CC adults of Puerto Rican origin (DeVos et al.
2008). In vitro experiments suggest the lower activity of the variant compared to

normal MTHFR is due to a higher dissociation rate of the homodimer with the



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela

subsequent release of the FAD cofactor (Yamada et al. 2001). The affinity for FAD is
reduced by SAH, and increased (and to a higher extent in the variant than normal

MTHFR) by SAM and 5-methylTHF (Yamada et al. 2001).

Folate may improve the SNP defect in the enzyme. Growth in methionine-absent media
was at lower rate in yeast strains with variant compared to normal MTHFR, but this
effect was reduced with the addition of 0.21pM 5-formylTHF (Marini et al. 2008). With
the variant allele there was similar protein abundance but lower enzyme activity and
proportion of phosphorylated MTHFRs than with the normal allele (Marini et al. 2008).
Phosphorylatable sites (cysteines) are lost in the variant MTHFR (Yamada et al. 2005;
Shahzad et al. 2013). Given the controversy about the phosphorylation effect, it is
possible that the phosphorylated states are different in both enzymes, and that the
phosphorylation inhibits the normal enzyme but activates or has no effect on the

variant enzyme.

A meta analysis of 10 genome wide association studies (GWAS's) of cohorts of
European descent people, reported MTHFR c.665C>T polymorphism as a genome wide
significant positive predictor of tHcy, and the most important predictor out of 40000
analysed SNPs (van Meurs et al. 2013). Another meta analysis based on 67
observational studies showed higher homocysteine concentrations with variant allele
increase (Holmes et al. 2011). However, when stratifying by folate status world regions
in this meta analysis, the increases in homocysteine with the SNP were higher in low
folate status regions, intermediate in mid folate status regions and lower in high folate
status regions, such as postfortification USA (Holmes et al. 2011). This can be
considered as evidence for folate relief of the SNP defect. Another study comparing
exposure to folic acid fortification versus non-exposure in two patient cohorts,
reported that, despite being a strong positive predictor of tHcy, the effect of the MTHFR
c.665 variant allele was less important in the fortified cohort (Nagele et al. 2011).
Regarding the MTHFR FAD cofactor, the effect of the MTHFR c.665C>T polymorphism

on homocysteine is increased in the presence of suboptimal riboflavin status in an adult
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population unexposed to folic acid fortification (Garcia-Minguillan et al. 2014). An in
vitro study showed that the variant enzyme was less susceptible to heat-inactivation
when the medium contained riboflavin as well as 5-methylTHF (Yamada et al. 2001). In
addition to folate and riboflavin status, the effect of MTHFR c.665C>T polymorphism on
homocysteine seems to be affected by genetic interactions. In a prefortification
American study the combination of MTHFR c.665TT / MTRR c.66GG was associated
with lower serum tHcy compared to MTHFR c.665TT / MTRR c.66AA; while the MTRR
€.66A>G polymorphism alone had no effect on homocysteine (Yang et al. 2008). This
gene-gene interaction was not observed in the Spanish adult population though (Bueno
et al. 2016). Unlike the Spanish study, in Yang et al. the ethnicity was heterogeneous
and folic acid supplement users (*24% of the sample) were included (Yang et al. 2008).
A meta analysis of 4763 adults from two prefortification USA populations reported
higher plasma tHcy and lower plasma folate concentrations with increasing number of
MTHFR c.665 variant alleles, respectively; although the folate result did not reach
genome wide significance (Hazra et al. 2009). In this meta analysis no association
between MTHFR c.665 genotypes and plasma cobalamin was observed (Hazra et al.
2009). These results were confirmed for plasma tHcy, folate and cobalamin in another
meta analysis of 3 GWAS's: two from Italy and one from the USA (Tanaka et al. 2009).
The association between the SNP and tHcy was lost in the USA study when the analysis
was done in each GWAS, and the authors proposed that this was due to folic acid

fortification.

The polymorphism has been associated with lower plasma or serum folate
concentrations in many studies (Harmon et al. 1996; Molloy et al. 1997; van der Put et
al. 1998; Lucock et al. 2001; Castro et al. 2003; Kluijtmans et al. 2003; Vesela et al.
2005; Devlin et al. 2006; Parle-McDermott et al. 2006; Fredriksen et al. 2007; DeVos et
al. 2008; Yang et al. 2008; Barbosa et al. 2008a; Laanpere et al. 2011; Ubeda et al. 2011;
Zampieri et al. 2012; Qin et al. 2012; Bialecka et al. 2012; de Vogel et al. 2013; Garcia-
Minguillan et al. 2014; Barnabé et al. 2015; Plumptre et al. 2015; Li et al. 2015; Bueno
et al. 2016). However, others have not confirmed these findings (Molloy et al. 1997;
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Chango et al. 2000a; Chango et al. 2000c¢; Botto et al. 2003; Esfahani et al. 2003; Kim et
al. 2004; Terruzzi et al. 2007; Barbosa et al. 2008b; Erdogan et al. 2010; Summers et al.
2010; Biselli et al. 2012; Boas et al. 2015; Misiak et al. 2016), although from the studies
conducted in healthy population some have small sample size. In a study with also
small sample size, higher concentrations of serum folate was associated with the
variant homozygote genotype in "senior" (65-75 years, y) and "elder" (85-102y)
individuals (Geisel et al. 2001).

There is some controversy about the effect of MTHFR c.665C>T on RBC folate. Many
studies have found lower RBC folate concentrations with the variant alleles or
genotypes (Molloy et al. 1997; Chango et al. 2000c; Lucock et al. 2001; Kluijtmans et al.
2003; Parle-McDermott et al. 2006; Lucock et al. 2013; Bueno et al. 2016). There are
also reported results showing no association (Christensen et al. 1999; Molloy et al.
2002; Esfahani et al. 2003; Yates and Lucock 2003; Barbosa et al. 2008b; Stamp et al.
2010; Summers et al. 2010) or an enhancing effect (van der Put et al. 1998; Castro et al.
2003; Relton et al. 2005; Vesela et al. 2005; Plumptre et al. 2015). Some authors have
argued that many of the studies in healthy population finding no effect or higher RBC
folate concentrations have one or more of the following features that may confound the
results: small sample size, folic acid fortification exposed population, genotypes not in
Hardy-Weinberg equilibrium, and radioassay for the RBC folate determination which
may overestimate the values in MTHFR c.665TT individuals (Molloy et al. 1998); as
discussed (Parle-McDermott et al. 2006). A meta-analysis including only women of
childbearing age, reported that plasma/serum and RBC folate (measured by
microbiological assay) were progressively lower with increasing number of the variant

T alleles (Tsang et al. 2015).

A study of Norwegian older adults (50-64y) reported lower plasma betaine and DMG
with increasing number of variant T alleles (Fredriksen et al. 2007), whereas in a
Brazilian prefortification study no differences were reported in women of childbearing

age (Barbosa et al. 2008b). Unlike the Norwegian study, in Barbosa et al. the sample
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size is small, younger, of only female sex, of heterogeneous ethnicity and blood
collection is in fasting conditions. Thus, it is unclear if the MTHFR c.665C>T
polymorphism can disrupt 1C metabolism to an extent that affect the regulation and

activity of the choline oxidation pathway.

Most studies have reported no effect of the SNP on blood cobalamin concentrations
(van der Put et al. 1995; Chango et al. 2000a; Botto et al. 2003; Kim et al. 2004; Terruzzi
et al. 2007; Fredriksen et al. 2007; Barbosa et al. 2008b; Barbosa et al. 2008a; Erdogan
et al. 2010; Summers et al. 2010; Laanpere et al. 2011; Ubeda et al. 2011; Bialecka et al.
2012; de Vogel et al. 2013; Garcia-Minguillan et al. 2014; Barnabé et al. 2015; Misiak et
al. 2016). However, some did report that the SNP was associated with lower serum
(Harmon et al. 1996; Kluijtmans et al. 2003) or plasma (Chango et al. 2000c) cobalamin.
To our knowledge, a link between the MTHFR reaction and cobalamin metabolism has

not been proposed to date.

Folate has been reported to modulate the effect of the polymorphism on tHcy.
Numerous studies have observed loss of the tHcy-increasing effect of the variant
genotype or allele with increasing category of plasma or serum folate (Jacques et al.
1996; Harmon et al. 1996; Geisel et al. 2001; Kluijtmans et al. 2003; Brilakis et al. 2003;
Kim et al. 2004; de Lau et al. 2010). Plasma/serum folate has been shown to modulate
the effect of MTHFR c.665C>T on tHcy in some (Kim et al. 2004; Devlin et al. 2006) but
not in other studies (Gaughan et al. 2001; Geisel et al. 2001; van Driel et al. 2009). THcy
was higher in the first compared to the fifth serum folate quintile in healthy elderly
English adults with the MTHFR c.665TT genotype only (Devlin et al. 2006). In
Australian gastroenterology patients, with RBC folate below the median, the MTHFR
€.665C>T polymorphism was no longer a negative predictor of RBC folate (Lucock et al.

2013).

Most pregnancy studies of the effect of the SNP on folate mediated one carbon
metabolism are cross-sectional and at varying times of pregnancy ranging from the first

trimester (Molloy et al. 1997; Relton et al. 2005; Parle-McDermott et al. 2006), 11-



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela

25GW (Liang et al. 2014), 24-28GW (Kim et al. 2004), labour (Molloy et al. 2002;
Lopreato et al. 2008; Barbosa et al. 2008a; Visentin et al. 2015) or at any time of
pregnancy (Barnabé et al. 2015). One study does have longitudinal data on serum tHcy,
folate and cobalamin (Ubeda et al. 2011). The results of these studies confirm that the
MTHFR c.665C>T polymorphism is associated with higher tHcy, lower plasma, serum
and RBC folate, and not with serum cobalamin. A UK study using a (non radioassay)
protein-binding assay reported higher first trimester RBC folate in the MTHFR c.665TT
compared to CC genotype (Relton et al. 2005). This study is contrary to the lower RBC
folate concentration found in another first trimester pregnancy study in Ireland that
uses the microbiological assay (Molloy et al. 1997; Parle-McDermott et al. 2006). Relton
et al. study does not have the aforementioned features that may confound the results in
studies finding higher RBC folate in non pregnant variant homozygotes (Parle-
McDermott et al. 2006). The protein-binding assays are considered to have low
accuracy when mixtures of folates are present, which is the situation in the different
genotypes of the polymorphism; and overall protein-binding assays are less
recommended than the microbiological assay (Pfeiffer et al. 2010). Overestimation of
RBC folate in MTHFR c.665TT individuals might also apply in the (non radioassay)

protein-binding assays.

To the best of our knowledge the studies assessing cord blood have investigated
offspring but not the maternal MTHFR c.665C>T genotype, except in an Irish study
finding a non significant trend toward higher cord plasma tHcy in TT mothers (Molloy
et al. 2002). MTHFR c.665 variant genotypes or allele in the offspring is associated with
lower serum folate (Lopreato et al. 2008; Plumptre et al. 2015), higher RBC folate
(Relton et al. 2005; Plumptre et al. 2015); but not tHcy (Molloy et al. 2002; Lopreato et
al. 2008; Plumptre et al. 2015), betaine and DMG (Visentin et al. 2015) or cobalamin
(Lopreato et al. 2008) in the cord. In Molloy et al. a non-significant trend toward lower
RBC folate in the MTHFR c.665TT than CC and CT offspring genotypes was observed
(Molloy et al. 2002). Again, RBC folate determinations by protein-binding (Relton et al.
2005; Plumptre et al. 2015) or microbiological assays (Molloy et al. 2002) might
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explain the differences. Another study reported no differences between offspring

genotypes in cord tHcy, serum folate or cobalamin (Lopreato et al. 2008).

Two meta analyses studies have reported that the variant MTHFR c.665T allele in
mothers, increases the risk of orofacial cleft in the offspring (Luo et al. 2012; Zhao et al.
2014). However, this finding was not confirmed in a separate meta-analysis, based on
individual participant data from 4 European studies (Butali et al. 2013). Higher risk of
orofacial cleft in the offspring in the presence of the variant allele compared to the CC
genotype was reported in Asian (Pan et al. 2012; Zhao et al. 2014) but not other
populations (Luo et al. 2012; Pan et al. 2012; Butali et al. 2013).

The maternal MTHFR c.665TT genotype was not associated with increased risk of SGA
offspring in a meta analysis based on 9 case control studies and 2 cohorts. Most of the
studies included were from non fortified countries, while in the rest not all their
participants were exposed to mandatory fortification (Facco et al. 2009). Increasing
number of variant alleles in the offspring was associated with a lower risk of SGA in a
postfortification big Canadian study (Infante-Rivard et al. 2002). But a UK study found
non-different allelic and genotype frequencies between cases (SGA) and controls
(Glanville et al. 2006). And in a prefortification Mexican cohort of low-to-mid income no
association was found between foetal genotypes and birth weight (Kordas et al. 2009).
Although from sparse evidence, it seems the offspring MTHFR c.665C>T polymorphism
has no effect in countries without mandatory folic acid policy, but it might be protective

in fortified ones.

The MTHFR c.665 variant genotype and allele in the mother or offspring has been
associated with risk of congenital heart defects in the offspring, as reported in a meta
analysis (Xuan et al. 2014). The risk of NTDs in the offspring is also associated with the
variant genotype or allele in the mother (Yadav et al. 2015; Yang et al. 2015) or
offspring (Zhang et al. 2013; Yang et al. 2015). To the best of our knowledge no study
has assessed maternal MTHFR c.665 genotypes and omphalocele risk in the offspring.
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MTHFR c.665 variant homozygote or heterozygote genotype in live born infants was

not associated with omphalocele risk in a postfortification USA study (Mills et al. 2012).

Recurrent miscarriage is usually defined as =2 or =3 consecutive pregnancy
spontaneous losses, as reviewed (Rai and Regan 2006). There were no differences in
the MTHFR c.665C>T genotype frequencies between women with recurrent
miscarriage and mothers with no previous miscarriage in a Spanish study, even after
stratifying by RBC folate status (Creus et al. 2013). But more proportion of variant
homozygote was observed in women with recurrent miscarriage compared to women
with normal pregnancies in a Chinese study (Zhu 2015). According to meta analyses,
the maternal variant genotype and allele is associated with risk of recurrent
miscarriage in populations non stratified by ethnicity or of Asians, but not in
Caucasians (Cao et al. 2013; Chen et al. 2016b). In relation to sporadic (or unspecified)
miscarriage, the effect of the polymorphism, whether in the mother or in the embryo, is
not clear. There were no differences in the genotype frequencies between women with
miscarriage and control women in a big Irish study (Parle-McDermott et al. 2005). But
a smaller study of a postfortification Mexican population found a higher risk in TT
mothers compared to CC and CT (Rodriguez-Guillén et al. 2009). The foetal variant
genotype or allele has been associated with lower (Isotalo et al. 2000; Bae et al. 2007),
higher risk of miscarriage (Callején et al. 2007) or not associated (Zetterberg et al.

2002).

The MTHFR c.665 variant genotype or allele has been associated with risk of male
infertility (Gupta et al. 2011), hypertension and pregnancy induced hypertension (Qian
et al. 2007), coronary artery disease (Wald et al. 2002; Clarke et al. 2003), peripheral
artery disease (Khandanpour et al. 2009) and premature coronary artery disease in
Asian populations or when combined with plasma tHcy >15umol/L (Hou et al. 2015).
Thus, the polymorphism is associated with risk of CVD and this is thought to be due to
its tHcy-increasing effect (Wald et al. 2002).
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3.2. Betaine-homocysteine methyltransferase and the c.716G>A polymorphism

(rs3733890)
Betaine-homocysteine methyltransferase

Betaine-homocysteine methyltransferase (BHMT; EC 2.1.1.5) catalyses the transfer of a
methyl group from betaine to homocysteine, producing DMG and methionine
(Introduction section 1, Figure 1). The BHMT gene is located at chromosome 5
(cytogenetic band 5q14.1), contains 8 exons and 7 introns and is coded in the plus
strand (Park and Garrow 1999; GeneCards 2016; Institute of Medicine 2016b). Despite
an initial controversy and based on the high homology with the rat enzyme, it is
nowadays accepted that human hepatic BHMT has the general structure of an
homotetramer (Gonzalez et al. 2002). Oligomerisation is required for catalytic function
in human recombinant BHMT (Szegedi and Garrow 2004). BHMT is a zinc
metalloenzyme whose metal atom is essential for catalytic activity (Millian and Garrow

1998), and each BMHT protein unit contains one atom of zinc (Szegedi et al. 2008).

Human BHMT is contained in liver hepatocytes (no gradient across the organ) and in
the kidney cortex (mostly in proximal tubules), in both located in the cytosol (Delgado-
Reyes et al. 2001). Mouse experiments have shown that BHMT activity is orders of
magnitude lower in the kidney than in the liver (Szegedi et al. 2008), although a
previous study in humans implied they might be similar (Gaull et al. 1973). Minor
BHMT activity has also been reported in human foetal and adult brain (Gaull et al.
1973) although this has not been confirmed in another study of human brain of
unspecified age (McKeever et al. 1991). Moreover, the mRNA transcript has not been
detected in human brain (Sunden et al. 1997). BHMT activity was detected in human
lens, with highest activity in foetal lens, relatively high in young adults and lowest in
older adults (Rao et al. 1998). In Rao et al. BHMT protein was not detected in human
lens of unspecified age (Rao et al. 1998), but BHMT mRNA is reported to be the most

abundant transcript in human foetal lens (Wistow 2012).
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BHMT has been identified at different stages throughout the development of the
embryo and foetus. In a mouse study covering gestational days (GD) 9 and 10, BHMT
mRNA was observed in the embryo and yolk sac only on gestational day (GD) 10
(Fisher et al. 2002). Therefore, since neural tube closure is considered complete in mice
on 10 (Greene and Copp 2009) or 10.5 GD (Zhon and Sarkar 2008), BHMT should not
be completely excluded as having a role in neural tube closure in mice. Moreover,
BHMT mRNA and protein expression do not exactly overlap in the early days of mouse
gestation (Lee et al. 2012). Another mouse experiment including several stages of
development, e.g. 1-cell (1 GD), 4-cells (=2 GD), morula (*3 GD) and blastocyst (x4 GD)
as the final time point; reported BHMT mRNA expression from the 4-cell stage, peaking
at morula stage and lowest expression by the blastocyst stage (Lee et al. 2012). BHMT
protein and activity were detected only at the blastocyst stage. Therefore, BHMT
expression, at least as mRNA, in early mouse pregnancy, shows a pattern of expression:
it is expressed until the blastocyst stage, stops at some time point and then resumes at
10 GD. It is unknown though, if this can be extrapolated to human beings. Regarding its
expression at more advanced stages of pregnancy, BHMT mRNA has not been detected
in human first term and term (Solanky et al. 2010) and unspecified gestational age
placentas (Sunden et al. 1997). In human placentas BHMT protein is not detectable by
immunohistochemistry (The human protein atlas 2016) and, to our knowledge, there
are no published studies investigating the protein in placenta. In human foetus livers
ranging in age from approximately 11-32 GW, BHMT protein and activity have been
detected. Both are lower than in adults, and the activity is positively correlated with
gestational age (Feng et al. 2011). Detection of BHMT human foetal liver activity at
lower levels than in adults but higher with increasing gestational age confirms the
results of an earlier study and in fact that study also confirmed the same for foetal
kidney BHMT activity (Gaull et al. 1973). However, there was no reference to statistical
analysis in that study. Foetal BHMT may play a role in development but the lower
BHMT activity plus the higher MTR activity in foetal compared to adult liver (Gaull et al.
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1973), suggests that betaine dependent remethylation may be less important in foetal

than in adult liver.

Early gestation mouse experiments show that inhibition of BHMT transcription and
activity is associated with impaired embryo development to the blastocyst stage both in
terms of reaching it and reduced cell number in the embryoblast (Lee et al. 2012).
Inhibition of BHMT transcription before transferring the embryos to pseudopregnant
dams is associated with a higher rate of embryo resorption (spontaneous abortion)
compared to no inhibition despite no differences in implantation rate and posttransfer

growth (Lee et al. 2012).

Among other functional roles, truncated forms of BHMT without catalytic function have
been found in rat hepatocytes autofagosomal membranes, and this has led some
authors to suggest a role in binding proteins for degradation (Overbye et al. 2007). It
has been reported in human cell cultures that BHMT interacts and stabilises betaine-
homocysteine methyltransferase 2 (BHMT2) (Li et al. 2008), which is a zinc
metalloenzyme that can remethylate homocysteine with S-methylmethionine, but not
with betaine (Szegedi et al. 2008). BHMT is considered a structural protein (crystallin)

in the human lens, especially in the foetus, as reviewed (Wistow 2012).

There was lower expression of a construct of luciferase gene plus BHMT promoter
when pharmacological doses of SAM (2000uM), but not methionine, are added to the
culture media of human hepatoma cells (Castro et al. 2002). A subsequent experiment
with the same cell line replicated this, and detected a SAM dose-dependent decrease in
endogenous BHMT mRNA levels (Ou et al. 2007). Dietary methionine may regulate
hepatic BHMT activity in a U-shape fashion. Animals fed methionine-supplemented
diets have slightly higher hepatic BHMT activity than those on adequate methionine
diets (Finkelstein et al. 1982; Finkelstein and Martin 1986; Emmert et al. 1996; Ohuchi
et al. 2009). Hepatic BHMT activity is higher in rats on methionine deficient compared
to adequate diets (Finkelstein et al. 1982; Park et al. 1997); although the difference was

non significant in another rat report with less severe methionine deficient diets (Park
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and Garrow 1999). In cattle, hepatic BHMT activity also responds quadratically to
dietary methionine (Lambert et al. 2002). Betaine or choline supplementation enhances
the methionine-deficiency mediated increase in hepatic BHMT activity in chickens
(Emmert et al. 1996) and rats (Park and Garrow 1999). These hepatic BHMT activity
increases due to methionine deficiency (Park et al. 1997; Park and Garrow 1999) or
supplementation (Ohuchi et al. 2009) are mirrored by BHMT mRNA and protein
contents, suggesting upregulated BHMT expression. Dietary betaine of preweaning
mice, i.e. with dams fed a betaine-supplemented diet, increases liver BHMT activity
(Schwahn et al. 2004). Deficient folate intake increases hepatic BHMT specific activity
in micropigs (Halsted et al. 2002), but excess folic acid intake does not change hepatic
BHMT mRNA expression in a study of male wild type mice or with mild MTHFR
deficiency (Christensen et al. 2015).

Purified human hepatic BHMT activity was strongly inhibited by DMG and not inhibited
by methionine (results not shown) in a study where most of the substrates and
inhibitors were at pharmacological concentrations (2500uM betaine and 106puM
homocysteine; and 500-50000pM DMG or methionine) (Skiba et al. 1982). A
subsequent study with purified human hepatic BHMT and substrates and inhibitors at
concentrations more close to the physiological ones (200puM betaine and 200uM
homocysteine; 20-200uM DMG or methionine or SAM, or 20uM SAH), reported strong
inhibition by DMG, weak by methionine and no inhibition by SAM or SAH (Szegedi et al.
2008). Indeed, purified human recombinant BHMT does not seem to bind SAM, as
shown in one study by microcalorimetry (Bose et al. 2002). The inhibition by these
compounds could vary between species. Methionine had an apparently stronger
inhibitory effect in purified mouse hepatic BHMT compared to the human enzyme; but

the results for DMG and SAM were similar in both enzymes (Szegedi et al. 2008).

Apart from DMG and methionine, Szegedi et al. results were contrary to previous
observations from earlier rat liver extract (semi purified BHMT) experiments. The

activity was reduced by SAM by 15% in an assay with substrates and inhibitors at near
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physiological concentrations (350uM betaine and 20uM homocysteine; 50uM SAM)
(Finkelstein et al. 1972); and by 32% with supraphysiological concentrations (2000uM
betaine and 7000uM homocysteine; 224uM SAM) (Finkelstein and Martin 1984b). In
another study with semi purified BHMTs from rat liver, or human liver or kidney; the
activity was reduced by =17% by SAM (results not shown) in an assay with
physiological concentrations of betaine and supraphysiological concentrations of
homocysteine and SAM (200uM betaine and 200uM homocysteine; 1000uM SAM)
(Allen et al. 1993a). Thus, according to Finkelstein et al. (Finkelstein et al. 1972), SAM
inhibition of BHMT may be biologically plausible.

Inhibitory effects of SAH on BHMT activity were reported in rat liver extract
experiments containing physiological concentrations of SAH (Finkelstein et al. 1972),
but the results are not clear for supraphysiological concentrations of SAH (Finkelstein
et al. 1974; Finkelstein and Martin 1984b). The activity was reduced by 16% by 50uM
SAH in an assay with substrates and inhibitors at near physiological concentrations
(Finkelstein et al. 1972). A study testing a range of SAH doses with substrate
concentration ranges at or close to physiological concentrations (120-1030uM betaine
and 25-800puM homocysteine; 380-3750uM SAH), shown reduced BHMT activity across
the tested SAH range (Finkelstein et al. 1974). But in a subsequent study with
supraphysiological concentrations of substrates, 440uM and 880uM SAH led to 15%
lower and 16% higher BHMT activity, compared to the control assay with no added
SAH, respectively (Finkelstein and Martin 1984b). Possible reasons for the controvert
results of the two latter studies have not been proposed. Therefore, it appears that, SAH
at similar concentrations to those reported for rat liver, i.e. 10-47uM (assuming rat is
equal to human liver density 1.051g/mL, and rounding to 1g/mL) (Overmoyer et al.
1987; Fowler 2001) could inhibit BHMT activity in vivo.

Liver extract studies have also found an inhibitory effect of methionine for BHMT
activity. Rat liver semi purified BHMT activity was reduced by 93% by 50uM

methionine in an assay with substrates and inhibitors at near physiological
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concentrations (Finkelstein et al. 1972). In the study with extracts from rat liver, or
human liver or kidney; the activity was reduced by 8% by 300uM methionine (results
not shown) in an assay with physiological concentrations of betaine and
supraphysiological concentrations for homocysteine (Allen et al. 1993a). The reported
concentrations of methionine in rat liver are 45uM (assuming liver density 1g/ml)
(Finkelstein and Martin 1986). Thus, the rat liver extract assay of Finkelstein et al. from
1972 has concentrations in the physiological range making the reported results of
methionine-mediated inhibition of BHMT the closest to in vivo conditions (Finkelstein
et al. 1972). Purified/semi purified state of BHMT and different concentrations of
substrates may be some of the causes for the different results for methionine inhibition
among the commented studies (Finkelstein et al. 1972; Skiba et al. 1982; Allen et al.
1993a; Szegedi et al. 2008).

There is evidence in support of in utero programming of BHMT. Less BHMT mRNA is
expressed in the liver of the offspring of rat dams on diets supplemented with folic acid
(5mg/Kg diet) and/or protein restricted compared to control diets (folic acid as
2mg/Kg diet and normal protein content) (Chmurzynska and Malinowska 2011).
Furthermore, mRNA and protein BHMT expression were higher in the hippocampus of
offspring of sows fed a diet supplemented with betaine compared to the
unsupplemented group (Li et al. 2014a). Indeed, the BHMT promoter contains part of a
CpG island known to affect BHMT expression according to its degree of methylation

(Ganu et al. 2013), suggesting the possibility of epigenetic regulation of BHMT.
BHMT c.716G>A polymorphism

BHMT is affected by the common polymorphism ¢.716G>A (also known as 742G>A) in
which the substitution of the guanosine at a CGA codon by an adenosine results in the
substitution of arginine at position 239 by glutamine (Park and Garrow 1999). The 716
nucleotide position is in the exon 6 (Park and Garrow 1999), whereas the 239 amino

acid position is between o helix and 7 strand, main secondary structure elements of
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the barrel (Evans et al. 2002) (Figure 9). In the homotetramer complex, the

polymorphic amino acid position is in the protein surface (Li et al. 2008).

Figure 9. BHMT c.716G>A (Arg239Gln) polymorphism position.

1 kilobase

c. 7166>A

R

ArgZBBGIn

200 amino acid residues

A. Spliced BHMT mRNA diagram with c.716G>A location. Black and grey segments with numbers indicate
exons count. White segments indicate non-coding RNA. B. BHMT protein sequence diagram with
Arg239Gln location. Yellow and green segments indicate main 8 strands and « helixes, respectively, of the
(B/a)s barrel structure. Black segments indicate protein regions outside of the main secondary structure
elements of the barrel. Based on sequences from (Park and Garrow 1999; Evans et al. 2002; Institute of

Medicine 2016c).

No differences in betaine affinity have been observed in assays (with unspecified range
of betaine and 500uM homocysteine) of crude extract of E. coli transfected with the
normal or variant human BHMT allele (Weisberg et al. 2003). However, the assays of
cytosol of monkey kidney cell transfected with human BHMT showed that the variant
enzyme has a higher affinity for betaine (assay with 2-256puM betaine and 400uM
homocysteine) and homocysteine (assay with 64uM betaine and 3.1-400uM
homocysteine). However, basal enzyme activities were similar (assay with 64pM
betaine and 400uM homocysteine) (Li et al. 2008). A recent study of human liver
extract (endogenous BHMT), did not specify kinetic parameters but reported no
correlation between BHMT c.716G>A genotypes and enzyme activity (assay with 64pM
betaine an 400uM homocysteine) (Feng et al. 2011). Rat liver betaine and
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homocysteine concentrations are 550uM and 7.6uM, respectively (Svardal et al. 1986;
Koc et al. 2002). Thus, none of the aforementioned enzyme assays have used the
betaine physiological concentrations; while for homocysteine 100-fold higher
concentrations are used (except in the homocysteine affinity assays). Assays using
physiological liver concentrations of betaine and homocysteine are needed, although
these are unknown, to the best of our knowledge, in human liver. No differences in
protein BHMT levels were observed between the normal and variant alleles in monkey
kidney cells transfected with human BHMT (Li et al. 2008), and no correlation was
observed between BHMT c.716G>A genotype and protein levels in human liver extracts
(Feng et al. 2011). Both enzymes had similar thermostability (Weisberg et al. 2003).
Overall it appears from the in vitro studies that the only difference between the variant
enzyme and the normal enzyme is that the former has a higher affinity for

homocysteine, and maybe for betaine.

Some human studies have analysed the possible effects of the polymorphism on the

blood concentrations of the metabolites addressed in this thesis (Table 2 and Table 3).

Many studies support the lack of association of the polymorphism with tHcy (Heil et al.
2000; Weisberg et al. 2003; Morin et al. 2003b; Ananth et al. 2007; Terruzzi et al. 2007;
Fredriksen et al. 2007; Paré et al. 2009; Liang et al. 2014; Misiak et al. 2016). Only two
postfortification studies from Brazil and USA have reported significant associations
between variant genotype or allele and homocysteine, and in the opposite sense.
Variant homozygote genotype was associated with lower tHcy in a Brazilian Down
syndrome cohort (Biselli et al. 2012) whereas increasing number of variant alleles was

associated with higher tHcy in healthy adults from a USA cohort (Clifford et al. 2012).

There is no association between the polymorphism and plasma or serum folate (Morin
etal. 2003b; Ananth et al. 2007; Terruzzi et al. 2007; Fredriksen et al. 2007; Biselli et al.
2012; Zampieri et al. 2012; Misiak et al. 2016), RBC folate (Morin et al. 2003b), or
plasma or serum cobalamin (Morin et al. 2003b; Ananth et al. 2007; Terruzzi et al.

2007; Fredriksen et al. 2007; Misiak et al. 2016). Increasing number of variant alleles
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was associated with lower DMG but no difference in betaine in an older adult
Norwegian cohort (Fredriksen et al. 2007). The DMG results were replicated in another
Norwegian cohort of stable angina pectoris patients, where betaine was not analysed

(Svingen et al. 2013).

In pregnancy studies no effect of the polymorphism in the mother on maternal plasma
tHcy (Liang et al. 2014), or in the foetus on cord plasma betaine and DMG (Visentin et

al. 2015) have been reported.
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Table 2. Case control studies investigating the role of the BHMT c.716G>A polymorphism on 1C metabolism metabolites.

n
Country, Mandatory N
Reference year fortification Case Controls Age (y) Metabolites Results
[outcome]?
The 190 No association
(Heil et al. 2000) Netherlands, No 601 16-68 tHcy (cases, controls,
[CVD]
ND3 whole sample)
54 children .
_ 93 children  1-22  tHcy, folate No association
(Morin et al. Canada, [SB] .
ND (serum and (children and mothers
2003b) ND .
57 mothers 86 mothers 16-55 RBC), cobalamin whole sample)
(Weisberg et al. USA, 271 i No association
2003) 1998-99 Yes [CAD] 233 =g tHey (whole sample)
(Ananth et al. USA, 196 tHcy, folate, No association
2007) 2002-03 Yes [AP] 191 Adult cobalamin (cases, controls)
(Terruzzi et al. Italy, No 82 54 25.53 tHcy, folate, No association
2007) ND [Obesity] cobalamin (whole sample)
(Zampieri et al. Brazil, 105 No association
2012) ND ND [DS offspring] 185 Adult Folate (whole sample)
(Misiak et al. Poland, 135 tHcy, folate, No association
2016) ND No [FES] 146 Al cobalamin (cases, controls)

1Cases outcomes: CVD, Cardio Vascular Disease; SB, Spina Bifida; CAD, Coronary Artery Disease; AP, Abruptio Placentae; DS, Down Syndrome; FES,
First Episode Schizofrenia. ZMetabolites in plasma/serum unless otherwise specified. 3ND, No Data.
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Table 3. Retrospective cohort studies investigating the role of the BHMT c.716G>A polymorphism on 1C metabolism

metabolites.
Country, Mandatory n N
Reference year fortification [feature]! Age (y) Metabolites Results
(Fredriksen etal. Norway, i tHcy, folate, betaine, Lower DMG with A allele
2007) 1999-01 M LS 50-64 DMG, cobalamin increase
. USA 13974 . .
3 )
(Paré et al. 2009) 1992-95 No [Women] 245 Folate adjusted tHcy No association
L Brazil, 90 .
(Biselli et al. 2012) 2004-11 Yes [DS] 0-30 tHcy, folate Lower tHcy in AA genotype
(Clifford et al. USA, ) . Higher tHcy with A allele
2012) 2002-04 Yes 373 30-69 Folate adjusted tHcy inerease
(Svingen et al. Norway, 2424 i Lower DMG with A allele
2013) 2000-04 No [SAP] 44-78 DMG increase
China 400
(Liang et al. 2014) 2011’ No [Pregnant women, 25-35  Folate adjusted tHcy No association
11-25GW]
(Visentin et al. Canada, Yes [co:dzf)?oo d 18-45 Betaine, DMG No association
2015) 2010-12 (mothers) (cord plasma)

samples]
1Cohort specific features: DS, Down Syndrome; SAP, Stable Angina Pectoris. 2Metabolites in plasma/serum unless otherwise specified. 3Genome
wide association study.
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To the best of our knowledge, no study to date has investigated the effect of the BHMT
c.716G>A polymorphism, maternal or foetal, on birth weight or LBW, SGA/intrauterine
growth restriction (IUGR). It might be expected to affect foetal growth because, as
commented above, the BHMT pathway becomes more important during late pregnancy

and/or when folate status is low (Fernandez-Roig et al. 2013).

There is sparse literature regarding the BHMT c.716G>A polymorphism and risk of
congenital heart defects. In USA studies where whole (Hobbs et al. 2010) or the
majority of the sample (Mitchell et al. 2010) was exposed to mandatory folic acid
fortification, there was no independent effect of the maternal genotype on congenital
heart defect risk in the offspring. There have been no maternal SNP studies before
mandatory fortification or in a non-fortified country, to date. Lack of association
between offspring genotype and congenital heart defect risk have also been reported in
USA studies before (Shaw et al. 2009b) and after folic acid fortification (for the highest
percentage of the sample) (Mitchell et al. 2010). All of the aforementioned studies were

performed in samples of multiple ethnicities.

Several studies have addressed the BHMT c.716G>A polymorphism and risk of NTDs,
but only one Canadian study has assessed the SNP in the mother (Morin et al. 2003b).
According to the age range (1-22y) and mean age (10y) of the offspring and to the
blood draws in the sample being before 1999 (Christensen et al. 1999), most of the
pregnancies if not all were before the Canadian folic acid fortification policy in 1998.
There was no vitamin supplement use in the sample and maternal serum folate mean
ranged 14.3-18.7nmol/L among genotypes. This study reported no difference in risk of
NTDs in variant versus normal homozygote mothers or children (Morin et al. 2003b).
But other studies have found associations of the offspring genotype and NTDs. A USA
family-based study including mothers using vitamin supplements and with most
pregnancies exposed to mandatory folic acid fortification (information provided by
author), reported the SNP in the offspring was associated with NTDs risk (Boyles et al.

2006). In a postfortification USA study with unknown prenatal folic acid supplement
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use, offspring carrying the variant allele compared to normal homozygotes had higher
risk of NTDs. However the analysis was not corrected for multiple comparisons despite
being a study of 118 SNPs (Shaw et al. 2009b). A Chinese family-based study including
mothers using folic acid supplements reported no association between the SNP in the
offspring and NTDs risk (results not shown) (Liu et al. 2014). The results of studies
assessing the polymorphism in the offspring and NTDs risk according to maternal
prenatal vitamin supplement use are controvert. When stratifying by preconception
vitamin supplement use in Boyles et al. study, higher risk with the offspring SNP is only
observed with supplementation (Boyles et al. 2006). However, when stratifying by
pre/postconception folic acid supplement use in Liu et al. study, higher risk with the
offspring SNP is only observed with no supplementation (Liu et al. 2014). Some
differences between both studies apart from ethnicity are exposure to mandatory folic
acid fortification in most pregnancies in the USA study and the different categories used
to define supplement user; e.g. the Chinese study includes postconception use. These
inconclusive results highlight the importance of further study of the BHMT c.716G>A

polymorphism according to folate status.

To the best of our knowledge there are no reports about maternal BHMT c.716
genotypes and omphalocele risk in the offspring. BHMT ¢.716 variant homozygote or
heterozygote genotype in live born infants was not associated with omphalocele risk in

a postfortification USA study (Mills et al. 2012).

To the best of our knowledge there are no studies evaluating the effect of the BHMT

c.716G>A polymorphism in the mother or embryo, and the risk of miscarriage.

Other studies have investigated other possible clinical effects of the polymorphism. In a
meta analysis of 3 studies, the BHMT c.716G>A polymorphism was not associated with
coronary artery disease (Singh and Lele 2012). The SNP may be a risk factor for
placental abruption (Ananth et al. 2007), and a protective factor for uterine cervical
carcinoma (Mostowska et al. 2011) and Down syndrome in the offspring (Zampieri et

al. 2012; Amorim et al. 2013). A study of USA women reported lower risk of colorectal
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adenoma (non-cancerous tumour) in hetero plus variant homozygotes than in normal
homozygotes only in the stratum with high dietary methyl status (Hazra et al. 2007).
The assessment of dietary methyl status was by a food frequency questionnaire based
on folate, methionine and alcohol consumption and the results were the same when

exposure to mandatory folic acid fortification was stratified for (Hazra et al. 2007).
3.3. Reduced folate carrier and the c.80G>A polymorphism (rs1051266)
Reduced folate carrier

The reduced folate carrier (SLC19A1, also known as RFC) is along with the proton
coupled folate transporter and the folate receptors, a protein involved in the cellular
uptake of folate. The SLC19A1 gene is located at chromosome 21 (cytogenetic band
21g22.3), contains 17 exons (due to the existence of upstream and downstream non-
coding exons) and is coded in the minus strand (GeneCards 2016; Institute of Medicine
2016D). Five exons are protein coding. Depending on the earlier discovered upstream
non-coding exons number and given names, the first coding exon has been termed
"exon 3" (Zhang et al. 1998; Whetstine et al. 2001) or "exon 2" (Tolner et al. 1998;
Williams and Flintoff 1998), though the latter term is more used. SLC19A1 consists of
12 transmembrane domains (Ferguson and Flintoff 1999). SLC19A1 has higher affinity
for 5-methylTHF (K: 1.1-2.0uM) and 5-formylTHF (K: 1.2-4.2uM), i.e. reduced folate
forms, than for the oxidised folic acid (K from 110-220uM); according to experiments
in human cell lines (Sirotnak and Tolner 1999). Experiments of inhibition of
methotrexate (chemical drug analogue of folic acid) influx by extracellular organic
anions revealed that the mechanism for SLC19A1 mediated folate transport into the cell
is the coupling of the downhill efflux of organic phosphates to the uphill influx of folate
forms (Henderson and Zevely 1983). Although folate transport by SLC19A1 may be
bidirectional, physiologically it is considered to take up folate from the extracellular

media due to the high intracellular concentrations of organic anions (Shane 2010)
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Since the discovery that proton coupled folate transporter is mainly responsible for
folate intestinal absorption (Qiu et al. 2006), it is now considered that SLC19A1 plays a
minor role in intestinal absorption. The optimal pH for SLC19A1 mediated transport is
7.5, according to methotrexate influx experiments in mouse lymphocytic leukaemia
cells (Sierra et al. 1997). While the optimal pH for folate intestinal absorption is 6
(Selhub and Rosenberg 1981), that SLC19A1 transcript and protein are up-regulated in
the small intestine of folate deficient mice (Liu et al. 2005) suggests a role for it in
intestinal absorption. However, due to its optimal pH at the physiological level,
SLC19A1 is considered the major route of folate transport into systemic tissues (Zhao

and Goldman 2013).

SLC19A1 mRNA is detected ubiquitously in human tissues, with the highest expression
values in placenta and liver, and the lowest in skeletal muscle and heart (Whetstine et
al. 2002). In human placentas, lower mRNA expression is found at term than in the first
trimester (Solanky et al. 2010). Probably due to its role as a transmembrane
transporter, SLC19A1 has been found in membranes of several types of cells. These
included the epithelia: apical brush-border membrane of the entire intestine (jejunum,
ileum, duodenum and colon), basolateral membrane of renal tubular epithelium,
plasma membrane of hepatocytes, apical surface of the choroid plexus epithelium
(Wang et al. 2001), retinal pigment epithelium (Chancy et al. 2000), apical microvillous
plasma membrane and basal plasma membrane of the syncytiotrophoblast (Solanky et

al. 2010).

Fifty five CpG sites are close to or within the SLC19A41 gene, organised in two CpG
islands. Several of these CpG sites are reported to differ in methylation state according
to tHcy. Most of the sites had lower methylation in leukocytes from individual with high
(20-113umol/L) compared to low (5-10umol/L) plasma tHcy (Farkas et al. 2013).
Methylation states in analysed CpG sites of the proton coupled folate transporter and
folate receptor 1 are similar in situations of high or low tHcy. The methylation of many

of the CpG sites in SLC19A1 is negatively associated with its expression. Therefore
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SLC19A1 may be a folate transporter which can be epigenetically upregulated in
response to high tHcy (Farkas et al. 2013). The inverse association between plasma
tHcy and methylation state of a CpG island in the promoter of SLC19A1, as well as the
inverse association between the latter and SLC19A1 mRNA expression, has also been
reported in lymphocytes from systemic lupus erythematosus cases and controls

(Rupasree et al. 2014).
SLC19A1 c.80G>A polymorphism

SLC19A1 is affected by the common polymorphism c.80G>A in which the substitution of
the guanosine at a CGC codon by an adenosine results in a CAC codon and substitution
of arginine at position 27 by histidine (Tolner et al. 1998; Institute of Medicine 2016c).
When the polymorphism was first identified by Chango et al. the polymorphic codons
were erroneously termed as CGG and CAG (Chango et al. 2000b). The 80 nucleotide
position is in "exon 2" (Chango et al. 2000b), which is the first coding exon; whereas the
27 amino acid position is in the most N-terminal part of the first transmembrane

domain, close to the cytoplasm (Ferguson and Flintoff 1999).

Experiments in human intestinal cell cultures transfected with truncated constructs of
SLC19A1 show that when the 1-27 amino acid residue segment (which includes the
polymorphic amino acid position) is lost, only a small proportion of SLC19A1 proteins
reach the cell surface and the rest is contained in the cytoplasm (Marchant et al. 2002).
In vitro studies investigating the normal and the variant enzyme for the polymorphism
report contradictory results (Whetstine et al. 2001; Baslund et al. 2008). In an SLC19A1
deficient erythroleukaemia (myeloid) human cell line transfected with the normal or
variant allele from lymphoid leukaemia patients, minor differences in expression and
susceptibility to inhibitors are observed (Whetstine et al. 2001). On the one hand, the
variant transporter protein is slightly less expressed and the methotrexate uptake is 2-
fold less or more inhibited by other substrates (e.g. 5-formylTHF is a stronger inhibitor
of the methotrexate transport in the variant protein). On the other hand the variant

transporter has similar uptake rates for methotrexate and 5-formylTHF, and similar
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Kinetic parameters for methotrexate uptake (Vmax and K;) than the normal transporter
(Whetstine et al. 2001). No statistical analysis of any of the differences were reported in
this study. In human unstimulated and antigen-stimulated lymphocytes no significant
differences in protein expression of endogenous SLC19A1 were detected among the
three SLC19A1 c.80G>A genotypes, but decreased methotrexate transport efficacy was
reported in the variant homozygote stimulated lymphocytes (Baslund et al. 2008). The
authors suggest that the different findings between their and Whetstine et al.'s might
be cell line specific. It is possible that depending on the cell type, the variant
transporter is less expressed, and has different affinities and transport efficacy for

some of its transportable molecules (e.g. different folate forms).

The polymorphic nucleotide of the SNP is close to position 83, which is one of the five
CpG sites in a CpG island within the coding region of the gene; although the methylation
states of this island has not been associated with tissue-specific differences or mRNA
expression (Farkas et al. 2013). However, the SNP affects the methylation state of other
CpG sites related to SLC19A1 expression: in most of these CpG sites there was lower
methylation in SLC19A1 c.80AA compared to GG leukocytes. Plasma tHcy modified the
effect of the SNP on these CpG sites: in SLC19A1 c.80AA compared to GG leukocytes
most of these CpG sites had higher methylation when tHcy was low, and lower
methylation when tHcy was high (Farkas et al. 2013). With these finding it can be
speculated that in variant compared to normal homozygotes the downregulation with

low tHcy and upregulation with high tHcy of the transporter are greater.

Some human studies have investigated the effect of the polymorphism in the

metabolites addressed in this thesis (Table 4 and Table 5).

Most of the studied investigating the effect of the SLC19A1 c.80G>A SNP reported that it
had no effect on tHcy (Chango et al. 2000b; Winkelmayer et al. 2003; Fodinger et al.
2003; Morin et al. 2003a; Yates and Lucock 2005; Devlin et al. 2006; Fredriksen et al.
2007; Lopreato et al. 2008; Barbosa et al. 2008b; Stanislawska-Sachadyn et al. 2009; de
Lau et al. 2010; Summers et al. 2010; Biselli et al. 2012; Rah et al. 2012; Bialecka et al.
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2012; Kumudini et al. 2014; Liang et al. 2014; Bueno et al. 2016). A tHcy-increasing
effect have been suggested in two studies. In Estonian women undergoing in vitro
fertilisation higher tHcy was observed in heterozygotes compared to normal
homozygotes (Laanpere et al. 2011). Elderly (260y) patients of a postfortification
Brazilian study had higher tHcy with increasing number of variant alleles (Barnabé et
al. 2015). These results do not agree with previous European studies that found no
association in individuals aged 260y (Devlin et al. 2006; de Lau et al. 2010). In Barnabé
et al. the ethnicity was heterogeneous and serum folate median was 25.4nmol/L
(Barnabé et al. 2015). The sample in Devlin et al. were former patients with serum
folate means ranging 10.6-12.0nmol/L among genotypes; and in de Lau et al. the
sample was representative of the Estonian population and plasma folate median was
12.1nmol/L (Devlin et al. 2006; de Lau et al. 2010). Lower tHcy was observed in variant
homozygotes compared to hetero and normal homozygotes in a healthy Indian
population possibly deficient for folate (plasma folate median 11.1nmol/L) and
marginal deficient for cobalamin (plasma cobalamin median 163pmol/L) (Sukla and
Raman 2012). But no association between increasing number of variant alleles and
tHcy was found in an Indian sample with unknown folate and cobalamin status, and

that includes Parkinson's disease patients (Kumudini et al. 2014).

Most studies of the effect of the SLC19A1 ¢.80G>A polymorphism on serum or plasma
folate have reported no effect (Chango et al. 2000b; Winkelmayer et al. 2003; Fédinger
et al. 2003; Morin et al. 2003a; Vesela et al. 2005; Devlin et al. 2006; Fredriksen et al.
2007; Lopreato et al. 2008; Barbosa et al. 2008b; Stanislawska-Sachadyn et al. 2009;
Summers et al. 2010; Laanpere et al. 2011; Biselli et al. 2012; Rah et al. 2012; Bialecka
et al. 2012; Mansoori et al. 2014; Barnabé et al. 2015). In a sample of Brazilian mothers
aged 235y (including mothers of Down syndrome children), SLC19A1 c.80 variant allele
carriers had less risk of serum folate below P25 than normal homozygotes (Zampieri et
al. 2012). And in old adults with thromboembolic vascular problems from UK or

Australia, variant homozygotes had higher plasma folate than hetero and normal
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homozygotes (Yates and Lucock 2005). Both studies determined plasma/serum folate

by protein binding assays (Yates and Lucock 2005; Zampieri et al. 2012).

Numerous studies reported no effect of the SLC1941 c.80G>A SNP on RBC folate
(Chango et al. 2000b; Fodinger et al. 2003; Relton et al. 2005; Vesela et al. 2005; Yates
and Lucock 2005; Barbosa et al. 2008b; Stamp et al. 2010; Lucock et al. 2013).
However, it was associated with higher RBC folate concentrations in healthy young
adults from Northern Ireland (Stanislawska-Sachadyn et al. 2009) and with lower RBC
folate concentrations in our study of a local Spanish adult population (Bueno et al.
2016). A young sample (20-26y) including multivitamin supplement users was
analysed in the former study (Stanislawska-Sachadyn et al. 2009). Bueno et al. study
excluded supplement users, was conducted at a time voluntary fortification was
infrequent in Spain, has a sample with broader age range, and adjusted for other SNPs

affecting 1C metabolism as well as cobalamin and betaine status (Bueno et al. 2016).

Increasing number of SLC19A1 c.80 variant alleles was not associated with betaine or
DMG in an older adult Norwegian cohort (Fredriksen et al. 2007). The lack of
association with DMG was confirmed in a Brazilian prefortification study of women of

childbearing age (results not shown) (Barbosa et al. 2008b).

Most studies of the effect of the SLC19A1 c.80G>A polymorphism on plasma cobalamin
have reported no effect (Morin et al. 2003a; Fredriksen et al. 2007; Lopreato et al.
2008; Barbosa et al. 2008b; Summers et al. 2010; Laanpere et al. 2011; Bialecka et al.
2012; Barnabé et al. 2015). In old adults with thromboembolic event vascular problems
there were differences in plasma cobalamin among the SLC19A41 c.80G>A genotypes,
with the lowest concentration in variant homozygotes and the highest concentration in

heterozygotes (Yates and Lucock 2005).

Whether folate modulates the possible effect of the SLC19A41 ¢.80G>A polymorphism on
tHcy was tested in a study of healthy elderly English adults (Devlin et al. 2006). The
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distribution of serum tHcy across quintiles of serum folate did not vary among SLC19A1

c.80G>A genotypes.

Four cross-sectional studies have assessed the effect of the polymorphism on 1C
metabolism in pregnancy finding no effect (Relton et al. 2005; Lopreato et al. 2008;
Liang et al. 2014; Barnabé et al. 2015).
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Table 4. Case control studies investigating the role of the SLC19A1 c.80G>A polymorphism on 1C metabolism

metabolites.
n
Country, Mandatory N
Reference year fortification Case Controls Age (y) Metabolites Results
[outcome]!
(Morin et al, Canada, ; 57 . tHcy, folat:?1 Higher RBC folate in AA
2003a) ND ND [SB offspring] 87 16- (serum an genotype
RBC), cobalamin (whole sample)
(Laanpere et al. Estonia, No 285 225 Child  tHcy, folate, Higher tHcy in GA genotype
2011) =22000 [IVF] bearing  cobalamin (cases)
(Bialecka et al. Poland, No 248 254 0old tHcy, folate, No association
2012) 2008-10 [PD] adult cobalamin (cases, controls)
South Korea, 100 No association
(Rahetal. 2012) 1999-05 No [IRPL] 125 22-45  tHcy, folate (cases)
L . Lower risk of Ps of folate in
(Zamzpol i%et el B;\?[Z)ll’ ND [DS o}fg ? i 185 Adult Folate AG plus AA genotypes
pring (whole sample 235y)
(Kumudini et al. India, 151 No association
2014) ND No [PD] 416 Adult they (whole sample)
. . 80 [AD] folate No association
[Manzs(())(l)zl) etal 2 (I)r(l)c;lfll’ 0 No 120 >50 (serum and (AD cases, VD cases,
50 [VD] RBC) controls)

1Case outcomes: SB, Spina Bifida; IVF, In Vitro Fertilisation; PD, Parkinson's Disease; IRPL, Idiopathic Recurrent Pregnancy Loss; DS, Down
Syndrome; AD, Alzheimer's Disease; VD, Vascular Dementia. ZMetabolites in plasma/serum unless otherwise specified. 3ND, No Data.
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Table 5. Retrospective cohort studies investigating the role of the SLC1941 c.80G>A polymorphism on 1C metabolism

metabolites.
Country, Mandatory n .
Reference year fortification [feature]! Age (y) Metabolites? Results
(Chango et al. France, i tHcy, folate .
2000b) 1994-00 No 169 3560 (plasma and RBC) No association
(Fodinger et al. Austria, 120 tHcy, folate L
2003) ND? No [ESRD] Adult ) cma and RBC) No association
(er;liezlr(;l;g)er et ? ;;g:l;lé No [7123’1(‘)] Adult tHcy, folate No association
TBlb o
(Relton et al. UK, : ’ bearing No association
2005) 1996-03 No trimester] RBC folate (mothers, neonates)
573 [Cord blood] =37GW
Czech
(Vesela et al. . i folate .
2005) Repl)\}lgllc, No 591 18-65 (plasma and RBC) No association
(Yates and Lucock UK, . 51[TE] tHcy, folate (plasma and Higher pl.asr.na folate, lower
2005) Australia, No 2-79 RBC), cobalamin cobalamin in AA genotype
ND 105 [NTE] ’ (TE)
(Dezgggit al, 198415-’96 No 1042 68-102 tHcy, folate No association

1Cohort specific features: ESRD, End-Stage Renal Disease; RT, Renal Transplant; TE, Thromboembolic Event; NTE, Non-Thromboembolic Event
vascular problems. 2Metabolites in plasma/serum unless otherwise specified. 3ND, No Data.
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Table 5. Retrospective cohort studies investigating the role of the SLC1941 c.80G>A polymorphism on 1C metabolism
metabolites (continued).
Country, Mandatory n

Reference year fortification [feature]’

Age (y) Metabolites? Results

(Fredriksen etal. Norway, tHcy, folate, betaine,

No 10601 50-64 No association

2007) 1999-01 DMG, cobalamin
(Barbosa et al. Brazil, No 102 Child tHcy, folate (serum and No association
2008b) <2004 [Women] bearing RBC), DMG, cobalamin
275 [Pregnant
(Lopreato et al. Brazil, No women, labour]  Child tHcy, folate, No association
2008) 2001-03 275 [Placenta3 bearing cobalamin (mothers, neonate)
blood]
(Stanislawska- ~ Northern tHev. folate Higher RBC folate with A allele
Sachadyn et al. Ireland, No 489 20-26 (serurr};’an d RBC) increase
2009) 1997-99 (whole sample, women)
The
(de21,3;10¢;t = Netherlands, No 1011 60-90 tHcy No association
ND*
(Stamp et al New 191
205)0) ' Zealand, No [MTXR] 18-84 RBC folate No association
2005-08
[ USA [W:rien] Child tHcy, folate and Higher RBC THF with A allele
' ! Yes : . derivatives (serum and increase
2010) 2007 (26 Caucasian, 23 bearing : : .
e frneien) RBC), cobalamin (African American)
(Biselli et al. 2012) 2](3)1(‘)12-1;1 Yes []9)(5)] 0-30 tHcy, folate No association

1Cohort specific features: MTXR, Methotrexate treated Rheumatoid arthritis; DS, Down Syndrome. 2Metabolites in plasma/serum unless otherwise
specified. 3From placenta veins (neonate blood). 4ND, No Data.
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Table 5. Retrospective cohort studies investigating the role of the SLC1941 c.80G>A polymorphism on 1C metabolism

metabolites (continued).

Country, Mandatory n I
Reference year fortification [feature]! Age (y) Metabolites Results
(Sukla and Raman India, 35 .
2012) ND No 1426 median tHcy Lower tHcy in AA genotype
(Lucock et al. Australia, 212 i L
2013) ND No [GEP] 18-89 RBC folate No association
China 400
(Liang et al. 2014) ’ No [Pregnant women, 25-35 Folate adjusted tHcy No association
2011
11-25GW]
106 [Children] <6
291 [Pregnant . .
(Barnabé et al. Brazil, Yes women, variable*]  Child tHcy, folate, Higher t;llcc};;/:lst: Aallele
2015) 2006-07 60 [Lactating bearing cobalamin (elderly)
women]
262 [Elderly] 260
. Lower RBC folate, lower
(Bueno et al. Spain, i tHcy, folate L
2016) 1998-02 No 789 18-75 il aml IS plasma folate (borderline

significance) in AA genotype

1Cohort specific features: GEP, Gastroenterology Patients.. ZMetabolites in plasma/serum unless otherwise specified. 3ND, No Data. 4The pregnancy
trimester where the blood sample is drawn varies in the sample: 25%, 50% and 25% of the participants in first, second and third trimester,

respectively.
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As far as we know only one study has assessed the effect of the SLC1941 c.80G>A
polymorphism on birth weight. In a UK cohort, there was no effect of the maternal or
foetal SNP on birth weight, even when comparing the most extreme categories of

maternal RBC folate status at first trimester (Relton et al. 2005).

There is conflicting evidence in the literature regarding the association between the
SLC19A1 c.80G>A polymorphism and congenital heart defect risk. Two separate studies
reported no effect of the maternal SLC19A1 c.80G>A polymorphism on congenital heart
defect risk in the offspring (Pei et al. 2006; Christensen et al. 2013). A prefortification
USA study reported a higher risk in foetal heterozygote compared to variant
homozygote genotypes (but not to normal homozygotes). However, the association was
lost in the offspring of maternal folic acid supplement users, suggesting a modest
interaction between infant SLC19A1 c.80 genotype and periconceptional intake of
vitamins (Shaw et al. 2003). A Chinese study reported no association between offspring
genotype and congenital heart defect risk but further analysis of the subsample born to
mothers that had not used folic acid supplements revealed a higher risk in
heterozygotes or normal homozygotes versus variant homozygotes (Pei et al. 2006).
Another Chinese study reported a higher risk for foetal heterozygote, but not variant
homozygotes, compared to the normal homozygote genotype (Gong et al. 2012).
Another Chinese study found no association between the foetal SLC1941 c.80G>A
polymorphism alone and congenital heart defects. It only conferred greater risk when
combined with 2 other SNPs affecting 1C metabolism (MTHFD1 c.1958G>A and MTR
c.2756A>G) (Wang et al. 2013).

Meta analyses have concluded that neither the polymorphism in the mother (Wang et
al. 2012) nor the offspring (Wang et al, 2012; Zhang et al,, 2013) affects NTD risk.
Studies that have considered folate status suggest that the SNP may be protective
against NTDs. The normal homozygote genotype in mothers with low RBC folate (Morin
et al. 2003a) or not taking periconceptional folic acid (Pei et al. 2009) was associated

with higher risk of NTDs in the offspring. Similarly, the normal homozygote genotype in
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the offspring had higher NTD risk only in the absence of periconceptional folic acid
supplement use (Pei et al. 2009).

The SLC19A1 c.80G>A genotype in live born infants was not associated with
omphalocele risk in a postfortification USA study (Mills et al. 2012).

To the best of our knowledge only three case control studies, from South Korea, China
and Iran, have assessed the effect of the SLC19A1 c.80G>A polymorphism and
miscarriage; and reported no effect of the maternal SNP on recurrent miscarriage risk.

(Rah etal. 2012; Luo et al. 2015; Mohtaram et al. 2016).
3.4. Methionine synthase reductase and the c.66A>G polymorphism (rs1801394)
Methionine synthase reductase

Methionine synthase reductase (MTRR, EC 1.16.1.8) is the protein that catalyses the
reductive methylation of cob(II)alamin to methylcob(III)alamin, which can be used by
MTR for the folate-dependent homocysteine remethylation (Olteanu and Banerjee
2001). The MTRR gene is located at chromosome 5 (cytogenetic band 5p15.31),
contains 15 exons and 14 introns and is coded in the plus strand (Leclerc et al. 1998;

Leclerc et al. 1999; GeneCards 2016).

It is estimated that the cobalamin cofactor of mammal MTR is spontaneously oxidised
to the inactive cob(Il)alamin every 200-1000 turnovers (Molloy 2010). This is based on
experiments with purified recombinant cobalamin dependent MTR from E. coli in the
absence of SAM, where a loss of enzymatic activity is detected towards =2000
turnovers (Drummond et al. 1993). MTRR has binding domains for FAD, flavin
mononucleotide (FMN) and NADPH (Leclerc et al. 1998). In the reaction catalysed by
MTRR, NADPH is the electron donor (Gulati et al. 1997) whereas SAM is the methyl
donor (Foster et al. 1964; Ludwig and Matthews 1997). MTRR is a monomeric enzyme
with one molecule of FAD and one of FMN (Olteanu and Banerjee 2001). The

similarities of mammal MTRR to E. coli proteins with FAD and FMN that are responsible
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for the reductive activation of cob(II)alamin (Fujii et al. 1977), has led to the acceptance
that the function of FAD and FMN is to sequentially transfer the electron from NADPH
to the cob(II)alamin in the MTRR reaction (Olteanu et al. 2002).

Another function of MTRR is the stimulation of the formation of the holoenzyme MTR
when combined with NADPH. The proposed mechanisms by which MTRR achieves this
stimulation are two: reduction of free or MTR-bound aquacob(Ill)alamin to
cob(Il)alamin, and the conversion of free cob(Il)alamin to MTR-bound
methylcob(Ill)alamin. MTRR, independently of NADPH, also protects the apoenzyme
MTR from denaturalization at 37°C. This stabilisation effect adds to the promotion of

holoenzyme MTR formation (Yamada et al. 2006).

MTRR mRNA has been detected in all the human organs analysed, including the
placenta and with the highest expression in skeletal muscle (Leclerc et al. 1998). In
mice, the protein and activity has been detected in the liver, heart, kidney and brain
(Elmore et al. 2007). Due to alternative transcription start sites and splicing, two
isoforms of MTRR are proposed. One shorter MTRR starts the protein coding at exon 2
and is cytoplasmic, while the larger starts at exon 1 and has a mitochondria targeting
sequence (Leclerc et al. 1999). Later it has been proven that both mRNAs are

transcribed but the protein is only detected in the cytoplasm (Froese et al. 2008).

MTRR might be regulated by 1C metabolism. In human hepatoma cell line, MTRR mRNA
is downregulated when cell are transferred from folate-repleted medium to folic acid-
depleted medium (Chango et al. 2009). Broilers injected once in ovo with 100 or 150pg
folic acid have higher liver MTRR mRNA expression at 21 days after hatching than with
0 or 50pg folic acid. This suggests that folic acid supplementation during
embryogenesis could modulate the postnatal expression of MTRR (Li et al. 2016). On
the contrary, there are no differences in hepatic MTRR mRNA and protein expression
between mice fed a folate-adequate diet or a folate-deficient diet (Christensen et al.

2010). This is also true for hepatic mRNA from lactating cows receiving weekly
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injections of 160mg of folic acid with or without 10mg vitamin Bz (for 19wk) or no

supplement injections (Preynat et al. 2010).

The natural genetic variations in a DNA locus including the MTRR gene have been
shown in a GWAS of mice strains to determine the methylation state of the biggest
number of CpG sites both in cis and in trans. The methylation state of 27% of the CpG
sites affected by this locus has been reported to be due to the MTRR gene in a severely
deficient MTRR mouse model (gene trapped) (Orozco et al. 2015). Previous studies
with the same mouse model reported higher tHcy (Elmore et al. 2007) and betaine, and
lower DNA global methylation in the hippocampus than in the wild type (Jadaviji et al.
2014). Offspring that were homozygote for this mutation, or born from homozygote
dams, had lower birth and placenta weights, and higher risk of congenital heart defects
compared to heterozygote or wild type genotypes. In addition, the MTRR mutant
homozygote dams had a higher proportion of embryo resorptions compared to
heterozygote or wild type genotypes (Deng et al. 2008). Higher plasma tHcy and
transgenerational defects comprising restricted growth in the second generation, and
congenital malformations up to the fifth generation were reported in a study of a
similar mouse model. The transgenerational effects suggest a high impact of MTRR on
the phenotype by epigenetic programming mechanisms (Padmanabhan et al. 2013). To
sum up, MTRR can affect epigenetic regulation, 1C metabolism, and foetal growth and

development according to studies in MTRR deficient mice.
MTRR c.66A>G polymorphism

MTRR is affected by the common polymorphism c.66A>G in which the substitution of
the adenosine at an ATA codon by a guanosine results in a ATG codon, and substitution
of isoleucine at position 22 by methionine (Wilson et al. 1999; Institute of Medicine
2016b). The 66 nucleotide position is in the exon 2 (Leclerc et al. 1999), whereas the 22

amino acid position is in the FMN binding domain (Olteanu et al. 2002).
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In vitro experiments with the purified human recombinant variant and normal MTRR
and in which the shorter isoform was evaluated, revealed no differences in affinity for
the flavonoid cofactors (FAD and FMN) and electron donor (NADPH) or in the maximal
velocity of the reaction of activation of MTR between the variant and normal MTRR
(Olteanu et al. 2002). The polymorphism has no relevant effects on the flavin redox
potentials or electron transfer (Olteanu et al. 2004). However, the higher ratio of
MTRR/MTR required to reach the maximal velocity in the variant MTRR suggests
defects in the formation of the MTRR-MTR complex and/or its stability (Olteanu et al.
2002). In experiments with the isolated domains of MTRR and MTR that interact, the
dissociation constants of the MTRR-MTR complex did not differ between the variant
and normal MTRR (Wolthers and Scrutton 2007). Therefore, it appears that the
reduced efficiency of the variant enzyme is due to impaired formation of the MTRR-

MTR compley, i.e. variant MTRR with less affinity for MTR.

Human studies assessing the possible metabolic effect of the MTRR c.66A>G
polymorphism have focused on serum or plasma tHcy, folate and cobalamin

concentrations (Table 6 and Table 7).

Most of these studies have found no association in patients or healthy individuals
between MTRR c.66A>G polymorphism and plasma/serum tHcy, folate (including RBC
folate) or cobalamin (Brown et al. 2000; Gaughan et al. 2001; Geisel et al. 2001; Lucock
et al. 2001; Botto et al. 2003; Kluijtmans et al. 2003; Yates and Lucock 2003; Brilakis et
al. 2003; Feix et al. 2004; Martinez-Frias et al. 2006; van der Linden et al. 2006; Ananth
et al. 2007; Terruzzi et al. 2007; Fredriksen et al. 2007; Barbosa et al. 2008b; Yang et al.
2008; Barbosa et al. 2008a; van Driel et al. 2009; de Lau et al. 2010; Summers et al.
2010; Montjean et al. 2011; Nagele et al. 2011; Biselli et al. 2012; Clifford et al. 2012;
Zampieri et al. 2012; Lucock et al. 2013; Coppedeé et al. 2014; Liang et al. 2014; Garcia-
Minguillan et al. 2014; Li et al. 2015; Bueno et al. 2016).

Two studies from Morocco and India that include cases of coronary artery disease

found higher tHcy in variant homozygotes compare to hetero and normal homozygotes
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(Laraqui et al. 2007) or with increasing variant allele number (Vinukonda et al. 2009).
An Indian study including Parkinson's disease cases found also higher tHcy with
increasing variant allele number (Kumudini et al. 2014). However, a study of Northern
Irish men reported lower tHcy in variant homozygotes or heterozygotes versus normal
homozygotes (Gaughan et al. 2001). The results of this study contrasted with those of a
previous one in Northern Ireland that reported no differences in tHcy among MTRR
c.66A>G genotypes, although the studied population was younger and included women

(Kluijtmans et al. 2003).

A UK study reported lower serum folate with increasing variant allele number in
mothers without previous NTD affected pregnancies (Lucock et al. 2001). However, an
[talian Down syndrome offspring mothers case-control study reported higher serum
folate in: variant versus normal homozygotes (whole sample), variant homozygotes
versus heterozygotes (cases), hetero versus normal homozygotes (controls) (Coppede
et al. 2014). In both studies determination of serum folate was by protein-binding
assays. These assays were radioassay (Lucock et al. 2001) or non radioassay (Coppedé
et al. 2014). As previously commented protein-binding assays are considered less
reliable for folate determination than the microbiological assay (Introduction section

3.1).

In Lucock et al. lower RBC folate was also found in mothers without previous NTD
affected pregnancies with increasing variant allele number (Lucock et al. 2001). In a
methotrexate treated rheumatoid arthritis patients cohort there was lower RBC folate
in variant homozygotes than in hetero or normal homozygotes (Stamp et al. 2010). But
differences in RBC folate among MTRR c.66A>G genotypes, with higher concentrations
in variant homozygotes and heterozygotes; were observed in patients with
thromboembolic events (Yates and Lucock 2003). While in the Spanish population no
independent effect of the MTRR c.66A>G polymorphism on RBC folate was observed, it
was reported to reduce the RBC folate lowering effect of the MTHFR c.665TT genotype
(Bueno et al. 2016).
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Two studies assessing betaine and/or DMG have found no association between these
and MTRR c.66A>G genotypes in Norwegian cohort of older adults (Fredriksen et al.
2007) and in Brazilian women of childbearing age (Barbosa et al. 2008b).

Higher plasma cobalamin in participants with the MTRR c.66AG genotype compared to
the AA genotype were reported in one European study (Botto et al. 2003) whereas
lower plasma cobalamin in AG compared to AA or GG genotypes was reported in
another (Garcia-Minguillan et al. 2014). Among the differences between the studies, the
former was conducted in an Italian cohort of patients that underwent coronary
angiography (Botto et al. 2003), while the latter was in a Spanish population of healthy
adults with a broader age range (Garcia-Minguillan et al. 2014). The cobalamin
determination methods were also different, with a (non radioassay) protein-binding
assay in the Italian study (Botto et al. 2003), and the microbiological assay in the

Spanish study (Garcia-Minguillan et al. 2014).

Whether folate status modulates the effect of the MTRR c.66A>G polymorphism on tHcy
has been investigated in pregnant women at labour (Barbosa et al. 2008a) and in old
adults (60-90y) (de Lau et al. 2010). Both studies reported no association between
MTRR c.66A>G genotypes and tHcy, between individuals above or below the

serum/plasma folate median.

The pregnancy studies to date that have investigated the association between the MTRR
€.66A>G polymorphism and tHcy, folate, cobalamin, betaine or DMG were based on
maternal blood determinations at delivery (Barbosa et al. 2008a) or postpartum
(Ananth et al. 2007), or on foetal genotype and amniotic fluid concentrations at
amniocentesis (Brouns et al. 2008), or in cord plasma (Visentin et al. 2015). The former
studies reported no association between the maternal MTRR c.66A>G genotypes and
plasma/serum tHcy, folate and cobalamin (Ananth et al. 2007; Barbosa et al. 2008a).
This was also true for foetal genotype and amniotic fluid tHcy (Brouns et al. 2008) and

for cord plasma betaine and DMG (Visentin et al. 2015). Clearly a common factor in all
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of these studies is the inevitable variation in gestational age at the time of blood or

amniotic fluid collection.
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Table 6. Case control studies investigating the role of the MTRR c.66A>G polymorphism on 1C metabolism metabolites.

n

Reference Country, Mar.l(.lato.ry Case Age Metabolites? Results
year fortification Controls )
[outcome]?
56 children . No association
97 child 1-19
(Wilson et al. 1999) Cal\rllgga, ND [SB] canaren tHey (children and mothers
578 mothers 88 mothers 22-55 whole sample)
Lower serum and RBC
UK 38 E?;&’g’?ﬁg folate, RBC 5formylTHF;
(Lucock et al. 2001) ’ No . 56 Adult higher RBC 5CH3THF
ND [NTD offspring] RBC) and ; :
T with G allele increase
derivatives
(whole sample)
tHcy (fasting L
No association
USA, ND and PML#),
IPEspes R ANE) — gog o No  RCHD families] Y° 22 folate, (whole sample
: of 562 individuals)
cobalamin
(Martinez-Frias et al. Spain, 91 i No association
2006) 2001-04 No [DS offspring] 90 16-44 they (whole sample)
99 213 opig N fati
(van der Linden et al. The Netherlands, children [SB] children o association
No tHey (children and mothers
2006) ND 116 264
Adult whole sample)
mothers mothers
USA, 196 tHcy, folate, No association
(Ananth etal. 2007) 2002-03 ves [AP] 191 Adult cobalamin (cases, controls)
Higher tHcy with G
. Morocco, 151
(Laraqui et al. 2007) ND ND [CAD] 79 20-76 tHcy allele

(whole sample)

1Case outcomes: SB, Spina Bifida; NTD, Neural Tube Defect; HRCHD, High Risk of Coronary Heart Disease; DS, Down Syndrome; AP, Abruptio
Placentae; CAD, Coronary Artery Disease. 2Metabolites in plasma/serum unless otherwise specified. 3ND, No Data. 4PML, Post-methionine load test.
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Table 6. Case control studies investigating the role of the MTRR c.66A>G polymorphism on 1C metabolism metabolites

PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

(continued).
n
Reference Country, Mal.ldato.ry Case Age Metabolites? Results
year fortification Controls ()
[outcome]!
. Italy, 82 tHcy, folate, No association
(S vtz e LAl ND3 No [Obesity] =& e cobalamin (whole sample)
(Brouns et al. 2008) The Ne;c\lhsrlands, No [c?38])] 68 1(23;/\3]7 Amngﬁ;ﬂuld (Slazzsss;)g;zltilglr;)
: : Positive correlation
(V‘“‘“z‘ggg;‘ etal e No [ égg] 108 3679  tHey tHey - G allele
(whole sample)
(Montjean et al. 2011) France, No >0 53 Adult tHc No association
) ' ND [0ZP] y (whole sample)
.. Brazil, 105 No association
(Zampieri et al. 2012) ND ND IS el 185 Adult Folate e ——
Higher folate with G
\ Italy, 172 tHcy, folate, allele
(Coppedé etal. 2014) ND No [DS offspring] 187 Adult cobalamin (cases, controls,
whole sample)
. : Positive correlation
0 ult tHc tHcy - G allele
(K“mz“odllz L e N [1;;)1] 416  Adul Hey Hey -G lallel

(whole sample)

1Case outcomes: CBD, Complex Birth Defect (combination of NTD, orofacial cleft, congenital heart defect, omphalocele); CAD, Coronary Artery

Disease; OZP, Oligozoospermia; PD, Parkinson's Disease. 2Metabolites in plasma/serum unless otherwise specified. 3ND, No Data.
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Table 7. Retrospective cohort studies investigating the role of the MTRR c.66A>G polymorphism on 1C metabolism

metabolites.
Country, Mandatory n I
Reference year fortification [feature]! Age (y) Metabolites Results
(Brown et al. USA, 180 tHcy, folate, ..
2000) ND? ND [cc] <58 cobalamin No association
Northern
(Gaughan et al. Ireland, No 601 30-49 tHcy, fola.t © Lower tHcy with G allele
2001) ND [Men] cobalamin
Geisel et al. 2001 e No 280 20-102 tHcy, folate No association
ND v
[taly, 68 old tHcy, folate, Higher cobalamin in AG
(Botto et al. 2003) ND No [CA] adult cobalamin genotype
(Brilakis et al. USA, 504 i L
2003) 1998-99 Yes [CAD] 27-77 tHcy No association
" Northern
(Klul];r(r)lgg)s etal Ireland, No 452 20-25 tHc;lé,Bfg;atCeogzelglrlnTnand No association
1997-99 ’
UK, 51 [TE] : .
(YateszaonodgLucock Australia, No 52.79 tHcy, RBC folate Higher RBC fo'll?ée with G allele
) ND 101 [NTE] (TE)
. Austria, 733 tHcy, folate, ..
(Feix et al. 2004) 1996-98 No [RT] Adult cobalamin No association
(Vaughn et al. USA, 362 i tHcy, folate, ..
2004) 2000-01 Yes [Women] 20-30 cobalamin No association

(Fredriksen etal. Norway, tHcy, folate, betaine,

2007) 1999-01 No 10601 50-64 DMG, cobalamin No association
(Barbosa et al. Brazil, No 102 Child tHcy, folate (serum and No association
2008b) <2004 [Women] bearing RBC), DMG, cobalamin

1Cohort specific features: CC, Cardiac Catheterization; CA, Coronary Angiography; CAD, Coronary Artery Disease; TE, Thromboembolic Event; NTE,
Non-Thromboembolic Event vascular problems; RT, Renal Transplant. ZMetabolites in plasma/serum unless otherwise specified. 3ND, No Data.
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Table 7. Retrospective cohort studies investigating the role of the MTRR c.66A>G polymorphism on 1C metabolism
metabolites (continued).

Country, Mandatory n

i 2
Reference year fortification [feature]! Age (y) Metabolites Results
(Barbosa et al. Brazil, No [Pre na2n7tswomen Child tHcy, folate, No association
2008a) 2001-03 & ' bearing cobalamin
labour]
(Yang et al. 2008) 19[?1A_;)4 No 6793 =212 tHcy, folate No association
. The
(vanzD Or(l)gl)et il Netherlands, No [M03t3;16ers] 20-48 tHcy No association
2003-07
The
(dezl.giloest al. Netherlands, No 1011 60-90 tHcy No association
ND3
(Stamp et al New 191 Lower RBC folate in GG
betal  Zealand, No 18-84 RBC folate
2010) 2005-08 [MTXR] genotype
(Summers et al. USA, Child ltHc.y, folate and ..
2010) 2007 Yes 49 bearing derivatives (serum and No association
RBC), cobalamin
Austria
! No 139 No association
2005-07
(Naggllelgt al [NOP] 18-92 tHcy (separated and combined
5 o%ssAi 5 Yes 281 cohorts)
(Cllfzfgrldz)e tal 2 O%SZAO 4 Yes 373 30-69 Folate adjusted tHcy No association
iselli et al. es - tHcy, folate 0 association
Biselli etal. 2012) orer ) Y e 0-30 Hey, fol No associati

1Cohort specific features: MTXR, Methotrexate treated Rheumatoid arthritis; NOP, Nitrous Oxide-exposed Patients; DS, Down Syndrome.
2Metabolites in plasma/serum unless otherwise specified. 3ND, No Data.

105



UNIVERSITAT ROVIRA I VIRGILI

PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria Cololnﬁjtrll%dvld;cetlign

Table 7. Retrospective cohort studies investigating the role of the MTRR c.66A>G polymorphism on 1C metabolism
metabolites (continued).

Country, Mandatory n N
Reference year fortification [feature]! Age (y) Metabolites Results
(Lucock et al. Australia, 212 i ..
2013) ND3 No [GEP] 18-89 RBC folate No association
China 400
(Liang et al. 2014) ’ No [Pregnant women, 25-35  Folate adjusted tHcy No association
2011
11-25GW]
(Garcifa-Minguillan ~ Spain, No 771 18-75 tHcy, folate, Lower cobalamin in AG
etal. 2014)* 1998-02 cobalamin genotype
(Lietal. 2015) China, No 480 28-75 Folate No association
' 2005 [HTA]
. . ~250 .
(Visentin et al. Canada, Yes o Hiload 18-45 Betaine, DMG No association
2015) 2010-12 (mothers) (cord plasma)
samples]
(Bueno et al. Spain, i tHcy, folate L
2016)* 1998-02 No 789 18-75 (plasma and RBC) No association

1Cohort specific features: GEP, Gastroenterology Patients; HTA, Hypertension. ZMetabolites in plasma/serum unless otherwise specified. 3ND, No
Data. 4References from the same study sample.
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Maternal and offspring MTRR c.66A>G genotype frequencies did not differ between SGA
cases and controls in a prefortification Australian study (Furness et al. 2008). To the
best of our knowledge, no other study has investigated the effect of this SNP on birth

weight.

The maternal SNP was reported not to be associated with congenital heart defect risk
in two Dutch studies (van Beynum et al. 2006; Verkleij-Hagoort et al. 2008).
Subsequently, a prefortification Canadian study also reported no effect of the maternal
polymorphism on congenital heart defect risk (Christensen et al. 2013). However, the
offspring SNP could be associated with congenital heart defects. Two different meta
analyses did report that the foetal MTRR c.66 variant allele compared to normal allele
was associated with increased risk of congenital heart defects (Cai et al. 2014; Yu et al.
2014). This was also true in Cai et al. when stratifying analyses by ethnicity (Chinese
Han or non-Chinese Han) (Cai et al. 2014). After stratification (Asian or Caucasian) in
Yu et al. higher risk in variant versus normal allele was observed in Asians but not in
Caucasians (Yu et al. 2014). This was also true for the comparison of variant versus
normal homozygotes (Yu et al. 2014). The analysed studies were not the same in both
meta analyses; e.g. Cai et al. included transmission disequilibrium test studies in
addition to case control studies and also a USA Down Syndrome study (Locke et al.
2010). These meta analyses did not include two previous case control studies that
found no association between foetal MTRR c.66A>G genotypes and congenital heart
defect risk in Canada (Christensen et al. 2013) and China (Wang et al. 2013).
Stratification by cobalamin status did not change the absence of association between
the maternal or foetal MTRR c.66A>G genotype and risk of congenital heart defect in a
Dutch study (Verkleij-Hagoort et al. 2008). However, an interaction of cobalamin status
on the effect of the maternal or foetal genotype cannot be ruled out as: 1) to the best of
our knowledge no study from India, where low cobalamin status is prevalent, has
assessed this; and 2) in Verkleij-Hagoort et al. cobalamin status was normal (241-
284pmol/L serum cobalamin means among genotypes) and the low cobalamin group

(=175pmol/L serum cobalamin) was not deficient but marginally deficient. To sum up,

107



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela
ntroduction

the maternal genotype seems not to affect congenital heart defect risk in the offspring,
although this is based on only three studies. The variant allele in the offspring may

increase the risk in Asians but not Caucasians.

Several studies have investigated the association between the MTRR c.66A>G
polymorphism and NTD risk. In a big Irish case control study there were not differences
in the MTRR c.66A>G genotype frequencies of mothers of children with NTDs or
children with NTDs, and controls (O’Leary et al. 2005). A meta analysis assessing 11
studies of the polymorphism in the mother reported that there was higher NTD risk
only in the comparison of hetero and variant homozygotes versus normal homozygotes
(Yadav et al. 2015). Another meta analysis of 12 studies reported higher NTD risk in the
following foetal MTRR c.66A>G genotype comparisons: G versus A allele, GG versus AA,
and GG and GA versus AA (Wang et al. 2015b).

Omphalocele risk did not differ between foetal MTRR c.66A>G genotypes, in a case
control study of a sample of multiple ethnicities from USA and exposed to folic acid

fortification (Mills et al. 2012).

Few studies have investigated the effect of the MTRR c.66A>G polymorphism on risk of
miscarriage. In regard to the SNP in mothers, a South Korean study of sporadic
miscarriage reported no differences in allelic and genotypic frequencies between cases
and controls (Kim et al. 2011). A Chinese study of the risk of recurrent miscarriage,
including stillbirths, reported similar findings (Luo et al. 2015). However, another
Chinese study of recurrent miscarriages (of unspecified gestational age) reported
higher proportion of variant homozygotes and variant allele in the case compared to
the control group (Zhu 2015). The sample sizes of these three studies were: 188, 260
and 292. Insufficient sample size for the detection of an effect in the two former studies
cannot be ruled out. Thus, the evidence for an association between the maternal SNP
and miscarriage occurrence is scarce to date. To the best of our knowledge, there have
been no epidemiological reports, so far, on the effect of the polymorphism in the

embryo.
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Two meta analysis reported that the MTRR c.66A>G polymorphism is a risk factor for
Down syndrome affected pregnancies (Yang et al. 2013; Coppede et al. 2014). Also two
meta analyses reported no association with coronary artery (Singh and Lele 2012) or

heart (Chen et al. 2012) diseases.

4. Placenta
4.1. Brief overview of anatomy

The placenta is a transient organ formed by cells of foetal origin. The human placenta is
haemochorial, that is, the maternal blood is separated from the foetal blood by only the
chorion, which is part of the placenta (Enders 1965). Human placenta is also deciduate,
that is, part of the decidua (a specialised layer of the endometrium) is expelled together
with the placenta (Huxley 1869). The placenta anatomy is complex and only main
features will be explained briefly (Kraus et al. 2004). A scheme of the placenta
circulation and anatomy is shown in Figure 10. A high proportion of the placenta
volume consist of a space where the uterine arteries discharge maternal blood. This
space is called the intervillous space and the chorium frondosum forms tree-like
structures (chorionic villi) in this space. These structures protrude from the mesoderm
of the chorionic plate (the part of the placenta closest to the foetus) and branch into
villi of decreasing diameter, to enhance the surface in contact with the maternal blood
(Figure 11). Inside the chorionic villi, vessels transport foetal blood. Some chorionic
villi grow up to the decidua basalis, forming specialised structures to anchor the
placenta to the endometrium. Nutrients, gases and other molecules are transported
from the maternal to the foetal blood and vice versa penetrating through several cell
layers in the chorionic villi. One of these layers is the syncytiotrophoblast, a continuous
space with multiple nuclei which is in direct contact with the maternal blood. Under
syncytiotrophoblast is the cytotrophoblast, a layer of unfused cells. The surface of the

chorionic plate is covered with an epithelium called amnion and the cord protrudes
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from this plate. The part of the placenta closest to the uterus is called the basal plate,

and includes the decidua located under the placenta: decidua basalis.

Radial growth of the placenta and continuous sealing of the placental edges with the
decidua (which also anchors the placenta to the uterus), leads to the formation of septa
that protrude into the intervillous space marking compartment like sections within this
space. These compartment like sections are cotyledons and once the placenta is
expelled in the delivery they can be identified macroscopically as lobes on the maternal

surface of the placenta.

Figure 10. Placenta blood circulation and anatomy.

Decidua basalis

Uterine vessels

; :| Basal plate

— Intervillous space

Syncytiotrophoblast

Chorionic plate

Umbilical arteries

Amnion

Umbilical vein
Umbilical cord

Mesoderm

Side view scheme of the placenta blood circulation and anatomy. Arrows indicate the direction of the blood

flow. Adapted from (Gray 1918).
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Figure 11. Chorionic plate, chorit; frondosum, and basal plate.

Optic microscope photographs of formalin fixed placentas from participants (standard haematoxylin and
eosin stain). A. Chorionic plate and chorion frondosum. 1, amnion; 2, mesoderm; 3, intervillous space; 4
major chorionic stem villi (greater diameter). B. Chorion frondosum and basal plate. 1, terminal chorionic

villi (lesser diameter); 2, intervillous space; 3, decidua basalis.
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4.2. Function and one carbon metabolism

The placenta controls the transfer of nutrients, wastes and gases between the maternal
and foetal blood and is also an important endocrine organ. It is estimated that the
placental metabolic rate is as high as that in brain, liver and many tumour cells; and this
high oxygen consumption is considered to be necessary for its transport and synthesis
activities (Hay 1991). Among the hormones produced in the placenta there are steroid
hormones such as progesterone and oestrogens; and peptide hormones such as insulin-
like growth factors, relaxin, prolactin, placental lactogen, urocortins, leptin, ghrelin, and
growth hormone, thyrotropin, gonadotropin and their respective releasing hormones

(Imperatore et al. 2006; Tal et al. 2015).

During human placental development, the foetal blood begins to flow in the placenta
vessels at *3GW (Enders and Blankenship 1999), while maternal blood flow to the
intervillous space is not achieved until the end of the first trimester (Wang and Zhao
2010). Initially, during the first trimester foetal nutrition is histiotrophic, i.e. from
endometrium and uterine glandular secretions (Burton et al. 2002). From the end of
the first trimester on, is mainly haemotrophic, i.e. from the nutrients contained in the
maternal blood. The advantages of histiotrophic nutrition in early gestation are
considered to be the hypoxia (the foetus at early stages of development is highly
susceptible to reactive oxygen species), and the more efficient uptake of maternal
cytokines (compared to haemotrophic nutrition) (Burton et al. 2001). It can be
considered that the placenta is fully developed once the final transport way

(haemotrophic nutrition) is achieved, that is, at the end of the first trimester.

The placenta can act as a barrier to several toxins, in some cases accumulating them.
The foeto toxic heavy metal cadmium is an example (Goyer and Cherian 1992).
Placental tissue cadmium concentration (median 68.6ng/g dw, dry weight) is much
higher than in umbilical cord tissue (median 1.16ng/g dw) (Sakamoto et al. 2013). This
effect is thought to be mediated by metallothioneins. Human placentas perfused with

pharmacological cadmium concentrations (20uM) up-regulate metallothionein 2A
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mRNA (Breen et al. 1994). Placenta cadmium and metallothionein protein
concentrations are positively correlated (Serafim et al. 2012). However, the placenta is

not an effective barrier for other toxins such arsenic (Hall et al. 2007).

BHMT mRNA has not been detected in human placenta (Sunden et al. 1997; Solanky et
al. 2010), and cystathionine-beta-synthase mRNA levels are very low. On the other hand,
MTHFR and MTR mRNAs are highly expressed so it has been suggested that human
placenta (in the first trimester and at term) homocysteine is mainly remethylated to
methionine and by the cobalamin dependent reaction (Solanky et al. 2010). By
experiments of competitive inhibition of the transport of substrates or homocysteine in
syncytiotrophoblast apical membrane vesicles, three amino acid transport systems (L,
y*L and A) have been shown to be involved homocysteine transport (Tsitsiou et al.
2011). Several amino acids are transported by each system, and methionine is the
common amino acid to all of these (Tsitsiou et al. 2011). The system L is the major
mediator of homocysteine transport from the intervillous space to the
syncytiotrophoblast cytoplasm (Tsitsiou et al. 2009). It is unknown whether
homocysteine transport in vivo occurs towards the foetus, towards the mother, or both
because the system L mediated transport is bidirectional (Verrey 2003). That maternal
and cord serum or plasma tHcy are positively correlated (Guerra-Shinohara et al. 2002;
Murphy et al. 2004; Molloy et al. 2005; Obeid et al. 2005; Wallace et al. 2008) supports
a homocysteine foetal-maternal transport mechanism; although other factors such as
the relationship between maternal and foetal methyl donor status cannot be excluded
as the main reason. Apart from possible toxic effects, homocysteine may induce
apoptosis and lower chorionic gonadotropin production in the placenta; as shown in
trophoblast cultures with physiologically plausible levels of homocysteine in the media
(20uM) (Di Simone et al. 2003). Also, potential importing of homocysteine to the
placenta would result in a lower flux of amino acid to the foetus, and the supply of
amino acids such as leucine and phenylalanine (transported by system L) is reported to

not be limiting just by a small margin (Chien et al. 1993).
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Serum folate in the maternal vein, placenta intervillous space and umbilical cord
(neonate blood) is positively correlated in humans (Giugliani et al. 1985). In vitro
experiments show the membrane-bound form of folate receptor alpha, the proton
coupled folate transporter and the reduced folate carrier (SLC19A1) are involved in
human placental folate transport (Yasuda et al. 2008). The mRNA levels of these
proteins increase throughout pregnancy in rat placenta suggesting an increased need of
folate for the foetus and placenta as pregnancy progresses (Yasuda et al. 2008).
Experiments with isolated human placental cotyledons perfused with labelled 5-
methylTHF suggest that folate receptor binding and the release of folate on the surface
of the syncytiotrophoblast in contact with the maternal blood, is the first step in the
maternal-to-foetal folate transport (Henderson et al. 1995). The different localisations
of the membrane-bound form of folate receptor alpha, the proton coupled folate
transporter and SLC19A1 in the human syncytiotrophoblast (Yasuda et al. 2008;
Solanky et al. 2010), has led to the proposal of the current model for placenta folate
transport (Solanky et al. 2010). Folate receptors alpha, proton coupled folate
transporter and SLC19A1 are present in the syncytiotrophoblast membrane exposed to
the maternal blood. Folate receptors alpha bind 5-methylTHF and are internalised in an
endosomal vesicle together with proton coupled folate transporters. The lumen of the
vesicle becomes acidic facilitating the export of folates to the cytoplasm by the proton
coupled folate transporter, and afterwards folate receptors and transporters in the
vesicle are recycled back to the maternal blood exposed syncytiotrophoblast
membrane. SLC19A1 in this membrane are an alternative pathway for the import of
folates from maternal blood. The export of folate from the syncytiotrophoblast to the
foetal blood (vessels in the chorionic villi) is achieved by SLC19A1 and possibly other
exporters, but not folate receptor alpha or the proton coupled folate transporter
(Solanky et al. 2010). In cultured human cytotrophoblasts, folate receptor alpha, the
proton coupled folate transporter and SLC19A1 are involved in folate uptake (Keating

etal. 2009).
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A study of 8 women undergoing hysterotomy for termination of pregnancy shows folic
acid is not found in the placenta or foetal liver at different times after labelled folic acid
intravenous injections (Landon et al. 1975). It is found as folate derivatives though,
indicating rapid and extensive metabolism by the mother and/or placenta (Landon et
al. 1975). Supporting a possible role of the placenta in the metabolism of folic acid is
the finding of dihydrofolate reductase activity in human placenta (Jarabak and Bachur
1971). Human placental folate mainly occurs in the polyglutamated forms (Landon
1975) and gamma glutamyl hydrolase activity has been found in human placental
extracts (Landon 1972). The optimal pH for this enzymatic activity is acid (Landon
1972). Two enzymes can remove glutamates from the glutamates chain of folates:
soluble gamma glutamyl hydrolase and membrane folate hydrolase 1; but only the
former has acid pH as optimal (Galivan et al. 2000). In Landon et al’s experiment, the
placenta extract is the supernatant from homogenising and centrifuging placental
tissue in water. Therefore, it is improbable that the placental enzyme is folate hydrolase
1, a transmembrane enzyme (Landon 1972). Another study detected abundant gamma
glutamyl hydrolase mRNA in human placenta (Yin et al. 2003). Moreover,
immunohistochemically gamma glutamyl hydrolase is detectable in human placenta
whereas folate hydrolase is not (The human protein atlas 2016). Therefore, the enzyme

involved in placenta folate mobilisation is gamma glutamyl hydrolase.

In human placentas at term from a sample containing preeclampsia cases (40%),
placental folate concentration measured by microbiological assay ranged 2-32pg/g wet
weight (ww) (Mislanova et al. 2011). Human placenta density have been reported to be
0.995 or 1.020g/ml (Younoszai and Haworth 1969; Del Nero et al. 2002), therefore
rounding to 1g/ml the concentration in Mislanova et al. is 4.5-72.5umol/L. In this study
the highest folate concentrations occurred in preeclampsia cases with MTHFR c.665TT
maternal genotype, and the lowest in cases with CT genotype. Without genotype
stratification cases and uncomplicated pregnancies did not differ in placental folate
concentration (Mislanova et al. 2011). A previous study had reported about 1pg/g ww
(2.3umol/L) in human placentas of x16 GW (Landon 1975).
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In vitro experiments with human trophoblasts suggest that out of the three previously
commented choline transporter families, the choline transporter-like protein family is
the main responsible of placenta choline uptake (Yara et al. 2015). Specifically, high and
low affinity transports are mediated by SLC44A1 (CTL1) and SLC44A2 (CTL2),
respectively (Yara et al. 2015). These two transporter mRNAs are highly expressed in
vivo in human placentas, whereas other members of the three families are not
expressed or at much lower levels (Yara et al. 2015). Choline oxidation is not possible
in the placenta because, as commented previously, BHMT is not expressed in this organ.
The human placenta produces high amounts of acetylcholine, and the placenta choline
acetyltransferase enzyme is indistinguishable from the enzyme in brain (Roskoski et al.
1975). Experiments with fragments of human placentas at term shown choline is
mainly metabolised to acetylcholine, with a small proportion to phosphocholine (a

precursor of phosphatidylcholine) and none to betaine (Welsch 1976).

The GABA/betaine transporter acts as the main mediator of betaine uptake into the
cells (Kempson et al. 2014), and two mRNA transcripts for it have been found in human
placenta. Even though this is at weaker levels than in other organs such as kidney and
brain (Rasola et al. 1995); this transporter can be regarded as responsible for placental
betaine uptake. A part from the GABA/betaine transporter, other transporters may be
involved in the placental betaine transport. A study with rat syncytiotrophoblast cell
line revealed higher betaine uptake and up-regulation of GABA/betaine transporter
and one of the amino acid transport system A members in hypertonic conditions
compared to normal conditions (Nishimura et al. 2010). The addition of a ligand of the
amino acid transport system A, but not of a ligand of the GABA/betaine transporter;
inhibits hypertonic-stress induced betaine uptake (Nishimura et al. 2010). Thus, it is
possible that in addition to the GABA/betaine transporter, system A is also involved in
placenta betaine import and with greater importance under hyperosmotic stress. This
experiment also suggests betaine's main function as an osmolyte against hyperosmotic
stress (Yancey et al. 1982) may be relevant in the placenta. The IMINO transport

system, responsible for the betaine intestinal absorption, can be excluded from
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placenta betaine uptake, as no mRNA as been detected in rat placentas (Takanaga et al.

2005).

As in folate, serum cobalamin concentrations in the mother, placenta and neonate are
positively correlated in humans (Giugliani et al. 1985). The cobalamin bound to
transcobalamin 2 (holotranscobalamin) but not to haptocorrin or intrinsic factor, is the
form which is delivered to the foetus, according to a rabbit study (Fernandes-Costa and
Metz 1979). Experiments with human placenta cell membrane preparations reported
higher binding of holotranscobalamin than of transcobalamin 2 or cobalamin alone, and
that this binding is mediated by a membrane protein that needs divalent cations
(Friedman et al. 1977). It has also been reported that the intrinsic factor - cobalamin
complex does not bind to this preparation (Friedman et al. 1977), adding more
evidence for the exclusion of the intestinal cobalamin uptake pathway in the placental
transport. The membrane protein has been subsequently purified and is the
transcobalamin 2 receptor, although additionally two different proteins or isoforms of
transcobalamin 2 receptor that bind holotranscobalamin have also been detected
(Seligman and Allen 1978). In line with the possibility of other holotranscobalamin
receptors is the fact that transcobalamin 2 receptor knockout mouse is not embryonic
lethal (Lai et al. 2013). As the receptor megalin can bind and internalise
holotranscobalamin in the rat renal proximal tubule and is expressed in placenta, it has
been proposed as an alternative pathway for transcobalamin 2 receptor (Moestrup et
al. 1996). Although haptocorrin and intrinsic factor do not seem to participate in
cobalamin placental transport, a study with perfused human placenta suggests 19% of
the cobalamin internalised in the placenta is bound to haptocorrin and/or intrinsic
factor (Perez-D’Gregorio and Miller 1998). The transport of cobalamin toward the
foetus is thought to involve a concentrating step as proposed for folate, based on the
higher concentration of serum cobalamin found in the maternal blood of the
intervillous space than in the maternal veins (Giugliani et al. 1985). It is considered that
holotranscobalamin in the placenta follows the same pathway discovered in cultured

human skin fibroblast. Holotranscobalamin binds to its receptor and is internalised by
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endocytosis, then cobalamin is released by the lysosomal degradation of
transcobalamin 2 (Youngdahl-Turner et al. 1979). In human placentas, methylmalonyl-
CoA mutase has been isolated, with cobalamin bound to it (Kolhouse et al. 1980) and
the same has been reported for MTR (Utley et al. 1985). In cultured cells of human
chorionic villi collected at 9-10 GW, labelled cobalamin in the media is transformed to
the active cofactors methylcobalamin and adenosylcobalamin, and these bound to MTR
and methylmalonyl-CoA mutase, respectively (Begley et al. 1993). In these cultures the
reactions catalysed by both enzymes are functional (Begley et al. 1993). Therefore the

two pathways in which cobalamin is a cofactor are present in human placenta.

5. Trace elements
5.1. Zinc
Metabolism and pregnancy

Zinc is present in many proteins: 10% of the proteome is estimated to be bound to zinc
in vivo (Andreini et al. 2006). Zinc has catalytic, structural and regulatory functions
(King 2011). It is essential for the catalytic activity of BHMT (Millian and Garrow 1998),
folate hydrolase 1 (Halsted et al. 1998), DNA methyltransferases (Chuang et al. 1996),
alkaline phosphatases (Kim and Wyckoff 1991) and carbonic anhydrases (Hakansson et
al. 1992) among other enzymes (Coleman 1998). Zinc allows the structure of the zinc
finger domains involved in DNA recognition (Miller et al. 1985), and of superoxide
dismutase 1 (SOD1) (Banci et al. 2009). Transcription of genes containing metal
responsive elements can be regulated by zinc levels; e.g. via the metal-binding
transcription factor 1 that acts as an intracellular zinc sensor (Giedroc et al. 2001;
Zhang et al. 2003). Among these genes are the genes coding for metallothioneins, metal
binding proteins involved in heavy metal detoxification, redox and zinc homeostasis
(Lazo et al. 1995; King 2011; Kimura and Kambe 2016), whose synthesis is also
induced by copper and cadmium (Hamer 1986).
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The zinc transporters ZIPs (SLC39As) are responsible for the flow of zinc toward the
cytosol and the zinc transporters ZNTs (SLC30As) for flow out of the cytosol (Cousins
2010). Intestinal zinc uptake occurs throughout the small intestine, with higher rate in
the jejunum, lower in the duodenum and the lowest in the ileum (Lee et al. 1989). Zinc
intestinal absorption is an active process facilitated by the zinc transporter ZIP4

(SLC39A4) in the enterocyte apical membrane (Cousins 2010).

An accepted biomarker of zinc status has not yet been established. Plasma zinc
concentrations are subject to high physiological variability (King 2011), and other
potential biomarkers such as RBC metallothioneins are being investigated (Caulfield et
al. 2008). Zinc is transported in blood plasma as 70% bound to albumin, 18% to az-
macroglobulin and the rest to other proteins and amino acids (Gibson et al. 2008).
Within the cells most zinc is bound to proteins and free zinc concentration is tightly

controlled (Outten and O’Halloran 2001).

Zinc transporter ZNTs have been identified in human placentas (Helston et al. 2007)
and the zinc transport is by an active mechanism (Nandakumaran et al. 2003), but it is
not yet fully understood (Donangelo and King 2012). Cord serum zinc concentrations
are higher than in maternal serum (Hyvonen-Dabek et al. 1984; Krachler et al. 1999),
but the contrary occurs in RBC (Kuhnert et al. 1987b). The lower zinc concentration in

foetal RBC may reflect a worse zinc cellular uptake in the foetus than the mother.

The RDA for zinc in non-pregnant women is based on quantities of absorbed zinc to
exceed endogenous zinc losses. Foetus zinc content in late pregnancy is taking into
account for the RDA in pregnancy. The zinc RDA in pregnancy is 12mg/d or 11mg/d for
women of 18y or under, or over 19y, respectively. The zinc tolerable upper intake level
(UL) is based on the appearance of adverse effects (low copper status as low RBC
superoxide dismutase 1 activity). The zinc UL in pregnant women is considered the
same as in non-pregnant women, i.e. 34mg/day or 40mg/day for women of 18y or

under, or over 19y, respectively (Institute of Medicine - Panel on Micronutrients 2001).
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Variables that may affect or be affected by the concentrations of the trace elements
addressed in this thesis will be commented throughout this and the following sections:
smoking, birth weight, gestational age, maternal age and BMI, socioeconomic level,

neonate sex, trace elements interrelationships and food and supplement intake.

No differences in serum, plasma and RBC zinc concentrations were observed between
pregnant smokers and non-smokers (Vir et al. 1981; Kuhnert et al. 1987b; Kantola et al.
2000). There is controversy about whether maternal smoking reduces the zinc
concentration in RBC of the foetus (Kuhnert et al. 1987b; Kuhnert et al. 1988a) or not
(Aydogan et al. 2013).

In the placenta, higher zinc concentrations are found in pregnant smokers from Chile
(Ronco et al. 2005) and Croatia (Stasenko et al. 2010); but not Turkey (Sorkun et al.
2007), Ukraine (Zadorozhnaja et al. 2000), and Finland, Estonia and Russia (Kantola et
al. 2000). In USA, the association between smoking and higher placenta zinc
concentration is found in some studies (Kuhnert et al. 1987b), but not others (Punshon
et al. 2016). As smoking is an important source of cadmium exposure (EFSA - CONTAM
Panel 2009), the controversial finding of higher zinc concentration in placentas of
smokers in some studies has been attributed to a protective mechanism where
cadmium induces higher metallothionein levels in placenta, with a subsequent side
effect of zinc retention in the organ (Ronco et al. 2005; Ronco et al. 2006). The ratio of
placenta zinc/cadmium concentration is lower in pregnant smokers from USA (Kuhnert
et al. 1988b) and Chile (Ronco et al. 2005) than in non smokers. The proportion of
placenta zinc bound to metallothioneins is 6% in non-smokers and *11% in smokers

(Ronco et al. 2006).

Second trimester plasma zinc is negatively correlated with birth weight (Mukherjee et
al. 1984), with some studies reporting similar results at delivery only in smokers
(Kuhnert et al. 1988a). Other studies reported no association between maternal
plasma, serum or whole blood at delivery and birth weight (Diaz et al. 2002; Al-Saleh et

al. 2004; Ozdemir et al. 2007) or found a positive association with maternal plasma
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collected in the first half of pregnancy (Crosby et al. 1977). Cord plasma, serum and
whole blood zinc have not been associated with birth weight either, in most studies
(Osman et al. 2000; Diaz et al. 2002; Al-Saleh et al. 2004; Ozdemir et al. 2007).
However, cord RBC zinc is positively associated with birth weight (Kuhnert et al.
1988a; Kippler et al. 2010). In a USA study, cord plasma zinc is negatively correlated
with birth weight only in smokers (Kuhnert et al. 1988a). In a big Chinese observational
study, maternal zinc deficiency (as serum zinc <56pg/dL) in the first trimester is
associated with SGA, and in the second and third trimester with SGA and LBW (Wang et
al. 2015a). The serum zinc deficiency cutoff of Wang et al. is based on the P, of first
trimester pregnant women in the National Health and Nutrition Examination Survey
(NHANES) II study (Hess et al. 2007), and in another big study from USA using a higher
cutoff (P25) no differences in SGA risk are found (Tamura et al. 2000). In general the
association, if any, between maternal plasma/serum and LBW and SGA is controversial
in the literature (Wilson et al. 2016). There are no differences in cord serum zinc
concentrations between SGA and appropriate for gestational age (AGA) neonates from

Japan (Osada et al. 2002).

There is also controversy regarding the relationship between zinc status in the placenta
and birth weight or categories of it. Placenta zinc concentrations have been reported to
be positively (Ward et al. 1987), or not associated (Kantola et al. 2000; Diaz et al. 2002;
Odland et al. 2004; Ozdemir et al. 2009; Grant et al. 2010) with birth weight. There is a
similar discrepancy in smokers (Kuhnert et al. 1987a; Kantola et al. 2000; Ronco et al.
2005). Higher placenta zinc concentration was found in pregnancies with LBW in a USA
well drinkers cohort (Punshon et al. 2016), but not in other studies (Dawson et al.
1969; Llanos and Ronco 2009). Also no differences were observed between placentas
of SGA and control neonates (Malhotra et al. 1990; Osada et al. 2002; Zadrozna et al.
2009). It is currently unknown whether higher placenta zinc concentrations reflect
more zinc available for foetal development or retention of zinc to compensate toxics
such as cadmium. The ratio of placenta zinc/cadmium concentration is positively

correlated with birth weight in pregnant smokers from USA (Kuhnert et al. 1987a), but

121



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela
ntroduction

this correlation is not found in pregnant smokers and non-smokers from Chile (Ronco

et al. 2005).

Lower zinc concentrations are found in pregnant than non pregnant women in serum,
plasma, whole blood and RBC (Qvist et al. 1986; Atamer et al. 2005; Ghneim et al.
2016). In most cross-sectional studies, maternal plasma/serum zinc concentrations are
lower in more advanced pregnancies (Hyvonen-Dabek et al. 1984; Tamura et al. 2000;
Kantola et al. 2000), but some studies have reported no differences (Reddy et al. 2014).
In longitudinal studies, the maternal concentrations of zinc decrease in plasma and
increase in whole blood and RBC (Vir et al. 1981; Qvist et al. 1986; Caulfield et al.
2008); although the RBC increase in a clinical trial of zinc supplementation is only
found in the zinc supplemented group (Caulfield et al. 2008). At delivery, cord whole
blood zinc is positively associated with gestational age (Kippler et al. 2010), but cord
serum is not associated (Reddy et al. 2014). There is controversy about the possible
association between maternal plasma/serum zinc and preterm risk. Results range from
higher preterm delivery risk in lower compared to higher categories of serum zinc in
China, no association in USA and Denmark, and in Indian studies higher plasma/serum
zinc concentrations in preterm compared to term deliveries or no association (Wilson

etal. 2016).

Cross-sectionally, lower placenta zinc concentrations are found in term pregnancies
than during the first trimester (Kantola et al. 2000), but this has not been observed in
other studies assessing more advanced pregnancies (Ward et al. 1987; Custédio et al.
2003; Reddy et al. 2014). Placenta zinc concentrations from preterm deliveries are not
different than those of term deliveries (Zadrozna et al. 2009), but zinc-uptake capacity
is higher in placentas from preterm than term neonates (Vargas Zapata et al. 2000). A

greater need for zinc transport in placentas of preterm neonates is a possibility.

Maternal age is not associated with maternal serum zinc (Wang et al. 2015a), but it is

positively associated with cord serum zinc (Osman et al. 2000).
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Studies assessing maternal age and placenta zinc concentration have led to inconsistent
results. Maternal age is negatively correlated with placenta zinc concentration in USA
women (Kuhnert et al. 1988b), positively correlated in Turkey (Ozdemir et al. 2009)
and not associated in England (Ward et al. 1987) and Jamaica (Grant et al. 2010) .There
are no differences in placenta zinc concentration with maternal age above or below 30y
in urban Ukrainian women (Zadorozhnaja et al. 2000) and USA well drinkers (Punshon
et al. 2016). But Brazilian adult pregnant women have higher zinc concentrations on

the foetal side of the placenta than in the 15-19y group (De Moraes et al. 2011).

Higher maternal serum zinc was reported in Chinese women with 18.5-24.9 compared
to below 18.5 pre-pregnancy body mass index (BMI) (Wang et al. 2015a). Differences in
placenta zinc according to 24 GW BMI were found in USA well drinkers with the highest
concentrations in normal BMI (<25) and the lowest in obese (BMI 230) (Punshon et al.

2016).

Income is not associated with maternal serum zinc in pregnant women from China
(Wang et al. 2015a), and to the best of our knowledge no study has assessed this on

placenta concentrations.

There is higher placenta zinc in placentas of male newborns in the USA well drinkers
cohort (Punshon et al. 2016), but other studies has found no association (Osman et al.

2000; Phuapradit et al. 2000).

Placenta zinc is positively correlated with placenta copper in pregnant women from
England (Ward et al. 1987), Ukraine (Zadorozhnaja et al. 2000), and Northern Norway
and Russia (Odland et al. 2001). However, this is not the case in Turkey (Ozdemir et al.
2009), Finland (Kantola et al. 2000), Sweden (Osman et al. 2000), Portugal (Serafim et
al. 2012) and Japan (Tsuchiya et al. 1984). Placenta zinc is positively correlated with
placenta concentrations of selenium in several studies (Osman et al. 2000), including a
USA well drinkers study (Punshon et al. 2016); but not in other studies (Odland et al.

2001). Placenta zinc and iron concentrations are negatively correlated in Northern
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Norway and Russia (Odland et al. 2001), positively correlated in Japan (Tsuchiya et al.
1984), and not associated in Turkey (Ozdemir et al. 2009). Supporting an absence of
interaction between zinc and iron, no differences in placenta zinc concentration are

found between iron supplement users and non-users from England (Ward et al. 1987).

Lower placenta zinc compared to control diets is observed in animals fed a zinc
deficient diet (McKenzie et al. 1975; Fosmire et al. 1977; Masters et al. 1983a).
However, no differences are observed in diets low in zinc (Kalinowski and Chavez
1991) or with twice the zinc requirements (Marques et al. 2016). There is controversy
regarding whether the food restriction and weight loss that accompany zinc deficiency
are greater determinants than dietary zinc intake itself of the placenta concentrations
(Masters et al. 1983b), or not (McKenzie et al. 1975). Zinc intake seems not to affect
blood zinc in human studies. In a clinical trial, maternal plasma and RBC zinc are not
different in the group supplemented throughout pregnancy with zinc in addition to iron

and folic acid than in a group without zinc (Caulfield et al. 2008).

Potential effects of 1C metabolism on zinc status

Effect of folate on zinc uptake and status

Six human studies tested the effect of concomitant folic acid and zinc intake on zinc
absorption and four of these reported no effect (Keating et al. 1987; Krebs et al. 1989;
Arnaud et al. 1992; Hansen et al. 2001). These studies observed no difference in zinc
absorption following a zinc tolerance test (ZTT) combined with 10-200mg of folic acid
or 5-formylTHF compared to the ZTT without folic acid in healthy volunteers (Keating
et al. 1987; Krebs et al. 1989; Arnaud et al. 1992; Hansen et al. 2001) or no effect on
Zn®s absorption from bread made with flour fortified with folic acid (Hansen et al.
2001). The former was also true in ZTT with 200mg folic acid compared to 5-
formylTHF (Arnaud et al. 1992). Two other studies reported that zinc absorption was
lower in the presence of folic acid (Milne 1989; O’Brien et al. 2000). Lower Zn®s

absorption from meals with 800ug of folic acid compared to without folic acid was
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found in 5/13 healthy adults that had a tendency to low zinc intake and plasma zinc
(Milne 1989). This was also true for zinc isotopes absorption from intravenous
injections and oral doses combined with 250ug folic acid, 60mg iron and 15mg zinc
compared to without supplementation in pregnant Peruvian women (O’Brien et al.
2000). Along these lines, another study reported folate to be a negative predictor of the

amount of bioavailable zinc from vegetarian meals (Chiplonkar and Agte 2006).

The results of animal studies of the effect of simultaneous folic acid on zinc absorption
are also controversial, reporting lower absorption with folic acid (McMaster et al. 1985;
Ghishan et al. 1986; Southon et al. 1989) or no effect (Keating et al. 1987). Lower zinc
absorption was observed in rats fed 500pg/d compared to 5ug/d folic acid (McMaster
et al. 1985), or with perfusates with 460uM folic acid compared to without folic acid
(Ghishan et al. 1986), or fed 6mg folic acid, 308mg iron and 11.6g calcium compared to
2.8mg folic acid, 37.7mg iron and 5.8g calcium (/Kg diet) (Southon et al. 1989). The
latter finding was also true for pregnant rats (Southon et al. 1989). But no differences
in zinc absorption were observed among groups of rats administered 1ml of aqueous
solution or milk formula, containing 13pg zinc plus Zn% and 4.4pg, 176ug or no folic
acid intragastrically (Keating et al. 1987). Folic acid and zinc were shown to bind and to
form complexes in vitro, but this mechanism for the possible effect of folic acid on zinc
absorption seems unlikely because the complexes only occurred at pH 2 and were
dissolved at pH 6 (Ghishan et al. 1986). The pH is changed to =6 towards the jejunum in
individuals without gastrointestinal pathologies (Evans et al. 1988). Endocytosis of
folate bound to membrane folate receptors alpha plus proton coupled folate
transporters has been proposed as a folate uptake a mechanism in the placenta,
together with a necessary acidification of the endocytic vesicle lumen for the release
and transport of folate to the cytoplasm (Solanky et al. 2010). This mechanism has been
verified in cervical cancer cells and proposed as the mechanism by which the proton
coupled folate transporter takes up folate when the extracellular milieu is at neutral pH
(Zhao et al. 2009). The pH of these vesicles is as low as 6-6.5, but this is in reclycling

vesicles for 5-methylTHF uptake, and a non recycling pathway with lower pH for folic
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acid is possible (Yang et al. 2007). If this process occurs in the intestine, a sufficiently
acidic pH in the vesicles might promote the formation of complexes between zinc and
folate. In in vitro studies, zinc uptake did not differ in pig purified brush border
membrane vesicles for a folic acid concentration range (0.05-50puM) (Turnbull et al.
1990), or in human intestinal cells after the addition of beverages digestates with
1.75pg/g folic acid or without folic acid (Pullakhandam et al. 2011). But zinc uptake in
rat liver slices (Tupe et al. 2007) and zinc transport through a human intestinal cell
layer (Tupe and Agte 2010) were lower with increasing folic acid concentrations (0.02-

0.57uM).

Four human studies tested the chronic effect of folic acid on zinc absorption and three
of these reported a decreasing effect (Meadows et al. 1983; Simmer et al. 1987; Milne
1989). There was lower zinc absorption in healthy volunteers following a ZTT or the
intake of a meal with Zné5 after 2wk treatments with folic acid as 550ug/d (plus
100mg/d iron) (Meadows et al. 1983), or 350pg/d (Simmer et al. 1987), or 800ug/d
(Milne 1989), compared to before the interventions. This was also true for a 2wk
treatment with 350pg/d folic acid plus 100mg iron in pregnant women (Simmer et al.
1987). The finding in Milne study only occurred in the 5/14 healthy adults with a
tendency to low zinc intake and plasma zinc (Milne 1989). But there were no
differences in Zn®> absorption from meals after a 3wk 400pug/d or 800pg/d folic acid
treatment, compared to before the interventions in healthy volunteers (Milne et al.
1990). Higher zinc absorption was reported in the pups of rat dams fed an ethanol diet
plus folic acid, compared to the ethanol/no folic acid group, from 8 weeks before
pregnancy throughout 21 days of lactation. Rats in the folic acid group had about 80-
100pg/d more folic acid than the no folic acid group (Tavares et al. 2000).

Most clinical trials of folic acid supplementation assessing zinc status did not specify if
folic acid was simultaneous to zinc intake, and have found no differences in plasma,
serum, RBC and urinary zinc concentrations in treated (400-10000pg/d of folic acid for

24d up to 4 months) compared to untreated patients (Butterworth et al. 1988; Reid et
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al. 1992) or untreated healthy volunteers (Milne et al. 1990; Hambidge et al. 1993;
Kauwell et al. 1995; Green et al. 2003). However, lower maternal but not cord plasma
zinc was found in pregnant women taking 250pug folic acid plus 60mg iron compared to
the unsupplemented group (O’Brien et al. 2000). Animal studies have assessed the
effect of folic acid on zinc status in tissues. No differences in liver or femur zinc
concentrations were observed in rat fed diets supplemented with folic acid as
100mg/Kg diet compared to unsupplemented diets (Fuller et al. 1988), or with folic
acid as émg/Kg diet compared to 2.8mg/Kg diet (Southon et al. 1989). However, in
Fuller et al. study higher kidney zinc concentration was found in pregnant or lactating
rat dams fed the folic acid supplemented diet compared to the unsupplemented diet

(Fuller et al. 1988).

In observational studies folate and zinc concentrations are positively correlated in
amniotic fluid (Weekes et al. 1992) and negatively correlated in plasma/serum of
preterm neonates (Fuller et al. 1992) but not of pregnant women (Mukherjee et al.
1984; Tamura et al. 1992). Folic acid supplements use was not associated with amniotic

or plasma zinc in pregnant women (Weekes et al. 1992; Tamura et al. 1994)

Effect of choline on zinc uptake and status

Rats fed a choline deficient diet have lower hepatic zinc concentrations than fed a
control diet (Keefer et al. 1973). The author of this experiment did not test zinc
intestinal uptake in perfused rat intestine but proposed impaired zinc absorption
(Keefer et al. 1973). In vitro experiments with human neuroblastoma cell line in
medium with 1pM zinc, show higher intracellular zinc levels when M1 muscarinic
acetylcholine receptor or its downstream effector are stimulated (Zuchner et al. 2006).
Because this receptor is localised in the intervillous space membrane of the
syncytiotrophoblast according to pharmacological experiments (Pavia et al. 1997) and
there is high acetylcholine synthesis in the placenta (Welsch 1976), a link between

placenta zinc status and choline might exist.
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5.2. Copper
Metabolism and pregnancy

Copper is necessary for the catalytic function of several proteins, such as the diamine
oxidase (Wolvekamp and De Bruin 1994) and three ferroxidase enzymes: hephaestin
(Chen et al. 2004), ceruloplasmin (Zaitseva et al. 1996), and zyklopen (Danzeisen et al.
2000; Chen et al. 2010). Although ceruloplasmin contains >95% of the plasma copper,
experiments with mutant aceruloplasminemic mice show ceruloplasmin has little effect
on copper homeostasis (Meyer et al. 2001). However, liver copper and iron
concentration are higher in aceruloplasminemic mice and this has been attributed to

loss of ferroxidase activity (Meyer et al. 2001).

The copper transporter 1 (SLC31A1) is considered the main mediator of copper
intestinal uptake (Nose et al. 2006). In tissues, the superoxide dismutase 1 is the major
copper containing protein (Rakhit and Chakrabartty 2006), but metallothioneins have

been reported to be involved in intracellular storage of copper (Tapia et al. 2004).

In the placenta, copper uptake from the intervillous space is through passive carrier-
mediated transport (Tong and McArdle 1995; Nandakumaran et al. 2003). In addition
two copper transporting ATPases have been identified in human placenta (Hardman et
al. 2004), and according to human placenta cells and mouse experiments, the ATP7A
pump delivers copper to the foetus, and the ATP7B pump returns excess copper to
maternal blood (Hardman et al. 2007; Wadwa et al. 2014). Copper concentrations in
cord plasma, serum or whole blood are lower than in the mother (Goel and Misra 1982;
Hyvonen-Dabek et al. 1984; Tsuchiya et al. 1984; Schramel et al. 1988; Ong et al. 1993;
Krachler et al. 1999; Al-Saleh et al. 2004). This has been attributed to lower
ceruloplasmin levels in foetal than maternal blood, but an endocytic pathway against

the copper gradient may also be involved (Hardman et al. 2006).

The calculation of RDA for copper in pregnancy is based on the reported content of

copper in term foetus, placenta, amniotic fluid and maternal tissues developed in
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pregnancy. The copper RDA in pregnancy is 1mg/d. The pregnancy copper UL is based
on liver damage as an adverse effect in non-pregnant women. Copper UL in pregnancy
is 8mg/d or 10mg/d for women <18 or 219 years, respectively (Institute of Medicine -

Panel on Micronutrients 2001).

Maternal smoking seems not to affect the copper concentrations in maternal serum at
different stages of pregnancy (Mochizuki et al. 1984; Kantola et al. 2000) or in cord RBC
(Aydogan et al. 2013). There are no differences between placenta copper
concentrations of pregnant smoker and non-smokers from Chile (Ronco et al. 2005),
Croatia (Stasenko et al. 2010), Ukraine (Zadorozhnaja et al. 2000) and Finland, Estonia
and Russia (Kantola et al. 2000).

Maternal plasma copper concentrations at delivery are negatively associated with birth
weight (Ozdemir et al. 2007), but not in whole blood (Al-Saleh et al. 2004) or during the
first half of pregnancy (Crosby et al. 1977). Cord plasma or whole blood copper is
negatively associated with birth weight (Al-Saleh et al. 2004; Ozdemir et al. 2007). The
results from studies comparing SGA and AGA pregnancies report either lower copper
concentrations in cord plasma of SGA neonates (Goel and Misra 1982) or no differences

in cord or maternal serum (Osada et al. 2002).

Placenta copper concentrations have been reported to be negatively associated with
birth weight (Kantola et al. 2000), but other studies reported a positive association
(Ozdemir et al. 2009) or none (Ward et al. 1987; Odland et al. 2004; Ronco et al. 2005).
There are no differences in placenta copper between LBW neonates and controls
(Dawson et al. 1969; Llanos and Ronco 2009). Lower placenta copper concentrations
are found in SGA cases from Poland (Zadrozna et al. 2009) but not in Japan (Osada et al.

2002).

Lower serum copper was reported in non pregnant than pregnant women towards the
end of pregnancy (Atamer et al. 2005), but the opposite was reported in a recent study

for plasma and whole blood at delivery (Ghneim et al. 2016). In two cross-sectional
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studies, maternal serum copper concentrations are higher in more advanced
pregnancies (Hyvonen-Dabek et al. 1984; Kantola et al. 2000), with one study finding
no differences at deliveries before, at, or after 37 GW (Reddy et al. 2014). A longitudinal
study reported that maternal serum copper increases between 28 to 37 GW,
maintaining a plateau thereafter (Mochizuki et al. 1984). Cord serum copper though
recently reported not to be associated with gestational age (Reddy et al. 2014) had
previously been reported to be lower in preterm than term neonates (Goel and Misra

1982).

Higher placenta copper concentrations were reported in term pregnancies than during
the first trimester (Kantola et al. 2000), but this was not confirmed in other studies
assessing more advanced pregnancies (Ward et al. 1987; Custodio et al. 2003; Reddy et
al. 2014). Regarding preterm delivery, no differences were reported in placenta copper

concentrations between preterm and control deliveries (Zadrozna et al. 2009).

Maternal age was positively correlated with placenta copper concentrations in Finnish
pregnant smokers but not in non smokers (Kantola et al. 2000), nor in a study from
Turkey with unknown smoking status of the participants (Ozdemir et al. 2009). In
Ukrainian urban pregnant women placenta copper did not differ with maternal age
(Zadorozhnaja et al. 2000). However, foetal side placenta copper concentrations were
reported to be higher in adult pregnant women than the 15-19y group (De Moraes et al.

2011). This was not observed on the maternal side of the placenta.

To the best of our knowledge no studies to date have assessed the effects of maternal

BMI or socioeconomic status on placenta copper status.

Lower placenta copper concentrations were reported in placentas of male compared to
female neonates in some studies (Ward et al. 1987), but not others (Phuapradit et al.

2000).

Placenta copper and selenium are positively correlated (Osman et al. 2000; Odland et

al. 2001). Placenta copper and iron concentrations were negatively correlated in
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studies from Northern Norway and Russia (Odland et al. 2001), but not associated in
Turkey (Ozdemir et al. 2009) and Japan (Tsuchiya et al. 1984). Placenta copper and
iron are negatively correlated in a rat study of low iron or deficiency, and this is not due
to changes in the transcription of copper transport proteins in liver (including
ceruloplasmin) or placenta (Gambling et al. 2004). In addition to the possible
postranslational regulation of these proteins, the placental copper containing
ferroxidase (zyklopen), which is downregulated and upregulated by iron and copper
status, respectively (Danzeisen et al. 2002) may be involved in the placenta iron-copper

relationship.

There were higher placenta copper concentrations in cattle fed a diet with organic (but
not inorganic) supplementation with trace elements including copper, than fed a
control diet (Marques et al. 2016). The opposite was reported in rat dams fed copper
deficient diets compared to copper adequate (Masters et al. 1983a) or low copper diets

(Ebesh et al. 1999; Andersen et al. 2007).

Potential effects of 1C metabolism on copper status

Effect of folate on copper uptake and status

A clinical trial of zinc depletion induction in 8 healthy USA men found no differences in
copper absorptions (as faecal copper loss as percentage of dietary copper intake) and
serum copper concentrations in the supplemented group (400ug folic acid every other
day for 5-6 months), and in the unsupplemented group (Milne et al. 1984). In a
pregnant rat study where methotrexate was added in intraperitoneal injections
chronically and also concomitantly to copper intake, no differences in serum copper
concentration were detected between the methotrexate treated and the untreated

group (Al-Saleh et al. 2009).

Higher serum copper concentrations was reported in mice two hours after receiving a

single oral dose of folic acid as 100mg/Kg body weight than in animals not receiving
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the dose (Hamed et al. 2009). The authors proposed that this acute folic acid oral dose

without copper mobilises tissue copper stores towards the blood.

In observational studies, no differences in copper concentrations at 17 GW were
observed between users and non-users of prenatal supplements (800-1000ug folic acid
daily) in USA pregnant women, in amniotic fluid (Weekes et al. 1992; Tamura et al.
1994) or maternal plasma (Tamura et al. 1994). However, in a study with 57 Scottish
pregnant women, iron-folate supplement users had lower serum copper concentrations

that non users (Burns and Paterson 1993).

In rats a foetal programming effect of folic acid on copper status was reported. The
adult offspring of dams fed folic acid supplemented diet (5mg/Kg diet) during
pregnancy had lower copper concentration in kidney but not in liver, than those born of

dams fed the control folic acid diet (2mg/Kg diet) (Krdél et al. 2011).

Effect of choline on copper uptake and status

In a rats fed diets low in protein and with 0.1% copper sulphate (non-toxic levels),
there were larger quantities of copper in the liver when the diet is supplemented with

choline than when the diet is low in choline (Hegsted et al. 1948).
5.3. Selenium
Metabolism and pregnancy

Selenium is contained in several human proteins (selenoproteins), mostly as the amino
acid selenocysteine. Enzymes such as glutathione peroxidases, which catalyse the
conversion of lipid or hydrogen peroxide and reduced glutathiones to water and
oxidised glutathione, have selenocysteine in their sequence (Diamond 2015). Other
selenocysteine-containing enzymes are the thioredoxin reductases, which reduce the
thioredoxin proteins that can then reduce other proteins to avoid oxidative stress (Lu

and Holmgren 2014). Non-selenocysteine selenoproteins includes selenium binding
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protein 1 (SELENBP1), whose specific function is still unknown but has been suggested

to have anticarcinogenic properties (Diamond 2015).

Selenium absorption and assimilation are not clearly understood (Fairweather-Tait et
al. 2011). Organic selenium, such as selenomethionine and selenocysteine, is absorbed
in the intestine by two amino acid transport systems (B? and b0+ rBAT) (Nickel et al.
2009). Inorganic selenium as selenate (Se04%-) is possibly absorbed in the intestine by
the anion exchangers SLC26s (Fairweather-Tait et al. 2011). Selenate uptake in the
placenta is possibly mediated by SLC26s (Shennan 1988) and SLC13A4, which also
transport chromium (Miyauchi et al. 2006). Cord blood selenium concentrations are
lower than in the mother (Hyvonen-Dabek et al. 1984; Wasowicz et al. 1993; Al-Saleh et
al. 2004). However, a Polish study reported similar concentrations in both

compartments (Dobrzynski et al. 1998).

The calculation of the RDA for selenium is based on the selenium needed to reach the
plateau concentration of plasma glutathione peroxidase, the concentration assumed to
correspond with tissue selenoenzyme activity level. The RDA in pregnancy takes into
account the selenium content of a 4kg foetus. Selenium RDA in pregnancy is 60ug/d.
The pregnancy selenium UL is based on hair and nail brittleness and loss as adverse
effects in non-pregnant women. In addition, uncertainty due to more sensitive
individuals is taken into account. Selenium UL in pregnancy is 400ug/d (Institute of

Medicine - Panel on Dietary Antioxidant and Related Compounds 2000).

Smoking has been reported not to affect maternal serum or whole blood selenium
(Kantola et al. 2004) although it had been negatively associated with blood selenium in
a previous study (Kosanovic et al. 2002). A similar controversy occurs in cord whole
blood selenium concentrations (Kosanovic et al. 2002; Kantola et al. 2004). Passive
smoking was recently reported not to be associated with cord serum selenium (Al-

Saleh et al. 2015).
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Smoking has been reported not to be associated with placenta selenium (Osman et al.
2000) but a later study in rural Finland women reported that it was higher in smokers
than non smoker (Kantola et al. 2004). These findings were not confirmed in Estonian
women (Kantola et al. 2004). Passive smoking was not associated with placenta

selenium (Al-Saleh et al. 2015).

Maternal serum selenium is negatively associated with birth weight only in non
smokers (Kantola et al. 2004), but no association is found in maternal whole blood
selenium (Kantola et al. 2004). Cord whole blood selenium is positively associated with
birth weight only in non smokers (Kantola et al. 2004), and is not associated in cord
serum (Osman et al. 2000; Al-Saleh et al. 2015). Maternal or cord serum selenium do

not differ between SGA and AGA pregnancies (Osada et al. 2002; Al-Saleh et al. 2015).

Placenta selenium and birth weight were positively associated in AGA pregnancies of a
study of Croatian non-smokers (Klapec et al. 2008), but these findings were not
confirmed in other studies (Ward et al. 1987; Kantola et al. 2004; Odland et al. 2004;
Grant et al. 2010; Al-Saleh et al. 2015). Placenta selenium did not differ between LBW
neonates and controls in a Chilean study of non-smokers (Llanos and Ronco 2009) and
in a USA well drinkers cohort (Punshon et al. 2016). There have been varying reports
on placenta selenium of SGA neonates, being reported to be lower (Klapec et al. 2008)
or higher (Osada et al. 2002; Zadrozna et al. 2009) than AGA neonates. In a big Saudi
Arabia study no association between placenta selenium and SGA risk was observed (Al-

Saleh et al. 2015).

Lower serum selenium was observed in pregnant than non pregnant women (Atamer
et al. 2005). Maternal serum and whole blood selenium were lower at delivery or in
more advanced pregnancies (Hyvonen-Dabek et al. 1984; Kantola et al. 2004), but such
a difference was not observed in samples of smokers only (Kantola et al. 2004). Several
studies reported no association between placenta selenium and gestational age (Ward
et al. 1987; Osman et al. 2000; Odland et al. 2001) but lower selenium was reported at

delivery than in first trimester placentas in Finnish and Estonian studies (Kantola et al.
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2004). No differences in placenta selenium were observed in rats at different

gestational ages (Bou-Resli et al. 2001).

Maternal blood selenium in term and preterm deliveries were reported to be similar
(Wilson et al. 1991; Mask and Lane 1993; Wasowicz et al. 1993; Lorenzo Alonso et al.
2005), except in a study in which plasma selenium was lower in preterm pregnancies
(Dobrzynski et al. 1998). Reports on cord blood selenium and preterm delivery also
have inconsistent findings with some studies showing lower concentrations in plasma
of preterm neonates (Mask and Lane 1993; Dobrzynski et al. 1998) and others no
differences in plasma (Wilson et al. 1991; Wasowicz et al. 1993) or whole blood
(Lorenzo Alonso et al. 2005) compared to control neonates. Higher placenta selenium
in preterm deliveries was reported in one study (Zadrozna et al. 2009) but not in

others (Dobrzynski et al. 1998; Lorenzo Alonso et al. 2005).

No association was observed between maternal age and maternal serum or whole
blood selenium (Kantola et al. 2004; Lorenzo Alonso et al. 2005). There is controversy
regarding the association between maternal age and cord blood selenium, with studies
reporting in cord whole blood negative (Kantola et al. 2004), positive associations
(Lorenzo Alonso et al. 2005), or no association with cord serum (Al-Saleh et al. 2015).
Maternal age is not associated with placenta selenium (Osman et al. 2000; Kantola et al.

2004; Lorenzo Alonso et al. 2005; Grant et al. 2010; Al-Saleh et al. 2015).

Maternal BMI was not associated with cord serum or placenta selenium (Al-Saleh et al.
2015; Punshon et al. 2016). Socioeconomic level was not associated with placenta
selenium (Al-Saleh et al. 2015), and that is true also for neonate sex (Osman et al. 2000;

Al-Saleh et al. 2015; Punshon et al. 2016).

Placenta selenium and iron are negatively associated (Odland et al. 2001). As for
selenium intake, higher serum selenium concentration was found in cattle fed diets
supplemented with 1mg/d or 2mg/d inorganic selenium, than fed a control diet (de

Toledo and Perry 1985). In a clinical trial of organic selenium supplementation, plasma
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selenium concentrations increased in old adults taking 100ug/d or 300ug/d selenium

during 6 months, while remained unchanged in the placebo group (Bekaert et al. 2008).
Potential effects of 1C metabolism on selenium status

Selenium is usually considered a nutrient, but as a trace element is toxic at high
concentrations. One carbon metabolism can have an effect on selenium status because,
as in arsenic, methylation of selenium is required for its detoxification. The methylated
intermediaries, i.e. mainly the pulmonary-excreted dimethylselenide and the urine-
excreted trimethylselenonium, are less toxic than selenite ion (Se032-) (Olson 1986).

SAM is required for its methylation (Tandon et al. 1986; Hoffman and McConnell 1987).

Effect of folate on selenium uptake and status

Folic acid can chronically impair organic selenium absorption. Lower seleno-
methionine absorption in the duodenum was reported in the rat pups born to dams fed
8mg folic acid compared to 2mg folic acid (/Kg diet), from 8 weeks before pregnancy

throughout 21 days of lactation (Nogales et al. 2011).

Folic acid simultaneous to selenium intake has been reported to affect selenium status
in several tissues. Serum and urine selenium were lower in rat pups born to dams fed a
diet supplemented with inorganic selenium plus folic acid compared to selenium alone
(Ojeda et al. 2010; Nogales et al. 2011). This was also true for selenium concentration
in the heart, kidney, spleen and testes but not the lungs and brain, where it was higher
(Ojeda et al. 2010). Although folate receptors seem to play a minor role in folate
intestinal uptake, the authors suggested competition in the intestine between selenium
(as selenite) and soluble folate receptors for megalin, an endocytic receptor confirmed
to be involved in cellular uptake of soluble folate receptors in kidney and yolk sac (Birn

et al. 2005) and of the selenoprotein P (SELENOP) in kidney (Olson et al. 2008).

In a pregnant rat study where methotrexate was added in intraperitoneal injections

chronically and also concomitantly to selenium, no differences in serum selenium
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concentration were detected between the methotrexate treated and the untreated

group (Al-Saleh et al. 2009).

Effect of choline on selenium uptake and status

Methyl groups derived from choline oxidation appear not to be involved in selenium
detoxification by methylation. Rats fed a choline deficient diet had similar urinary
selenium excretion to the control diet following an acute dose of selenite with 75Se
(Zeisel et al. 1987). A previous study reported similar dimethylselenide formation after
injection of selenium (1.4mg/kg body weight) in choline-deficient rats and the control

group (Hirooka and Galambos 1966).

Effect of cobalamin on selenium uptake and status

Higher kidney selenium (but not liver) was reported in cobalt deficient sheep
compared with the cobalt supplemented group (Andrews et al. 1963). This was true
both in the case of low natural selenium supply and for selenium supplementation
(Andrews et al. 1963). More susceptibility to selenium toxicity induced by oral
supplements was suggested in cobalt deficient sheep or those with low protein intake
in an Australian study, although no statistical test was used (Gardiner 1966). In a study
with rats injected intraperitoneally with 1.5mg selenium and 75Se, the cobalamin
depleted group had reduced formation of dimethylselenide, reduced urine
trimethylselenonium, higher retention of 75Se in liver, kidney and muscle, and lower
retention of 75Se in blood (Chen and Whanger 1993). In this study, liver extracts or
hepatocytes from cobalamin deficient rats transformed less selenium to
dimethylselenide, and the hepatocytes were less resistant to selenium toxicity (Chen
and Whanger 1993). A subsequent study with perfused rat intestines and labelled
selenium discarded a chronic effect of dietary cobalamin on selenium intestinal
absorption (Chen et al. 1993). Liver and kidney selenium were higher and blood
selenium lower in rats after 6 weeks on a cobalamin deficient compared to

supplemented diet, each including different sub-toxic concentrations of selenium (Chen
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et al. 1993). In other tissues (heart, spleen), lower selenium concentrations were
reported with cobalamin deficiency after eight weeks (Chen et al. 1993). Therefore,

cobalamin seems to affect selenium status but not absorption.
5.4. Iron
Metabolism and pregnancy

Physiologically, iron exists in two stable oxidation states: ferric (Fe3+) and ferrous
(Fe2+). Body iron content (about 4.0g in men and 3.5g in women) is distributed between
RBC haemoglobin (60-70%), muscle myoglobin (10%), and storage pools (20-30%) as
ferritin and haemosiderin in the liver and in the monocytes and macrophages of the
reticular connective tissue (Geissler and Singh 2011). The ferritin complex contains
iron as Fe3+ (up to 4500 atoms) which is easily released and reduced to Fe2+ when
ferritin is degraded in the cytosol (Koorts and Viljoen 2007). If ferritin is internalised in
lysosomes for degradation, haemosiderin can be formed and in this case the stored iron
is less mobilisable, thus protecting against iron toxicity (Koorts and Viljoen 2007).
About 1% of total body iron is contained in enzymes: haem enzymes such as
cytochromes, catalase and haem-dependent peroxidases; and non-haem iron enzymes.
Less than 0.2% of total body iron is transported in plasma bound to soluble transferrin
proteins (Geissler and Singh 2011). Each transferrin binds one Fe3+ atom and this
holotransferrin can interact with its membrane receptor, undergoing endocytosis, and
releasing the iron to the acidic lumen of the vesicle (Luck and Mason 2012). The
transferrin-mediated cellular iron delivery process ends with the export of Fe3* to the
cytosol and the recycling of transferrin and its receptor back to the blood plasma and
cell membrane, respectively (Luck and Mason 2012). Extracellular iron not bound to
transferrin, and in the Fe?* state can be transported into cells by ZIP14 (SLC39A14)
(Liuzzi et al. 2006), which is one of the cellular importers of Zn2+ (King 2011). The
export of Fe2* from the cells is carried out only by the ferroportin protein (SLC40A1)
(McKie et al. 2000; Gulec et al. 2014).
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Non-haem iron intestinal uptake occurs mainly in the duodenum, by the divalent cation
transporter 1 (SLC11A2) (Gunshin et al. 1997). The divalent state of iron in the
intestinal lumen is achieved by ferrireductase activities of enzymes (such as
cytochrome b reductase 1) and certain molecules (such as ascorbic acid) (Luck and
Mason 2012). The non-haem iron absorbed by the enterocytes (in Fe2+ state) is
exported by the ferroportin transporter (McKie et al. 2000). The exported iron needs to
be oxidised to Fe3* (by proteins with ferroxidase activity, which in the enterocyte
basolateral membrane is hephaestin, a copper-containing enzyme) to be transported by
transferrin in blood (Chen et al. 2004). Ceruloplasmin, another copper-containing
ferroxidase enzyme can contribute to the oxidation of Fe?* to Fe3* after intestinal
absorption (Osaki et al. 1966; Zaitseva et al. 1996), although it is currently considered
as involved mostly in the oxidation of iron for the correct export from the liver (Meyer

etal. 2001).

There is controversy regarding the pathways involved in haem iron intestinal uptake
(Gulec et al. 2014). The later termed proton coupled folate transporter (Qiu et al. 2006),
was firstly identified as a low affinity intestinal haem transporter (Shayeghi et al.
2005). An in vitro experiment with colorectal adenocarcinoma human cells showed that
when the transcription of this transporter is inhibited, both haem iron and reduced
folates uptakes are decreased (Le Blanc et al. 2012). This suggests that the proton
coupled folate transporter is important for haem iron intestinal uptake. More about this
controversy, and a potential competition between folate and haem iron is explained in
the following section. Other experiments with the same cell line report absorbed haem
iron is mostly converted into free iron, although a fraction remains unmetabolised and

is exported from the basolateral membrane (Mendiburo et al. 2011).

Iron intake is used during pregnancy to expand maternal RBC mass, to meet foetal iron
needs, for placental development, and to provide for blood loss at delivery (Cetin et al.
2011). Based on experiments in pregnant rats fed control or iron deficient diets, some

authors have proposed that during pregnancy, iron absorbed in the maternal gut is
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preferentially destined in the following order: foetal RBC > foetal iron stores > maternal
RBC > maternal iron stores (with iron stores as hepatic iron concentrations) (Gambling
et al. 2009). From the approximately 1g of iron in the neonate at birth, 200-400mg are
estimated to come from the maternal stores and the rest from maternal dietary intake

and cessation of menses (Bothwell 2000).

In the placentas from rat dams on iron deficient diets, there is an up-regulation of
proteins involved in iron uptake from the maternal blood: transferrin receptor
(responsible for transferrin-bound iron uptake) and divalent metal transporter 1
(importer of free Fe2+), suggesting that these are two pathways for iron uptake in the
placenta. Although ferroportin (Fe?* exporter) expression is not changed, these
placentas may have a higher efflux of iron towards foetal blood, given that the activity
of placental ferroxidase (zyklopen) is higher (Gambling et al. 2001). In the same study,
human placenta cell growth in iron deficient medium have higher expression of
transferrin receptors and there is a higher iron efflux from the basolateral side,
corresponding with the foetal circulation (Gambling et al. 2001). These results add to
the idea that in maternal iron deficiency conditions, the flux toward the foetus is
prioritised. Cord serum or whole blood iron concentrations are higher than in the
mother (Singla et al. 1979; Hyvonen-Dabek et al. 1984; Tsuchiya et al. 1984; Al-Saleh et
al. 2004).

The RDA for iron in pregnant women of 27mg/d was set by modelling the components
of iron requirements (basal losses, iron deposited in foetus and related tissues, and iron
utilized in haemoglobin mass expansion), estimating the requirement for absorbed iron
at the Po75, and taking into account iron absorption efficiency during pregnancy (25%).
The UL in pregnancy is based on the appearance of gastrointestinal distress in non-
pregnant women, and it is 45mg/day of iron (Institute of Medicine - Panel on

Micronutrients 2001).

Lower placenta iron concentration is found in pregnant smokers from Chile (Ronco et

al. 2005), but not Croatia (Stasenko et al. 2010). Exposure to nicotine by smoking
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during pregnancy has been discarded as an inhibitor of iron transport due to the very
high concentrations needed to exert such effect in placenta cells (McArdle and Tysoe

1988).

Neither maternal plasma or whole blood iron (Crosby et al. 1977; Al-Saleh et al. 2004)
or cord whole blood iron are correlated with birth weight (Al-Saleh et al. 2004). There
are no differences in maternal or cord serum iron between SGA and AGA pregnancies

(Osada et al. 2002).

Placenta iron was positively correlated with birth weight in pregnancies from Turkey
(Ozdemir et al. 2009), but not from England (Ward et al. 1987), Northern Norway and
Russia (Odland et al. 2004), Chile (Ronco et al. 2005) and Jamaica (Grant et al. 2010).
LBW neonate placentas had lower iron concentrations than controls in a Chilean study
of non-smokers (Llanos and Ronco 2009), but this was not found in another study with
unknown smoking status in the participants (Dawson et al. 1969). Also, no differences
were observed between SGA and AGA pregnancies from Japan (Osada et al. 2002). The
mRNA and protein levels of the transferrin receptor are lower in placentas of SGA than
AGA neonates, suggesting impaired iron transport (Mando et al. 2011). The available
evidence suggests that, mobilisable iron in placenta may be associated with foetal

growth, but not placenta total iron.

In cross-sectional studies, maternal (Hyvonen-Dabek et al. 1984; Reddy et al. 2014) and
cord (Reddy et al. 2014) serum iron did not vary with gestational age. Placenta iron
concentration was not associated with gestational age in pregnant women from

England (Ward et al. 1987) and India (Reddy et al. 2014).

Placenta iron was not correlated with maternal age in studies from Turkey (Ozdemir et
al. 2009) and Jamaica (Grant et al. 2010). However, Brazilian adult pregnant women
had higher placenta foetal side iron concentrations than the 15-19y group, although

this was not observed in the maternal side specimens (De Moraes et al. 2011).
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No studies assessing maternal BMI, socioeconomic status and neonate sex with
placenta iron concentrations has been identified. Regarding iron intake, no differences
in placenta iron concentration were found between iron supplement users and non-

users from England (Ward et al. 1987).

Potential effects of 1C metabolism on iron status

Effect of folate on iron uptake and status

The proton coupled folate transporter is considered a high affinity folate importer, and
according to some studies a low affinity haem iron importer. Proton coupled folate
transporter can mediate haem iron uptake according to studies using labelled haem
iron (Shayeghi et al. 2005; Latunde-Dada et al. 2006) but not to studies measuring
electrogenic proton flux (Qiu et al. 2006; Umapathy et al. 2007). This could mean haem
transport does not depend on proton flux. Studies using a fluorescent haem analogue
(zinc protoporphyrin) report effective transport in transfected Chinese hamster ovary
cells (Shayeghi et al. 2005) but not in human embryonic kidney cell (Nakai et al. 2007;
Salojin et al. 2011). In human cases of hereditary folate malabsorption, caused by
mutations in the proton coupled folate transporter gene, large doses of 5-formylTHF are
sufficient to apparently correct the associated haematological disorder (Geller et al.
2002; Qiu et al. 2006). Mutant mice deficient for the proton coupled folate transporter
have survival rates improved with oral doses or injections of various folate forms, but
not with oral non-haem iron or injections of haem iron (Salojin et al. 2011). Oral 5-
methylTHF completely rescues the anaemia in these mutant mice (Salojin et al. 2011).
Serum and hepatic iron are increased in these mutant mice, which the authors propose
to be due to diminished iron use when haemoglobin synthesis is lower (Salojin et al.
2011). In the mouse duodenum, the mRNA transcripts of the proton coupled folate
transporter are not modulated by iron (deficiency or loading conditions), but the
cellular location is, with it ranging from predominantly apical membrane under iron
deficient diets to cytoplasmic location under iron-loaded conditions (Shayeghi et al.

2005). In a human intestinal cell line higher haem iron concentrations in the media
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down-regulate proton coupled folate transporter mRNA (Le Blanc et al. 2012), and
inhibition of the translation of this transporter results in lower haem iron and folate
uptakes (Laftah et al. 2009; Le Blanc et al. 2012). In the retina and retinal pigment
epithelium cells there is higher expression of proton coupled folate transporter
transcripts in mutant mouse models of haemochromatosis, than in the wild type strain
(Gnana-Prakasam et al. 2011). Due to the high bioavailability of haem iron, in Western
societies haem iron intake makes up two-thirds of the total iron stores in spite of
constituting only one-third of the ingested iron (West and Oates 2008). Although the
role of the proton coupled folate transporter in intestinal haem iron uptake is not well
defined, a competitive inhibition might exist between haem iron and folate at the

intestinal absorption site.

Iron uptake in human thyroid slices incubated in sera with 59Fe was not correlated with
serum folate (Buchanan 1971). Non-haem iron and folic acid seem not to interact in
vivo. In an in vitro experiment, the cations Fe2+ and Fe3+ cannot form complexes with
folic acid in conditions resembling physiological ones (pH 6 and experimental medium
consisting in aqueous buffer in addition to the used dimethyl sulfoxide) (Campbell et al.
1994). No effect of inorganic iron on folic acid absorption was observed in rat jejunum
perfusion experiments using the equivalent dose of folic acid to 1000pug and iron
(ferrous sulphate) equivalent to 6.4, 64 or 300mg in humans (Campbell et al. 1994).
Iron uptake was higher in human intestinal cell cultures incubated with media
(containing iron, zinc and vitamin A) with added folic acid and ascorbic acid compared
to the basic media alone. This effect was specific to an experiment using a high-phytate
food matrix (Pullakhandam et al. 2011). However, the interpretation of this study is
more likely to be due to the inorganic iron uptake enhancing effect of ascorbic acid than
to folic acid (Lynch and Cook 1980). To the best of our knowledge, there are no studies
regarding the potential effect of folic acid simultaneous to iron where the iron form is

haem.
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Folate status may affect non-haem iron absorption but there is controversy regarding
iron status. Higher iron (ferrous citrate) absorption and plasma iron concentrations
were observed in rabbits fed a folate deficient compared to normal diet for 10 weeks
and both parameters returned to normal following intramuscular injection of 15mg
folic acid (Celada et al. 1979). In the previously mentioned clinical trial of zinc depletion
in 8 healthy USA men, there were no differences in total iron absorption (haem and
non-haem), serum iron, total iron binding capacity, serum transferrin or ferritin
between the group supplemented with 400pg folic acid every other day for 5-6 months
and the unsupplemented group (Milne et al. 1984). Higher serum iron was reported
two hours after receiving a single oral dose (100mg/Kg body weight) of folic acid
compared to no folic acid in mice (Hamed et al. 2009). The authors proposed folic acid

mobilises tissue iron stores towards the blood.

In a USA observational study, no differences in total iron concentrations in amniotic
fluid or maternal plasma at 17 GW were detected between users and non-users of
prenatal supplements (800-1000ug folic acid daily) (Weekes et al. 1992; Tamura et al.
1994).

The adult offspring of rat dams fed folic acid supplemented diets during pregnancy had
similar liver and kidney iron concentrations to the offspring born to unsupplemented
dams suggesting a lack of foetal programming effect by folic acid on postnatal iron

status (Krél etal. 2011).

Effect of choline on iron uptake and status

Substituting sodium chloride by choline chloride in the medium in which mouse
duodenal fragments were incubated led to no changes in intestinal iron absorption
suggesting that choline probably does not interfere with the intestinal reduction of
non-haem iron in the ferric state and its subsequent absorption (Raja et al. 1989).

There are in vitro reports based on spectrophotometry showing that choline and non-
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haem ferrous iron can form insoluble complexes. However this was reported at a non

physiological pH (11.7) (Geisser 1990).

Intestinal uptake of non-haem iron (Fe2+) was un affected after 14 weeks of a choline

deficient diet in female rats (Batey and Johnston 1993).

Uptake of non-transferrin bound iron (Fe2+) decreased in rat liver when sodium in the
perfusate had been substituted with choline (Wright et al. 1988). The choline
concentration used in the perfusate in this experiment was much greater than the
physiological (*105uM) (Zeisel et al. 1989). In the study of female rats fed a choline
deficient diet to induce liver steatosis of Batey and Johnson, lower hepatic transferrin-
bound iron (Fe3*) uptake was detected as 5%Fe signal in the liver 6 hours after an
injection in the tail vein of 400pg/mL transferrin (50% saturation) (Batey and Johnston
1993). This is a physiological dose of transferrin (*475pg/mL in rat serum) (Gentry-
Nielsen et al. 2001). Therefore, the study with the best replication of in vivo conditions
shows that choline enhances liver iron uptake (transferrin-bound, which is the major

form).

In RBC of 14 GD chicken embryos, Fe3+ (from ovotransferrin) uptake was lower when
the cells were incubated with 50pg phosphatidylcholine than without it (D’Andrea et al.
1995). It was proposed that phosphatidylcholine lowers RBC membrane cholesterol
and that this affects expression and/or mobility of the ovotransferrin receptors

(D’Andrea et al. 1995).
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PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

6. Summary of current knowledge and contributions of this thesis

Genetic study

What is known

What is unknown

What this thesis adds

In vitro the MTHFR c.665 variant allele is
associated with thermolability, lower
enzymatic activity and lower affinity of the
enzyme for its cofactor. 5-methylTHF alleviates
the effect of the variant enzyme.

In vivo the variant allele is associated with
lower plasma/serum and RBC folate, and
higher plasma/serum tHcy concentrations. The
effect on tHcy is reduced/lost when folate
status is high.

Whether folate status modulates the effect of
the maternal MTHFR c.665C>T SNP on tHcy
during pregnancy.

The effect of the SNP on tHcy is not observed
during pregnancy when folate status is high.

In vitro the BHMT c.716 variant allele is
associated with higher affinity of the enzyme
for Hcy. There is controversy about whether

higher or similar affinity of the variant

compared to normal enzyme for betaine.

In vivo the variant allele is associated with
lower plasma DMG, but not betaine or tHcy.

How the maternal BHMT c.716G>A SNP affects
1C analytes during pregnancy.
How the maternal BHMT c.716G>A SNP affects
cord blood 1C analytes.
Whether folate status modulates the effect of
the maternal BHMT c.716G>A SNP on DMG and
the DMG/betaine ratio during pregnancy.

The BHMT c.716G>A polymorphism does not
affect pregnancy changes in betaine and tHcy .

In the AA genotype the increase in DMG starts
later compared to the other genotypes.

Cord DMG is lower in AA compared to GG, but
without differences in betaine or tHcy.

The GA genotype combined with high folate
status is associated with lower plasma DMG
and the AA genotype combined with low folate
status is associated with a higher DMG/betaine
ratio in early pregnancy.
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What is known

What is unknown

What this thesis adds

In vitro the SLC19A1 c.80 variant allele is
associated with higher affinity for formylTHF,
and possibly wrong cellular location of the
transporter. There is controversy about
whether lower or similar methotrexate
transport and expression of the variant
compared to normal transporter.

In vivo no differences in plasma/serum and
RBC folate or plasma/serum tHcy
concentration have been reported between
alleles or genotypes. The variant homozygote
genotype was associated with lower RBC folate
in healthy Spanish adults.

Whether the maternal SLC1941 c.80G>A SNP
affects 1C analytes during pregnancy.
Whether the maternal SLC1941 c.80G>A SNP
affects cord blood 1C analytes.
Whether the SNP affects tHcy during
pregnancy depending on folate status.

The changes in plasma and RBC folate
throughout pregnancy are similar among
SLC19A1 c.80G>A genotypes. THcy hasa U
shape pattern where the increase starts later in
GA and AA.

There are no differences in cord plasma folate
and tHcy among maternal genotypes.
There are no differences in tHcy among
genotypes and plasma folate does not interact
with this.

In vitro the MTRR c.66 variant allele is
associated with lower formation of the MTRR-
MTR complex.

In vivo no differences in plasma/serum and
RBC folate, plasma/serum tHcy or cobalamin
concentrations between the alleles or
genotypes have been reported. Lower plasma
cobalamin in heterozygotes compared to the
other genotypes was observed in a study of
healthy Spanish adults.

Whether the maternal MTRR c.66A>G SNP
affects 1C analytes during pregnancy.
Whether the maternal MTRR c.66A>G SNP
affects cord blood 1C analytes.
Whether the SNP has an effect on cobalamin

and tHcy during pregnancy and whether this is
affected by folate status.

The pregnancy-associated plasma folate
decrease and tHcy increase start later in the
MTRR c.66AG and GG compared to the AA
genotype.

There are no differences in cord plasma folate,
tHcy and cobalamin among maternal
genotypes.

In early pregnancy tHcy is higher in GG
compared to AA, and after stratification this
effect is lost in the highest and lowest plasma
folate tertiles.

At 24-27 GW plasma cobalamin is higher in GG
compared to AA, and plasma folate does not
interact with this.
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Placenta trace element study

What is known

What is unknown

What this thesis adds

There is controversy about the association
between the placenta concentration of zinc,
copper, selenium and iron, and birth weight.
Placenta zinc or iron are not associated with

IUGR. Inconsistent results have been reported
for the association between placenta copper
and selenium with [UGR.

Whether the placenta concentration of these 4
trace elements is associated with birth weight
or IUGR.

Placenta zinc, copper and selenium are
negatively correlated with birth weight.

Placentas of IUGR neonates have higher copper
and selenium concentrations, but after
adjustment for possible confounders only
copper is associated with birth weight and
IUGR risk.

Maternal age and placenta selenium are not
associated. Inconsistent results have been
reported for the association between placenta
zinc, copper and iron and maternal age.
Maternal BMI is negatively associated with
placenta zinc, and not associated with placenta
selenium.

Whether placenta copper or iron are
associated with maternal BMI.

Maternal age is negatively correlated with
placenta zinc.
Maternal BMI is a positive predictor of
placenta copper concentrations after
adjustment for possible confounders.

Neonate sex is not associated with placenta
selenium. Higher or similar placenta zinc has
been reported in male compared to female
neonates. Lower or similar placenta copper has
been reported in male compared to female
neonates.

Whether neonate sex is associated with
placenta iron.

Lower zinc concentration is found in placentas
of male neonates, without differences in
copper, selenium and iron.

Only deficient zinc intake is associated with
low placenta zinc in animal studies. Zinc
supplementation did not affect maternal blood
zinc in a human pregnancy clinical trial.
Copper and selenium intakes affect their
placenta concentrations according to animal
studies.

Iron supplement use is not associated with
iron concentration in human placentas.

Whether total zinc, copper, selenium and iron
intakes are associated with their placenta
concentrations in a human study.

2nd and 3rd trimester users of supplements
containing any of the 4 trace elements have
lower placenta copper concentration than non-
users.
Total intake of each trace element is not
associated with their respective placenta
concentrations.
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What is known

What is unknown

What this thesis adds

There is controversy about whether folic acid
impairs zinc absorption or lowers zinc status.
According to in vitro experiments, intracellular
zinc concentrations might increase under
acetylcholine signalling stimulation.

Whether 1C metabolism affects zinc
concentrations in human organs.

1C metabolism is not associated with zinc in
human placentas.

Little evidence in human studies suggests no
independent effect of folic acid on copper
absorption and status in blood or amniotic
fluid. Results in animal studies are
controversial.

Choline supplementation might increase
hepatic copper according to an animal study.

Whether 1C metabolism affects copper
concentrations in human organs.

Plasma cobalamin at <12 GW and tHcy at
labour are negative and positive, respectively,
predictors of copper concentrations in human

placentas.

In rats, chronic folic acid reduces organic
selenium absorption, and concomitant folic
acid affects the selenium status of several
compartments.

Cobalamin but not choline is involved in
selenium detoxification according to animal
studies.

Whether 1C metabolism affects selenium
concentrations in human organs.

1C metabolism is not associated with selenium
concentrations in human placentas.

Concomitant folate does not affect non-haem

iron uptake. Chronic folate can decrease non-

haem iron absorption. Partially concomitant

folic acid does not affect total iron absorption
or status in blood and amniotic fluid.

Concomitant and chronic choline does not
affect non-haem iron absorption. Iron uptake is

possibly higher in liver with chronic choline,

but lower in RBC with concomitant
acetylcholine.

Whether folate affects haem iron absorption.

Whether 1C metabolism affects iron
concentrations in human organs.

1C metabolism is not associated with iron
concentrations in human placentas.
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Hypotheses and objectives
Hypotheses
Genetic study

General hypothesis

- Polymorphisms in 1C metabolism genes affect 1C analyte concentrations during

pregnancy and pregnancy outcome.

Subhypotheses

- The effects of the polymorphisms (MTHFR c.665C>T, BHMT c.716G>A, SLC19A1
¢.80G>A and MTRR c.66A>G) on the analytes are modulated by folate status.

- These maternal and offspring polymorphisms negatively affect foetal growth and

development, as higher risk of [IUGR and miscarriage.
Placenta trace element study

General hypothesis

- 1C metabolism affects placenta trace element concentrations.

Objectives

Genetic study

General objective

- To analyse the associations between 1C metabolism polymorphisms and 1C

metabolism analytes during pregnancy and pregnancy outcome.

Specific objectives
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- To report the genotype frequency of the MTHFR c.665C>T, BHMT c.716G>A, SLC19A1
c.80G>A, and MTRR c.66A>G polymorphisms in the RTBC.

- To investigate the effect of the MTHFR c.665C>T, BHMT c.716G>A, SLC19A1 c.80G>A,
and MTRR c.66A>G maternal polymorphisms on related 1C metabolism analytes, in the

RTBC.

- To investigate whether folate status modulates the effect of the MTHFR c.665C>T,
BHMT c.716G>A, SLC19A1 c.80G>A, and MTRR c.66A>G maternal polymorphisms on 1C

metabolism analytes other than plasma and RBC folate, in the RTBC.

- To assess whether the MTHFR c.665C>T, BHMT c.716G>A, SLC19A1 c.80G>A, and
MTRR c.66A>G maternal and offspring polymorphisms are associated with adverse

pregnancy outcome (as IUGR and miscarriage), in the RTBC.
Placenta trace element study

General objective

- To analyse the associations between 1C metabolism and placenta trace element

concentrations.

Specific objectives

- To report placenta zinc, copper, selenium and iron concentrations in the RTBC.

- To study the associations between environmental factors and placenta zinc, copper,

selenium and iron concentrations and pregnancy outcome, in the RTBC.

- To investigate the associations of 1C metabolism analytes throughout pregnancy and

placenta zinc, copper, selenium and iron concentrations, in the RTBC.
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Material and methods

1. The Reus-Tarragona Birth Cohort

1.1. Design and study population

The Reus-Tarragona Birth Cohort (RTBC; ClinicalTrials.gov identifier: NCT01778205)
is an ongoing observational longitudinal cohort study. It is being carried out by the
Area of Preventive Medicine and Public Health of the Universitat Rovira i Virgili (URV);
and the Areas of Obstetrics and Gynaecology of the University Hospitals: Sant Joan,
Reus and Joan XXIII, Tarragona (Spain). Ethics approval was granted by the Ethics
Committees of both hospitals in accordance with the Helsinki Declaration (World
Medical Association 2013). The global aim of the study is to investigate the associations
between maternal and paternal nutritional, genetic, medical and other environmental
factors and placental function, pregnancy outcome and offspring health and

development. The pregnancy phase of the study is considered in this thesis.

Participants are women whose pregnancies are monitored in the Sant Joan and Joan
XIII hospitals. The population is not exposed to mandatory folic acid fortification as
such a policy is absent in Spain. From January 2005 to October 2014, 626 women

joined the study.

Participant recruitment was carried out by the obstetricians at the first antenatal
check-up. Eligible participants were informed about the study and required to provide
signed consent on acceptance to participate. Participants with a viable singleton
pregnancy confirmed by ultrasonography and that provided their first prenatal blood
sample before or at 12 GW were eligible to participate. Exclusion criteria included
chronic diseases, surgical interventions and medical treatment affecting nutritional

status or 1C metabolism.
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In line with the recommendations of the Spanish Obstetrics and Gynaecology Society,
women were recommended to take 400ug folic acid supplements daily until the end of
the first trimester (Direcciéon General de Salud Publica (Ministerio de Sanidad y
Consumo - Gobierno de Espafia) 2001). The recommended supplements also contained
2pug cyanocobalamin. The regional pregnancy guidelines recommend folic acid
supplements to be taken from four weeks before conception (Direccié General de Salut
Publica (Departament de Salut - Generalitat de Catalunya) 2005). Daily iron
supplements of 40mg were recommended from 12 GW onwards. It is worth noting the
recommended supplements may be multivitamin, including in their composition trace
elements such as zinc, and other vitamins that can be related to 1C metabolism, such as

pyridoxine or riboflavin.
A summarising scheme of the RTBC is depicted in Figure 12.

Figure 12. RTBC study (pregnancy phase).

Gestational weeks

15t trimester 2™ trimester 3 trimester
[e[e[wou e [T s TTTTT=o]T] I=4I=5I=6I27*
‘ ' R v —
6 r1 $ Q1 @& Q2 ¢ 6. r

RTBC study (pregnancy phase) design. Red drops indicate the timing of blood sample collection. F1 and F2
are the first and second food frequency questionnaires. Q1 and Q2 are the first and second lifestyle

questionnaires.
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1.2. Biological sample collection

1.2.1. Blood samples

Maternal blood samples are collected from the antecubital vein. The umbilical cord
blood sample is collected from the umbilical vein of the cleaned cord before placenta
expulsion following the protocol for cord blood and stem cell sample collection of the
participating  hospitals.  Dipotassium  ethylenediaminetetraacetate (K;EDTA)
Vacutainer® tubes (Becton Dickinson) are used for all blood samples. Fasting blood
samples are collected at <12, 24-27 and 34 GW. Initially another sample was collected
at 15 GW but this has since been omitted due to changes in prenatal care protocols.
Blood samples collected on admission to hospital with confirmed labour (or labour

induction, or planned caesarean section) are not necessarily fasting (Figure 12).

The blood samples are collected into K:EDTA vacutainers to be processed for whole
blood, plasma, washed erythrocytes and leukocyte extraction and in to dry vacutainers
for serum. Whole blood and erythrocytes are not isolated from labour or cord samples.
Blood samples are kept at 4°C after being drawn, and are processed in less than 1 hour
of collection to avoid artefacts in the concentrations of 1C analytes. In the case of
University Hospital Joan XXIII, blood samples are processed in the research laboratory
of the hospital. In the case of University Hospital Sant Joan, blood samples are

processed in the Institut d’Investigacid Sanitaria Pere Virgili (IISPV) Biobank.

For the RBC folate determination (<12, 15, 24-27 and 34 GW), 50ul of whole blood is
removed from the K;EDTA tube before centrifugation and diluted in 450ul freshly
prepared 1% (w/v) ascorbic acid (Panreac)(O’Broin and Kelleher 1992), mixed
thoroughly and incubated at room temperature for 30 minutes. This procedure makes
both the haemolysis of RBC for the release of gamma glutamyl hydrolase and cellular

folates, and a slight acidification of the sample for the proper enzymatic activity of the
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enzyme, making possible the conversion of the polyglutamate folates to the preferred
assayable monoglutamate forms (Pfeiffer et al. 2010). Subsequently, this ascorbic acid
lysate is stored at -802C in two separate aliquots. These aliquots and the plasma
aliquots are stored at -802C in a freezer, as recommended for samples in which cell

viability is not necessary (Vaught 2006).

Plasma aliquots (<12, 15, 24-27, 34 GW, labour and cord) are obtained centrifuging the
other whole blood KzEDTA tube at 1500g for 15 minutes.

Aliquots of total leukocytes are obtained from the K;EDTA tube samples and afterwards
DNA is extracted from these. After the plasma has been removed, PBS [Phosphate
Buffered Saline: 8g NaCl (Panreac), 0.2g KCI (Panreac), 0.24g KH4PO4 (Panreac), 1.44g
Na;HPO4 (Panreac), 1L milliQ water; pH 7.4, autoclaved] is added to the remaining
pellet of blood cells , which includes the buffy coat on top of it. It is thoroughly mixed
with. The mixture is added to 30ml haemolysis solution [7.007g NH4Cl (Fluka), 0.071g
CHsNOs3 (Fluka), 1L milliQ water] in a Falcon tube, thoroughly mixed and incubated at
room temperature for 20-30 minutes. After the incubation the mixture is centrifuged at
2000g for 5 minutes and the supernatant is discarded. The removal of lysated RBC is
also aided with several soft washings of the pellet edges with haemolysis solution. The
pellet is then resuspended to 20ml haemolysis solution, and centrifuged and
supernatant-discarded as previously described. This process yields a buffy pellet of
total leukocytes, which is resuspended to 450ul PBS and finally placed in a Falcon tube
with 10ml of Cell Lysis Solution (Qiagen). The Falcon tube is stored in dark at room

temperature during a varying time ranging from one month to 18 months.

DNA is extracted from maternal and cord leukocytes with the Gentra Puregene Blood
Kit (Qiagen). The following reagents of this kit are used: Protein Precipitation Solution

and DNA Hydration Solution. First, 3.33ml of Protein Precipitation Solution are added
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to the lysed leukocytes and mixed thoroughly with vortex for 20 seconds. Following 15
minutes incubation on ice, the mixture is centrifuged at 42C and at 2000g for 15
minutes. The supernatant is gently mixed with 10ml 100% isopropyl alcohol (Fluka) at
4°C in a Falcon tube, discarding the pellet of precipitated proteins. When the DNA is
visible, the tube is centrifuged at 4°C and 2000g for 5 minutes. The supernatant is
discarded before adding 10ml 70% ethanol (Merck) at 42C and mixing gently. Then the
mixture is centrifuged at 42C and 2000g for 5 minutes discarding the supernatant, and
the tube is left face down on blotting paper for the precipitated DNA pellet to dry
during 30-40 minutes. The dried DNA pellet is rehydrated by incubation with 1200ul of
DNA Hydration Solution in a shaker at room temperature for 3-4 days. The DNA
extraction yield is assessed spectrophotometrically with the Nanodrop 1000 (Thermo
Fisher Scientific): the ratio of sample absorbances at wave lengths 260nm and 280nm
has been close or in the range 1.7-1.8 so far, therefore extra purification steps have not
been needed. The DNA concentration of the solution is calculated for the 260nm
absorbance peak with the nanodrop software, and should be 100-700ng/pL; if lower or
greater, the solution is evaporated or diluted, respectively. This hydrated DNA is stored
at 49C in a cryotube, with a chlorophorm drop to avoid fungal contaminations, until the

genetic determinations.

The blood analytes assessed in this thesis may be affected by non-fasting conditions. It
was reported that after a standard dinner (50g protein content) the concentration of
plasma tHcy increases 14.6% (Guttormsen et al. 2004). In a small trial, women that
took a ready-to-eat cereal-containing breakfast had an 11% increase in plasma folate
concentrations after two hours (Noy et al. 2002); RBC folate was not assessed, although
the authors deem its concentration could not change due to RBC folate being a long-
term folate status indicator. A Norwegian study reported higher plasma betaine in a
group of adult donors who took an unspecified light breakfast compared to a fasting
group (Holm et al. 2003). However, there were more men in the non fasting group and

this may have influenced the reported result. In a Northern Irish study only in
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participants eating wheat bran-rich breakfast, postprandial plasma betaine was higher
than at baseline (Keaveney et al. 2015). Plasma DMG was lower in fasting than in non-
fasting individuals (Holm et al. 2003; Svingen et al. 2013). To the best of our
knowledge, the only reports on plasma cobalamin changes after an unsupplemented
meal were from an animal study. In this pig study, plasma cobalamin decreased after
the meal, reaching at 15h after the meal a minimum value of 29.6% less than the
premeal values (Matte et al. 2010). Therefore, concentrations in the non fasting

samples at labour, may be so affected.

After blood sampling, if the blood fractions, i.e. blood cells and plasma or serum, are not
separated by centrifugation and removed, plasma/serum tHcy has been reported to
increase a 10% per hour at room temperature (Vester and Rasmussen 1991), or a
~2.5% per hour in a cooler (Midttun et al. 2014). Another study reported lower tHcy
increases, i.e. 1% or 3% after one hour at 42C or at 202C, respectively (Fiskerstrand et
al. 1993). The possible explanation to this Hcy increase in whole blood has been most
commonly homocysteine synthesis and release from blood cells (Ubbink et al. 1992).
Indeed blood cells adenosylhomocysteinase activity has been reported to be necessary
for this Hcy increase (Hill et al. 2002). However, several facts have led some authors to
propose a supplementary mechanism for the temperature and time-dependent Hcy
increase in whole blood. For example, non-protein bound iron mediates non-enzymatic
synthesis of homocysteine, especially if chelated by EDTA (Baggott and Tamura 2015).
This hypothesis was based on the different homocysteine increases in non-refrigerated
whole blood depending on the anticoagulant of the extraction tube (Ubbink et al. 1992;
Willems et al. 1998; Hiibner et al. 2007), in vitro non-enzymatic synthesis of
homocysteine from methionine, SAM and cystathionine in EDTA buffer with FeSO4, and
higher homocysteine in participants subjected to methionine load test with FeSO,
compared to without it (Baggott and Tamura 2007). Therefore, the increases of tHcy in
whole blood could be due to two non-excluding causes: synthesis and exportation in

blood cells, and free iron-mediated non-enzymatic synthesis. In addition, tHcy has been
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reported to be higher in serum than in plasma samples. This is attributed to the serum
extraction tube needing an extra incubation time of at least 30 minutes for completion
of coagulation before centrifugation (Rasmussen and Mgller 2000). The protocol of
RTBC blood samples collection emphasizes that the blood sample is refrigerated and

plasma is isolated before one hour of the extraction.

1.2.2. Placenta samples

After expulsion, placentas are weighed and stored in black polyethylene bags at 4°C
until collected by a member of the RTBC team and transported by cooler to the Faculty
of Medicine and Health Sciences (URV). Due to space constraints placentas from
suspected IUGR pregnancies were initially targeted (see also Material and methods
point 1.4), and periodically placentas from control pregnancies were collected to

represent collections across the timeframe of the field work of the RTBC study.

When starting the processing, the placenta is positioned in a plastic tray always in the
same manner, as described next. The reason for this systematic positioning is to take
triangular sections from the same region in all the analysed placentas. First the
placenta is positioned foetal side up and maternal side down on the tray using stainless

steel Adson and dissection forceps (Figure 13).
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Figure 13. Placenta positioning I.

U

A/ B

Foetal surface

Maternal surface

A. Top view photograph with foetal surface shown. Note the foetal surface has a violet colour, is scored
with vessels and the cord protrudes from this side. B. Side view scheme with the positioning of the placenta

in the tray.

From above, the placenta is positioned to include as the vertical axis the shortest
distance from the protruding cord to the edge of the placenta. If the cord does not
protrude from the centre of the foetal side of the placenta, which is the common

situation, the positioning has to ensure that it is in the upper half (Figure 14. A).

Figure 14. Placenta positioning II and triangular section cut.

A v§0

B
. II"
Cord PLACENTA
insertion

point

A. Top view scheme illustrating a turn necessary to place the organ in the reference position. Double-ended
arrow indicates the shortest distance from the protruding cord to the edge of the placenta. B. Top view

scheme of the triangular section.

With the placenta in the reference position and using a scalpel sleeve with a disposable

stainless steel blade, two cross-sectional cuts are made to dissect a triangular section
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from the cord insertion point to the edge of the placenta (Figure 14. B). As the
triangular section contains the complete thickness of the organ, the chorionic plate
with the amnion on top of it (foetal surface) is included, as well as the basal plate with
the decidua basalis (maternal surface). The thickness of term placentas in the central
region is usually about 2.5cm. The triangular section length from the cord insertion
point to the edge of the placenta varies among placentas. The width varies according to
the thickness and length of the triangular section, which are fixed parameters for each
placenta placed in the reference position, and this width is the maximum possible for
the specimen to be stored appropriately in a 20ml screw-capped flask (Deltalab). The
width of the part of the triangular section that corresponds with the edge of the organ
is not usually greater than 3cm. A triangular section contains several cotyledons or
parts of them. The screw-capped flasks with the placenta triangular sections are stored

at -802C in a freezer until further processing.

1.3. Lifestyle, dietary intake and clinical history collection

Lifestyle

Two lifestyle questionnaires are completed by the participants in personal interviews
at 20 GW and 32 GW. In the first questionnaire information is collected to cover the
period from preconception to 20 GW. The second questionnaire at 32 GW covers the
time range between 20 GW to 32 GW. In these questionnaires information related to
vitamin supplement use, breakfast cereal consumption, toxic habits, physical activity,

sunbathing, socioeconomic level and planning of pregnancy is obtained (Appendices).

In relation to vitamin supplement use, commercial brand, product, timing of initiation,
frequency and duration of use are asked. A designed catalogue with photographs and

names of the vitamin supplement products which are sold in Spain is use to help the
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participants recall and give reliable information. Used supplement composition, timing
of initiation/cessation and supplement intake pattern vary widely among the
participants. Intake of folic acid, zinc, copper, selenium and iron from supplements was

estimated based on the information collected with these questionnaires.

Regarding toxic habits, information about cigarette smoking, alcohol consumption and
illegal drug use during the pregnancy and 12 months before it, is recorded. This
information includes frequency categories (cigarettes per day, drinks per week, and
illegal drug use habitually or occasionally), timing of cessation before or during

pregnancy, and type of illegal drug.

The recorded socioeconomic information refers to the combined education levels,
occupations and net household income of the participant and the father of the expected

child.

Dietary intake

A validated 45 item food frequency questionnaire (Rodriguez et al. 2008) is performed
in two interviews, the first at <12 GW (referring to the year before pregnancy) and the
second the day after delivery (referring to the pregnancy). The questionnaires also
contain questions regarding diet, appetite during pregnancy, nausea and sickness, and

how iron supplements were consumed (Appendices).

Clinical history

Age, height, weight at the first antenatal check-up and parity (number of term births,

preterm births, abortions and living children) data from the participant are collected.
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Systolic and diastolic blood pressure measurements taken at the prenatal check-ups

are recorded.

The recommendations of the regional pregnancy guidelines (Direccié General de Salut
Publica (Departament de Salut - Generalitat de Catalunya) 2005) state that pregnant
women are tested for a suspicion of gestational diabetes by the glucose challenge test
(O'Sullivan test) at 24-28 GW if they are not at diabetes risk. Pregnant women at risk
are those of at least 35 years or with risk factors (family history of diabetes, previous
gestational diabetes, previous obstetrical pathology, obesity), and are tested with
glucose challenge tests at the first antenatal check-up, at 24-28 GW and at 30-32 GW;
unless one of the tests give a positive result. Regardless of if the women are at risk or
not, a confirmed suspicion of gestational diabetes is further checked to a confirmed
diagnosis in the oral glucose tolerance test in the following check-up (cut-offs for
positive results of both tests stated in Material and methods point 3.1). The participant
results of glucose challenge tests, and the oral glucose tolerance test if there is any, are

recorded in databases.

Complete haematological profiles (including full blood count) from blood samples

collected for routine prenatal check-ups are recorded.

Date of birth, gestational age at labour, birth weight, placenta weight and newborn sex,
are recorded. Adverse pregnancy outcomes such as miscarriages, stillbirths and foetal

malformations are also recorded.
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1.4. IUGR cases recruited at labour

To increase the sample size in some of the placenta analyses, participants recruited at
labour and that were suspected IUGR cases were included. Other differences from the

usual RTBC participants recruited at <12 GW are the followings:

- Only one lifestyle questionnaire was made at the postpartum, and referred to

the whole pregnancy time.

- Only the blood samples at labour were collected.

2. Biochemical and genetic determinations

2.1. Blood biochemical determinations

Plasma samples were sent frozen to BeVital A/S laboratories (Norway) as 0.5mL
aliquots on dry ice for tHcy, folate, betaine, DMG, cobalamin and cotinine
determinations as well as whole blood diluted with ascorbic acid solution for RBC
folate determinations. All samples from the same pregnancy were analysed in the same
batch in order to avoid the effects of inter assay variability on determinations that may
affect changes in longitudinal samples. In order to minimise any potential preanalytical
variability due to storage, the samples were kept at -80°C and analysed, in batches,

within 18 months after collection.

The determination of plasma creatinine was carried out at the Faculty of Medicine and

Health Sciences, URV (Spain).
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Plasma total homocysteine determination

Total homocysteine was determined by Gas Chromatography - Mass Spectrometry (GC-
MS) in BeVital analytical platform A. Briefly, all forms of homocysteine bound to other
molecules by disulphide bonds are reduced with dithioerythritol, which results in free
reduced homocysteines. The mixture of originally free reduced homocysteine plus the
dithioerythritol-reduced homocysteine is called total homocysteine, which is assayable
in the present determination. Total homocysteine is derivatised and extracted in one
step with methylchloroformate and toluene, respectively. Finally the derivatives are
determined with GC-MS (Windelberg et al. 2005). The within-day and between-day
coefficient of variation are 1% and 2%, respectively. The lower limit of detection is

0.1umol/L (BeVital A/S 2016).

Plasma and red blood cell folate determination

Plasma and red blood cell folates were determined by automated microbiological assay
with the chloramphenicol-resistant Lactobacillus casei strain NCIB 10463 (Molloy and
Scott 1997) in BeVital analytical platform F. This assay allows the use of disposable
laboratory ware and removes the need for autoclaving due to the resistance of the
strain. The principle of this assay is the increase in turbidity in parallel to the L. casei
growth, which depends on the concentration of folate forms in the media. As a
clarification, for the case of RBC folate, the concentration obtained in this assay is
indeed the ascorbic acid lysated whole blood folate concentration, and is converted to
RBC folate concentration as specified in Material and methods point 3.2. This assay is
widespread used and considered superior than protein-binding assays, and the WHO
has recommended it for RBC folate determination (World Health Organization 2015).
The plasma folate within-day and between-day coefficient of variation are 4% and 5%,

respectively, and the lower limit of detection is 2nmol/L (BeVital A/S 2016).
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Plasma betaine, dimethylglycine and choline determination

Betaine, DMG and total choline were determined by Liquid Chromatography - tandem
Mass Spectrometry (LC-MS/MS) in BeVital analytical platform C. Briefly, a protein
precipitation step with acetonitrile is carried out. Then high performance liquid
chromatography (HPLC) with a Fortis Phenyl column (Fortis Technologies) and a
mobile phase of methanol and acetic acid is performed, prior to the tandem mass
spectrometry (Midttun et al. 2013). The betaine within-day and between-day
coefficient of variation are 6-7% and 8-10%, respectively and the lower limit of
detection is 0.5pumol/L. The DMG within-day and between-day coefficient of variation
are 2.8-3.4% and 4.5-5.6%, respectively and the lower limit of detection is 1.25umol/L.
The choline within-day and between-day coefficient of variation are 3% and 4%,

respectively and the lower limit of detection is 1umol/L (BeVital A/S 2016).

Plasma cobalamin determination

Plasma cobalamin was determined by automated microbiological assay with the
colistin sulphate-resistant Lactobacillus leichmannii strain NCIB 12519 (Kelleher and
Broin 1991) in BeVital analytical platform F. In this assay aseptic precautions are not
necessary due to the resistance of the strain. The effect of antibiotic treated patient
samples on the assay is removed by adding (-lactamase enzyme to the media. The
principle of this assay is the increase in turbidity in parallel to the L. leichmannii
growth, which depends on the concentration of cobalamin forms in the media. The
within-day and between-day coefficient of variation are 4% and 5%, respectively. The

lower limit of detection is 30pmol/L (BeVital A/S 2016).
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Plasma cotinine determination

Plasma cotinine was determined by Liquid Chromatography - tandem Mass
Spectrometry (LC-MS/MS) in BeVital analytical platform D. Cotinine is a marker of
tobacco exposure after up to 3-4 days ago (Benowitz 1996). Briefly, after a protein
precipitation step with trichloroacetic acid, a LC-MS/MS is performed with a mobile
phase containing a high concentration of acetic acid (Midttun et al. 2009). The within-
day and between-day coefficient of variation are 2-3% and 6%, respectively. The lower

limit of detection is 1nmol/L (BeVital A/S 2016).

Plasma creatinine determination

Plasma creatinine was measured by Jaffé method with the Cobas Mira analyser (Roche)
and a commercial kit (Quimica Clinica Aplicada). Creatinine is a widely used measure of
renal function (Perrone et al. 1992). The principle of this assay is the increase in
absorbance as the coloured compound is formed when creatinine and picric acid react.

Inter-assay and intra-assay coefficients of variation are 2.11% and 1.72%, respectively.

2.2. Genetic determinations

Lyophilised aliquots of 120ng of total leukocyte DNA were sent to BeVital for

polymorphism determinations.

The SNPs determined for this thesis were MTHFR c.665C>T (rs1801133), BHMT
c.716G>A (rs3733890), SLC19A1 c.80G>A (rs1051266) and MTRR c.66A>G
(rs1801394). The technique is a high-level multiplex genotyping by Matrix-Assisted
Laser Desorption/lonization Mass Spectrometry (MALDI-TOF MS), as described (Meyer
et al. 2004). Briefly, the DNA regions containing the SNPs of interest are amplified using
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multiplex PCR in the first step. Then primers of one sense anneal immediately
downstream from the polymorphic position to the amplicons of the previous step, and
to these primers one more nucleotide (a dideoxynucleotide) is added in a DNA
polymerase reaction (primer extension reaction with Pin-Point format). That is, for a
specific SNP, a common homozygote participant will have one type of extended
primers, a variant homozygote the other type of extended primers, and a heterozygote
both types. These primers, which are purified prior to the MALDI-TOF MS, are soft
ionized with a laser beam (MALDI). In the mass analyser, the time that these ionized
primers take to cross a drift tube is measured to calculate the mass-to-charge ratio
(TOF). Finally, the signal of each primer (with its own mass-to-charge ratio) is recorded
and amplified in the detector, which sends this information to the data processor to

calculate the abundance of each primer (Griffin and Smith 2000; Meyer et al. 2004).

2.3. Placenta chemical determinations

Prior to the trace element determinations by Inductively Coupled Plasma - Mass
Spectrometry (ICP-MS) or Inductively Coupled Plasma - Optic Emission Spectrometry
(ICP-OES), placenta samples were washed and dissected to obtain clean and
representative tissue blocks, and digested with nitric acid (HNOs) and hydrogen
peroxide (H202).

Washing and dissection of placenta samples

This step was carried out in the Faculty of Medicine and Health Sciences (URV). The
triangular sections described in Material and methods point 1.2.2 were defrosted at
room temperature in their closed screw-capped flask. The section was placed in a
plastic tray and washed thoroughly with deionised water (H20) from a wash bottle,

using stainless steel Adson and dissection forceps to handle the tissue (Figure 15. A).
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With a scalpel sleeve with a disposable stainless steel blade, strips of 1cm thick, 1 or
0.5cm wide and a varying length were dissected from the foetal side (Figure 15. B).
The longer the section, the bigger the possibilities of doing more representative blocks
out of one triangular section, but this length depends on the triangular section (see
point 1.2.2) and on the suitable parts of this section, as explained below. Part containing
features such as possible infarctions or calcifications, were avoided in an effort to keep
the representativeness of the section for metal concentration determination. The strips
were washed with deionised water and as much water as possible was removed
shaking the strip off and with gentle taps in the borders of the tray. The strips were left
to dry a little at room temperature being placed in a plastic grid over a glass plate for

~40 minutes (Figure 15. C).

On the dry plastic tray, blocks of *0.5cm3 volume and 0.5cm? foetal surface were cut
from the strips: 0.5x1x1 or 1x0.5x1cm (long, wide, thick). This is shown in Figure 15.
D. A ruler was used to measure the dimensions of the strips and blocks, but there was
no contact between the ruler and the sample or work surfaces (Figure 15. E). The

blocks were stored at -202C in acid-washed polypropylene tubes.
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Figure 15. Washing and dissection of placenta samples.

Foetal surface

Maternal surface
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Maternal side

STRIP BLOCKS

P00

A. Side view photograph of a placenta triangular section. B. Side view scheme of a placenta triangular

section and the two possible types of foetal side strips (1 or 0.5cm wide). The amnion is illustrated in grey.
C. Photograph of placenta strips drying on a plastic grid at room temperature for 40 minutes. D. Scheme

of the representative blocks made from the placenta strip. E. Photograph of 3 blocks and discarded tissue.

All placentas were processed in this way in several batches of placenta triangular
sections washing and dissecting, between 14/10/2015 and 19/01/2016. On average,
10 placenta triangular sections can be processed in one day in two batches of 5
placenta triangular sections. The forceps were washed with deionised H,O between
each placenta. The plastic grid, tray and other material is washed with deionised water

between each batch, and acid-washed weekly. The procedure of this acid-washing,
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which is also used in the polypropylene tubes for the storage of the blocks, is detailed in
the following point Acid digestion. The washing of the material with deionised water
and the positioning of the strips on the tray and grid ensure no contact between
placentas from different participants occurs. Also, there was no use of paper in the

procedure because paper can potentially contaminate the samples (Rankama 1941).

We consider that the placenta blocks obtained from this procedure are representative
of the foetal side of the placenta and similar among them. They contain the chorionic
plate with the amnion on top of it (foetal surface), plus the chorionic villi closest to the
foetal side; and no decidua basalis (maternal surface). They have a similar proportion of
foetal surface - volume of the inner part of the placenta; although the proportion of
volume of the chorionic plate chorion - volume of chorionic villi could vary according to
the thickness and development of each placenta. Keeping surface-volume proportion,
selecting apparently healthy placenta areas and/or areas without features that could
affect trace element content, excluding hollows, excluding decidua basalis in placentas
of small thickness, and obtaining blocks which do not separate into smaller pieces;
make this step hard, with usually only about 3 representative blocks obtained out of a
triangular section. All the blocks came from placenta strips that have undergone a
similar procedure, i.e. washing and time on the grid; though depending on the
dimensions of the strip (1 or 0.5cm wide) more or less tissue is exposed to the washing
and drying, and this could affect for example to the blood content of the subsequent

blocks.

Acid digestion

This step was performed in the Faculty of Medicine and Health Sciences (URV). Each of
the aforementioned clean and representative foetal side placenta blocks were defrosted

at room temperature and weighed in the base of polytetrafluoroethylene (PTFE or
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Teflon®) vessel on an analytical balance with a precision of 0.001g. In an fan extraction
hood, 1.5ml 30% H20; (Merck) and 2ml 65% suprapure HNO3 (Merck) were added and
the vessels were closed with the screw lids. Certified reference material to digest were
prepared with 1ml resuspended Trace Elements Whole Blood L-2 (Seronorm) and
1.5ml H;0; and 2ml HNOs. Digestion blanks were prepared with 1.5ml H,0; and 2ml
HNOs. The characteristics of an average digestion batch are shown in Table 8. The total

number of digestion batches was 9, between 30/11/2015 and 29/02/2016.

Table 8. Average digestion batch characteristics.

. Final
Sample H;0: HNO3 Number Tempfrature Time volume
(m)  (ml) (°C) ® )
Placenta  =0.5cm3 1.5 2 25-27 90 24 50
Reference ) 15 2 3 90 24 50
material
Blank - 1.5 2 4 90 24 50

The PTFE vessels were placed in an oven 24h at 902C. In all the batches a yellowish
transparent digestate was obtained from the placenta blocks and reference material.
When the vessels had cooled, the digestates were diluted with deionised water to a
final volume of 50ml in volumetric flasks under the extraction hood (Figure 16). Two
polypropylene tubes of 10ml from each diluted digestate were obtained. One was sent
to the Scientific and Technological Centers - University of Barcelona (Centres Cientifics
i Tecnologics - Universitat de Barcelona, CCiT-UB) for the trace element determination,

and the other was kept at -202C in the Faculty of Medicine and Health Sciences (URV).
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Figure 16. Digestate dilution.

Photograph of some of the material used in the acid digestion. At the front are four volumetric flasks with

diluted placenta digestates. Behind the flasks there are the PTFE vessels. Behind the vessels there are

several plastic containers for washing the material.

The surface of all plastic and glassware used in the acid digestion is acid washed by the
following process: 2 washes with distilled H,0 > 2 washes with deionised H,0 >
overnight in 10% diluted suprapure HNO3 > 2 washes with distilled H,O > 2 washes
with deionised H20. The PTFE vessels cleaning is more thorough: hot tap water wash >
15 minutes sonication wash with distilled H,O and phosphate free detergent > tap
water wash > distilled H,0 wash > 8h room temperature and 8h 90°C acid digestion

with 10% diluted suprapure HNOs > distilled H,0 wash > deionised H,0 wash.

There are several forms of acid digestion depending on the acid or acids used with or
without H20; as another oxidation reagent, and on the time and source of heat plus
temperature degree. The purpose of all types of acid digestion is to eliminate the

organic matter or convert it to simpler inorganic forms in solution (Bolann et al. 2007).
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If this is achieved, interferences in the matrix (e.g. placenta) are expected to be
minimised allowing the further trace element determination techniques to run
properly, e.g. without differences in sample digestate and blank digestate transport

through the inductively coupled plasma.

In relation to the reagents used (HNO3; and H202) a comment can be made. Although
analysing samples with a slightly different treatment (wet ashing, which uses open
vessels), a study has reported better trace element recoveries from bovine liver
analysed by inductively coupled plasma - optic emission spectrometry (ICP-OES) when
using HNO3; with perchloric acid (HCIO4) than HNOs with H,0, (Ward et al. 1980).
However, HC1O4 requires more specialised handling due to its higher hazard level; and
when analysing via inductively coupled plasma - mass spectrometry (ICP-MS), HCIO4
can form the polyatomic ion ClO* causing spectral interferences in the technique

(Subramanian 1996).

Regarding the used PTFE vessels, it is worth noting the closure is not completely
hermetic, therefore a small loss of volatile elements such as mercury can take place.
Also, although vessels made of PTFE are of widespread use, some authors consider
quartz vessels can achieve better digestions due to its resistance to temperature and
pressure (Subramanian 1996). However, quartz vessels were not available for the

study.

As for the digestate dilution step, two main reasons account for it. First, a concentration
of <5% HNOs; was requested to rise the pH to non-detrimental levels for the ICP
equipments. And second, matrix interferences of physical nature can occur in the trace
element determination technique (especially in ICP-MS) because of a high

concentration of dissolved solids (Bolann et al. 2007).
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Inductively Coupled Plasma - Mass Spectrometry

This step was carried out in the CCiT-UB using a NexION 350D ICP-MS spectrometer
(PerkinElmer) (Figure 17. A). Placenta zinc, copper, selenium, iron, cadmium, mercury,
arsenic, vanadium, chromium, lead, nickel, and manganese concentrations are
determined in the diluted digestates with this technique. The instrument detection
limits and the method detection limits for each element are shown in Table 9. Material
and methods point 3.2 includes the calculations to obtain: method detection limit,
placenta trace element concentrations (in wet weight, ww), reference material trace
element concentrations and recovery percentage. The trace element analysis by ICP-MS

was in two consecutive days (08/03/2016 and 09/03/2016).

Figure 17. Trace element analysis equipment.

A. NexION 350D ICP-MS spectrometer. B. Optima 3200RL ICP-OES spectrometer.
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Table 9. Instrument and method lower detection limits.

Zn Cu Se Fe Cd Hg As \Y% Cr Pb Ni Mn

IDL1 1 1 1 001 005 02 0.2 1 05 01 02 05
MDLz 100 100 100 1 5 20 20 100 50 10 20 50

1IDL. Instrument detection limit (ng/ml; except for iron pg/ml).
2MDL. Method detection limit (ng/cm3 wet placenta; except for iron pg/cms3).

The sample was hard ionized, i.e. sample molecules gained charge but were also broken
into ionic products; by hot argon-plasma activated by a high-voltage field (ICP). The
generated sample ions were accelerated to the mass analyser using an electric field.
The mass analyser separated each ion type according to its mass-to-charge ratio, and a
detector recorded and amplified the signal of each of the sample ions (MS) (Klotz et al.
2013). With the intensity of the signal, a data processor can calculate the abundance for
each trace element. It is worth noting the NexION 350D ICP-MS spectrometer has a
helium collision reaction cell to avoid spectral interferences; e.g. the polyatomic
interferences of chlorine with arsenic and vanadium, and of calcium with nickel. ICP-MS
is considered a recommended method to analyse in placenta zinc, copper, selenium,
cadmium, mercury, arsenic, vanadium, chromium, lead, and nickel, but not manganese

(Iyengar and Rapp 2001a).

Inductively Coupled Plasma - Optic Emission Spectrometry

This step was carried out in CCiT-UB using an Optima 3200RL ICP-OES spectrometer
(PerkinElmer) (Figure 17. B). Diluted digestates iron concentration was determined
with this technique. The Instrument Detection Limit and the Method Detection Limit for
iron is shown in Table 9. As stated for ICP-MS, the calculations are included in Material
and methods point 3.2. The iron analysis by ICP-OES was in two consecutive days
(14/03/2016 and 15/03/2016).
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The sample was hard ionized by hot argon-plasma activated by a high-voltage field
(ICP). Then, each excited ion emits several wave length light signals depending on
which element it is. This optic emission was measured and with the intensity of the
signal, the abundance of each element was calculated (OES) (Klotz et al. 2013). ICP-OES
(also called ICP-AES, Inductively Coupled Plasma - Atomic Emission Spectrometry) is
considered a recommended method to analyse iron in placenta (Iyengar and Rapp

2001a).

3. Data handling and analysis

3.1. Definitions of exposures and outcomes

Socioeconomic status

Maternal and paternal occupations are grouped into categories as described (Alvarez-
Dardet et al. 1995). Index pregnancies are classified in low, mid and high
socioeconomic level based on the maternal and paternal occupation categories and the

household income.

Smoking status

Participants were categorised as first trimester smokers if plasma cotinine was
>10ng/mL in the <12 GW blood sample, if smoking during the first trimester was
declared in the habits and lifestyle questionnaires or if it was recorded in their
obstetrical history. Women that continued to smoke throughout pregnancy were
identified by plasma cotinine >10ng/mL in the <24-27 GW blood sample or in the cord.

Declaration of continued smoking in the second lifestyle questionnaire or a record of
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continued smoking on the obstetrical history were also used to identify smokers

throughout pregnancy.

Maternal first term BMI

Maternal first term BMI (kg/m?2) was calculated as first term weight (kg) divided by
height squared (m?).

Pregnancy induced hypertension

Pregnancy induced hypertension was defined in the study with the following criteria: a
systolic blood pressure measure greater or equal to 140mmHg and/or a diastolic blood
pressure greater or equal to 90mmHg at least in two check-ups (6 hours apart) after

the 20t GW.

Gestational diabetes

Gestational diabetes participants was defined in the study as those with a positive
result in any of the glucose challenge tests (serum glucose >140mg/dl) and positive
results in at least two of the four time points of the oral glucose tolerance test (plasma

glucose 2105mg/dl at 0', 2190mg/dl at 60', 2165mg/dl at 120', 2145mg/dl at 180").

Late pregnancy anaemia

Late pregnancy anaemia was defined as haemoglobin concentration <11g/dl at 34 GW

and/or at labour.
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Birth weight percentiles and IUGR

Birth weight percentile was recorded using Spanish growth curves and based on sex,
gestational age at births in completed weeks (Santamaria et al. 1998). Newborns with
birth weight below the Py, i.e. SGA (World Health Organization 2016), were considered
as IUGR cases for the study. In the placenta trace element study, the controls compared

to the IUGR cases were those whose birth weight is above the P2s.

Preterm newborns

Preterm newborns were defined as those born before the 37 GW (World Health
Organization 2016). As gestational age is an estimated variable, the controls compared

to the preterm cases in the placenta trace element study were those of 238 GW.

Miscarriages and stillbirths

Miscarriage is the loss of pregnancy due to natural causes before the 20th week of
pregnancy (National Institutes of Health 2016a). If this loss is at 220GW, and also by

natural causes, it is termed stillbirth (National Institutes of Health 2016a).

3.2. Applied formulae

RBC folate

RBC folate concentrations are calculated as ascorbic acid lysated whole blood folate
concentration multiplied by the dilution factor (10) and divided by haematocrit (as a

decimal) (Molloy and Scott 1997).
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Trace element analysis method detection limit

The method detection limit (MDL) is estimated for each trace element as follows:

dilution s50mi
block velume IDL % 05cm?

MDL =IDL x

The instrument detection limit (IDL) is provided by the CCiT-UB team. The dilution is
the final volume to which the digestates have been diluted in all the batches. To relate
the detection limit to the placenta samples, the aimed volume of one representative

block is used because the block weight was more variable.

Placenta trace element concentration

First, in each acid digestion batch the arithmetic mean of each trace element
concentration in the diluted blanks digestates is calculated. Whenever this blank mean
is below zero because of negative signals, the blank mean is imputed as zero (upper

bound).

For each digestion batch, placenta and trace element, a background subtraction is done:
the diluted blank digestate mean is subtracted from the placenta diluted digestate trace
element concentration. Whenever this difference is below the detection limit (as IDL),
the value is imputed as half the detection limit (middle bound), and the placenta is

categorised as below the detection limit for a specific trace element.

To get the placenta trace element concentration in function of the tissue wet weight

(ng/g ww, except for iron pg/g ww), the result of the background subtraction is
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multiplied by the final volume to which the digestates have been diluted, and divided
by the digested block wet weight:

dilution
Placenta element concentration = (diluted digestate element concentration — blank mean) X ———
block wet weight

Certified reference material trace element concentration and percentage

recovery

To get the reference material trace element concentration in function of the digested
volume (ng/ml, except for iron pg/ml), the calculation is done as in the placenta trace
element concentration, including the imputation as half the detection limit (middle
bound) when the background subtraction result is below the detection limit; but
dividing by the reference material digested volume (1ml) instead of the placenta

weight:

dilution

Reference material element concentration = (diluted digestate element concentration — blank mean) x Tl

For each digestion batch, the mean of the three reference material trace element
concentrations is calculated. Then the recovery percentage of each batch is calculated
as the obtained reference material trace element concentration mean divided by the
expected reference material trace element concentration according to the

manufacturer, and multiplied for 100:

obtained reference material element concentration
Percentage recovery (%) = - — X 100
expected reference material element concentration
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The mean recovery percentage is calculated as the arithmetic mean of the recovery

percentages of all the acid digestion batches.

Criteria for the selection of trace elements to address in this thesis

Out of the twelve trace elements analysed in placenta, i.e. zinc, copper, selenium, iron,
cadmium, mercury, arsenic, vanadium, chromium, lead, nickel and manganese, a
screening according to two methodological criteria was used. For each trace element,
these criteria were: percentage of placentas below limit of detection (LOD, as MDL)
lower than 40%, and recovery percentage within a range of 80-110%. RTBC placenta
zinc, copper, selenium, iron, cadmium, mercury, arsenic, vanadium, chromium, lead,
nickel and manganese concentrations, the percentage of placentas below LOD for each
trace element, and the percentage recoveries for each trace element; are reported in
Table 10. In the screening, cadmium, mercury, arsenic, vanadium, chromium, lead and
nickel concentrations were below the LOD in a percentage greater than 40% of the
placentas; while vanadium and manganese had a percentage recovery too high. The
selected trace elements in the screening were zinc, copper, selenium and iron. These
four trace elements were present in high concentrations in placenta and might be
modulated by one carbon metabolism analytes as detailed in Introduction point 5. It is
worth noting that trace elements known to affect foetal development and/or to be
affected by one carbon metabolism, such as arsenic, were also excluded from this
selection. Arsenic can be harmful in the placenta and foetus because it is at higher
concentrations in placentas of LBW neonates (Llanos and Ronco 2009), associated with
lower birth weight in mice studies (Gutiérrez-Torres et al. 2015), and known to lower
SAM concentration and DNA methylation in vitro (Zhao et al. 1997; Reichard et al.
2007). The arsenic-induced 1C metabolism imbalances can be due to the necessity of
methylate the metal for a faster excretion (Gebel 2002). In line with this, homocysteine,
folate and cobalamin are associated with arsenic and its methylated products,

according to human studies in pregnancy (Hall et al. 2007), adulthood (Gamble et al.
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2005; Gamble et al. 2006; Gamble et al. 2007; Hall et al. 2009a; Peters et al. 2015) and
childhood (Hall et al. 2009b).
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Table 10. RTBC placenta trace element concentrations, percentage of placentas below
limit of detection (n=212) and percentage recovery.

Arithmetic

Percentage

Trace Median! Percentage
element (P25, P7s) mean’ below recoverys3
(95% CI) LOD?

Zinc (60365,079378) (6676(3062:335) 00 548
Copper (472,3:96) (53?}:5569) 0.0 89.6
Selenium (52.;3,21.217.8) (82.87?.974.6) 377 86.7
fron (49.62?;37.2) (61.?;,}.:7.8) 05 90>
Cadmium (1;'(2_1) (3.3,'5;.5) 61.3 91.5
Mercury (6.1?;30.7) (8.;3,.79.3) 93.9 96.9
Arsenic (6.(?,/;.8) (7.;3,';5) 99.5 89.2
Vanadium (29.?3?.4?8.1) (382?52.3) 100.0 426.1
Chromium (15.})?'286.1) (20.26?.254.3) 94.8 107.1
Lead (3.34,};30.6) (10.1;.201.1) 67.0 907
Nickel (6.2%,3.251.0) (152?2-5.5) 70.8 103.8
Manganese (46.554,}.636.0) (5355.588.2) 17.9 207.1

1All placenta median (P25, P7s) and arithmetic mean (95% confidence interval) trace element

concentrations are reported as ng/g of placenta wet weight (ww); except for iron: pg/g of placenta ww.

2L.OD, Limit Of Detection, as lower instrument detection limit. 3Trace element recovery percentages of the

certified reference materials (arithmetic mean of the 9 batches where the RTBC placenta samples were

digested).
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Dietary energy and trace element intake

The second 45-item food frequency questionnaire was used to evaluate dietary habits
and energy intake during pregnancy (Jean-Claude et al. 1995; Rodriguez et al. 2008). As
the reference database used for this estimation includes data on iron food composition,
dietary iron intake was estimated according to it. However, it does not contain data on
zinc, copper and selenium food composition (Jean-Claude et al. 1995; Rodriguez et al.
2008). For estimating zinc, copper and selenium intake the French Agency for Food,
Environmental and Occupational Health & Safety/Ciqual French food composition table

version 2013 was used (ANSES 2013).

3.3. Statistical analysis

Specific details on the statistical tests applied are reported where relevant throughout
the results section. This section describes the general statistical tests used and

analytical strategies.

Variables with skewed distributions were natural log transformed for analyses using
parametric tests (ANOVA, ANCOVA, Student’s t-test, the dependent variables in
multiple linear regression analysis). In these cases geometric means (95% CI) are
reported. Frequencies are reported as % (95% CI). Hardy-Weinberg equilibrium of the
observed allele frequencies was determined by CubeX (Gaunt et al. 2007). Frequencies
were compared between groups using the chi square test. Plasma concentrations of 1C
metabolism nutrients or metabolites were compared between different genotypes
using ANCOVA. Covariables included in the models were gestational age at the time of
blood draw. Interactions between genotypes and plasma concentration of 1C
metabolism nutrients or metabolites were determined by including the product
genotype*plasma concentration as a covariable in the model. When a significant
interaction was observed, a stratified analysis was carried out and the effect reported

for individual genotypes or concentration level (for example tertiles). Plasma nutrient /
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metabolite concentrations and RBC folate were compared throughout pregnancy with
the earliest determinations at <12 GW or with the previous time point using 2-factor
ANOVA for repeated measures (intersubject factor: gestational age at blood draw;
intrasubject factor: genotype). Post-hoc Bonferoni correction of P values for multiple

comparisons was applied.

When examining the BHMT c.716G>A polymorphism, the betaine-DMG pathway and
the SLC19A1 c.80G>A polymorphism according to folate status, folate status was
categorised at 2 different points of pregnancy to allow for changes in status due to the
cessation of folic acid supplement use. When testing the effects of low or high folate
status during the most intense phase of supplement use (at <12 GW and at 15 GW), it
was classified as low when plasma folate was in the lowest tertile at either of these time
points and was classified as high when it was in the highest tertile at either of these
time points. Similar criteria were applied in mid-late pregnancy to plasma folate

determined at 24-27 or 34 GW.

The effects of folate status or BHMT c.716G>A genotypes on changes in plasma DMG
throughout pregnancy were determined using multiple linear regression analysis. The
dependent variables were natural log transformed so the model showed the percentage
variability in the dependent variable per unit change in the independent variable. The
effects of maternal characteristics on placental trace element concentrations were also
determined using multiple linear regression analysis. In all multiple lineal regression
models tested, individual effects of independent variables were only considered valid if

the global model was significant.

Correlations between 2 quantitative variables were determined using Spearman

correlation coefficients.
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Non-parametric tests, such as the Mann Whitney U test, were used to compare placenta
trace element concentrations between groups of small size, such as between preterm

cases and controls.

Multiple logistic regression analysis was used to test the probability of an IUGR affected
pregnancy when placenta TE concentration was high. The dependent variable (IUGR)
was categorical (case or control) whereas the independent variables were categorical

(highest placenta trace element tertiles versus the other tertiles).

All analyses were performed using SPSS version 23.0 for windows and significance

level was set at P<0.05.
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Genetic study results

1. Participation in the study and descriptive characteristics of participants and

offspring

Participation in the study by eligible candidates and completion (as live birth) is
illustrated in Figure 18. Of the women screened at their first prenatal check-up, 42.4%
were eligible to participate in the study. Of the 623 participants that accepted to enter
the study (93.8% of those eligible) first trimester data was collected from 617 and 563
went on to have live births. Legal terminations of pregnancy were performed in 8 cases
due to 1 neural tube defect, 3 congenital heart defects, 2 other foetal malformations and

2 Down syndromes. There were 2 foetal deaths.

Information regarding lifestyle, habits, supplement use and other basic participant
characteristics is reported in Table 11. The prevalence of low socioeconomic status
was 7.2% (95% CI: 5.3, 9.5). Although 80.8% (95% CI: 77.2, 83.9) of the pregnancies
were declared as planned, only 34.2% (95% CI: 30.2, 38.3) of the women reported
taking preconception folic acid supplements. Folic acid supplement use in the first
trimester was reported by 92.4% (95% CI: 90.0, 94.2) of participants but only 53.1%
(95% CI: 48.9, 57.3) continued taking folic acid supplements throughout pregnancy.

The median plasma concentrations of 1C metabolism nutrients and metabolites

relevant to the thesis are shown in Table 11.
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Figure 18. Participation in the study

1572 women screened at 15t prenatal check up

906 excluded:
- Gestational age >12 GW
- Unviable foetus

—

666 confirmed viable foetus <12 GW

2 twin pregancies excluded

<4

623 accepted

6 never turned up

E

617 entered the study

8 abandoned during pregnancy *
36 miscarriages
2 foetal deaths

Legal interruptions of pregnancy:
- 6 major congenital malformations
-2 Down syndrome

S

563 live births

RTBC flow chart of the pregnancy phase in women recruited between January 2005 and October 2014.

*Did not show up for expected prenatal check-ups for unknown reasons.
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Table 11. Lifestyle, obstetrical, clinical and 1C metabolism status characteristics

(n=617).
Age (y) [612]1 32.1(31.7,32.5)
Body mass index at 1st trimester (kg/m?) [578]* 23.8(23.5,24.1)
Planned pregnancy [536]?2 80.8 (77.2,83.9)
Previous pregnancy [607]? 52.6 (48.6, 56.5)
Socioeconomic status [586]%3 High 43.5(39.6,47.6)
Mid 49.3 (45.3,53.4)
Low 7.2 (5.3,9.5)
Folic acid supplement use? Preconception [530] 34.2 (30.2,38.3)
First trimester [604] 92.4 (90.0,94.2)
Throughout pregnancy [540]  53.1 (48.9,57.3)
Smoking during pregnancy? Periconception [612] 28.1 (24.7,31.8)
Throughout pregnancy [599] 17.0 (14.2, 20.2)
Regular alcohol consumption? Periconception [526] 52.9 (48.6,57.1)
Throughout pregnancy [536] 13.6 (11.0, 16.8)
Illegal drug use? Periconception [547] 2.6 (1.5,4.2)

Throughout pregnancy [547] 0.4 (0.1, 1.3)

1st trimester 1C nutrient status

Plasma folate (nmol/L) [605]! 33.8(31.0, 36.6)
Plasma cobalamin (pmol/L) [605]* 398.2 (374.0, 404.3)
Plasma total homocysteine (umol/L) [605]* 5.5(5.3,5.6)
Plasma choline (pmol/L) [603]* 7.9 (7.7,8.0)
Plasma betaine (umol/L) [603]2 22.4 (21.8,23.0)
Pregnancy induced hypertension [535]2 5.6 (4.0,7.9)
Gestational diabetes [565] 6.9 (5.1,9.3)
Late pregnancy anaemia [517]2 26.7 (23.1,30.7)
Gestational age at labour (weeks) [563]2 39.0 (38.9,39.1)
Birth weight (g) [563]* 3218.3 (3180.6, 3256.0)
Offspring male sex [563]? 48.8 (44.7,53.0)
Preterm delivery [573]?2 4.4 (3.0,6.4)
IUGR [544]2 8.1 (6.1, 10.7)
Miscarriage [617]2 5.9 (4.3,8.1)

Values are larithmetic means or 2percentages (95% confidence interval) [sample size]; 3based on total

income, occupation and education level of both parents.
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2. Genotype and allele frequencies of the polymorphisms

The genotype and allele frequencies of the MTHFR c.665C>T, BHMT c.716G>A, SLC19A1
¢.80G>A, MTRR c.66A>G polymorphisms for the mothers and neonates (by cord blood)
are reported in Table 12. The reported genotype frequencies were in Hardy-Weinberg

equilibrium (P>0.05).

Table 12. Genotype and allele frequencies in the RTBC study.

Mother Cord
MTHFR c.665C>T 6031 433
cC 34.0 (30.3, 37.9)2 36.3 (31.9,40.9)
CT 48.6 (44.6,52.6) 45.4 (40.9,50.2)
TT 17.4 (14.6, 20.6) 18.2 (14.9, 22.2)
C 58.3 (55.5, 61.0) 59.0 (55.7, 62.2)
T 41.7 (39.0, 44.5) 41.0 (37.8, 44.3)
BHMT c.716G>A 603 434
GG 48.9 (45.0,52.9) 43.1(38.5,47.8)
GA 40.5 (36.6, 44.4) 48.6 (43.9,53.3)
AA 10.6 (8.4, 13.3) 8.3(6.1,11.3)
G 69.2 (66.5,71.7) 67.4 (64.2,70.4)
A 30.8 (28.3, 33.5) 32.6 (29.6, 35.8)
SLC19A1 c.80G>A 600 429
GG 27.7 (24.2,31.4) 27.0 (23.1,31.4)
GA 45.3 (41.4,49.3) 46.2 (41.5,50.9)
AA 27.0 (23.6,30.7) 26.8 (22.8,31.2)
G 50.3 (47.5,53.2) 50.1 (46.8,53.5)
A 49.7 (46.8,52.5) 49.9 (46.5,53.2)
MTRR c.66A>G 599 431
AA 28.9 (25.4,32.6) 27.8 (23.8,32.3)
AG 44.9 (41.0, 48.9) 45.5 (40.8, 50.2)
GG 26.2 (22.8,29.9) 26.7 (22.7,31.1)
A 51.3 (48.5,54.2) 50.6 (47.2,53.9)
G 48.7 (45.8,51.5) 49.4 (46.1,52.8)

Values are 1sample size; Zpercentages (95% confidence interval). Variations in sample size for SNP

determinations in some cases is due to insufficient DNA for the genotyping of multiple SNPs.
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3. MTHFR c.665C>T polymorphism, plasma and RBC folate, and plasma tHcy

Plasma and RBC folate and tHcy throughout pregnancy and in cord blood were
compared among the maternal MTHFR c.665C>T genotypes (Table 13). As explained in
Material and Methods point 1.2, RBC folate was not determined for samples collected at
labour. There were no differences in plasma folate among genotypes at any time of
pregnancy. RBC folate was lower in participants with the MTHFR c.665TT genotype
throughout pregnancy with the exception of at 15 GW. THcy was higher in the MTHFR
c.665TT genotype compared to the other genotypes throughout pregnancy and in cord.
It was also higher in the MTHFR c.665CT genotype compared to the MTHFR c.665CC
genotype at <12GW.

There were no differences in the longitudinal changes of plasma and RBC folate, and
tHcy among the MTHFR c.665CT genotypes. Plasma folate decreased between 15 and
24-27, and between 24-27 and 34 GW. RBC folate increased between <12 and 15 GW,
and decreased between 15 to 24-27, and between 24-27 and 34 GW. Plasma tHcy
decreased between <12 to 15 GW, and increased between 24-27 and 34 GW, and
between 34 GW and labour.

RBC folate modified the association between the MTHFR c.665C>T genotype and tHcy
at <12 GW (P for interaction: 0.013); plasma folate modified it at 15, 24-27 and 34 GW,
although at 34 GW the significance was borderline (P for interaction: 0.058). Maternal
plasma folate at labour also modified the association between MTHFR c.665C>T

genotype and cord tHcy (P for interaction: 0.043).
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Table 13. Plasma and RBC folate, and tHcy during pregnancy and in the cord according to maternal MTHFR c.665C>T

genotypes.
MTHFR
c.665C>T <12 GW 15 GW 24-27 GW 34 GW Labour Cord
genotype
26.71 25.6 13.4a 11.2a 11.4 243
Plasma CccC
aasH (24.2,29.3) (23.0, 28.6) (12.0, 14.9) (9.9,12.6) (10.0, 12.9) (22.3,26.5)
olate
(nmol/L) ot 24.6 245 13.0 10.92 10.4 22.7
(22.6, 26.8) (22.4, 26.8) (11.9, 14.2) (10.0, 12.0) (9.4,11.5) (21.1, 24.4)
T 27.1 26.2 13.3a 11.0 10.4 26.5
(23.2,31.6) (22.4, 30.6) (11.3,15.6) (9.2,13.1) (8.6,12.6) (23.4, 30.0)
ANCOVAZ2 models NS NS NS NS NS NS
cc 1025 12692 1165P 943a
leBf (947,1106)  (1176,1369)  (1088,1248) (864, 1029)
olate
(nmol/L) ot 981 12672 1104a 938a
(920,1046)  (1188,1353)  (1035,1177)  (876,1005)
T 863# 12002 993%b 806** ta
(763, 976) (1053,1367)  (875,1127) (699, 929)
ANCOVAZ models P=0.062 NS P<0.05 P=0.073
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Table 13. Plasma and RBC folate, and tHcy during pregnancy and in the cord according to maternal MTHFR c.665C>T
genotypes (continued).

MTHFR
c.665C>T <12 GW 15 GW 24-27 GW 34 GW Labour Cord
genotype

5.12 4.440 451 5.12a 5.98 4.70
- cc
a:ma (4.98,5.27) (4.32,4.57) (4.38, 4.66) (4.94, 5.32) (5.72, 6.25) (4.50,4.91)
tHcy

(umol /L) o1 5.24%* 4432 458 5.24a 6.12 487

(5.11, 5.39) (4.31, 4.56) (4.45, 4.73) (5.08, 5.41) (5.91, 6.34) (4.70, 5.06)
r 5.83%* 1t 4.83%* tta 5.04% t 5.78%* tta 6.83%* fta 5.30*

(5.53, 6.14) (4.59,5.07) (4.73,5.37) (5.40, 6.20) (6.33,7.37) (4.87,5.76)
ANCOVA? models P<0.01 P<0.001 P<0.001 P<0.001 P<0.001 P<0.05
IR Tl ElZ2s NS P<0.001 P<0.001 P=0.058 NS P<0.05

genotype interaction*
RBC folate-
olate-genotype P<0.05 NS NS NS

interaction

GW: gestational weeks; NS: non-significant. Sample size: plasma folate (n = 598, 443, 512, 496, 479, 465; for <12, 15, 24-27, 34 GW, labour and cord,
respectively), RBC folate (n = 559, 418, 499, 484; for <12, 15, 24-27, 34 GW, respectively) and plasma tHcy (n = 598, 443, 512, 496, 480, 465; for
<12, 15, 24-27, 34 GW, labour and cord, respectively). Sample size varies between time points due to participant loss due to complications, non-
attendance of programmed blood draw or delivery elsewhere or failure to collect blood samples. 1Values are geometrical means (95% confidence
interval). 2Adjusting for gestational age at time of blood draw. 3Adjusting for maternal folate status (RBC folate concentration at <12 GW and plasma
folate concentration at the remaining time points) and gestational age at time of blood draw. ANCOVA Bonferroni posthoc: ***p<0.001, **p<0.01,
*p<0.05, #p=0.06, versus CC; t1tp<0.001, ttp<0.01, versus CT. 4Based on maternal plasma folate concentration at labour for the cord tHcy-genotype
interaction. Two-factor repeated measures ANOVA (intrasubject factor: gestational age; intersubject factor: MTHFR c.665C>T genotype) followed

by post hoc Bonferroni correction for multiple comparisons: ap<0.001, bp<0.01, versus previous time point.
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A stratified analysis of tHcy for each MTHFR c.665C>T genotype according to RBC folate
or plasma folate tertiles is shown in those pregnancy time points where significant
folate interactions on genotype-tHcy were observed (Figure 19). No differences in tHcy
among genotypes were found in the highest tertile of RBC folate for <12 GW, or of
plasma folate for 15, 24-27 GW and cord tHcy. Higher tHcy was observed in variant
homozygotes than in normal homozygotes in the lowest plasma folate tertiles, at 24-27
GW and in the cord. Higher tHcy in variant homozygotes compared to heterozygotes
was observed in the lowest tertile of RBC folate for <12 GW, or of plasma folate for 15,

24-27 GW and cord.

Figure 19. Plasma tHcy according to maternal MTHFR c.665C>T genotype and folate
status tertiles.

<12GW 15 GW 24-27 GW Cord
< i -
—_— * i ,‘—"1 m
= fel L, s ™ MTHFR
E 6pa P b : .665C>T
= B LB oL | 8 7 T ¥z cC
> v, A r, -l B I A I i YA 7 T £
I UN B 78 WA VB R R PR R R I cT
® B 7Bl VBl 70 128 V7 v B7 BY /M 78 1% T
LI
w 1 I

: v /Bl 7Bl 17 7B V7

HNiapmnaonln
JA M WA Y N7 W7 N VR RN YR R

RBC folate 5 Plasma folate

Plasma tHcy at <12, 15, 24-27 GW and in cord, according to maternal MTHFR c.665C>T genotype and folate
status: RBC folate tertiles at <12 GW, and plasma folate tertiles at 15, 24-27 GW and labour. GW:
Gestational weeks; 1st, first tertile; 2nd, second tertile; 3rd, third tertile. At <12 GW, 1st: CC (n=56), CT
(n=83), TT (n=42); 2nd: CC (n=60), CT (n=99), TT (n=27); 3rd: CC (n=70), CT (n=92), TT (n=26). At 15 GW,
1st: CC (n=50), CT (n=72), TT (n=23); 2nd: CC (n=49), CT (n=68), TT (n=30); 3rd: CC (n=47), CT (n=72), TT
(n=29). At 24-27 GW, 1st: CC (n=62), CT (n=77), TT (n=31); 2nd: CC (n=55), CT (n=87), TT (n=22); 3rd: CC
(n=56), CT (n=83), TT (n=31). With cord blood samples, 1st: CC (n=47), CT (n=72), TT (n=27); 2nd: CC
(n=55), CT (n=76), TT (n=21); 3rd: CC (n=55), CT (n=70), TT (n=28). Values are geometrical means. Error
bars represent 95% confidence interval. Comparison between genotypes were made using ANCOVA
adjusting for gestational age at time of blood draw, and RBC folate at <12 GW or plasma folate
concentration at 15, 24-27 GW and labour; with posthoc Bonferroni correction for multiple comparisons:

*p<0.05, **p<0.01, #p=0.06.
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4. BHMT c¢.716G>A polymorphism, plasma betaine, dimethylglycine,
dimethylglycine/betaine ratio and tHcy

Plasma betaine, dimethylglycine (DMG), tHcy and DMG/betaine ratio according to
maternal BHMT c.716G>A genotype throughout pregnancy and in cord blood are
reported in Table 14. Betaine and tHcy did not differ among genotypes at any time of
pregnancy. Lower plasma DMG was observed in the BHMT c.716AA compared to GG
genotype in late pregnancy and in the cord. This was also true for the heterozygote
genotype at <12, 15 GW and at labour. A lower DMG/betaine ratio was also observed in
the heterozygote compared to homozygote common genotype at 15 GW and in the

homozygote variant compared to homozygote common genotype at 34 GW.

In all of the BHMT c.716 genotypes, plasma betaine decreased between <12 and 24-27
GW and subsequently, remained unchanged for the rest of pregnancy. Plasma DMG
initially decreased between <12 and 15 GW, plateaued and started increasing from 24-
27 GW in the BHMT c.716GG and GA genotypes but not until 34GW in the AA genotype.
The DMG/betaine ratio increased steadily throughout pregnancy, except in the case of
the BHMT c.716AA genotype where there was no change between 15 and 34 GW. The
pattern of change in tHcy followed the same U shape in all BHMT c.716 genotypes.

Interactions between plasma folate tertile based category and the effect of BHMT
¢.716G>A genotype on DMG were observed at <12 and 15 GW and on the DMG/betaine
ratio at <12 GW. Plasma folate category also modified the association between the
BHMT c.716G>A genotype and plasma tHcy at <12, 34 GW, labour and in the cord (P for
interactions: 0.037, 0.056, 0.057 and 0.019, respectively).
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Table 14. Plasma betaine, dimethylglycine, tHcy and dimethylglycine/betaine ratio during pregnancy and in the cord
according to maternal BHMT c.716G>A genotypes.

BHMT
c.716G>A <12 GW 15 GW 24-27 GW 34 GW Labour Cord
genotype
G 20.851 14.62a 12.78a 12.83 13.13 24.65
Plasma betaine (20.10,21.63)  (14.21,15.04)  (1242,13.07)  (12.51,13.16)  (12.78,13.50)  (23.93,25.40)
(umol/L) ca 21.93 15.28a 13.092 13.28 13.37 25.13
(21.04,22.85)  (14.81,15.76)  (12.69,13.50)  (12.92,13.64)  (12.94,13.83)  (24.42,25.85)
A7 20.88 14.57a 12.662 13.04 12.71 25.33
(19.24,22.66)  (13.59,15.61)  (11.98,13.39)  (12.31,13.82)  (11.97,13.50)  (23.75,27.02)
ANCOVAZ models NS NS NS NS NS NS
Pl folate-genot
asma lofate-genotype NS NS NS NS NS NS
interaction4
G 2.56 2.27a 2.23 2.53a 2.99a 3.72
Plasma (2.45, 2.66) (2.16, 2.38) (2.13,2.34) (2.39, 2.67) (2.83,3.16) (3.54,3.92)
dimethylglycine
(umol/L) A 2.42% 2.14*a 2.12 2.41a 2.72%a 3.58
(2.31,2.53) (2.04,2.24) (2.01,2.34) (2.27,2.55) (2.54,2.91) (3.41,3.76)
AA 2.47 2.03b 2.00 2.01% t 2.37%%% ¢ 3.24*
(2.21, 2.76) (1.82,2.27) (1.79, 2.24) (1.83,2.21) (2.06,2.73) (2.89, 3.62)
ANCOVAS3 models P<0.05 P<0.05 NS P<0.01 P<0.001 P<0.05
Pl folate-genot
asma fofate-genotype P<0.05 P<0.05 NS NS NS NS

interaction4
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Table 14. Plasma betaine, dimethylglycine, tHcy and dimethylglycine/betaine ratio during pregnancy and in the cord
according to maternal BHMT c.716G>A genotypes (continued).

BHMT
c.716G>A <12 GW 15 GW 24-27 GW 34 GW Labour Cord
genotype
GG 0.13 0.17a 0.202 0.22a 0.262 0.17
Dimethylglycine (0.13,0.14) (0.16, 0.18) (0.18, 0.21) (0.20, 0.24) (0.23, 0.28) (0.15,0.18)
/betaine ca 0.12 0.15%a 0.172 0.202 0.232 0.15
(0.11,0.12) (0.14, 0.16) (0.16,0.19) (0.18,0.21) (0.20, 0.26) (0.14, 0.16)
AA 0.158 0.152 0.18 0.16* 0.22¢ 0.14
(0.10, 0.19) (0.13,0.17) (0.13, 0.23) (0.15,0.18) (0.16, 0.28) (0.12, 0.16)
ANCOVA2 models P<0.05 P<0.05 NS P<0.01 NS P=0.053
Plasm.a folate-.genotype P<0.01 NS NS NS NS NS
interaction4
Plasma tHcy GG 5.27 4.54a 4.63 5.29a 6.25a 4.86
(umol/L) (5.14, 5.40) (4.42,4.67) (4.50, 4.77) (5.13, 5.46) (6.02, 6.48) (4.68,5.05)
GA 5.35 4.48a 4.65 5.31a 6.132 4.90
(5.18,5.52) (4.35,4.61) (4.48,4.82) (5.11, 5.52) (5.88, 6.40) (4.69,5.13)
AA 5.31 4.50a 4.64 5.20a 6.072 491
(4.97,5.67) (4.21, 4.81) (4.32,4.99) (4.83, 5.60) (5.60, 6.58) (4.52,5.33)
ANCOVAZ2 models NS NS NS NS NS NS
Pl folate- t
asma folale-genotype P<0.05 NS NS P=0.056 P=0.057 P<0.05

interaction4

GW: gestational weeks; NS: non-significant. Sample size: plasma betaine (n = 603, 454, 517, 501, 480, 463; for <12, 15, 24-27, 34 GW, labour and
cord, respectively), dimethylglycine and dimethylglycine/betaine ratio (n = 603, 439, 516, 501, 480, 463; for <12, 15, 24-27, 34 GW, labour and
cord, respectively) and plasma tHcy (n = 605, 449, 516, 501, 480, 466; for <12, 15, 24-27, 34 GW, labour and cord, respectively). Sample size varies
between time points due to participant loss due to complications, non-attendance of programmed blood draw or delivery elsewhere or failure to

collect blood samples. 1Values are geometrical means (95% confidence interval). 2Adjusting for maternal folate status (plasma folate tertile-based
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categories at early and mid-late pregnancy) and gestational age at time of blood draw. 3Adjusting for maternal folate status (plasma folate tertile-
based categories at early and mid-late pregnancy), plasma betaine and gestational age at time of blood draw. ANCOVA Bonferroni posthoc:
***p<0.001, *p<0.05, versus GG; tp<0.05, §p=0.055, versus GA. *Maternal plasma folate tertile-based categories at mid-late pregnancy for cord
analyte-genotype interactions. Two-factor repeated measures ANOVA (intrasubject factor: gestational age; intersubject factor: BHMT c.716G>A

genotype) followed by post hoc Bonferroni correction for multiple comparisons: ap<0.001, bp<0.05, ¢p<0.01 versus previous time point.
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A stratified analysis of plasma DMG, DMG/betaine ratio and tHcy for each BHMT
c.716G>A genotype according to plasma folate status (tertile based categories) in early
or mid-late pregnancy was conducted in those pregnancy time points where significant
plasma folate status interactions on genotype-analyte were observed (Figure 20). In
the high folate status category, lower DMG was observed in BHMT c.716GA compared
to GG genotype at both <12 and 15 GW (Figure 20.A). In the low folate status category
the DMG/betaine ratio was higher in participants with the BHMT c.716AA compared to
GG or GA genotypes at <12 GW. However, in the high folate status category, the
DMG/betaine ratio was lower in GA than GG, though not significant (P=0.082) (Figure
20.B).

Figure 20. Plasma dimethylglycine, dimethylglycine/betaine ratio and tHcy according
to maternal BHMT c.716G>A genotype and plasma folate status!.
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Plasma analytes according to maternal BHMT c.716G>A genotype and folate status (plasma folate tertile-
based categories). A. Plasma dimethylglycine at <12 and 15 GW. B. Dimethylglycine/betaine ratio at <12
GW. C. tHcy at <12 GW and in cord. 1Relating to corresponding time of pregnancy: <12 and 15 GW (low:
<18.6 or 20.5nmol/L at <12 or 15 GW respectively; high: 235.8 or 33.4nmol/L, at <12 or 15 GW
respectively; mid) or in the cord (low: <8.9 or 7.1nmol/L, at 24-27 or 34 GW respectively; high: 217.1 or
13.4nmol/L, at 24-27 or 34 GW respectively). At <12 GW, for dimethylglycine and
dimethylglyicine /betaine ratio, Low: GG (n=110), GA (n=110), AA (n=26); Mid: GG (n=65), GA (n=40), AA
(n=16); High: GG (n=114), GA (n=91), AA (n=20); for tHcy, Low: GG (n=110), GA (n=110), AA (n=26); Mid:
GG (n=66), GA (n=40), AA (n=16); High: GG (n=114), GA (n=91), AA (n=20). At 15 GW, Low: GG (n=81), GA
(n=87), AA (n=14); Mid: GG (n=36), GA (n=24), AA (n=10); High: GG (n=89), GA (n=70), AA (n=16). With
cord blood samples, Low: GG (n=84), GA (n=79), AA (n=13); Mid: GG (n=48), GA (n=39), AA (n=16); High:
GG (n=75), GA (n=76), AA (n=14). Values are geometrical means. Error bars represent 95% confidence
interval. Comparison between genotypes were made using ANCOVA adjusting for gestational age at time of
blood draw, plasma folate concentration at <12, 15 GW and labour, and in the case of dimethylglycine
analysis also for plasma betaine at <12 or 15 GW; with posthoc Bonferroni correction for multiple

comparisons: *p<0.05, **p<0.01, #p=0.08, §p=0.07.

How maternal plasma folate status (tertile-based categories) and BHMT c.716G>A
genotype are associated with plasma DMG throughout pregnancy and in the cord is
reported in Table 15. Low compared to mid (reference tertile based category) plasma
folate was associated with higher plasma DMG throughout pregnancy and in the cord.
High compared to mid plasma folate status was associated with lower plasma DMG
from mid pregnancy throughout the rest of pregnancy although the association was
only significant at 34 GW. Compared to the normal homozygote BHMT c.716 genotype
(GG), both variant GA and AA genotypes were associated with lower plasma DMG
throughout pregnancy. The observed associations are stronger in the case of the

variant homozygote genotype (AA) during late pregnancy and in the cord.
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Table 15. Change in plasma dimethylglycine according to plasma folate category and
maternal BHMT c.716G>A genotype.

Model Plasma folate category? BHMT c.716G>A genotype
R2 F [n] Low vs Mid High vs Mid GA vs GG AAvs GG
<12 GW 18.3  12.3 [455]*** 0.08 (0.04)2 -0.01 (0.04) -0.09 (0.03)** -0.07 (0.06)
15 GW 139 8.4 [420]*** 0.10 (0.05)* 0.03 (0.05) -0.08 (0.03)* -0.10 (0.06)#
24-27GW 13.8 9.8 [494]*** 0.13 (0.04)** -0.03 (0.05) -0.06 (0.04) -0.09 (0.06)
34 GW 219 15.8[476]***  0.15(0.05)**  -0.09 (0.05)* -0.07 (0.04)  -0.20 (0.06)***

Labour  19.0 13.1[463]**  0.16 (0.05)*  -0.04(0.05)  -0.10 (0.04)*  -0.22 (0.07)**

Cord 10.6 6.7 [436]**  0.16 (0.05)** 0.06 (0.04) -0.06 (0.04)§  -0.12 (0.06)*

GW: Gestational weeks. Multiple linear regression analysis: dependent variable plasma dimethylglycine

(umol/L). Adjusted for plasma betaine and gestational age at time of blood draw. !Relating to
corresponding time of pregnancy: <12 and 15 GW (low: <18.6 or 20.5nmol/L at <12 or 15 GW respectively;
high: 235.8 or 33.4nmol/L, at <12 or 15 GW respectively) or 24-27 GW throughout the rest of pregnancy
and in the cord (low: <8.9 or 7.1nmol/L, at 24-27 or 34 GW respectively; high: 217.1 or 13.4nmol/L, at
24-27 or 34 GW respectively). 2B coefficient (standard error). *p<0.05, **p<0.01, ***p<0.001, #p=0.065,
§p=0.071.
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5. SLC19A1 c.80G>A polymorphism, plasma and RBC folate, and plasma tHcy

Plasma folate, RBC folate, and tHcy were compared between the different maternal
SLC19A1 c.80G>A genotypes throughout pregnancy and in the cord (Table 16). No

differences were observed.

In all of the SLC19A1 ¢.80 genotypes, plasma folate decreased between 15 and 24-27,
and between 24-27 and 34 GW. In all of the SLC19A41 c.80 genotypes, RBC folate
increased between <12 and 15 GW, and decreased between 15 to 24-27, and between
24-27 and 34 GW. THcy had a U shape pattern throughout pregnancy; but in GG the
tHcy increase was observed earlier (between 15 and 24-27 GW) compared to GA and

AA genotypes (between 24-27 and 34 GW).

The effect of folate status (as plasma folate tertile-based categories) on the relationship
between SLC19A1 c.80G>A genotype and tHcy was tested and no folate-genotype

interaction throughout pregnancy or in the cord was observed.
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Table 16. Plasma and RBC folate and tHcy during pregnancy and in the cord according to maternal SLC19A1 c.80G>A

genotypes.
SLC19A1
c.80G>A <12 GW 15 GW 24-27 GW 34 GW Labour Cord
genotype
cc 25.71 25.9 13.2a 10.4a 10.2 23.6
Plasma folate (22.9, 29.0) (23.0,29.1) (11.7, 14.9) (9.2,11.8) (8.9,11.6)  (21.5,26.0)
(nmol/L) A 26.2 25.0 13.52 11.72 11.0 23.9
(24.0, 28.5) (22.7,27.5) (12.3,14.8) (10.5, 13.0) (9.9,12.3)  (22.1,25.8)
AA 25.0 24.7 12.68 10.6 10.9 24.3
(22.4,27.9) (21.8,28.0) (11.1,14.1) (9.4,12.0) (9.3,12.7)  (22.0,26.8)
ANCOVAZ models NS NS NS NS NS NS
c 1015 13402 1123a 884a
RBC folate (929, 1110) (1232,1456)  (1035,1221) (814, 959)
(nmol/L) A 962 12242 1117b 964a
(901, 1027) (1138,1316) (1044, 1196) (888, 1047)
AA 949 12252 1058P 873a
(864, 1044) (1117,1344) (971, 1153) (789, 965)
ANCOVAZ models NS NS NS NS
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PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

Table 16. Plasma and RBC folate and tHcy during pregnancy and in the cord according to maternal SLC19A1 c.80G>A

genotypes (continued).

SLC19A1
c.80G>A <12 GW 15 GW 24-27 GW 34 GW Labour Cord
genotype
w0 5.40 4.50a 4.76b 5.48a 6.382 4.87
Plasma tHcy (5.20,5.60) (4.34, 4.67) (4.57, 4.96) (5.23,5.74) (6.07,6.71) (4.62,5.13)
(umol/L) A 5.28 4.472 4.55 5.212 6.102 4.96
(5.13,5.42) (4.35, 4.60) (4.41,4.70) (5.03,5.39) (5.87,6.34) (4.77,5.16)
o 5.26 4.582 4.67 5.232 6.142 4.82
(5.07,5.45) (4.40,4.77) (4.47, 4.88) (5.00,5.47) (5.83,6.46)  (4.55,5.10)
ANCOVA3 models NS NS NS NS NS NS
Plasma folate-genotype NS NS NS NS NS NS

interaction4

GW: gestational weeks; NS: non-significant. Sample size: plasma folate (n = 605, 449, 516, 501, 479, 466; for <12, 15, 24-27, 34 GW, labour and cord,

respectively), RBC folate (n = 563, 423, 503, 489; for <12, 15, 24-27, 34 GW, respectively) and plasma tHcy (n = 605, 449, 516, 501, 480, 466; for

<12, 15, 24-27, 34 GW, labour and cord, respectively). Sample size varies between time points due to participant loss due to complications, non-

attendance of programmed blood draw or delivery elsewhere or failure to collect blood samples. 1Values are geometrical means (95% confidence

interval). 2Adjusting for gestational age at time of blood draw. 3Adjusting for maternal folate status (plasma folate tertile-based categories at early

and mid-late pregnancy) and gestational age at time of blood draw. 4Maternal plasma folate tertile-based categories at mid-late pregnancy for cord

tHcy-genotype interactions. Two-factor repeated measures ANOVA (intrasubject factor: gestational age; intersubject factor: SLC19A1 c.80G>A

genotype) followed by post hoc Bonferroni correction for multiple comparisons: ap<0.001, bp<0.01, versus previous time point.
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6. MTRR c.66A>G polymorphism, plasma and RBC folate, plasma cobalamin and
tHcy

Plasma and RBC folate, plasma cobalamin and tHcy throughout pregnancy and in the
cord are compared between the different maternal MTRR c.66A>G genotypes in Table
17. Plasma folate was lower in heterozygotes at <12 GW compared to normal
homozygotes, but no other differences were observed between the different MTRR c.66
genotypes for the rest of pregnancy or in the cord. RBC folate did not differ between the
genotypes. Higher plasma tHcy and cobalamin were observed in the MTRR c.66GG
compared to AA genotype at <12 and 15 GW, and at 24-27 GW, respectively.

In the three MTRR c.66A>G genotypes, plasma folate decreased between 15 and 24-27,
and between 24-27 and 34 GW. RBC folate decreased from 15 GW throughout
pregnancy in the three MTRR c.66 genotypes. Plasma tHcy decreased in the three
genotypes at early pregnancy, started increasing after 15 GW for AA genotype, and
after 24-27 GW for AG and GG genotypes. Plasma cobalamin decreased throughout
pregnancy in the three genotypes, but in AG the decrease from 34 GW to labour was

borderline significant (P=0.062).

The relationship between MTRR c.66A>G and tHcy was modified by plasma folate at
<12, 15 and 24-27 GW. Plasma folate also affected the genotype effect on plasma
cobalamin at <12, 15 and 24-27 and 34 GW; although at 34 GW the interaction did not

reach significance (P for interaction: 0.070).

213



UNIVERSITAT ROVIRA I VIRGILI

PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS,

ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela
Genetic sltudy results

PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

Table 17. Plasma and RBC folate, plasma cobalamin and tHcy during pregnancy and in the cord according to maternal

MTRR c.66A>G genotypes.
MTRR
C.66A>G <12 GW 15 GW 24-27 GW 34 GW Labour Cord
genotype
AA 28.51 25.2a 13.7b 10.8b 10.7 24.1
Plasma folate (25.5,31.8) (22.1,28.8) (12.1, 15.6) (9.4,12.4) (93,12.4)  (21.7,26.8)
(nmol/L) AG 24.0* 24.8 12.9b 10.9b 10.6 23.4
(21.9,26.1) (22.8,27.0) (11.8,14.2) (9.9, 12.0) (9.5,11.7)  (21.8,25.1)
G 26.3 25.7 13.0b 11.52 11.0 24.5
(23.4, 29.6) (22.6,29.3) (11.6, 14.6) (10.1,13.1) (9.5,12.7)  (22.2,27.1)
ANCOVAZ2 models P=0.051 NS NS NS NS NS
AA 1017 1329b 1160¢ 959b
RBC folate (930,1112) (1212,1456)  (1057,1272) (860, 1068)
(nmol/L) AG 954 1228P 1083b 8940
(890, 1022) (1147,1314)  (1015,1155) (832, 960)
c 963 1224b 1078b 906P
(884, 1048) (1112,1346)  (994,1170) (823,997)
ANCOVA? models NS NS NS NS
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Table 17. Plasma and RBC folate, plasma cobalamin and tHcy during pregnancy and in the cord according to maternal
MTRR c.66A>G genotypes (continued).

MTRR
C.66A>G <12 GW 15 GW 24-27 GW 34 GW Labour Cord
genotype
AA 5.04 4.34b 4.50a 5.22b 6.19b 5.10
tHey (4.87,5.21) (4.19, 4.50) (4.32,4.70) (4.97,549)  (5.88,6.53) (4.85,5.37)
(nmol/L) AG 5.37 4.53b 472 5.34b 6.29b 476
(5.21, 5.53) (4.39, 4.67) (4.57,4.87) (5.17,5.52)  (6.06,6.53) (4.56,4.96)
G 5.46* 4.67*Db 4.66 5.27b 6.01b 4.88
(5.28,5.65) (4.53,4.82) (4.48, 4.85) (5.04,5.51)  (5.71,6.32)  (4.65,5.13)
ANCOVA3 models P<0.05 P<0.05 NS NS NS NS
Plasma folate-genotype P<0.001 P<0.05 P<0.001 NS NS NS
interaction>
371 318p 268P 246b 231a 319
Plasma AA (352, 391) (298, 340) (254, 283) (232,261) (216, 247) (288, 353)
cobalamin ! ’ ’ , , E
(pmol/L) AG 359 322b 275b 246b 233 328
(346, 373) (308, 337) (264, 287) (235, 258) (221, 245) (303, 356)
. 373 332b 291*b 261b 241¢ 332
(352, 396) (312, 354) (273,310) (245, 278) (225, 260) (291, 378)
ANCOVA“ models NS NS P<0.05 NS NS NS
Plasma folate-genotype P<0.05 P<0.05 P<0.01 P=0.07 NS NS
interaction>

GW: gestational weeks; NS: non-significant. Sample size: plasma folate (n = 605, 449, 516, 501, 479, 466; for <12, 15, 24-27, 34 GW, labour and cord,
respectively), RBC folate (n = 563, 423, 503, 489; for <12, 15, 24-27, 34 GW, respectively), plasma tHcy (n = 605, 449, 516, 501, 480, 466; for <12,

15, 24-27, 34 GW, labour and cord, respectively) and plasma cobalamin (n = 605, 449, 516, 501, 477, 466; for <12, 15, 24-27, 34 GW, labour and

cord, respectively). Sample size varies between time points due to participant loss due to complications, non-attendance of programmed blood

215



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela
Genetic sltudy results

draw or delivery elsewhere or failure to collect blood samples. 1Values are geometrical means (95% confidence interval). 2Adjusting for gestational
age at time of blood draw. 3Adjusting for maternal folate status (plasma folate concentration at each time point), plasma cobalamin tertile and
gestational age at time of blood draw. 4Adjusting for maternal folate status (plasma folate concentration at each time point) and gestational age at
time of blood draw. ANCOVA Bonferroni posthoc: *p<0.05, versus AA. 5Based on maternal plasma folate concentration at labour for cord analyte-
genotype interactions. Two-factor repeated measures ANOVA (intrasubject factor: gestational age; intersubject factor: MTRR c.66A>G genotype)

followed by post hoc Bonferroni correction for multiple comparisons: 2p<0.05, bp<0.001, ¢p<0.01, versus previous time point.
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A stratified analysis of plasma tHcy and cobalamin for each MTRR c.66A>G genotype
according to plasma folate tertiles was conducted in those pregnancy time points
where significant folate interactions on genotype-analyte were observed. There were
higher plasma tHcy concentrations in MTRR c.66GG than AA at <12 and 15 GW only in
the mid plasma folate tertiles (Figure 21.A). No differences in plasma cobalamin were
observed among MTRR c.66A>G genotypes at <12, 15 and 24-27 GW after stratification
by plasma folate tertiles (Figure 21.B).

Figure 21. Plasma tHcy and cobalamin according to maternal MTRR c.66A>G genotype
and plasma folate tertiles.
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Plasma analytes according to maternal MTRR c.66A>G genotype and plasma folate tertile. A. Plasma tHcy at
<12, 15 and 24-27 GW. B. Plasma cobalamin at <12, 15 and 24-27 GW. GW: Gestational weeks; 1st, first
tertile; 2nd, second tertile; 34, third tertile. At <12 GW, 1st: AA (n=45), AG (n=96), GG (n=48); 2nd: AA
(n=54), AG (n=88), GG (n=56); 3rd: AA (n=69), AG (n=81), GG (n=52). At 15 GW, 1st: AA (n=43), AG (n=64),
GG (n=38); 2nd: AA (n=37), AG (n=69), GG (n=40); 3rd: AA (n=51), AG (n=62), GG (n=35). At 24-27 GW, 1st:
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AA (n=47), AG (n=78), GG (n=45); 2nd: AA (n=49), AG (n=77), GG (n=43); 3rd: AA (n=55), AG (n=68), GG
(n=46). Values are geometrical means. Error bars represent 95% confidence interval. Comparison between
genotypes were made using ANCOVA adjusting for gestational age at time of blood draw, plasma folate
concentration at <12, 15 and 24-27 GW, and in the case of tHcy analysis also for plasma cobalamin tertile at

<12, 15 and 24-27 GW; with posthoc Bonferroni correction for multiple comparisons: *p<0.05.

Due to the known relationship between cobalamin and tHcy, and cobalamin being a
substrate for MTRR, a stratified analysis of plasma tHcy for each MTRR c.66A>G
genotype according to plasma cobalamin tertiles was conducted throughout pregnancy
and in the cord. No differences in plasma tHcy were observed among MTRR c.66A>G
genotypes throughout pregnancy and in the cord, in any of the maternal plasma

cobalamin tertiles (Figure 22).

Figure 22. Plasma tHcy according to maternal MTRR c.66A>G genotype and plasma
cobalamin tertiles.
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Plasma tHcy throughout pregnancy and in the cord according to maternal MTRR c.66A>G genotype and
plasma cobalamin tertile. GW: Gestational weeks; 1st, first tertile; 2nd, second tertile; 3rd, third tertile. At
<12 GW, 1st: AA (n=49), AG (n=96), GG (n=50); 2nd: AA (n=63), AG (n=81), GG (n=50); 3rd: AA (n=56), AG
(n=88), GG (n=56). At 15 GW, 1st: AA (n=49), AG (n=61), GG (n=35); 2nd: AA (n=42), AG (n=70), GG (n=35);
3rd: AA (n=40), AG (n=64), GG (n=43). At 24-27 GW, 1st: AA (n=56), AG (n=78), GG (n=35); 2nd: AA (n=44),
AG (n=77), GG (n=48); 3rd: AA (n=51), AG (n=68), GG (n=51). At 34 GW, 1st: AA (n=53), AG (n=70), GG
(n=41); 2nd: AA (n=40), AG (n=90), GG (n=36); 3rd: AA (n=47), AG (n=62), GG (n=54). At labour, 1st: AA
(n=52), AG (n=61), GG (n=45); 2nd: AA (n=42), AG (n=86), GG (n=31); 3rd: AA (n=46), AG (n=60), GG (n=52).
In the cord, 1st: AA (n=48), AG (n=60), GG (n=42); 2nd: AA (n=38), AG (n=81), GG (n=29); 3rd: AA (n=46), AG
(n=59), GG (n=45). Values are geometrical means. Error bars represent 95% confidence interval.

Comparison between genotypes were made using ANCOVA adjusting for gestational age at time of blood
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draw, plasma folate and cobalamin concentrations at <12, 15, 24-27, 34 GW and labour; with posthoc

Bonferroni correction for multiple comparisons.

7. Maternal and neonate genotypes, miscarriage and intrauterine growth

restriction

There were 36 cases of miscarriage and 43 cases of IUGR. Due to the small number of
cases of congenital malformations previously commented; further analyses of the
associations between these pregnancy complications and MTHFR c.665C>T, BHMT
c.716G>A, SLC19A1 c.80G>A, MTRR c.66A>G polymorphisms were not carried out. The
occurrence of miscarriage according to maternal genotype of the aforementioned
polymorphisms is reported in Table 18. The prevalence of miscarriage varied between
the maternal SLC1941 c.80G>A genotypes, although with borderline significance
(p=0.055). More miscarriages were observed in mothers with the SLC19A1 c.80AA
genotype (variant homozygote) compared to the other genotypes. No other
associations were observed for miscarriage prevalence with any of the other maternal
SNPs. The associations between maternal or cord genotypes and IUGR prevalence are
reported in Table 18. The prevalence of [IUGR was only observed to vary for the MTHFR
c.665C>T polymorphism in the cord. It was highest in the presence of the MTHFR
c.665CC genotype (normal homozygote).
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Table 18. Miscarriage and intrauterine growth restriction (IUGR) cases percentages in each maternal and neonate
genotypes of the MTHFR c.665C>T, BHMT c.716G>A, SLC19A1 c.80G>A, MTRR c.66A>G polymorphisms.

Miscarriage IUGR IUGR
Mother Neonate
CC 5.4 (3.1,9.4)1 [203]2 7.9 (4.9 12.7) [189] CC 10.8 (6.9, 16.7)* [157]
MTHFR
C.665C>T CT 5.2 (3.2,8.4) [290] 7.4 (4.8,11.1) [272] CT 6.1 (3.5,10.3) [197]
TT 7.6 (3.9, 14.3) [105] 8.5 (4.4, 15.9) [94] TT 1.3 (0.2, 6.8) [79]
GG 5.8(3.7,9.1) [293] 8.1 (5.4,11.9) [272] GG 5.3(2.9,9.6) [187]
BHMT
c716G>A GA 5.0 (2.9, 8.5) [242] 6.7 (4.1,10.7) [225] GA 8.1 (5.1,12.5) [211]
AA 7.9 (3.4,17.3) [63] 10.3 (4.8,20.8) [58] AA 8.3(2.9,21.8) [36]
GG 5.5(2.9,10.1)# [164] 7.8 (4.5,13.2) [153] GG 7.8 (4.1,14.1) [116]
SLe1941 GA 3.7 (2.0, 6.7) [269] 7.8 (5.1,11.8) [256] GA 6.6 (3.9,10.9) [198]
c.80G>A
AA 9.3 (5.7 14.7) [162] 7.7 (4.3, 3.2) [143] AA 6.1 (3.0,12.0) [115]
AA 3.5(1.6,7.4) [172] 5.6 (3.0,10.2) [162] AA 4.2 (1.8,9.4) [120]
MTRR
C.66A>G AG 5.6 (3.4,9.1) [266] 6.9 (4.3,10.7) [247] AG 8.2 (5.1,12.8) [196]
GG 6.4 (3.5,11.4) [156] 11.7 (7.5,18.0)  [245] GG 7.8 (4.2,14.2) [115]

1Percentage of cases (95% confidence interval). 2Total sample size of the specific genotype. Chi square test, different frequencies between

genotypes: *p<0.05; #p=0.055.
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Genetic study discussion
1. MTHFR c.665C>T polymorphism

The observed genotype frequencies (34.0, 48.6 and 17.4%, for CC, CT and TT,
respectively) were similar to previous studies in Spain (Guillén et al. 2001; Garcia-
Minguillan et al. 2014; Bueno et al. 2016) although another reported a lower frequency
(7.1%) of the variant homozygote genotype (Ubeda et al. 2011). No apparent
differences regarding ethnicity, age, health state and sampling date were observed
between Ubeda et al. study and the RTBC or the other previous Spanish studies.
However, the region of the country was different, i.e. centre (Ubeda et al. 2011) or
east/northeast (Guillén et al. 2001; Fernandez-Roig et al. 2013; Garcia-Minguillan et al.
2014; Bueno et al. 2016). As in the RTBC study, high variant homozygote frequencies
(17-18%) occur in Europe in populations from France (Chango et al. 2000c) and Italy
(Botto and Yang 2000), but not in other European countries (Harmon et al. 1996;
Molloy et al. 1997; Geisel et al. 2001; Castro et al. 2003; Relton et al. 2005; Devlin et al.
2006; Fredriksen et al. 2007; Stanislawska-Sachadyn et al. 2009; de Lau et al. 2010;
Pavlikova et al. 2012).

Plasma/serum folate has been reported to be lower in MTHFR c.665C>T variant
homozygote and/or heterozygotes in pregnancy studies in the absence of folic acid
supplement use (Parle-McDermott et al. 2006; Barbosa et al. 2008a), or when there is
little folic acid use (Molloy et al. 1997). The effect of the polymorphism on plasma folate
was no longer observable when folic acid supplements were used in late pregnancy
(Molloy et al. 2002). In a Spanish study conducted in 2000, when the folic acid
supplement intake recommendation to prevent NTD was beginning, plasma folate was
lower in CT than CC in the second and third trimester (Ubeda et al. 2011). The
recommendations are to use folic acid supplements before the conception and in the
first trimester to prevent NTDs (Direccién General de Salud Publica (Ministerio de
Sanidad y Consumo - Gobierno de Espafia) 1998; Direcciéon General de Salud Publica

(Ministerio de Sanidad y Consumo - Gobierno de Espafia) 2001). The use of folic acid
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supplements during the second and third trimester may have been lower than in the
first trimester in Ubeda et al’s. study. We have previously shown that coinciding with
the decrease in folic acid supplement use after the first trimester, plasma folate falls
sharply (although RBC folate increases during supplementation and then is maintained
more or less stable at least until 34 GW) (Fernandez-Roig et al. 2013). In line with this,
in Ubeda et al. first and second trimester serum folate were 35.0 and 19.8nmol/L
(Ubeda et al. 2011). In our study most of the participants took folic acid supplements in
the first trimester, and half on them continued in the rest of pregnancy. We did not
observe the effect of the maternal polymorphism on plasma folate throughout
pregnancy and in the cord, possibly due to the widespread use of supplements. In
previous studies from the same geographical region with a non pregnant population,
where vitamin supplement users were excluded, and with 11.5nmol/L plasma folate
mean; lower plasma folate was associated with the variant allele (Garcia-Minguillan et
al. 2014; Bueno et al. 2016). In a postfortification Brazilian pregnancy study where half
the sample were supplement users (multivitamin or folic acid alone), 24.2nmol/L
serum folate was the median and 25%, 50% and 25% of the participants in first, second
and third trimester, respectively; lower serum folate was observed in TT participants
(Barnabé et al. 2015). But in South Korean pregnant women at 24-28 GW, without
medications and with 17.1nmol/L serum folate mean; the effect on serum folate was

not observable (Kim et al. 2004).

In the RTBC plasma folate decreased throughout pregnancy, with similar pattern in the
three MTHFR c.665C>T genotypes. Previously our group had reported this decrease
pattern in RTBC participants below and above the plasma folate median (Fernandez-
Roig et al. 2013). As detailed in Introduction point 2.2, there is controversy about this
plasma/serum folate change throughout pregnancy, although most studies found a
decrease. In a clinical trial of folic acid supplement intake (400pg/d) continued in the
second and third trimester, the intervention group had similar serum folate at 14 and
36 GW while in the placebo group serum folate decreased (McNulty et al. 2013).

McNulty et al.'s study where folic acid intake compliance was controlled, may explain
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the different results in the observational studies. In McNulty et al.'s greater folic acid
supplement intake in the second and third trimester (intervention group) not occurring

in the RTBC could prevent the pregnancy induced plasma/serum folate changes.

Regardless of the use of folic acid supplements during pregnancy, lower RBC folate was
reported in MTHFR c.665TT participants in Irish studies (Molloy et al. 1997; Molloy et
al. 2002; Parle-McDermott et al. 2006). Unlike in the Irish studies, using microbiological
assay for folate determination, a UK pregnancy study using a protein-binding assay
found higher RBC folate in TT participants (Relton et al. 2005). We found lower RBC
folate by the microbiological assay in TT pregnant women at mid-late pregnancy; but at
15 GW this was not significant, and at <12 GW it was borderline significant. RBC folate
indicates long term folate status (the previous 120 days or =17 weeks) and plasma
folate indicates recent folate intake. According to the questionnaires, in spite of the
81% RTBC participants planning pregnancy, 34% took folic acid supplements
preconceptionally and 92% in the first trimester. At the prenatal visit at <12 GW a
blood sample is collected for the study, and many participants may have been taking
supplements during little time before the visit for this to be reflected in RBC folate. We
consider probable that at <12 GW RBC folate reflected folate status before folic acid use
was fully established. However at 15 GW when the effect was established, there was no
difference. After folic acid supplement use ceased the effect gradually became evident
again. Our group previously found lower RBC folate in TT non-pregnant population
with no use of vitamin supplements (Bueno et al. 2016). The differences between both
assays in the literature demonstrate that the SNP affect the proportion of RBC folate
forms; and according to the microbiological assay, which is considered the most
recommended, the SNP also lowers the RBC total folate (Molloy et al. 1998; Pfeiffer et

al. 2010). Small studies analysing RBC from USA Caucasian population have found:

- More THF and 5,10-methyleneTHF, and less 5-methylTHF in TT than in CC women
(Huang et al. 2008) and adults (Summers et al. 2010).
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- Detectable amounts of formylTHF, and less 5-methylTHF in TT than in CC women
(Davis et al. 2005).

The MTHFR variant enzyme is thermolabile and has lower activity than the normal
enzyme (Frosst et al. 1995; Daly et al. 1999), maybe due to its higher homodimer
dissociation rate with the subsequent release of its FAD cofactor (Yamada et al. 2001).
An impairment in the MTHFR irreversible reaction can increase 5,10-methyleneTHF
which is poorly polyglutamated by the FPGS in comparison to other folate forms
(Cichowicz and Shane 1987; Chen et al. 1996). Non-polyglutamated folate would not be
retained in RBC and would pass to the blood plasma, although we did not observe
higher plasma folate, and indeed other studies reported lower plasma concentrations in
TT individuals not taking folic acid supplements, as previously commented. DHF and
10-formylTHF are assumed to be the starting compounds for folate catabolism (Suh et
al. 2001), and both can be formed from 5,10-methyleneTHF. In line with this, authors
have suggested increased folate catabolism as the mechanism by which lower RBC
folate is observed in TT individuals (Parle-McDermott et al. 2006), and this might
explain also the lower plasma/serum folate associated with the variant allele in some
studies. Our finding of a RBC folate lowering effect with the variant homozygote
genotype only reaching significance at mid-late pregnancy, suggests that folic acid
supplementation use pattern in the RTBC, and folate status (decrease in folate
throughout pregnancy) can affect the effect of the SNP on RBC folate. However, in
Australian gastroenterology patients the variant allele was associated with lower RBC
folate, but this effect was lost when stratifying by RBC folate in the subgroup below the
median (Lucock et al. 2013).

We observed a similar RBC folate pattern in the three genotypes in the RTBC: an
increase from <12 to 15 GW, and a decrease from 15 GW on. This change was also
found previously in RTBC below and above the plasma folate median (Fernandez-Roig
et al. 2013). When comparing RBC folate at 24-27 or 34 GW to <12 GW there were no

differences (data not shown), i.e. there was no net decrease. As with plasma folate there
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is controversy in observational pregnancy studies, with some reporting a decrease (Ek
and Magnus 1981; Qvist et al. 1986; Fernandez-Roig et al. 2013) and others an increase
in RBC folate throughout pregnancy (Cikot et al. 2001; Takimoto et al. 2007). In the
aforementioned clinical trial of folic acid supplement intake continued in the second
and third trimester, a RBC folate increase from 14 to 36 GW was found in the
intervention group while in the placebo group RBC folate decreased (McNulty et al.
2013). We suggest in McNulty et al.'s trial greater folic acid supplement intake in the
second and third trimester (intervention group) not occurring in the RTBC could

prevent or reverse the pregnancy induced RBC folate changes.

Pregnancy studies, in the absence of folic acid supplementation, reported higher
plasma/serum tHcy in TT participants in the first trimester (Parle-McDermott et al.
2006), between 11-25 GW (Liang et al. 2014) or 24-28 GW (Kim et al. 2004), at varying
times of pregnancy (Barnabé et al. 2015) and in variant allele carriers at labour
(Lopreato et al. 2008; Barbosa et al. 2008a). Similar but non significant trends were
reported in two smaller studies including folic acid supplement users (Molloy et al.
2002; Ubeda et al. 2011). We observed higher plasma tHcy in TT than in CC or CT
participants throughout pregnancy; and higher cord plasma tHcy in TT than CC
participants. The Irish study of Molloy et al. in 2002, found non significant higher cord
plasma tHcy with maternal TT genotype as well as a non significant effect on maternal
plasma tHcy at labour (Molloy et al. 2002). As we found an effect of the SNP on
maternal tHcy, an effect on cord tHcy was expected given the foeto-maternal tHcy
correlations (Guerra-Shinohara et al. 2002; Murphy et al. 2004; Molloy et al. 2005;
Obeid et al. 2005; Wallace et al. 2008), that maternal tHcy is the most important
determinant of foetal tHcy (Molloy et al. 2002), and the existence of tHcy transport
systems in human placentas (Tsitsiou et al. 2011). An impairment in the MTHFR
reaction leads to lower 5-methylTHF and hence less folate-dependent homocysteine
remethylation. The MTHFR c.665C>T polymorphism is the most important genetic

factor that determines blood tHcy, as meta analysed (van Meurs et al. 2013). According
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to our results and most pregnancy studies, the homocysteine enhancing effect of the

polymorphism occurs also during pregnancy.

In our study, maternal RBC folate affected the relationship SNP-tHcy at <12 GW, and so
did plasma folate at 15, 24-27 GW and in cord tHcy. Stratifying the analysis according to
RBC or plasma folate tertiles at these time points, showed that the differences in
plasma tHcy among the genotypes were lost in the highest tertiles. The tHcy-enhancing
effect of the MTHFR variant genotype or allele has been reported to be lost in higher
plasma/serum folate status categories in non-pregnant populations (Jacques et al.
1996; Harmon et al. 1996; Geisel et al. 2001; Kluijtmans et al. 2003; Brilakis et al. 2003;
de Lau et al. 2010). There is some controversy about this in pregnancy. The effect was
lost in North Korean women at 24-28 GW with serum folate above the median (Kim et
al. 2004). However, it was also lost below the serum folate median in Brazilian women
of multiple ethnicities at labour (Barbosa et al. 2008a). Differences between both
studies are ethnicity and ethnicity homogeneity, fasting conditions, and folate
determination method (although both are types of protein-binding assay). At <12 GW
higher tHcy was observed in variant homozygotes compared to heterozygotes, but this
only occurred in the low RBC folate tertile. RBC and plasma folate status indicate long
term folate status and recent folate intake, respectively. We suppose the effect of
MTHFR c.665C>T polymorphism on tHcy at <12 GW is affected by the folate status that
was present at the time the effect has occurred, i.e. folate status before taking folic acid

supplements, which RBC folate can reflect better than plasma folate at <12 GW.

At 15 and 24-27 GW plasma folate modulated the association between the MTHFR
c.665C>T polymorphism and tHcy. THcy was higher in TT compared to CC genotype at
24-27 GW and in cord, only in the first plasma folate tertile. THcy was higher in TT
compared to CT genotype at 15, 24-27 GW and in cord in the first plasma folate tertile,
and also in the second plasma folate tertile at 15 GW. At 34 GW, RBC folate did not
modulate the effect of the SNP on tHcy, and plasma folate did with borderline

significance. At labour no modulation by plasma folate was observed; and RBC folate
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was not determined at this point. We speculate plasma folate must be a better
determinant of the effect of the SNP than RBC at 15 and 24-27 GW. We deem two
factors can be contributing to this pattern of folate interaction from 15 GW on. The first
is that half the RTBC participants stopped taking folic acid supplements after the first
trimester. The second is that the tHcy change at late pregnancy compared to earlier
stages is less determined by folate status. In the RTBC study, plasma betaine but not
folate was a significant predictor of the change in tHcy at labour in participants above
the plasma folate median (Fernandez-Roig et al. 2013). In participants below the
plasma folate median, plasma folate and betaine became equally strong determinants of
the tHcy change at labour (Fernandez-Roig et al. 2013). As RTBC participants started
taking folic acid supplements in the first trimester at different times, the RBC folate
pool at 15 GW might be at different stages of "filling". In such situation, plasma folate
would be a better indicator than RBC folate of folate status at 15 GW and hence plasma
but not RBC folate interaction was observed. At 34 GW and labour no interactions by
folate status were observed and we speculate this is due to reduced effect of folate
status on tHcy at late pregnancy. However, the interpretation of the interaction by
plasma but not RBC folate at 24-27 GW on SNP-tHcy, and of the interaction by plasma

folate at labour on SNP-tHcy in cord; is unclear.

According to most observational studies, tHcy follows a U-shape pattern during
pregnancy, decreasing from early to mid pregnancy and then increasing towards labour
(Cikot et al. 2001; Murphy et al. 2002; Murphy et al. 2004; Velzing-Aarts et al. 2005;
Ubeda et al. 2011). As previously reported for the RTBC (Fernandez-Roig et al. 2013),
we found the same pattern of tHcy change throughout pregnancy, without differences

among MTHFR c.665C>T genotypes.

We found no differences in the proportion of miscarriage cases among MTHFR
c.665C>T genotypes. Hyperhomocysteinaemia is a risk factor for recurrent miscarriage
(Nelen et al. 2000), and the MTHFR c.665 variant allele has a known homocysteine-

enhancing effect. However, the maternal genotype has not been associated with
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recurrent miscarriage risk in studies of Caucasians (Cao et al. 2013); nor specifically in
the Spanish population, even in the presence of low RBC folate (Creus et al. 2013).
Regarding sporadic miscarriage or unspecified type of miscarriage, no association
between genotypes or allele and miscarriage risk was found in a big Irish study with
undocumented use of supplements (Parle-McDermott et al. 2005). However, maternal
TT genotype increased the risk in a postfortification Mexican study with smaller sample
size and little use of folic acid supplements (Rodriguez-Guillén et al. 2009). Our results
seem to be in line with the idea of no effect of maternal genotype on miscarriage risk,

although the number of miscarriage cases is small to consider this result as evidence.

No differences in the proportion of IUGR offspring among maternal MTHFR c.665C>T
genotypes were found either. The existing studies assessing the effect of the maternal
genotype on IUGR, which were in non fortified or non fully exposed to fortification
populations, have found no association (Facco et al. 2009). Moderately elevated
maternal tHcy (7.1pmol/L) at 8 GW was associated with a threefold increased risk of
reduced birth weight in the offspring in a Spanish study (Murphy et al. 2004). The
independent effect of the maternal variant allele on tHcy may not be strong enough for
the studies to find an association between the maternal SNP and miscarriage or [UGR
risk. Also, the variant MTHFR affects directly folate metabolism pathways related with
methylation, but possibly to a lesser extent DNA synthesis and repair. The observed
association between high tHcy and miscarriage or IUGR risk may actually be reflecting
low folate status. Low early pregnancy plasma folate concentration has been associated
with miscarriage (George et al. 2002), and folic acid supplementation with higher birth
weight (Lassi et al. 2013). Given the absence of association between the maternal
MTHFR c.665C>T genotypes and miscarriage or IUGR risk, the pathological mechanisms
for the effect of low folate status on these outcomes might be more related to impaired
DNA synthesis than to methylation. As a nucleoside transport system has been reported
in human placentas (Dancis et al. 1993; Acevedo et al. 1995), a flow of nucleosides from
the mother to the foetus can occur. This is in line with the speculation of lower DNA

synthesis in the presence of low maternal folate status. However, given the multiple
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roles of homocysteine as a toxic agent (Introduction point 2.1), an effector role of

homocysteine in miscarriage and IUGR risk cannot be completely ruled out.

The proportion of IUGR cases were different according to MTHFR c.665C>T genotypes
in the offspring. A lower number of TT neonates had IUGR (1.3%) compared to the
other genotypes. And higher number of CC neonates had IUGR (10.8%) compared to
the other genotypes. In a Canadian study the TT offspring genotype was less prevalent
in IUGR cases than controls (Infante-Rivard et al. 2002). Given that the pregnancies at
24 GW were between May 1998 and June 2000, and the start of the mandatory policy in
Canada (November 1998), in Infante-Rivard et al's study the sample was partially
fortified. Also in this study 79% of the participants took multivitamin supplements in
the third trimester (Infante-Rivard et al. 2002). The authors stated a protective effect of
the variant allele had been observed previously in specific leukaemias, and a potential
mechanism for the protection of them and IUGR could be increased availability of 5,10-
methyleneTHF for thymidylate synthesis (Infante-Rivard et al. 2002). In smaller UK
study a trend toward less variant homozygotes in IUGR cases was reported (Glanville et
al. 2006). The authors suggested decreased foetal survival with the T allele in situations
of deficient folate status, although no data on folic acid supplement use or folate status
was provided (Glanville et al. 2006). In addition to the sample size difference, it could
be possible that the likely lower folate status of the UK study (Glanville et al. 2006)
compared to the Canadian study (Infante-Rivard et al. 2002) was the reason for the
effect of the foetal SNP on IUGR not reaching significance in Glanville et al. No
associations between the offspring genotype and birth weight were observed in a
prefortification Mexican study were 36% of the participants took prenatal supplements
(Kordas et al. 2009). Our results are in line with the studies assessing IUGR (Infante-
Rivard et al. 2002; Glanville et al. 2006). As our group has reported higher risk of the
neonate being in the lower birth weight tertile when cord plasma tHcy is moderately
elevated (Murphy et al. 2004), it could be expected that the variant allele would
increase IUGR risk. But in spite of the homocysteine-enhancing effect of the MTHFR

c.665C>T polymorphism in pregnant and non pregnant populations, this effect has not
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been observed between neonate genotype and cord tHcy (Molloy et al. 2002; Lopreato
et al. 2008; Plumptre et al. 2015). In regards of the foetus survival speculation, a
Spanish study found higher proportion of TT in aborted foetuses than in controls
(Callejon et al. 2007); but no association (Zetterberg et al. 2002) or the contrary has
also being reported (Isotalo et al. 2000; Bae et al. 2007). As in Callejon et al. the upper
limit of gestational age of the miscarriage foetuses was earlier (10 GW) than in the
other studies, it is possible that the abortions due to the deleterious effects of the TT
genotype took place earlier. A high number of embryo/foetal losses can also occur at
pregnancy times where they cannot be identified, such as in embryo resorptions.
Therefore, in addition to what other authors have proposed as the mechanisms of the
"protective” effect of the T allele, we suggest the variant genotype embryos have
reduced survival at very early stages of pregnancy, and that variant genotype surviving
embryos has less other polymorphisms and mutations affecting foetal growth than the
surviving CC embryos. Experiments with human embryos suggest the CT genotype has
a higher risk of developmental failure between fertilisation and blastocyst stage, and

the TT genotype from later on in the implantation process (Enciso et al. 2016).
2. BHMT c.716G>A polymorphism

The RTBC genotype frequencies (48.9, 40.5 and 10.6%, for GG, GA and AA, respectively)
were similar to those reported in studies of healthy population in Norway (Fredriksen
et al. 2007) and China (Liang et al. 2014). A slightly higher frequency of variant
homozygotes (14.5%) was reported in Italy (Giusti et al. 2008).

To the best of our knowledge, no study has investigated the maternal association
between the BHMT c¢.716G>A polymorphism and plasma betaine or DMG
concentrations in pregnancy. Cord plasma betaine was unaffected by the offspring
genotype in a postfortification Canadian study (Visentin et al. 2015). We found no effect
in the RTBC study of the maternal SNP on plasma betaine throughout pregnancy and in
the cord. These results are similar to those reported in a Norwegian older adult cohort

(Fredriksen et al. 2007). Our result is not surprising because a stable betaine pool is
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assumed to be maintained even when the BHMT pathway is upregulated (Allen et al.
1993a; Dominguez-Salas et al. 2013), possibly to spare betaine for its principal
functions as an osmolyte (Yancey et al. 1982) and in protein stabilisation (Sheikh-

Hamad et al. 1994).

In the three genotypes plasma betaine decreased from <12 to 24-27 GW, and remained
unchanged afterwards. This longitudinal pattern has been reported previously in other
studies (Velzing-Aarts et al. 2005; Wallace et al. 2008; Visentin et al. 2015) and in the
RTBC (Fernandez-Roig et al. 2013). In vitro and in vivo experiments of early embryo
development in mice suggest betaine is important at this stage, as an osmoprotector
(Biggers et al. 1993; Dawson and Baltz 1997; Anas et al. 2007) and also as a methyl
donor (Lee et al. 2012). Phosphatidylcholine is preferentially produced/taken up by the
human foetus when it is derived from choline entering the PEMT pathway, where

betaine donates methyl groups (Yan et al. 2013).

Lower plasma DMG concentrations were found with variant allele increase in
Norwegian cohorts of older adults (Fredriksen et al. 2007) or stable angina pectoris
patients (Svingen et al. 2013). Our results in pregnancy are in line with them at most
time points with lower concentration in GA than in GG at early pregnancy, and in AA
than in GG at late pregnancy and in the cord. In spite of the betaine pool not being
affected by the BHMT c.716G>A polymorphism, the DMG/betaine ratio did not mirror
exactly the differences among genotypes reported for DMG. In some time points the
differences in the ratio might not be big enough to be statistically detectable, given that
the ratio depends on the concentration of DMG and betaine, and only the former was
different among genotypes. Also, small differences among genotypes for betaine and
DMG at the same time points and not reaching significance are possible. If these
differences are in contrary sense for betaine and DMG, the combination of both could

lead to significant differences in the DMG/betaine ratio

Plasma DMG had a U-shape pattern throughout pregnancy, as described in the RTBC
(Fernandez-Roig et al. 2013) and other studies (Velzing-Aarts et al. 2005; Wu et al.
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2013; Visentin et al. 2015). In the case of the BHMT c.716AA genotype, the late
pregnancy DMG increase started later than in GG and GA. The DMG/betaine ratio
increased throughout pregnancy, but in AA no increase between 15 to 34 GW was
observed. This is in agreement with human observational studies suggesting
downregulation of the BHMT pathway with the variant enzyme (Fredriksen et al. 2007;
Svingen et al. 2013). However, it does not agree with in vitro experiments where no
effect (Weisberg et al. 2003; Feng et al. 2011), or higher affinity for the substrates (Li et

al. 2008) have been reported in the variant enzyme.

Maternal plasma folate interacted with the effect of the BHMT ¢.716G>A polymorphism
on plasma DMG at <12 and 15 GW, and on DMG/betaine ratio at <12 GW. Stratifying by
plasma folate tertile based categories at these time points showed that lower DMG (and
borderline lower ratio) was observed in the GA than in GG genotype in the high folate
status category. This suggests a less active BHMT pathway in the presence of the
variant allele. The fact that at mid-late pregnancy where folate status is lower, no folate
interaction was found may be due to less variation in folate status at these time points.
In the unstratified analysis lower DMG was observed in AA than in GG at late
pregnancy, and in GA only in labour. These results point toward less BHMT activity
with the variant allele in the extreme ranges of plasma folate status distribution during
gestation; i.e. in the high folate status category at early pregnancy, and at late
pregnancy where folate status is homogeneously low. Higher risk of NTD in offspring
with the variant allele was reported in pregnancies of postfortification American folic
acid supplement users (Boyles et al. 2006), and in Chinese non users (Liu et al. 2014).
This could be a clinical effect of the polymorphism at folate status extremes. As exposed
in Introduction point 3.2, experiments with hepatic physiological concentrations of
DMG, methionine, SAM and SAH suggest all of them can be inhibitors of BHMT in vivo.
We have previously shown in the RTBC an apparent upregulation of the BHMT pathway
at mid-late pregnancy when folate status is lower (Fernandez-Roig et al. 2013). Also in
micropigs fed a folate deficient diet there was more hepatic BHMT specific activity than

in the control group (Halsted et al. 2002). A speculative suggestion from these and our
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data is that, on one hand high folate status leads to BHMT inhibition, with the inhibitory
effect being stronger in the variant enzyme; and on the other hand low folate status
leads to BHMT activation, with a weaker effect in the presence of the variant enzyme.
Whether different folate forms can affect BHMT activity has not been studied, so a
direct in vivo effect occurring cannot be discarded. The concentration of the
aforementioned inhibitors can be affected by folate status. We speculate the following

hypotheses:

- During early pregnancy with high folate status, the variant enzyme is more inhibited

than the normal enzyme due to a molecular environment with high SAM and folate.

- During late pregnancy, that is when low folate status is leading to upregulation of the
BHMT pathway, the resulting higher DMG is inhibiting the variant enzyme to a greater

extent than the normal enzyme.

We exclude methionine as one of the potential effectors given the stability of its plasma
concentration throughout pregnancy and in the subgroups (data not shown), although
differences in the hepatic concentrations of the folate status groups cannot be
discarded. Other compounds affected by folate status may be unknown inhibitors of
BHMT with a potentially higher effect on the variant enzyme. It is worth noting that
SAM is assumed not to interact directly with BHMT according to experiments with the
purified enzyme (Szegedi et al. 2008), and the inhibition in Finkelstein et al. rat liver
extract experiments could therefore be mediated by other proteins bound to BHMT in
vivo (Finkelstein et al. 1972). According to in vitro experiments, SAM but not
methionine inhibits BHMT mRNA expression in a dose-dependent manner (Castro et al.
2002; Ou et al. 2007). However, the harsh conditions of the assay in the
aforementioned rat liver extract study would likely prevent the cells from surviving
and be transcriptionally/translationally active. Also, the BHMT c.716G>A
polymorphism is non-synonymous and no effect on protein expression has been

reported (Li et al. 2008; Feng et al. 2011). Further knowledge of the yet unknown
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properties of the BHMT tetramers occurring in the heterozygote genotype might be

relevant for understanding the observed effects.

In the stratified analysis, a higher DMG/betaine ratio at <12 GW with low folate status
was observed in AA than in GG and GA genotypes. This finding is hard to interpret and
contrary to previous human studies reporting less BHMT activity because DMG
concentration was lower in the presence of the variant allele (Fredriksen et al. 2007;
Svingen et al. 2013). In addition to the molecular environment according to folate
status, other unknown factors related with gestational age may affect the variant
enzyme differently to the normal enzyme. However, this might be a chance finding. We
carried out a stratified analysis of the sample in two plasma folate status categories
(deficient/possibly deficient and normal/high) using WHO criteria in a recent
publication (Colomina et al. 2016), and we observed differences only in the
normal/high group and in the same sense as the results of this thesis (data not shown,

and Appendices).

No differences in the frequency of miscarriage or IUGR cases were found among the
three maternal BHMT c.716 genotypes. A higher rate of embryo resorption was
reported in mouse experiments where embryonic BHMT transcription was inhibited
(Lee et al. 2012). However, there is controversy in human and in vitro studies about the
implications of the BHMT c.716G>A polymorphism on the BHMT pathway, and in Lee et
al's study, inhibition of maternal BHMT expression was not investigated. We found
lower cord plasma DMG concentration in AA participants; and cord plasma DMG has
been reported to be a positive predictor of birth weight (Hogeveen et al. 2013). The
lack of association between maternal genotype and IUGR may be due to birth weight
and IUGR risk not being fully comparable. Also, the association found in Hogeveen et al.
does not indicate cause, and unknown factors could be affecting DMG concentration
and birth weight independently. For example, as DMG through its full oxidation to

glycine in the mitochondria contributes to glutathione synthesis in pregnancy (Friesen
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et al. 2007), higher cord DMG concentration could result from less oxidative stress, and

thus be associated with higher birth weight.

No association was found between IUGR and offspring BHMT ¢.716 genotypes. In the
aforementioned in vitro mouse embryo study, the posttransfer growth of the surviving
embryos whose BHMT expression had been inhibited was the same than with no
inhibition (Lee et al. 2012). Plasma DMG and the DMG/betaine ratio increased in late
pregnancy, as shown here and previously (Fernandez-Roig et al. 2013), suggesting
more importance of the BHMT pathway at that stage where the foetus has higher
growth rate. BHMT activity and expression in foetal livers has been reported to
increase with gestational age in human (Gaull et al. 1973; Feng et al. 2011) and pig
studies (Ganu et al. 2013). However, the contribution of the foetal BHMT to 1C
metabolism is unknown, and other authors have found no differences in cord plasma
betaine and DMG among the three foetal BHMT c.716 genotypes (Visentin et al. 2015).
It seems the maternal BHMT c.716G>A polymorphism could be relevant to small
changes in birth weight not reaching differences in IUGR risk in our study; while the
foetal BHMT could be more involved in early stages of development related with

miscarriage (as embryo resorption) that we were unable to study here.
3. SLC19A1 c.80G>A polymorphism

The genotype frequencies in the RTBC were 27.7, 45.3 and 27.0%, for GG, GA and AA,
respectively. The genotype frequencies of the SLCI19A1 c.80G>A polymorphism in
healthy populations are highly variable in Europe (Chango et al. 2000b; Relton et al.
2005; Devlin et al. 2006; Stanislawska-Sachadyn et al. 2009; de Lau et al. 2010;
Pavlikova et al. 2012) and in the rest of the world (Barbosa et al. 2008b; Liang et al.
2014), but usually there are more normal homozygotes than variant homozygotes and
the heterozygotes are the most common. In a big Norwegian study there were more
normal homozygotes than heterozygotes though (Fredriksen et al. 2007). To our
knowledge, we have found the highest variant homozygote frequency (27.0%) among

other studies in healthy populations (17.2-24.1%).
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SLC19A1 is the major route of folate transport into systemic tissues (Zhao and Goldman
2013), but the molecular implications of the SLC1941 c.80G>A polymorphism are
unclear. The variant transporter might be more prone to be in the wrong cellular
location, but this is based on a study where an amino acid residue segment containing
the polymorphic position is ablated (Marchant et al. 2002), and a similar investigation
specifically with the variant transporter is lacking. Higher affinity for formylTHF in the
variant transporter has been reported (Whetstine et al. 2001), but its affinity and other
Kinetic parameters for 5-methylTHF (most prevalent folate form in the body) are
unknown. Moreover, depending on cell type different expression, affinity and transport
efficacy for its transportable molecules have been described in normal and variant

SLC19A1s (Whetstine et al. 2001; Baslund et al. 2008).

We found no effect of the variant genotypes on plasma folate, which is in line with most
human studies exposed in Introduction point 3.3. If the variant transporter performed
less folate transport, higher plasma folate concentration would be expected. However,
according to these results, the potential effect of the SNP is not strong enough to
observe differences in plasma folate. Another possibility is that other folate
transporters could compensate the potential effect of this polymorphism, e.g. folate
receptors can be up-regulated in the intestine in situations of folate deficiency (Liu et

al. 2005).

The absence of erythropoiesis in mouse foetus and surviving pups that are knock-out
mutants for the reduced folate carrier (Zhao et al. 2001; Gelineau-van Waes et al.
2008), points to this transporter being important in folate uptake during the
development of RBCs. As with plasma folate, most human studies have not found an
association between the variant genotypes and RBC folate concentration. It is
important to note that many of the studies in healthy populations used protein binding
assays for RBC folate determination (Relton et al. 2005; Vesela et al. 2005; Barbosa et
al. 2008b), which are less recommended than the microbiological assay (Pfeiffer et al.

2010). Two studies in healthy populations that used microbiological assay reported
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contrary results. In young Northern Irish adults including multivitamin supplement
users (22.6% of sample) higher RBC folate was observed with variant allele increase
(Stanislawska-Sachadyn et al. 2009). In Spanish adults with a broader age range and
supplement users excluded lower RBC folate was found in variant homozygotes (Bueno
et al. 2016). We did not observe any effect of the SLC1941 c.80G>A polymorphism on
RBC folate in the RTBC. Our result is in line with another study in a healthy population,
using the microbiological assay, excluding folic acid supplement users and conducted in
France (Chango et al. 2000b). The RTBC sample is from the same Spanish geographical
region as in Bueno et al., but they differ in that in Bueno et al.'s study participants had
to have lived in the region for at least 2 generations. Therefore, according these studies
in non-pregnant populations, it can be hypothesised that with no supplement use the
variant allele has no effect (Chango et al. 2000b) or a lowering effect on RBC folate
(Bueno et al. 2016). However, with supplement users included and younger individuals
the effect is in the sense of enhancing RBC folate (Stanislawska-Sachadyn et al. 2009).
On the contrary, taking into account folate status of these three studies do not shed
light in the comparison of the different results. Chango et al.'s study plasma and RBC
folate medians were 13.4 and 547nmol/L, respectively. Stanislawska-Sachadyn et al.'s
study plasma and RBC folate medians were 12.8 and 644nmol/L, respectively. And
Bueno et al's study plasma and RBC folate means were 11.5 and 810nmol/L,
respectively. On average, the RTBC participants were young and folic acid supplement
users, but as they are pregnant they cannot be compared to the Northern Irish study
(Stanislawska-Sachadyn et al. 2009). If the hypothesis of higher RBC folate with variant
allele and supplement use was true, pregnancy-associated unknown factors might
hamper this effect in the RTBC. Also the genetic background may be relevant, as
haplotypes including the variant allele could be different in Northern Ireland than in

Spain.

We found no differences in plasma tHcy among the SLC19A1 c.80G>A genotypes
throughout pregnancy and in the cord, which is in agreement with most studies

(Introduction point 3.3) and the previous results on plasma and RBC folate. The absence
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of interaction of maternal folate status on polymorphism-tHcy relationship is also in
line with the literature (Devlin et al. 2006). However, in the characteristic U-shape
pattern of tHcy throughout pregnancy, the increase in mid-late pregnancy started
earlier in the SLC19A1 c.80GG genotype (normal homozygote). Given the lack of
information regarding this polymorphism at the molecular level, the controversy in
human studies, and that in Spanish non-pregnant non-supplemented population the
variant transporter is associated with apparently less folate uptake (Bueno et al. 2016);

we deem this as a likely chance finding.

The proportion of miscarriage cases was borderline higher in participants with the
SLC19A1 c.80AA genotype. Previous studies have not found this association, but all
were conducted in Asian populations and the outcome specifically included or was
recurrent miscarriage (Rah et al. 2012; Luo et al. 2015; Mohtaram et al. 2016). Due to
the low significance, small number of cases and the absence of effect on maternal and
cord 1C metabolism analytes, this finding has to be regarded cautiously. As differences
in the effect of the variant transporter according to cell types has been described
(Whetstine et al. 2001; Baslund et al. 2008), it can be speculated whether the variant
transporter in maternal cells involved in folate transport toward the foetus at early

pregnancy is functioning worse than the normal transporter.

The maternal or foetal SLC19A1 ¢.80G>A polymorphism was not associated with [IUGR
in the RTBC. To our knowledge there are no reports about this in the literature. There is
an English study finding no effect of the maternal or foetal SNP on birth weight (Relton

et al. 2005), and despite different outcomes our result agrees with it.

As a final remark on SLC19A1, the effect of the addressed polymorphism is largely
unknown and our results (with the exception of a possible effect on miscarriage risk)

support the idea of this polymorphism having no effect or a slight effect.
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4. MTRR c.66A>G polymorphism

The genotype frequencies in the RTBC were 28.9, 44.9 and 26.2%, for AA, AG and GG,
respectively (with similar frequencies in RTBC offspring). Among healthy population
studies, the heterozygote genotype is the most common genotype, except in a Chinese
study, where also the lowest variant homozygote frequency (5.4%) was reported
(Liang et al. 2014). Normal homozygotes are more common than variant homozygotes
in studies from Northern Ireland (Gaughan et al. 2001), Germany (Geisel et al. 2001),
Brazil (Barbosa et al. 2008a) and China (Liang et al. 2014); but not from Norway
(Fredriksen et al. 2007) and the USA (Vaughn et al. 2004; Yang et al. 2008).

According to in vitro experiments, the variant MTRR has less affinity for MTR resulting
in lower formation of the MTRR-MTR complex (Olteanu et al. 2002; Wolthers and
Scrutton 2007). This would mean that after the MTR cobalamin cofactor is oxidised to
the inactive form cob(Il)alamin, the variant MTRR would activate the cofactor at a
lower rate than the normal enzyme, leading to impaired MTR reaction. Other
implications leading to the same effect would be lower reduction of MTR-bound
aquacob(Ill)alamin to cob(Il)alamin, lower conversion of free cob(Il)alamin to MTR-
bound methylcob(Ill)alamin, as well as less stability of the MTR apoenzyme, in the
variant compared to normal MTRR (Yamada et al. 2006). A hampered MTR reaction
would result in a higher proportion of 5-methylTHF that cannot be recycled back to
other folate forms by enzymes other than MTR. As 5-methylTHF is poorly
polyglutamated by the FPGS in comparison to other folate forms (Cichowicz and Shane
1987; Chen et al. 1996), it can be expected that folate is not retained in cell. According
to this idea, in variant homozygotes higher plasma folate and lower RBC folate

concentrations are expected.

Plasma folate was lower in AG than AA (normal homozygote) participants at <12 GW.
In spite of the aforementioned molecular implications of the polymorphism, most
human studies report no effect of the polymorphism on plasma/serum folate

(Introduction point 3.4). Our result in the heterozygote is counterintuitive because
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MTRR is a monomer (Olteanu and Banerjee 2001), so differences in the analyte
concentrations among the three genotypes would be expected to follow a pattern
where the heterozygote has intermediate concentrations than the variant and normal
homozygotes. However, there are reports of differences in plasma cobalamin in
heterozygotes than in homozygotes (Botto et al. 2003; Garcia-Minguillan et al. 2014),
suggesting a different effect specific to heterozygotes. As the difference in plasma folate
in RTBC heterozygotes only occurred at one time point and the model was borderline

significant, this result could be a chance finding.

Most human studies also find no effect of the variant MTRR on RBC folate
concentrations, and our result in the RTBC was in line with them. The longitudinal
changes in RBC folate followed the pattern of an increase between <12 and 15 GW, and
a decrease from 15 GW on, but with the concentrations at 24-27 or 34 GW non different
to <12 GW (data not shown). This RBC folate pattern was not different among the
MTRR c.66A>G genotypes.

Higher plasma tHcy was observed in variant homozygotes than normal homozygotes at
<12 and 15 GW, which is line with the commented putative metabolic outcomes of
lower affinity of variant MTRR for MTR, but not with most human studies that find no
effect. In a non-pregnant population from the same geographical region as the RTBC, a
trend towards higher plasma tHcy in variant allele carriers was found when plasma
cobalamin status was low (£273pmol/L) and riboflavin optimal (Garcia-Minguillan et
al. 2014). However, after stratifying by plasma cobalamin tertiles, we did not find an
effect on tHcy in the RTBC. Plasma folate interacted with the SNP effect on tHcy at early
and mid pregnancy; and when stratifying by plasma folate tertiles, higher plasma tHcy
was found in variant homozygotes than normal homozygotes at <12 and 15 GW only in

the second tertile.

We hypothesise that in the first plasma folate tertile of early pregnancy, the small effect
of the variant MTRR on tHcy is covered by the upregulation of the BHMT pathway that

occur under low folate status conditions. This would explain also why the effect of the
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SNP on tHcy is not observed at mid and late pregnancy when folate status is lower than
at early pregnancy, and homogenously low compared to the more variable values of
early pregnancy. In line with this in a Spanish non pregnant population with no
supplement use and 11.5nmol/L plasma folate mean (possibly deficient), no
independent effect of the MTRR c.66A>G polymorphism on tHcy was reported (Garcia-
Minguillan et al. 2014; Bueno et al. 2016). We speculate that although the folate
statuses of the first tertiles at <12 or 15 GW, of the mid-late pregnancy period and of
the Spanish non pregnant population are not similarly low; all of them are below a

threshold at which the effect of the SNP on tHcy is not observed.

As for the absence of effect on plasma tHcy in the highest plasma folate tertile of early
pregnancy, we hypothesise that the very high folate status at this pregnancy stage leads
to higher SAM, SAM/SAH ratio and lower SAH concentrations resulting in the
remediability of the SNP defect in the enzyme. There is some evidence that folate status
can affect these metabolites. In an Alzheimer disease patients sample, those with
supplemental treatment of folic acid (1.25 mg/d) for 6 months had higher plasma SAM
and SAM/SAH ratio than the untreated group (Chen et al. 2016a). In healthy individuals
following the same diet, dietary folate and RBC SAM concentration and SAM/SAH ratio
were positively correlated (Poirier et al. 2001). In micropigs fed a folate deficient diet
higher hepatic SAH concentration and lower SAM/SAH ratio (Halsted et al. 2002), and
lower expression and activity of hepatic methionine adenosyltransferase 1A and AHCY
enzymes were found (Villanueva and Halsted 2004). Given that SAM is the methyl
donor of the reaction catalysed by MTRR (Foster et al. 1964; Ludwig and Matthews
1997), it can be expected that higher SAM levels occurring with high folate status
correct to a certain extent a defect in the variant MTRR. Lower SAH concentration could
also add to this putative correction as SAH inhibits many methyltransferases using SAM
(Clarke and Banfield 2001), but whether SAH can inhibit MTRR has not been

investigated yet to the best of our knowledge.
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Plasma folate and tHcy throughout pregnancy had the longitudinal patterns described
previously, but in normal homozygotes (AA) the folate decrease and tHcy increase were
observed earlier. The interpretation of this finding is unclear because in the analyses at
each time point whether no effect, or lower plasma folate in AG compared to AA, or
higher tHcy in GG compared to AA, were observed. A possibility is that normal MTRR is
more susceptible to the pregnancy-induced changes in plasma folate and tHcy than the
variant MTRR; but this idea does not correspond with the reported higher affinity for
MTR in the normal compared to the variant MTRR (Olteanu et al. 2002; Wolthers and
Scrutton 2007).

According to the differences in affinity for MTR, the MTRR c.66A>G polymorphism
could imply impaired conversion of free or MTR-bound cob(II)alamin to MTR-bound
methylcob(Ill)alamin, and of MTR-bound aquacob(lll)alamin to MTR-bound
cob(Il)alamin. However, the conversion of free aquacob(Ill)alamin to free
cob(Il)alamin is probably unaffected. Plasma cobalamin mainly occurs as
methylcobalamin with less as adenosylcobalamin and the rest as other forms (Linnell
et al. 1974; Gimsing et al. 1983). Methylcobalamin and adenosylcobalamin are mostly
bound to transporter proteins in blood (Nexo 1977). It is currently assumed that non-
protein bound cobalamin forms are exported from the cell by the ATP-binding cassette
transporter C1 (ABCC1) and other unknown transporters (Beedholm-Ebsen et al. 2010;
Nielsen et al. 2012). The transport mediated by ABCC1 involves the formation of
glutathionyl-cobalamin (Beedholm-Ebsen et al. 2010), suggesting this that
methylcobalamin or adenosylcobalamin cannot be exported by this mechanism.
However, other unknown export mechanisms of free cobalamin are assumed to exist,
and this could account for the high prevalence of methyl and adenosylcobalamin in
plasma. As not much is known about cobalamin metabolism, the potential implications
of the MTRR c.66A>G polymorphism on plasma cobalamin concentrations are difficult
to elucidate. It is possible that a higher proportion of free cob(II)alamin instead of MTR-
bound methylcob(Ill)alamin occurs with variant MTRR, leading to extracellular

cobalamin release at a higher rate than with the normal MTRR. We indeed found higher
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plasma cobalamin in variant homozygote participants than in normal homozygotes.

However this was only found at 24-27 GW and could be a chance finding.

Plasma cobalamin decreased throughout pregnancy in the three MTRR c.66 genotypes.
This pattern has been previously reported in the RTBC (Fernandez-Roig et al. 2013)
and other studies (Bartels et al. 1989; Cikot et al. 2001; Koebnick et al. 2002; Velzing-
Aarts et al. 2005; Murphy et al. 2007; Wallace et al. 2008; Ubeda et al. 2011; Wu et al.
2013; McNulty et al. 2013).

The concentration of these analytes in cord plasma was not affected by the maternal
MTRR c.66A>G polymorphism. This finding cannot be compared to other studies as

such investigation has never been carried out to the best of our knowledge.

In MTRR deficient mutant mice, the dams had a higher frequency of embryo resorption
and lower birth weight of the offspring than in wild type dams (Deng et al. 2008). There
were no differences in the frequency of miscarriage or IUGR cases among the three
maternal MTRR c.66A>G genotypes in the RTBC, and these results are in line with
previous human studies (Furness et al. 2008; Kim et al. 2011). Also the MTRR deficient
mutant mice offspring of Deng et al. had lower birth weight than wild type offspring
(Deng et al. 2008). We found no association either between IUGR and offspring MTRR
c.66A>G genotypes, which agrees with a previous human study (Furness et al. 2008).
The MTRR c.66A>G polymorphism effect is probably not as severe as the mutation in

the aforementioned animal study.
5. Strengths and limitations

A strength of this study is its longitudinal design and follow up from very early
pregnancy. It was carried out in the absence of mandatory fortification with folic acid
and therefore the effects of changing folate status due to prenatal folic acid supplement
use were observed. Blood samples were collected under fasting conditions (except at
delivery), and processed according to specific protocols to prevent artefacts in plasma

analyte concentrations caused by temperature and time before separation of blood
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cells. Pregnant women with chronic diseases and surgical interventions affecting
nutritional status, and medical treatment known to affect 1C metabolism were not

included in the RTBC.

Plasma/serum creatinine is a marker of glomerular filtration rate which can affect
plasma metabolites and nutrient concentrations, such as tHcy. As a result of the
pregnancy induced hyperfiltration state, plasma/serum creatinine decreases during
early pregnancy (de Weerd et al. 2003; Ogueh et al. 2011), being lower at 10 GW and
remaining at this low concentration 6 weeks postpartum (Ogueh et al. 2011). Rather
than specifically adjusting for changes in renal function, haemodilution and albumin
decline we adjusted the analyses by gestational age at the time of blood draw. This
allowed us to reduce the number of covariables included in the mutivariate models.
Further adjustment by plasma creatinine did not change the results or conclusions

(data not shown).

As MTHFR and MTRR have riboflavin cofactors, plasma riboflavin or riboflavin status
markers might affect the SNPs effects. In in vitro studies, the normal and variant
MTHFR enzymes are protected against heat inactivation when incubated with FAD
(Yamada et al. 2001). In South Korean pregnant women at 24-28 GW higher serum
tHcy in MTHFR variant allele carriers was only found below serum FAD median (Kim et
al. 2004). We have previously reported in the non pregnant population of Catalonia that
the effect of MTHFR c.665C>T polymorphism on homocysteine was increased with
deficient or marginally deficient riboflavin status (Garcia-Minguillan et al. 2014). In
Garcia-Minguillan et al. there was a trend toward higher plasma tHcy in MTRR variant
allele carriers when plasma cobalamin was low and riboflavin status was not deficient
nor marginally deficient (Garcia-Minguillan et al. 2014). Adjusting by riboflavin status,
as Erythrocyte Glutathione Reductase Activation Coefficient, did not change the results

or conclusions on MTHFR and MTRR polymorphisms (data not shown).

Smoking has been associated with the concentration of 1C analytes in some studies. In

non pregnant subjects, there are studies reporting slightly higher serum/plasma tHcy
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in smokers while others did not find an effect, as discussed (Pagan et al. 2001). In
pregnant smokers plasma tHcy was higher at 18 GW in a Norwegian study (Bjgrke-
Monsen et al. 2013) and at 11-16 GW in a Dutch study (Bergen et al. 2012). However,
no differences were reported at 18 and 30 GW in prefortification USA (Pagan et al.
2001), and in a Canadian study between the first and second trimester (McDonald et al.
2002). In some studies plasma/serum folate was lower in pregnant smoker (Pagan et
al. 2001; McDonald et al. 2002; Bergen et al. 2012; Bjgrke-Monsen et al. 2013; Krikke et
al. 2016), but others reported no effect of smoking (Pagan et al. 2001; Shen et al. 2016).
Similarly, in whole blood/RBC folate a lowering effect in pregnant smokers has been
found in more studies (Furness et al. 2012; Vandevijvere et al. 2012; Shen et al. 2016)
than the studies reporting no effect (McDonald et al. 2002; Prasodjo et al. 2014). In our
analyses a further adjustment by smoking habit did not alter the results for MTHFR,
BHMT, SLC19A1 and MTRR polymorphisms (data not shown).

The foetal genotypes of the addressed SNPs might be relevant for the cord plasma
concentration of 1C analytes. Foetal MTHFR c.665 genotype was reported to affect cord
plasma folate (Lopreato et al. 2008; Plumptre et al. 2015), RBC folate (Relton et al.
2005; Plumptre et al. 2015), but not tHcy (Molloy et al. 2002; Lopreato et al. 2008;
Plumptre et al. 2015). Cord plasma concentrations of betaine and DMG were not
different among foetal genotypes of BHMT c.716G>A (Visentin et al. 2015), as was
reported for amniotic fluid tHcy among MTRR c.66A>G genotypes (Brouns et al. 2008).
Also, the foetal SLC19A1 c.80G>A polymorphism did not affect cord RBC folate (Relton
et al. 2005), nor placenta plasma tHcy, serum folate or cobalamin (Lopreato et al.
2008). No significant independent effect of the foetal genotypes for the four SNPs on
cord plasma analytes concentration was found, and adjusting by foetal genotype did

not change the results observed for the maternal genotypes (data not shown).

Cobalamin intake has not been taken into account in MTRR c.66A>G analyses and could

have affected the results on plasma cobalamin concentration. We do not expect big
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differences in dietary cobalamin among participants as the vegetarian dietary pattern is

very rare in the RTBC study.

Many hypotheses arising from the results of this thesis involve SAM and SAH; and
different folate forms in contrast to the used "total" folate. These analytes are highly
unstable and due to logistic and methodological reasons their determination is not
possible in this large scale study. With the existing limitations to date, it would be more
feasible to explore these hypotheses in animal models. Also, the concentrations of these
and other 1C analytes in cells and tissues such as the liver, could help to understand the

effects of the four polymorphisms.
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Placenta trace element study results
1. Overview of specimen collection and trace element concentrations

Placenta samples from 212 out of the 562 RTBC pregnancies that went on to have live
births were collected and stored at -802C. Placentas were also collected from 6 other
participants that were recruited on admission to hospital with confirmed labour and
therefore are not included in the section on the genetic study. Tissue blocks from the
foetal side were cut, rinsed and digested in acid prior to determining the trace element

concentrations.

The characteristics of these participants are described in Table 19 and were similar to
the whole RTBC. The median plasma concentrations of 1C metabolism nutrients and

metabolites relevant to the thesis are also shown in Table 19 .

Placenta zinc, copper, selenium and iron concentrations were determined. About thirty
eight percent of placentas had selenium below the limit of detection (see Material and
methods point 3.2., Table 10). Placenta selenium had a non-parametric distribution
(data not shown), so In transformation was applied to all of the trace element variables

for the following analyses. Geometric mean concentrations are reported in Table 20.
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Table 19. Lifestyle, obstetrical, clinical and 1C metabolism status characteristics of
participants with collected placenta sample (n=218).

Age (y) [218]
Body mass index at 1st trimester (kg/m?) [209]!
Planned pregnancy [206]2

32.1 (31.5,32.7)
24.0 (23.4, 24.6)
79.1 (73.1, 84.1)

Previous pregnancy [218]? 56.4 (49.8, 62.8)

Socioeconomic status [215]%3 High 40.0 (33.7,46.7)
Mid 52.1 (45.4,58.7)
Low 7.9 (5.0, 12.3)

Folic acid supplement use? Preconception [203]
First trimester [177]

Throughout pregnancy [200]

37.9 (31.5, 44.8)
98.9 (96.0, 99.7)
50.0 (43.1, 56.9)
28.4(22.9,34.8)
19.7 (15.0, 25.5)
42.6 (36.1,49.5)
11.7 (8.0, 16.8)
3.4 (1.6, 6.8)

0.0 (0.0, 1.8)

Smoking during pregnancy? Periconception [218]
Throughout pregnancy [218]
Periconception [204]
Throughout pregnancy [205]
Periconception [207]

Throughout pregnancy [207]

Regular alcohol consumption?

Illegal drug use?

1st trimester 1C nutrient status
Plasma folate (nmol/L) [209]!
Plasma cobalamin (pmol/L) [209]*

32.8 (28.0,37.7)
378.7 (363.6,394.1)

Plasma total homocysteine (umol/L) [209]* 5.3 (5.2,5.5)

Plasma choline (pmol/L) [209]* 7.4 (7.2,7.6)

Plasma betaine (umol/L) [209]2 22.1(21.1,23.1)
Pregnancy induced hypertension [165]2 7.9 (4.7,13.0)
Gestational diabetes [176] 6.8 (3.9,11.5)

Late pregnancy anaemia [205]2 31.7 (25.7,38.4)

Gestational age at labour (weeks) [218]2 38.9 (38.7,39.1)

Birth weight (g) [218]*
Offspring male sex [218]?
Preterm delivery [218]>2
IUGR [218]?

3164.7 (3105.7, 3223.7)
47.2 (40.7,53.9)

3.7 (1.9,7.1)

9.2 (6.0, 13.7)

Values are larithmetic means or 2percentages (95% confidence interval) [sample size]; 3based on total

income, occupation and education level of both parents.
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Table 20. Placenta trace element geometric mean concentrations (n=212).

Trace element Geometric (95% CI)
Mean
Zinc (ng/g ww) 6732 (6602, 6866)
Copper (ng/g ww) 540 (526, 555)
Selenium (ng/g ww) 77.8 (72.5, 83.6)
Iron (pg/g ww) 60.5 (57.0, 64.3)

2. Correlations among placenta trace element concentrations

There were weak but significant positive correlations between placenta zinc, copper
and selenium (Table 21). Placenta iron concentration was not associated with any of

these.

Table 21. Placenta trace element concentration correlations (n=218).

Zinc Copper Selenium Iron

Zinc - 0.361** 0.16* 0.13
Copper - 0.28** 0.03
Selenium - 0.02

1Spearman correlation coefficients. Significant correlations: *p<0.05, **p<0.01.

3. Maternal and foetal characteristics and placenta trace element concentrations
3.1. Pregnancy smoking patterns and placenta trace element concentrations

Zinc, copper, selenium and iron concentrations were compared between never

smokers, first trimester only smokers or smokers throughout pregnancy (Table 22).
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Table 22. Pregnancy smoking patterns and placenta trace element concentrations.

Smokers in the first Smokers throughout

Non-smokers trimester only pregnancy
[156]1 [19] [43]
Zinc 6761 6620 6785
(ng/g ww) (6619, 6906)2 (6051, 7230) (6452, 7135)
Copper 530 568 565
(ng/g ww) (516, 546) (515, 626) (526, 606)
Selenium 75.0 84.8 89.7*
(ng/g ww) (69.0, 81.6) (63.2,114.0) (77.8,103.4)
Iron 60.8 60.4 59.7
(ng/g ww) (56.5, 65.5) (50.5,72.3) (53.5, 66.5)

1Sample size. 2Trace element concentration geometric mean (95% confidence interval). T-test: *p<0.05

smokers throughout pregnancy vs non-smokers.

Placenta selenium concentration was higher in smokers throughout pregnancy than in
non-smokers. Limiting the results to first trimester smoking versus never smoking,
both copper and selenium concentrations were higher in first trimester smokers than
non-smokers: 566 vs 530 ng/g ww (P<0.05) and 88.2 vs 75.0 ng/g ww (P<0.05),

respectively.

3.2. Correlations between obstetric, lifestyle and demographic parameters, and

placenta trace element concentrations

Correlations between birth weight, gestational age at birth, maternal (at <12 and 24-27
GW), cord plasma cotinine concentrations, maternal age and BMI at first antenatal
check-up, and each trace element concentration are reported in Table 23. Several weak
but significant correlations were detected. Birth weight and placental copper, zinc and
selenium concentrations were negatively correlated. Plasma cotinine at 24-27 GW was
positively correlated with placenta copper. Gestational age and maternal age were
negatively correlated with placenta zinc. Placenta iron was not correlated with any of

the analysed parameters.
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Table 23. Correlations between obstetric, lifestyle and demographic parameters, and placenta trace element

concentrations.
. Plasma cotinine concentrations .First
. . Gestational Maternal trimester
Birth weight
age age maternal
<12 GW 24-27 GW Cord
BMI
[218]1 [218] [209] [169] [204] [218] [209]
Zinc -0.272%*x -0.14* 0.12 0.08 0.02 -0.19** -0.03
Copper -0.23%** 0.01 0.09 0.17* 0.09 0.01 0.04
Selenium -0.17** -0.06 0.09 0.08 0.09 -0.001 -0.05
Iron -0.03 0.04 -0.05 -0.05 -0.05 0.04 -0.10

GW, gestational weeks. BMI, body mass index. 1Sample size varies due to missing information, blood sample or plasma cotinine determination.

2Spearman correlation coefficients. Significant correlations: *p<0.05, **p<0.01, ***p<0.001.
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3.3. Socioeconomic level and placenta trace element concentrations

No differences in placenta trace element concentrations were detected between low
and mid socioeconomic status levels (Table 24). However, placenta iron concentration

was higher in participants with high compared to low socioeconomic status

Table 24. Socioeconomic level and placenta trace element concentrations.

Low Mid High
[17]1 [112] [86]
Zinc 6762 6749 6717
(ng/g ww) (6302, 7257)2 (6560, 6943) (6523, 6917)
Copper 548 547 530
(ng/g ww) (497, 604) (524,570) (513,549)
Selenium 80.8 75.1 80.8
(ng/g ww) (64.4,101.4) (67.8,83.1) (72.3,90.4)
Iron 51.2 59.8 63.4*
(ng/g ww) (41.0, 63.8) (54.4, 65.8) (59.1, 68.1)

1Sample size. Missing socioeconomic data in 3 pregnancies. 2Trace element concentration geometric mean

(95% confidence interval). T-test: *p<0.05 high vs low socioeconomic level.
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3.4. Neonate sex and placenta trace element concentrations

Trace element concentrations from placentas of male or female neonates were
compared (Table 25). Placenta copper concentration was higher in female neonates,
although this did not reach significance (P=0.058). Zinc concentration was higher in
placentas from female neonates. No differences were detected for selenium and iron

concentrations.

Table 25. Neonate sex and placenta trace element concentrations.

Male Female
[103]1 [115]
Zinc 6591 6902*
(ng/g ww) (6411, 6776)2 (6720, 7089)
Copper 526 553#
(ng/g ww) (506, 547) (534,573)
Selenium 75.7 81.1
(ng/g ww) (68.3, 84.0) (73.6,89.4)
Iron 57.9 63.0
(ng/g ww) (52.3,64.2) (59.1, 67.2)

1Sample size. 2Trace element concentration geometric mean (95% confidence interval). T-test: *p<0.05,

#p=0.058 female vs male neonate placenta.

3.5. Intake of trace elements from supplements and food during pregnancy

Data on supplement intake during the first trimester of pregnancy was available from
204 participants. Of these, 14.2% (95% CI: 10.1, 19.7%) took supplements containing
copper, zinc, selenium or iron and of these, 55.2% (95% ClI: 37.5, 71.6%) took iron only.
In the second and third trimester of pregnancy based on data from 200 participants,
74.5% (95% CI: 68.0, 80.0%) took supplements containing the aforementioned trace
elements and 77.9% (95% CI: 70.5, 83.8%) of these took iron only. The patterns of use
of supplements containing each of the addressed trace elements are shown in Table

26.
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Table 26. Trace element supplement use.

. . Second and third
First trimester users .
trimester users
[204]1 [200]
Zinc containing 6.4 (3.8, 10.6)2 16.5 (12.0, 22.3)
supplements
Copper containing 0.5 (0.1,2.7) 3.0 (1.4,6.4)
supplements ST o
Selenium containing 3.9 (2.0,7.5) 12.0 (8.2,17.2)
supplements S R
Iron containing 12.7 (8.8, 18.0) 74.5 (68.0,80.0)

supplements

1Sample size. 2Percentages (95% confidence interval).

Trace element intake from supplements, food and the combination of both, throughout
pregnancy and the percentage of the sample that met the RDA or was above the UL; are
reported in Table 27. Most participants met the RDA for selenium, but this was not the
case for zinc, copper and iron. About 44.6% (95% CI: 37.9, 51.5%) of participants did

not meet the RDA for iron. Intakes above the UL were only observed for iron.
3.6. Trace element supplement use and placenta trace element concentrations

Users of supplements containing trace elements in the first trimester had borderline
lower placenta selenium concentrations than non users (Table 28). And users of these
supplements in the second and third trimesters had lower placenta copper and

borderline higher iron concentrations.
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Table 27. Trace element intake from supplements, food, and the combination of both, during the complete pregnancy
and participant with intakes meeting the RDAs and above the ULs.

::;;l;:nflreonl?s Intake from food Total intake Intakagl : eting  Intake above UL
[200]t [204] [204] [204] [204]
Zinc 270 2574 2839 51.0 0.0
(mg) (170, 370)2 (2454, 2694)2 (2676,3001)2 (44.2,57.8)3 (0.0,1.8)3
Copper 3.1 293.4 296.5 76.5 0.0
(mg) (0.2, 6.0)2 (274.9,311.9)2 (277.8,315.1)2 (70.2,81.8)3 (0.0,1.8)3
Selenium 905 26715 27602 98.0 0.0
(ng) (503, 1306)2 (25439, 27991)2 (26231, 28972)2 (95.1,99.2)3 (0.0,1.8)3
Iron 3992 2264 6480 44.6 11.3
(mg) (3860, 5260)2 (2160, 2368)2 (5786, 7175)2 (37.9,51.5)3 (7.6,16.3)3

RDA, recommended dietary allowance (zinc: 11mg/d, copper: 1mg/d, selenium: 60ug/d, iron: 27mg/d); UL, tolerable upper intake level (zinc:
40mg/d, copper: 10mg/d, selenium: 400ug/d, iron: 45mg/d) (Institute of Medicine - Panel on Dietary Antioxidant and Related Compounds 2000;
Institute of Medicine - Panel on Micronutrients 2001). !Sample size. 2Arithmetic mean intakes (95% confidence interval). 3Percentage of

participants (95% confidence interval).
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Table 28. Trace element supplement use and placenta trace element concentrations.

First trimester Second and third trimester
Non-users Users Non-users Users
[175]1 [28] [51] [148]
Zinc 6746.82 6500.95 6753.30 6715.87
(ng/g ww) (6607.42, 6889.16)2 (6132.19, 6891.89) (6509.72,7005.99) (6556.74, 6878.85)
Copper 544.98 509.01 570.12 530.27*
(ng/g ww) (528.76, 561.70) (479.09, 540.80) (544.68, 596.76) (512.74, 548.40)
Selenium 81.15 66.50# 85.03 76.12
(ng/g ww) (74.98, 87.82) (55.57,79.56) (73.10,98.90) (70.04, 82.74)
Iron 59.26 66.40 52.13 63.418
(ng/g ww) (55.32,63.48) (58.24,75.71) (42.89, 63.35) (60.18, 66.82)

1Sample size. 2Trace element concentration geometric mean (95% confidence interval). T-test: *p<0.05, §p=0.056, #p=0.051 user vs non-user

placenta.
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3.7. Lifestyle, demographic and pregnancy predictors of placenta trace element

concentrations

Birth weight, gestational age at time of delivery, pregnancy smoking patterns, maternal
age, first trimester maternal BMI, and total trace element intake (for each specific trace
element) were studied as predictors of placenta trace element concentrations in the
RTBC by multiple linear regression models. The models were not significant for zinc,
selenium and iron (data not shown). Placenta copper was positively predicted by

gestational age and maternal BM], and negatively by birth weight (Table 29).

Table 29. Lifestyle, demographic and pregnancy predictors of placenta copper
concentrations (n=200)%

Independent variables B coefficient (SE) p value

Birth weight (g) -0.18 x 10-3 (0.04 x 10-3) <0.001
Gestational age (GW) 0.03 (0.01) <0.01
Smoking in the first trimester 0.06 (0.05) 0.241
Smoking throughout pregnancy 0.04 (0.04) 0.282
Maternal age (y) 0.04x 101 (0.03x101) 0.231
First trimester maternal BMI (kg/m?) 0.07x 101 (0.03x10°1) <0.05
Total copper intake (mg) 0.06x10-3 (0.10x 10-3) 0.563

1Sample size. Missing data in any of the independent variables in 18 pregnancies. SE, standard error. GW,
gestational weeks. BMI, body mass index. Multiple linear regression model: dependent variable placenta

copper concentration (ng/g ww). Adjusted R2=9.8, F=4.1, pmodei<0.001.

Models limited to gestational age, birth weight and either trace element total intake or

intake from foods or intake from supplements yielded similar results (data not shown).
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4. One carbon metabolism components as predictors of placenta trace element

concentrations

The possible effects of elements of 1C metabolism during early and late pregnancy on
placenta trace element concentrations (dependent variables) was studied taking into
account plasma folate status at early pregnancy, and plasma tHcy, betaine, choline and
cobalamin at <12 GW and at labour (independent variables). Multiple linear regression
models were used and none was significant for zinc (adjusted R2? from 0.4 to 2.8),
selenium (adjusted R2 from 1.4 to 3.7) and iron (adjusted RZ = 0) (data not shown).
Plasma cobalamin at <12 GW and plasma tHcy at labour were negative and positive
predictors, respectively, of placenta copper concentration (Table 30). None of the

other 1C metabolism analytes or folate categories affected placenta copper.
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Table 30. Plasma cobalamin and tHcy as predictors of placenta copper concentrations.

Models
Independent variables Adjusted R? F [n] B coefficient (SE) p value
Plasma cobalamin at <12 GW (pmol/L)! 8.9 3.0 [200]** -0.259x 103 (0.126 x 10-3) <0.05
Plasma cobalamin at <12 GW (pmol/L)? 9.1 3.0 [200]** -0.270x 103 (0.125x103) <0.05
Plasma tHcy at labour (umol/L) 9.8 4.0 [192]*** 0.016 (0.008) <0.05
Plasma tHcy at labour (umol/L)3 9.2 3.2 [192]** 0.017 (0.008) <0.05

Multiple linear regression analyses: dependent variable placenta copper concentration (ng/g ww). All models were adjusted for birth weight,
gestational age at time of delivery, pregnancy smoking patterns, previous pregnancies, total copper intake, low or high early pregnancy plasma
folate status (plasma folate tertile based categories) and plasma betaine at <12 GW, or 2low or high early pregnancy plasma folate status and
plasma choline at <12 GW, or 3low or high early pregnancy plasma folate status. n, sample size varies due to missing data in any of the independent

and adjusting variables. SE, standard error. GW, gestational weeks. **pmode1<0.01, ***pmoder<0.001.

263



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria ColoSIina Muela
acenta trace element study results

5. Placenta trace element concentrations and adverse pregnancy outcome

5.1. Placenta trace element concentrations in pregnancies with preterm

deliveries

Trace element concentrations from placentas of control or preterm deliveries were

compared and no differences were observed (Table 31).

Table 31. Preterm deliveries and placenta trace element concentrations.

Controls Preterm
[181] [8]
Zinc 6681 7000
(ng/g ww) (6533, 6831)2 (6493, 7547)
Copper 541 537
(ng/g ww) (525, 558) (482, 599)
Selenium 76.1 109.3
(ng/g ww) (70.4,82.3) (73.9,161.7)
Iron 61.2 50.4
(ng/g ww) (57.3,65.5) (32.1,79.1)

1Sample size. 2Trace element concentration geometric mean (95% confidence interval). Mann-Whitney U

test for independent samples.

5.2. Placenta trace element concentrations in intrauterine growth restriction-

affected pregnancies

Trace element concentrations from placentas of control or IUGR neonates were
compared (Table 32). The percentage of IUGR neonates in the sample was 11.0% (95%
Cl: 7.2, 16.4%). Placenta copper and selenium concentrations were higher in IUGR

neonates.
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Table 32. IUGR-affected pregnancies and placenta trace element concentrations.

Controls IUGR
[162]1 [20]
Zinc 6656 6926
(ng/g ww) (6508, 6807)2 (6389, 7509)
Copper 528 611%***
(ng/g ww) (514, 542) (541, 689)
Selenium 76.1 102.3*
(ng/g ww) (70.1, 82.7) (80.3,130.4)
Iron 59.4 63.9
(ng/g ww) (55.2, 64.0) (55.6,73.3)

1Sample size. 2Trace element concentration geometric mean (95% confidence interval). T-test: *p<0.05,

**#*p<0.001 IUGR vs control neonate placenta.

The effect of placental copper and selenium concentrations on IUGR risk were studied
using multiple logistic regression analysis (Table 33). Placenta copper in the highest
tertile (>574.3ng/g ww) compared to the other tertiles was associated with an increase

in probability of IUGR.

Table 33. Risk of IUGR according to placenta copper and selenium concentrations?.

R2 [n] IUGR risk
Copper 22.3[176]** +1
L ' (1.4, 12.6)2
. 1.8
Selenium 16.5 [176]
(0.66, 5.3)

IMultiple logistic regression. Models for placenta copper and selenium adjusted for smoking patterns at
first trimester and throughout pregnancy, maternal age and maternal body mass index at first trimester.
20dds ratios (95% confidence interval) were estimated for placenta copper or selenium concentrations in

the highest tertiles versus the other tertiles. n, sample size. pmodei**<0.01.
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Placenta trace element study discussion
1. Zinc

The median placenta zinc concentration was 6809ng/g ww. Medians reported in other
studies using ICP-MS are higher: 11579ng/g ww in Bangladesh (Kippler et al. 2010),
12630ng/g ww in China (Liu et al. 2013), 8017ng/g ww in Japan (Sakamoto et al.
2013), and 10461ng/g ww in Sweden (Osman et al. 2000). As the concentrations of the
other addressed trace elements in the RTBC were also lower or slightly lower than in
other studies using the same techniques, a comment on this can be made. In our study,
placenta samples whose shortest dimension was 0.5-1cm, were thoroughly washed
with deionised water to remove residual blood. Some of the other studies do not
specify whether they cleaned the samples (Liu et al. 2013) or whether washing with
water or saline was included in the process (Osman et al. 2000; Kippler et al. 2010).
The median placenta zinc, copper and selenium concentrations, most similar to ours,
were reported by Sakamoto et al. They washed their samples five times with saline
solution (Sakamoto et al. 2013). Paper, which can potentially contaminate the samples,
was used for blotting the specimens in two studies (Osman et al. 2000; Sakamoto et al.
2013), unlike in ours. Furthermore, the chorionic plate was discarded in some of these
studies (Osman et al. 2000; Kippler et al. 2010; Sakamoto et al. 2013), unlike the RTBC
samples that included the chorionic plate in addition to the chorionic villi. Studies
comparing foetal side specimens including chorionic plate with maternal side
specimens including decidua basalis have found differences in zinc, copper and iron
concentrations (Manci and Blackburn 1987; Ronco et al. 2005; De Moraes et al. 2011),
however similar studies comparing the chorionic villi with the chorionic plate are
lacking. There is no consensus on placenta specimens collection and handling (Iyengar

and Rapp 2001b), making comparisons among studies hard.

Placenta zinc concentration was positively correlated with those of copper and
selenium. The association with copper has been previously reported in some (Ward et

al. 1987; Zadorozhnaja et al. 2000; Odland et al. 2001), but not other studies (Tsuchiya
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et al. 1984; Osman et al. 2000; Kantola et al. 2000; Ozdemir et al. 2009; Serafim et al.
2012). Some reports have described a positive correlation between placenta zinc and
selenium (Osman et al. 2000; Punshon et al. 2016) while another reported no
correlation (Odland et al. 2001). We assume that the positive correlations we observed
are not due to the water content of the placentas because iron was not correlated with
zinc, copper or selenium. It can be hypothesised that these three elements accumulate
in placenta, specially bound to proteins, to avoid oxidative stress and/or metal toxicity.
Superoxide radicals can be converted to hydrogen peroxide by superoxide dismutase 1
which contains zinc and copper; and hydrogen peroxide to water by the selenoproteins
glutathione peroxidases (Mistry and Williams 2011). Another enzyme catalysing the
former reaction is worth noting, the superoxide dismutase 3, which is extracellular and
contains copper and possibly zinc (Marklund 1982; Marklund 1984). Peroxiredoxins in
the reduced state can also convert hydrogen peroxide to water, needing to be reduced
afterwards by thioredoxins. After the regeneration of peroxiredoxins, thioredoxins also
need to be reduced in a reaction involving NADPH and the selenoproteins thioredoxin
reductases (Lu and Holmgren 2014). The copper chaperone ATOX1 has antioxidant
properties resembling those of superoxide dismutases, although the mechanism is
unknown (Hung et al. 1998; Hatori and Lutsenko 2013). Unlike in vitro results,
metallothionein's antioxidant role in vivo remains controversial (Chiaverini and De Ley
2010). Superoxide dismutase 1, glutathione peroxidases (Wang and Walsh 1996),
superoxide dismutase 3 (Boggess et al. 1998), thioredoxin reductases (Oblong et al.
1993), the copper chaperone ATOX1 (Gambling et al. 2004), and metallothioneins
(Waalkes et al. 1984) expression and/or activity have been detected in placenta.
Although with controversy in superoxide dismutases, the aforementioned proteins
have been reported to be upregulated by oxidative stress conditions (Shull et al. 1991;
Lu et al. 1993; Stralin and Marklund 1994; Dalton et al. 1994; Lin and Culotta 1995; Sun
et al. 1999; Park and Rho 2002; Moon et al. 2005). In support of this hypothesis, the
two most abundant selenoproteins in placenta are glutathione peroxidases (Sonet et al.

2016).
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Metallothioneins bind trace elements that are essential (e.g. copper, zinc) or toxic (e.g.
cadmium) in vivo (Stillman 1995). Metallothionein can detoxify cadmium directly by
the binding of the toxic metal to apometallothionein or replacing zinc atoms (Pinter et
al. 2015). Experiments suggest zinc bound to metallothioneins is labile and serves to be
effectively donated to maturing metalloproteins whereas cadmium is immobilised
(Irvine et al. 2016). However placental zinc retention has been suggested under
cadmium exposure. Zinc, copper, cadmium, nickel, lead and arsenic have been reported
to upregulate metallothioneins via the metal-transcription factor 1 (Heuchel et al.
1994; He and Ma 2009). Higher concentrations of zinc and copper due to higher
metallothionein levels for metal detoxification seems plausible. Selenium has also been
implied in metal detoxification, especially of mercury. It has been proposed that
methylmercury toxicity (and its associated oxidative stress) is mainly due to the
replacement of selenocysteines in selenoproteins, most of which are antioxidant
(Arnold et al. 1986). Methylmercury detoxification by selenium seems to rely on
organic selenium for methylmercury excretion, inactivation or removal from some
organs (Li et al. 2012; Yamashita et al. 2013b; Yamashita et al. 2013a; Li et al. 2014b;
Wang et al. 2017), and more selenium and seleno amino acids to compensate the
selenium deficiency of proteins (Ralston et al. 2008; Li et al. 2014b). Redistribution of
selenium in blood and tissues in response to methylmercury has been reported in
fishes (Huang et al. 2014). Selenium is also involved in arsenic and cadmium
detoxification, especially through the reduction of reactive oxygen species generated by
these toxic metals (Zwolak and Zaporowska 2012). Proteins with roles in oxidative
stress and containing selenium have also been reported to be upregulated by zinc,
copper or cadmium via the metal-transcription factor 1: selenoprotein H in human
amniotic cells (Stoytcheva et al. 2010) and selenoprotein W in rat glial and myoblast
cells (Amantana et al. 2002). Although the protein expression of these two
selenoproteins has not been studied in placenta, their mRNA expression has been
reported (Gu et al. 2000; Dikiy et al. 2007; Gilman et al. 2015). Therefore, we suggest

that the positive correlations between zinc, copper and selenium may be due to the
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retention of these elements in the placenta as a defensive mechanism against oxidative
stress and metal toxicity. We consider that the weak correlations that we observed and
the controversy in the bibliography regarding this topic, can be explained as these two
adverse conditions can vary in intensity and in the reactive oxygen species and metals
involved, leading to differences in the defence mechanisms related with zinc, copper

and selenium.

Plasma cotinine and smoking patterns during pregnancy were not associated with
placenta zinc concentrations. Our results are in agreement with some studies
(Zadorozhnaja et al. 2000; Kantola et al. 2000; Pereg et al. 2001; Sorkun et al. 2007;
Punshon et al. 2016), but other studies have reported higher zinc concentrations in the
placentas of smokers (Kuhnert et al. 1987b; Ronco et al. 2005; Stasenko et al. 2010). All
the studies reporting no association were based on self-reported smokers, but the
studies finding an association classified smokers based on plasma thiocyanate (Kuhnert
et al. 1987a), urine cotinine (Ronco et al. 2005), or placenta cadmium (Stasenko et al.
2010). We checked smoking status with plasma cotinine at <12, 24-27 GW and in the
cord. Thiocyanate is considered a less specific marker of smoking than cotinine
(Benowitz 1996), but our results differ from those in Ronco et al. using urine cotinine.
We speculate the intensity of smoking between our study and the studies reporting
associations might be different, however whether intensity of smoking affect placental
zinc deposition has not been investigated to our knowledge. In addition, other
differences in conditions that may affect placenta zinc concentrations through oxidative
stress and heavy metal exposure might explain the results. For example, the hospitals
of the studies reporting differences (Kuhnert et al. 1987a; Ronco et al. 2005; Stasenko
et al. 2010) were in cities about five or eight-fold more populated than Reus or
Tarragona. In addition, the chorionic plate was removed in two of the studies (Kuhnert
et al. 1987a; Stasenko et al. 2010). The amount of residual blood in the samples is likely
to be higher than in the RTBC because the entire placenta (Stasenko et al. 2010), half of
it (Ronco et al. 2005), or several cotyledons (Kuhnert et al. 1987a) were the parts of the

organ that were washed. Smoking leading to increased zinc content of the placental
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blood supply but not in the tissue itself is a possibility. However, studies have reported
no effect of smoking on maternal blood zinc concentration (Vir et al. 1981; Kuhnert et
al. 1987b; Kantola et al. 2000). Moreover, there is controversy about whether maternal
smoking reduces the zinc concentration in RBC of the foetus (Kuhnert et al. 1987b;
Kuhnert et al. 1988a) or not (Aydogan et al. 2013). It should also be considered that
reported maternal whole blood zinc concentrations range from below two orders of
magnitude to the same order as placenta concentrations (Tsuchiya et al. 1984;
Schramel et al. 1988; Al-Saleh et al. 2004; Ghneim et al. 2016). The same is true for cord
whole blood (Tsuchiya et al. 1984; Schramel et al. 1988; Al-Saleh et al. 2004; Kippler et
al. 2010). The reasons for the association between placenta zinc and smoking found in

other studies using smoking markers, but not found in the RTBC are unclear.

Zinc was negatively correlated with birth weight and gestational age at delivery, but
most studies have not found an association with birth weight (Kantola et al. 2000; Diaz
et al. 2002; Odland et al. 2004; Ozdemir et al. 2009) or gestational age (Ward et al.
1987; Custddio et al. 2003; Reddy et al. 2014). Placenta zinc concentration was higher
in those of female neonates than in male neonates, but other studies have found the
contrary (Punshon et al. 2016) or no association (Osman et al. 2000; Phuapradit et al.
2000). The associations with gestational age and sex can contribute to that with birth
weight. When adjusting for possible confounders no association with birth weight or
gestational age was observed. Placenta zinc was not associated with IUGR, and this is in
agreement with previous studies (Malhotra et al. 1990; Osada et al. 2002; Zadrozna et
al. 2009). We speculate that the possible effect of placenta zinc on birth weight is
influenced by its association with neonate sex. Given that in human placentas X
chromosome inactivation is random and the expression behaviour of the inactive X
chromosome can be heterogeneous (Moreira de Mello et al. 2010), if a gene affecting
zinc metabolism or its regulation is located in the X chromosome, the effects of genetic
variations would be more visible in males. A GWAS studying the main genetic factors
associated with the variance in RBC zinc, copper and selenium found only in the case of

zinc, a polymorphism in a gene in the chromosome X, i.e. NBDY g.56811695C>T. The
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allele T was associated with higher RBC zinc (Evans et al. 2013). The NBDY gene codes
for a protein that acts as an inhibitor of RNA degradation (D’Lima et al. 2016), but its
direct link with zinc metabolism is unknown. The allele frequencies in the RTBC and in
Evans et al.'s study can help test if the differences in the results of placenta zinc and sex

could be due to this polymorphism.

We observed a negative correlation between maternal age and placenta zinc, but this
association was not observed in multiple linear regression models taking into account
birth weight, gestational age, smoking patterns, maternal BMI and zinc intake. There is
controversy about whether an association between maternal age and placenta zinc
exists and the sense of it (Introduction point 5.1). Unknown factors may affect the
relationship between maternal age and placenta zinc in the different populations that

have been studied.

Total zinc intake was not associated with placenta zinc concentration. No human study
has assessed this to our knowledge, and this is also true for the intake and placenta
concentrations of the other addressed trace elements. Zinc supplementation was not
associated with maternal blood zinc concentrations in humans (Caulfield et al. 2008),
and in animal studies lower placenta zinc concentration was only observed in
situations of deficient zinc intake (McKenzie et al. 1975; Fosmire et al. 1977; Masters et
al. 1983a). About 50% of the RTBC participants did not meet the zinc RDA, based on the
food frequency questionnaires and supplement intake. Only 6.4% in the first trimester
and 16.5% in the rest of pregnancy actually took prenatal supplements containing zinc.
Without zinc status measurements of these participants we cannot assess whether
their zinc status was low. Zinc intakes not meeting the zinc RDA in pregnancy (11mg/d)
seem common in populations with low use of micronutrients supplements. Mean total
zinc intake ranged 9.8-11mg/d throughout pregnancy in a Spanish study using 3-day
weighed food records (Carbone et al. 1992) or a Greek study using food frequency

questionnaires (Petrakos et al. 2006). In pregnant women from the NHANES III, median



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela

dietary zinc intake was 9.0mg/d, and 23.0mg/d with the addition of supplement intake
(Briefel et al. 2000).

None of the analysed 1C metabolism components was associated with placenta zinc. In
human, animal and in vitro studies there is controversy about whether concomitant or
chronic folic acid affects zinc absorption and status, with slightly more evidence
supporting no effect than a negative effect. According to the literature, a link between
choline (as acetylcholine) and placenta zinc could exist. 1C metabolism could affect the
regulation of zinc metabolism genes via methylation reactions, and indeed a foetal
programming effect on liver and kidney zinc concentrations has been reported in rats
(Krdl et al. 2011). Zinc status could also affect 1C metabolism because zinc is a
component of BHMT (Millian and Garrow 1998), the main intestinal glutamate
hydrolase folate hydrolase 1 (Halsted et al. 1998), DNA methyltransferases (Chuang et
al. 1996) and possibly MTR (Matthews and Goulding 1997). The lower polyglutamate
than monoglutamate folate absorption in humans after a zinc depletion intervention
(Tamura et al. 1978), suggests an effect on folate hydrolase 1. Similar results were
obtained in rats (Tamura et al. 1987; Canton et al. 1989), where the other (non-zinc-
containing) glutamate hydrolase gamma glutamyl hydrolase is responsible for removal
of glutamates from folates in the intestine. Higher glutamate hydrolase activity was
reported in an in vitro study with pig pancreatic juice when higher concentrations of
zinc were present in the medium (Bhandari et al. 1990). Studies in rats link zinc
deficiency with increases in hepatic homocysteine (Duerre and Wallwork 1986) and
decreases in plasma/serum homocysteine (Hong et al. 2000; Jing et al. 2015). Lower
(Tamura et al. 1987; Hong et al. 2000) or non different (Jing et al. 2015) plasma/serum
folate in zinc deficient compared to pair fed control rats have been reported. Our
results show no association between placenta zinc concentration and 1C metabolism.
Zinc deficiency risk in Spain is low (IZiNCG 2004), and in the RTBC a big proportion of
folate intake is as folic acid supplements, where folate is monoglutamate. Thus, not
observing and association between plasma folate and placenta zinc, potentially

mediated by the effect of zinc deficiency on folate absorption, was expected. Moreover,
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placenta zinc concentration may not be a marker of global zinc status, because it may

be affected by other elements such as oxidative stress and metal toxicity.
2. Copper

The median placenta copper concentration was 534ng/g ww. Medians reported in
other studies using ICP-MS are higher: 930ng/g ww in Bangladesh (Kippler et al. 2010),
690ng/g ww in China (Liu et al. 2013), 652ng/g ww in Japan (Sakamoto et al. 2013),
and 953ng/g ww in Sweden (Osman et al. 2000). As previously mentioned in the case
of placenta zinc, variations in reported placenta trace element concentrations between

different studies may occur due to differences in sample collection and processing.

Placenta copper and selenium were positively correlated. As zinc was also associated in
the same way with these elements, we speculate that the positive association among
these trace elements can be due to all of them being involved in defence against

oxidative stress and metal toxicity.

In addition to a positive correlation between placenta copper and plasma cotinine at
24-27 GW, we observed higher placenta copper concentration in first trimester
smokers compared to non smokers. This result is contrary to previous studies where
smoking status was assessed as self reported by the participants (Zadorozhnaja et al.
2000; Kantola et al. 2000), but also taking into account urine cotinine at delivery
(Ronco et al. 2005) or placenta cadmium (Stasenko et al. 2010). Placenta cadmium has
not been defined yet as a marker of smoking during pregnancy. Some studies reported
no associations between placenta cadmium and smoking (Fagher et al. 1993;
Zadorozhnaja et al. 2000; Odland et al. 2001; Terrones-Saldivar et al. 2008). However,
there are more studies supporting a positive association between placenta cadmium
and maternal smoking status (Roels et al. 1978; van Hattum et al. 1981; Kuhnert et al.
1987b; Lagerkvist et al. 1996; Bush et al. 2000; Osman et al. 2000; Kantola et al. 2000;
Pereg et al. 2001; Falcén et al. 2002; Ronco et al. 2005; Sorkun et al. 2007). The reasons

for the controversy are unclear, but differences among the studies of other sources of
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cadmium exposure such as diet and contamination might be involved. As exposed
previously, residual blood was unlikely to affect the placental trace element
determinations in the RTBC placentas due to the cleaning step in the sample
preparation procedure. This was possibly not the case in the studies reporting no effect
of smoking on placenta copper because these studies either do not specify whether
they cleaned the samples (Zadorozhnaja et al. 2000; Kantola et al. 2000) or washed
bigger parts of the organ compared to the RTBC samples (Ronco et al. 2005; Stasenko
et al. 2010). A possibility is that smoking increases the concentration of placental
copper but decreases that in the circulating blood, and thus these studies did not
observe differences between smokers and non smokers. Studies in women have not
reported such smoking effect in blood copper, but absence of effect. Whole blood
copper was not different between non pregnant smokers and non pregnant non
smokers (Benes et al. 2005). No effect of smoking in maternal serum (Mochizuki et al.
1984; Kantola et al. 2000) and cord RBC (Aydogan et al. 2013) have been reported in
pregnancy studies. We speculate whether the smoking effect on placenta copper was
diluted due to the probably higher residual blood in the studies not reporting an effect
(Zadorozhnaja et al. 2000; Kantola et al. 2000; Ronco et al. 2005; Stasenko et al. 2010).
We deem sample size is not the reason for the absence of effect in these studies,
because in two of them sample size was very close to ours (Zadorozhnaja et al. 2000;
Stasenko et al. 2010). However, the positive association between smokers at least in the
first trimester and placenta copper was not observed in smokers during only the first
trimester or throughout pregnancy. Moreover, no effect of smoking patterns on
placenta copper was observed in multiple linear regression models taking into account
birth weight, gestational age, maternal age, maternal BMI and copper intake. Therefore,

this finding must be regarded cautiously.

Placenta copper was negatively associated with birth weight in the RTBC and was
associated with higher risk of [UGR. As commented in Introduction point 5.2, there are
conflicting findings in the literature regarding the association between placental copper

and birth weight. Lower (Zadrozna et al. 2009) or similar (Osada et al. 2002) copper
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concentrations have been found in placentas of [UGR compared to control neonates. In
these two studies the sample size was small (<51), the participants were self reported
non-smokers and removal of residual blood was not specified. In addition in Osada et
al’s. study, the chorionic plate was discarded and not included in the analysis. However,
when considering also the studies not assessing IUGR, but birth weight, we could not
identify a pattern in the differences between them and our study that might explain the
discrepancies. As we adjusted for other variables that can affect birth weight, we
consider our approach more rigorous and propose that copper may be retained in the
placenta in response to adverse conditions that can limit foetal growth such as
oxidative stress or metal toxicity. Unknown factors that may vary in the different
populations in the literature may affect the relationship between these two conditions

and placenta copper.

Gestational age at delivery was positively associated with placenta copper after
adjusting for different confounders. Higher placenta copper has been reported
previously when comparing first trimester to term placentas (Kantola et al. 2000), but
no differences comparing more advanced gestations, including preterm deliveries. In
the analysis without adjustment we did not find an association, which is in line with the
bibliography. We did not find differences according to preterm delivery either, but the

number of preterm cases was reduced.

BMI and placenta copper were positively associated after adjusting for birth weight,
gestational age, smoking patterns, maternal age and copper intake. There have been no
previous reports on this to the best of our knowledge. Studies assessing BMI or
categories of it and blood copper in non pregnant adults reported controvert results.
BMI in adults and plasma/serum copper have been reported to be positively associated
(Tungtrongchitr et al. 2003; Abiaka et al. 2003; Ghayour-Mobarhan et al. 2009;
Dabbaghmanesh et al. 2011) or not associated (Chen et al. 1997; Rotter et al. 2015;
Torkanlou et al. 2016). BMI in adults was positively associated with whole blood
copper (Benes et al. 2005), but not associated with RBC copper (Riikgauer et al. 2001;
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Ozata et al. 2002). In child studies, BMI and plasma/serum copper have been positively
(Lima et al. 2006; Azab et al. 2014), negatively associated (Blazewicz et al. 2013) or not
associated (Arvanitidou et al. 2007). Child BMI has been negatively associated with
whole blood copper (Blazewicz et al. 2013) and not associated with RBC copper (Lima
et al. 2006). Maternal whole blood copper concentrations were negatively associated
with BMI at an unspecified time of pregnancy in a study in rural India (Mahanta et al.
2012). In summary, most studies in adults report positive associations between BMI
and blood copper in line with the association that we observed in RTBC placentas. BMI
and copper status might be related through oxidative stress. Plasma malondialdehyde
(a marker of oxidative stress) and BMI were positively correlated in a case control
study of obesity in adults (Olusi 2002). Higher RBC superoxide dismutase 1 activity was
found in obese compared to control children (Erdeve et al. 2004), but the contrary was
reported in adults (Olusi 2002). None of the aforementioned studies assessing BMI and
blood copper have found differences in RBC copper according to BMI. We speculate
whether higher levels of antioxidant copper proteins in plasma (such as superoxide
dismutase 3) or placenta occur with increasing BMI, but such hypothesis has not been
tested to the best of our knowledge in humans. In leptin mutant obese mouse model
higher superoxide dismutase 3 protein levels were observed in plasma, compared to

the wild type strain (Nakao et al. 2000).

Unlike previous reports in animal studies assessing diets ranging from copper deficient
to with twice the copper requirements (Masters et al. 1983a; Ebesh et al. 1999;
Andersen et al. 2007; Marques et al. 2016), total copper intake was not associated with
placental copper concentration in our study. Copper intake may not have varied
sufficiently among the participants to affect placenta copper concentrations. Moreover,
adverse conditions such as oxidative stress and metal toxicity may be more important
determinants of placenta copper concentrations and mask the effect of the intake on
placenta copper. We found lower copper concentrations in the placentas of users of
multivitamin supplements containing trace elements during the second and third

trimester. About 78% of these users at this period took supplements containing only
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iron (and in the ferrous state) out of the four trace elements. An interaction between
iron and copper could exist. However, placenta iron and copper were not correlated,
the uptake mechanisms in the intestine and placenta are different for both elements,
and placenta copper was not affected by total copper intake. The ferroxidase enzymes,
i.e. hephaestin in the enterocyte basolateral membrane, ceruloplasmin in blood plasma
and liver, and zyklopen in the placenta; are copper containing enzymes necessary for
non haem iron transport (Introduction point 5.2). We hypothesise that the higher iron
intake in these users might lead to copper redirection from the placenta to the blood,
liver and intestine, with the exception of the copper for the zyklopen enzyme that will
be retained in the placenta. The proportion of copper released from the placenta to the
bloodstream, liver and intestine would be higher than that retained by zyklopen. In a
pregnant rat study with diets from iron deficient to low (iron as 7.5-50mg/Kg diet),
iron status as hepatic iron was negatively associated with placenta copper. However,
iron status was also negatively associated with hepatic and serum copper, and serum
ceruloplasmin and zyklopen activities (Gambling et al. 2004). A possibility not studied
to the best of our knowledge is whether iron status is positively associated with
intestine copper and hephaestin. Also, studies using adequate and high iron intake

could shed light in the interaction of iron and copper.

Plasma cobalamin at <12 GW was a negative predictor of placenta copper and plasma
tHcy at labour was a positive predictor. It can be considered that these two 1C
metabolism analytes were associated with placenta copper in the same sense, because
cobalamin is necessary for folate dependent homocysteine remethylation, and tHcy can
accumulate under impaired 1C metabolism conditions. However the fact that different
components of 1C metabolism associate with placenta copper at different stages of
pregnancy complicates the interpretation of this result. In homocysteine remethylation
betaine acquires more importance as a methyl donor toward late pregnancy, and the
folate dependent pathway is the responsible of the remethylation at early pregnancy.

Plasma tHcy would be a more appropriate marker of 1C metabolism in late pregnancy
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due to the importance of both pathways at this pregnancy stage; and cobalamin a

marker of the main pathway at early pregnancy, i.e. folate dependent remethylation.

There has been relatively little research to date on associations between folate and
copper status. A possible release of copper from tissue stores to blood shortly after a
pharmacological dose of folic acid was reported in mice (Hamed et al. 2009), and lower
renal copper concentrations were reported in the offspring of rat dams fed folic acid
supplemented diets (Krol et al. 2011). In the cases of a possible association between 1C
metabolism and copper, copper could be the effector. The enzyme
adenosylhomocysteinase, which is present in human placentas (Hershfield et al. 1985),
catalyses the reversible reaction adenosine + homocysteine 2 SAH, that due to the
efficient removal of homocysteine and adenosine in the organism is in the hydrolytic
direction (Cantoni 1985; Prigge and Chiang 2001). Human recombinant placental
adenosylhomocysteinase has been reported to bind copper (Bethin et al. 1995b). The
relation of copper to nicotinamide adenine dinucleotide (NAD+) can regulate
adenosylhomocysteinase activity according to in vitro studies. Copper acts as an
inhibitor reducing the affinity of adenosylhomocysteinase for its NAD+* cofactor,
whereas higher concentrations on NAD+ can prevent this inhibition. This has been
proposed as a physiological adaptation to regulate adenosylhomocysteinase activity
according to the redox status (Li et al. 2007). If the reaction catalysed by
adenosylhomocysteinase is impaired by copper, tHcy would decrease and SAH would
increase (with a subsequent inhibition of methyltransferases). However, adding to the
scenario studies assessing copper status complicates the understanding of the
relationship between copper and adenosylhomocysteinase. Downregulation of hepatic
adenosylhomocysteinase protein levels have been reported in mice fed copper deficient
diet compared to control diets (Bethin et al. 1995a). On the contrary, in a mouse model
of Wilson disease, a disease where copper accumulates in liver and that can be due to
mutations in the ATP7B copper pump; hepatic adenosylhomocysteinase protein levels
were lower than in wild type mouse (Bethin et al. 1995a; Medici et al. 2013). In Medici

et al's study, in the Wilson disease compared to wild type mouse higher hepatic SAH
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and global DNA hypomethylation were observed. In this study DNA hypomethylation
was rescued with chelators of copper or with betaine (Medici et al. 2013). Despite the
controversy about the effect of copper on adenosylhomocysteinase, there is evidence of
a positive association between copper and homocysteine. In uterine cervical cancer cell
(HeLa) experiments, there was more release of homocysteine to the medium in cells
with 64ng/ml copper in the medium than in cells with control medium (Hultberg et al.
1997). In a cervical dysplasia case control study, a positive correlation between plasma
copper and tHcy was found in the whole sample, in the cases, and with borderline
significance in controls (Thomson et al. 2000). Similar results were obtained in a
peripheral vascular disease case control study (Mansoor et al. 2000). We hypothesised
higher placenta copper concentrations increase adenosylhomocysteinase expression in
this organ, leading to higher plasma tHcy concentrations at labour. The copper
concentration in the placenta would affect the contribution of this organ to 1C
metabolism at labour, and that would be the reason why plasma tHcy at <12 GW is not
a predictor of placenta copper, but tHcy at labour is. As for plasma cobalamin at <12
GW, we are not sure of a possible cause for the negative association between it and
placental copper. No previous studies have assessed this, but the fact that cobalamin
and not folate status are associated with placenta copper may indicated that the other

cobalamin pathway, methylmalonyl-CoA mutase may be involved.
3. Selenium

The median placenta selenium was 82.2ng/g ww. Medians reported in other studies
using ICP-MS are higher: 245.6ng/g ww in Bangladesh (Kippler et al. 2010), 189.5ng/g
ww in Sweden (Osman et al. 2000), 229.5ng/g ww in China (Liu et al. 2013) and
173.3ng/g ww in Japan (Sakamoto et al. 2013). As previously mentioned in the case of
placenta zinc and copper, variations in reported placenta trace element concentrations
between different studies may occur due to differences in sample collection and

processing.
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Smokers during the first trimester or throughout pregnancy had higher placenta
selenium concentrations. Another study with a sample from rural Finland reported the
same finding (Kantola et al. 2004), but most studies has found no association (Osman et
al. 2000; Kantola et al. 2004; Punshon et al. 2016). Of these studies, the smoking status
was assessed as self reported by the participants (Kantola et al. 2004; Punshon et al.
2016), except in one study where in a subsample urine cotinine was also taken into
account (Osman et al. 2000). These studies probably had higher content of residual
blood as the removal procedure was not specified (Kantola et al. 2004; Punshon et al.
2016), or whether washing with water or saline was included in the process (Osman et
al. 2000). All the RTBC smokers were categorised as such taking into account plasma
cotinine. We proposed that oxidative stress and metal toxicity, such as from cadmium,
due to smoking, are associated with a placental selenium retention in smokers,
especially in the aforementioned seleno proteins. The effect of smoking on maternal
and cord blood selenium ranges from no effect to lower concentrations (Introduction
point 5.3), thus the likely higher residual blood in some of the previous studies may
mask increases in placenta selenium concentration. However, the association between
smoking and placenta selenium in the RTBC must be taken cautiously as it was not
observed after adjusting for confounders such as birth weight, gestational age,
maternal age, maternal BMI and selenium intake; or was plasma cotinine correlated

with placenta selenium.

Placenta selenium was negatively correlated with birth weight, and higher
concentrations were found in placentas of IUGR than control neonates. Most studies
assessing birth weight have found no association, including a study from Saudi Arabia
of 250 placentas with self reported non active smokers, and with the removal of
residual blood with deionised water washes (Al-Saleh et al. 2015). Maternal whole
blood selenium was not associated with birth weight, but cord selenium was positively
associated with birth weight in non smokers (Kantola et al. 2004). As maternal and
cord whole blood selenium concentrations (Schramel et al. 1988; Kosanovic et al. 2002;

Kantola et al. 2004; Al-Saleh et al. 2004) are of the same order of magnitude as those of
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the placenta; a possible dilution of the effect of smoking could have occurred in all
these studies except Al-Saleh et al. There is controversy about whether the
concentrations of selenium in placentas of [IUGR neonates are lower (Klapec et al. 2008)
or higher (Osada et al. 2002; Zadrozna et al. 2009) than in controls. Our study is the
first assessing IUGR in a sample that includes active smokers. Nevertheless, we deem
these results could be chance findings, as no association was observed for birth weight,
and IUGR risk when taking into account possible confounders (gestational age, smoking
patterns, maternal age, maternal BMI and selenium intake). Other studies adjusting for
confounders has found this absence of association with IUGR or birth weight (Al-Saleh

etal. 2015).

Total selenium intake was not associated with placenta selenium. This is in
disagreement with the only study to our knowledge addressing this, which found
higher concentrations in placentas of cattle fed with selenium supplemented diets (de
Toledo and Perry 1985). Selenium intake affects the concentrations in plasma. In a
clinical trial in UK elderly volunteers, after six month of 100pg/d or more of organic
selenium supplementation, higher plasma selenium concentrations were observed
(Bekaert et al. 2008). In a rat study with deficient to low selenium diets (2 to 119ug/Kg
diet, 150pug/Kg diet is the required selenium for maintenance/growth in rats), plasma
selenium was higher with higher selenium content in the diets (National Research
Council (US) - Subcommittee on Laboratory Animal Nutrition 1995; Uthus et al. 2002).
We suggest the same reasons as for zinc and copper for the absence of association in
the RTBC, including non extreme intakes of selenium, and placenta selenium
concentrations being more dependent on other conditions (oxidative stress and metal

toxicity).

None of the analysed 1C metabolism components was associated with placenta
selenium. Methyl groups derived from cobalamin dependent tHcy remethylation, but
not from choline, seem to be involved in selenium detoxification (Introduction point

5.3). The absence of selenium intakes above the UL plus total selenium intake not being
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a predictor of placenta selenium in the RTBC, suggest that selenium detoxification is
not a relevant contributor to the selenium content of this organ. Folic acid
supplementation impairs selenomethionine intestinal absorption in rats (Nogales et al.
2011), and selenomethionine is the major form of dietary selenium (Institute of
Medicine 2000; Burk and Hill 2015). In Nogales et al. the dams in which selenium
intestinal absorption was measured in their pups, were fed diets containing folic acid as
2 or 8mg/Kg diet from gestation to lactation, that is 200% or 800% the requirements
(National Research Council (US) - Subcommittee on Laboratory Animal Nutrition
1995). However, in the RTBC the median total folate intake was 638 (95% Cl: 517, 839)
pg/d (Sole-Navais 2016), and the Spanish recommended dietary intake in pregnancy is
500pg/d (Federacion Espaiiola de Sociedades de Nutricion Alimentacidon y Dietética
2010). In addition to the lack of association between selenium concentrations in the
placenta and selenium total intake, the possible effect reported in rats is likely non

observable in our study due to folate intakes being less extreme.

In the aforementioned rat study, folic acid supplementation of 8mg/Kg diet induced
changes in the selenium status of several compartments in the offspring (Ojeda et al.
2010; Nogales et al. 2011). The dietary selenium content in this experiment was
0.5mg/Kg diet, that is 125% the requirements of reproducing rats (National Research
Council (US) - Subcommittee on Laboratory Animal Nutrition 1995), and in the RTBC
about 100pg/d of selenium, that is 167% of the RDA (Institute of Medicine - Panel on
Dietary Antioxidant and Related Compounds 2000). Thus, unlike folate, the intake of
selenium may be similar in both studies. In the RTBC, at moderate folic acid intakes, no
changes in the selenium status of the placenta were observed according to plasma

folate.

Negative associations have been found between serum/plasma/whole blood selenium
and plasma/serum tHcy in observational studies (Bates et al. 2002; Gonzalez et al.
2004; Klapcinska et al. 2005; Bélanger et al. 2006). However, selenium deficient rats

and mice have lower plasma tHcy concentrations (Uthus et al. 2002; Uthus and Ross
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2007), and clinical trials of selenium supplementation failed to reduce plasma tHcy
(Venn et al. 2003; Bekaert et al. 2008). In a genome-wide meta analysis, genetic
polymorphisms located close to genes of the BHMT or transulphuration pathway were
the major determinants of toenail and blood selenium concentrations (Cornelis et al.
2015). The BHMT and transulphuration pathways are involved in the generation of
glycine and cysteine, respectively, which are necessary for the synthesis of the
antioxidant glutathione. The higher tHcy with lower selenium concentrations found in
observational studies might be due lower necessity of the antioxidants glutathione and
seleno proteins. With high oxidative stress the opposite would occur, that is, selenium
would be retained in seleno proteins and tHcy found at lower levels because of the
synthesis of glutathione. However in animal studies, the induced selenium deficiency
brings lower seleno protein activities as reported (Uthus et al. 2002; Uthus and Ross
2007). The lower tHcy concentrations could reflect an effort to compensate this by
higher glutathione synthesis. Indeed higher plasma glutathione concentrations have
been found in selenium deficient rats, but not mice (Uthus and Ross 2007). This
speculative balance between 1C metabolism mediated glutathione synthesis and
selenium retention in seleno proteins in the placenta seems to be looser in pregnancy

according to our results, and the lack of BHMT in this organ could contribute to this.
4. Iron

Median placenta iron was 62.9ug/g ww. A study of populations from Northern Norway
and Russia using ICP-OES had a median placenta iron of 103.39ug/g ww (Odland et al.
2004). However, the specimens of Odland et al. did not include the chorionic plate and
were not cleaned of residual blood (Odland et al. 2001). Reported iron concentrations
in whole blood range from the same order of magnitude to two orders below the
concentrations of the placenta (Tsuchiya et al. 1984; Al-Saleh et al. 2004). Some authors
attribute the higher placenta iron concentrations in older studies to improper blood
removal (Iyengar and Rapp 2001a). Our lower iron concentrations may be due to the

specimen being more thoroughly cleaned of residual blood.
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To the best of our knowledge there are no studies assessing socioeconomic status and
placenta iron concentrations, so the finding of lower concentrations in participants
with low compared to high socioeconomic level cannot be compared with previous
studies. No differences in total and supplement iron intake existed between both
socioeconomic levels (data not shown). The high socioeconomic level group had
characteristics indicative of a healthier pregnancy: lower proportion of smokers
throughout pregnancy, lower maternal BMI and higher proportion of preconception
folic acid supplement users (data not shown). However, in the RTBC, smoking and BMI
were not associated with placenta iron concentrations, and as will be commented, iron
intake and 1C metabolism were not either. There is controversy about whether
smoking has a negative or no effect on the placenta iron concentrations (Ronco et al.
2005; Stasenko et al. 2010), and the effect of BMI is unknown. The causes for the lower
iron concentration in the lower socioeconomic status of the RTBC are unclear, but this

group had a relatively small sample size (n=17).

In English pregnant women, the use of iron supplements during pregnancy was not
associated with placenta iron (Ward et al. 1987). We found borderline higher iron
concentrations in placentas of users of trace element supplements (about 78%
containing only iron) during the second and third trimester, but total iron intake was
not associated with placenta iron concentrations. The intake effect, if any, on placenta

concentrations seems to be small.

None of the analysed 1C metabolism components was associated with placenta iron.
About 60% of the total iron intake in the RTBC came from supplements. The iron forms
contained in these supplements are ferrous compound, none of which is haem iron.
Folic acid simultaneous to non haem iron does not independently affect iron absorption
(Buchanan 1971; Campbell et al. 1994), but folate deficient rabbits had higher non
haem iron absorption compared to normal folate rabbits (Celada et al. 1979). Our
results cannot shed light on this because placenta iron was not affected by total iron

intake or intake from supplements when adjusting (data not shown). Other
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observational studies have reported no differences in the iron concentrations in
amniotic fluid and maternal plasma according to folic acid supplement use (Weekes et

al. 1992; Tamura et al. 1994), and our findings in placenta are in line with them.
5. Strengths and limitations

Strengths of this study regarding its design and blood sample collection and handling
have been described in Genetic study discussion point 5. Placentas were not collected for
the whole RTBC sample (Material and methods point 1.2.2), thus the design for the
placenta trace element sub study can be considered a nested case control study (Gordis
2008). This makes the study not completely appropriate for comparisons with studies

assessing general populations.

The use of food frequency questionnaires to estimate the habitual intake of trace
elements from food is imprecise for total intake estimations. Future analyses should
include trace element determinations in blood to enable the study of interactions
between the maternal, cord and placenta compartments, and with 1C metabolism,

which has been measured in blood.

Although many placenta studies have used single-spot samples as we did, we consider
this a limitation given that the trace elements are not uniformly distributed along the
length and width of this organ. It is recommended to use multiple spots samples
homogenised in a pooled sample (Ilyengar and Rapp 2001a), however this was not
possible in the RTBC as the collected specimens from other parts of the organ are
aimed to other research applications. On the contrary, the special care to ensure all the
digested blocks of placenta tissue had similar proportions of the foetal surface and the
inner parts of the organ is a strength of this study, together with the thorough removal
of residual blood. Due to this last point, the effects on the trace element concentrations

of the tissue and not of the circulating blood were observed.

Oxidative stress and metal toxicity were common features of many hypotheses arising

from these results. While measurements of oxidative stress and of trace element-
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containing proteins involved in it are not available in the RTBC; toxic trace element
concentrations were determined in the placentas. Due to the high degree of
imputations because of a high proportion of placentas below the lower limits of
detection, and some cases of implausible recovery percentages (Material and methods
point 3.2 Table 10), these other trace elements were not taken into account in the
quantitative analyses of this thesis. Further analyses using categorical variables for

some of these toxic trace elements could help to test the hypotheses speculated here.

289



UNIVERSITAT ROVIRA I VIRGILI

PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela



UNIVERSITAT ROVIRA I VIRGILI

PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS,

PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela

GENERAL COMMENT




UNIVERSITAT ROVIRA I VIRGILI

PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela

General comment

Pregnancy is a physiological state in which 1C metabolism is extremely important, as
numerous studies have proven. Progress in knowledge in this field is of potential
benefit not only to the immediate health of the mother and her neonate, but possibly to
the ageing process of the neonate by foetal programming events. In addition, given that
the placenta is responsible for the flux of nutrients and waste products in the foeto-
maternal unit, and in some cases act as a barrier or accumulator of toxins, the processes
occurring in this organ are expected to affect pregnancy outcome as well. However
little work has been done regarding the study of placental trace elements such as zinc,
copper, selenium and iron and pregnancy outcomes. Regarding how 1C metabolism

interacts with these trace elements in the placenta, no research exists.

This thesis consists of two parts. The first part focused on the possible interactions of
folate status on the effects of polymorphisms of the 1C metabolic network that are most
frequent in the RTBC (MTHFR c.665C>T, BHMT c.716G>A, SLC19A1 c.80G>A, and MTRR
€.66A>G). Several studies in non pregnant populations or in vitro had pointed to folate
and related metabolites as modulators of the effect of these polymorphisms or of the
pathways where these enzymes and transporter are located; but very few had been
conducted in pregnancy, and virtually none in a longitudinal pregnancy study. The
second part studied how maternal lifestyle factors and 1C metabolism during
pregnancy may affect the aforementioned four trace elements in the placenta and
whether placental concentrations of these are associated with adverse pregnancy

outcomes.

The literature searches performed for both parts of the thesis revealed numerous gaps
in knowledge in the related fields often due to discrepancies in the available evidence
to date. This highlights the need to assess less conventional factors that are often
overlooked or not investigated. In line with this, in the genetic chapter we have
reported that folate status can modulate the effect of the BHMT c.716G>A

polymorphism on DMG and DMG/betaine ratio at early pregnancy (also with a recent
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publication, Appendices). Lower betaine to DMG conversion was found in
heterozygotes compared to normal homozygotes at early pregnancy and only when
folate status was high. At late pregnancy lower conversion was found in variant
homozygotes compared to normal homozygotes, and this was not modulated by folate
status. In the trace element chapter, the models did not predict the variability in the
concentrations of zinc, selenium and iron in the placenta, and in the case of copper very
poorly; and we pointed to oxidative stress and/or metal toxicity as the fields where
determinant factors may belong. Nevertheless, according to our results tHcy could be a

promising factor to take into account in the study of placenta copper status.
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Conclusions
Genetic study

- Objective: To report the genotype frequency of the MTHFR c.665C>T, BHMT c.716G>A4,
SLC19A1 c.80G>A, and MTRR c.66A>G polymorphisms in the RTBC.

The frequency of heterozygotes and variant homozygotes were: 49% and 17%
for MTHFR c.665C>T, 41% and 11% for BHMT c.716G>A, 45% and 27% for
SLC19A1 c.80G>A, and 45% and 26% for MTRR c.66A>G polymorphisms.

- Objective: To investigate the effect of the MTHFR c.665C>T, BHMT c.716G>A, SLC19A1
¢.80G>A, and MTRR c.66A>G maternal polymorphisms on related 1C metabolism analytes,
in the RTBC.

MTHFR c.665 variant homozygotes had lower RBC folate and higher plasma tHcy

concentrations throughout pregnancy compared to normal homozygotes.

BHMT c.716 variant allele carriers had lower plasma DMG concentrations

throughout pregnancy compared to normal homozygotes.

Plasma and RBC folate and tHcy did not vary during pregnancy with SLC19A1
¢.80G>A genotype.

Early pregnancy plasma tHcy was higher in MTRR c.66 variant homozygotes

compared to normal homozygotes.

- Objective: To investigate whether folate status modulates the effect of the MTHFR
¢.665C>T, BHMT c¢716G>A, SLC19A1 ¢80G>A, and MTRR c.66A>G maternal
polymorphisms on 1C metabolism analytes other than plasma and RBC folate, in the

RTBC.
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The tHcy enhancing effect of MTHFR c.665 variant homozygote genotype was
found in the lowest RBC folate tertile at <12 GW and lowest plasma folate tertiles

at mid pregnancy.

BHMT c.716 heterozygotes compared to normal homozygotes had lower DMG at

early pregnancy when folate status was high.

Plasma folate status did not modify the relationship between the SLC19A1

¢.80G>A polymorphism and plasma tHcy during pregnancy.

MTRR c.66 variant homozygotes compared to normal homozygotes had higher

tHcy at early pregnancy in the mid plasma folate tertiles.

- Objective: To assess whether the MTHFR c.665C>T, BHMT c.716G>A, SLC19A1 c.80G>4,

and MTRR c.66A>G maternal and offspring polymorphisms are associated with adverse

pregnancy outcome (as IUGR and miscarriage), in the RTBC.

There was higher proportion of IUGR cases with neonate MTHFR c.665 normal

allele increase.

The maternal SLC19A1 c.80 variant homozygote genotype could be associated
with miscarriage as this genotype had borderline higher proportion of

miscarriage cases than the other genotypes.
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Placenta trace element study

- Objective: To report placenta zinc, copper, selenium and iron concentrations in the

RTBC.

The median concentrations in the placenta were 6809, 534 and 82.2ng/g of wet
weight for zinc, copper and selenium, respectively. The median for iron was

62.9ug/g of wet weight.

- Objective: To study the associations between environmental factors and placenta zinc,

copper, selenium and iron concentrations and pregnancy outcome, in the RTBC.
Placenta zinc, copper and selenium were positively correlated.
Neonate female sex was positively associated with placenta zinc.

Birth weight and use of trace element supplements at mid-late pregnancy were
negatively associated with placenta copper. Elevated placenta copper was

associated with IUGR risk.
High socioeconomic status was positively associated with placenta iron.

Intakes of each trace element were not associated with their respective

concentrations in placenta.

- Objective: To investigate the associations of 1C metabolism analytes throughout

pregnancy and placenta zinc, copper, selenium and iron concentrations, in the RTBC.

THcy at labour was positively associated with placenta copper. Plasma cobalamin

at <12 GW was negatively associated with placenta copper.

1C metabolism components were not associated with placenta zinc, selenium and

iron.
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Abstract: The effect of the betaine: homocysteine methyltransferase BHMT ¢.716G>A (G: guanosine;
A: adenosine) single nucleotide polymorphism (SNP) on the BHMT pathway is unknown during
pregnancy. We hypothesised that it impairs betaine to dimethylglycine conversion and that folate
status modifies its effect. We studied 612 women from the Reus Tarragona Birth Cohort from
<12 gestational weeks (GW) throughout pregnancy. The frequency of the variant BHMT c.716A
allele was 30.8% (95% confidence interval (CI): 28.3, 33.5). In participants with normal-high plasma
folate status (>13.4 nmol/L), least square geometric mean [95% CI] plasma dimethylglycine (pDMG,
umol/L) was lower in the GA (2.35 [2.23, 2.47]) versus GG (2.58 [2.46, 2.70]) genotype at <12 GW
(p < 0.05) and in the GA (2.08 [1.97, 2.19]) and AA (1.94 [1.75, 2.16]) versus GG (2.29 [2.18, 2.40])
genotypes at 15 GW (p < 0.05). No differences in pDMG between genotypes were observed in
participants with possible folate deficiency (<13.4 nmol/L) (p for interactions at <12 GW: 0.023 and
15 GW: 0.038). PDMG was lower in participants with the AA versus GG genotype at 34 GW (2.01
[1.79, 2.25] versus 2.44 [2.16, 2.76] and at labour, 2.51 [2.39, 2.64] versus 3.00 [2.84, 3.18], (p < 0.01)).
Possible deficiency compared to normal-high folate status was associated with higher pDMG in
multiple linear regression analysis (p coefficients [SEM] ranging from 0.07 [0.04], p < 0.05 to 0.20 [0.04],
p < 0.001 in models from early and mid-late pregnancy) and the AA compared to GG genotype was
associated with lower pDMG (B coefficients [SEM] ranging from —0.11 [0.06], p = 0.055 to —0.23 [0.06],
p < 0.001). Conclusion: During pregnancy, the BHMT pathway is affected by folate status and by the
variant BHMT c.716A allele.

Keywords: pregnancy; folate; betaine: homocysteine methyltransferase; BHMT c.716G>A;
betaine; dimethylglycine

Nutrients 2016, 8, 621; doi:10.3390/ nus100621 www.mdpi.com,fiournal /nutrients
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1. Introduction

The importance of one carbon metabolism and homocysteine regulation in foetal development and
optimal pregnancy outcome is well established. Homocysteine remethylation contributes not only to
homocysteine homeostasis but also to the provision of methyl groups essential for foetal development.
Homocysteine is remethylated to methionine by the ubiquitous folate and cobalamin-dependent
methionine synthase (MTR; EC 2.1.1.13) and by betaine:homocysteine methyltransferase (BHMT;
EC 2.1.1.5) that occurs mainly in the kidney and liver [1]. The estimated consumption of homocysteine
by MTR and BHMT is similar in rat liver [2] but globally the MTR reaction is thought to prevail
in mammals based on the fact that BHMT activity has only been detected in some organs such as
the liver and kidney [3,4] with conflicting reports regarding its presence in the brain [1,5,6]. To the
best of our knowledge this information is not available in human studies to date but a study of
healthy Dutch adults reported that the inverse association between folate and fasting plasma total
homocysteine (tHcy) was stronger than that between betaine and tHcy, suggesting that the MTR
reaction prevails under normal circumstances [7]. Some studies also provide indirect evidence for
interaction between both remethylation pathways and upregulation of the BHMT pathway when
folate status is low [8-12]. Serum folate was positively associated with betaine and inversely associated
with dimethylglycine in a study of healthy Dutch adults [8] and serum dimethylglycine was higher in
folate-deficient compared to normal status adults in a USA study [9]. Stronger negative associations
between betaine and post-methionine load tHcy were observed when serum folate status was low [10]
or in the absence of B vitamin supplement use [11]. We reported an apparent shift in the roles of folate
and betaine in homocysteine homeostasis as folate status declines with advancing pregnancy and that
low plasma folate status was associated with low plasma betaine and high dimethylglycine and a high
dimethylglycine/betaine ratio [12].

BHMT c.716G>A (also known as 742G>A, rs3733890) is a common single nucleotide
polymorphism (SNP) in which arginine is substituted by glutamine at position 239 [13]. Numerous
human studies reported no effect of the SNP on tHey [14-18]. However, a Norwegian study did report
that plasma dimethylglycine decreased with increasing number of A alleles [17].

The BHMT ¢.716G>A SNP in pregnant women has been associated with increased risk of placental
abruption [16]. There are conflicting reports of the effect of the SNP in the foetus on foetal development
outcomes. The variant allele was associated with increased risk of grave neural tube defects (NTDs) [19-21]
but reduced risk of orofacial cleft [22] and Down syndrome [23,24]. Interestingly, in Liu et al.’s
study [19], the risk of NTDs associated with the variant A allele was only observed in pregnancies of
women that did not take folic acid supplements.

We hypothesised that the BHMT ¢.716G>A polymorphism impedes the conversion of betaine to
dimethylglycine during pregnancy. We tested how plasma folate status affects plasma betaine and
dimethylglycine according to BHMT c.716G>A genotype throughout pregnancy.

2. Experimental Section

2.1. Participants

A total of 612 women that were recruited before November 2014 from the pregnancy phase of
the Reus-Tarragona Birth Cohort (RTBC) were studied. The RTBC is an observational longitudinal
study of maternal nutritional status and pregnancy that is being carried out by the Area of Preventive
Medicine and Public Health, Universitat Rovira i Virgili and the Areas of Obstetrics and Gynaecology
of the University Hospitals: Sant Joan, Reus and Joan XXIII, Tarragona (Spain). The study design
and participant recruitment have been previously described [12]. Briefly, women attending their
first antenatal visit with a viable singleton pregnancy confirmed by ultrasonography that provided a
fasting blood sample at or before the 12th gestational week (GW) were eligible to participate in the
study. Exclusion criteria included chronic diseases, surgical interventions affecting nutritional status or
medication affecting folate or cobalamin metabolism. The study was carried out with ethical approval
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from the ethics committees of both participating hospitals and the research has been registered at
Clinical Trials. gov: NCT01778205. All participants were informed of the nature and aims of the study
and provided signed consent.

Participant age and body mass index (BMI) were recorded at the first antenatal check-up.
Data regarding lifestyle, habits and supplement use from periconception throughout pregnancy
was collected by the study team using questionnaires at 20 and 32 GW. Socioeconomic status of the
participants was defined as low, middle or high according to the family unit income, education level
and occupation of both parents [25]. Participants were classified as smokers throughout pregnancy,
smokers during the first trimester and non-smokers based on first and second trimester as well as cord
plasma cotinine concentrations (see biochemical determinations). Since plasma cotinine is indicative of
recent smoking data from questionnaires and prenatal check-ups regarding declared smoking activity
by the participants was also considered.

In line with the Spanish Obstetrics and Gynaecology Society recommendations [26], women were
advised to take daily prenatal supplements containing 400 ug folic acid during the first trimester.
The specific supplements recommended for this study were composed of 400 g folic acid and
2 ug cyanocobalamin.

2.2. Blood Sample Collection and Biochemical and Genetic Determinations

Fasting blood samples were collected at <12, 15, 24-27 and 34 GW and nonfasting samples
on admission to hospital with confirmed labour and from the umbilical cord. Maternal blood
was drawn from the antecubital vein, and cord blood from the vein, into vacutainers containing
EDTA-K;. Samples were kept at 4 °C for a maximum of 1 h before separating plasma of which
aliquots were immediately stored at —80 “C in the Institut d'Investigacié Sanitaria Pere Virgili
biobank (Reus (Tarragona), Spain). Leukocytes were isolated from the blood cells remaining
after plasma separation and DNA extracted from these using the Puregene DNA extraction kit
(Gentra Systems, Minneapolis, MN, USA). Samples were transported on dry ice to Bevital (www.
bevital.no, Bergen, Norway), carrying out biochemical analyses in batches comprising complete
pregnancies within 18 months of collection. Plasma folate was determined by microbiological
assay with Lactobacillus casei [27]. Plasma concentrations of choline, betaine, dimethylglycine, total
homocysteine (tHcy) were measured by liquid chromatography—tandem mass spectrometry [28,29].
Plasma cotinine, which is an indicator of recent nicotine exposure, was also determined by liquid
chromatography—tandem mass spectrometry [30] and plasma creatinine by modified Jaffé method
(Quimica Clinica Aplicada SA, Amposta, Tarragona, Spain). Classification as current smoker was based
on plasma cotinine >10 ng/mL at <12 GW (first trimester smoker) and 24-27 GW or in the cord (smoker
throughout pregnancy). The maternal BHMT c.716G>A SNP was determined by Matrix-Assisted
Laser Desorption/lonization Time-Of-Flight Mass Spectrometry (MALDI-TOF/MS) as previously
described [31].

2.3. Statistical Analysis

Previously, we reported a shift in folate status between early and mid-late pregnancy in line
with the overall cessation of folic acid supplement use or change in supplement type between the
first and second or third trimesters of pregnancy [12]. To account for change in plasma folate status
during pregnancy, and to classify plasma folate status according to WHO criteria [32], participants
were classified into possibly deficient (plasma folate < 13.4 nmol/L) or normal-high (plasma
folate > 13.4 nmol/L) status categories during early pregnancy (based on plasma folate at <12 or
15 GW) and again during mid-late pregnancy (based on plasma folate at 24-27 or 34 GW). In the event
of falling into different categories at different time points within the corresponding phase of pregnancy,
normal-high status was assigned during early pregnancy and the predominant status out of the 3 time
points was assigned in mid-late pregnancy. In any analysis using plasma folate status, the category
occurring during the corresponding phase of pregnancy was used.
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Natural log transformation was applied to normalise the distribution of plasma variables as
required for the application of parametric tests. Thus, geometric means (95% CI) are reported for
plasma folate, betaine, choline, dimethylglycine and tHcy. In all other cases medians (25th percentile,
75th percentile) are reported and frequencies are reported as % (95% CI). Proportions were compared
using the chi-square test and the same test was also used to test the Hardy Weinberg equilibrium of
the observed allele frequencies.

Plasma folate, choline, betaine, dimethylglycine and dimethylglycine/betaine ratio and tHcy
were compared between the different BHMT c.716G>A genotypes at each gestational period and in the
cord by ANCOVA adjusting for gestational age (weeks) at the time of the blood sample, and plasma
folate status (in all models except for plasma folate models). The dimethylglycine models were also
adjusted for plasma betaine. Interaction between plasma folate status and BHMT ¢.716G>A genotype
in their effects on plasma dimethylglycine, dimethylglycine /betaine ratio and tHcy was tested and if
observed, stratified analysis according to folate status was performed.

Changes in plasma concentrations of folate, choline, betaine, dimethylglycine, the dimethylglycine /
betaine ratio and tHcy during pregnancy were assessed using 2-factor repeated measures ANOVA
(General linear model; Intrasubject factor time of pregnancy and intersubject factor BHMT c.716G>A
genotype) with posthoc Bonferroni correction of p values to account for multiple comparisons. The first
trimester time point was used as the reference.

Multiple linear regression analysis was used to investigate the effects of plasma folate status and
of maternal BHMT c.716G>A genotype on plasma dimethylglycine at each stage of pregnancy and in
the cord. The models were adjusted for plasma betaine and gestational age at corresponding time of
blood sample. The usual diagnostic techniques for multiple linear regression analysis were applied
(Cook’s distance to identify influential cases and analysis of residuals). Interaction between plasma
folate status and BHMT c.716G>A genotype was also tested. All analyses were carried out with SPS5
(SPSS Inc., Chicago, IL, USA) for Windows, version 22.0.

3. Results

Participation in the study by eligible candidates and completion (defined as live birth) is illustrated
in Figure 1. Of the women screened at their first prenatal check-up, 42.4% were eligible to participate
in the study. Of the 624 participants that entered the study (93.8% of those eligible) first trimester data
was collected from 612 and 562 went on to have live births.

| 1573 women screened at 1% prenatal check up |

906 excluded

- Gestational age = 12w
Unviable foetus | 667 viable foetus <12 GW |

| 2 twin pregnancies exduded ‘4—,7 :
624 accepted

6 nevertumed up
618 entered the study
36 miscamed

2 foetal deaths

8 abandoned during pregnancy
Legal interruption of pregnancy:

- 8 congenital malformations 562 live births

- 2 Down syndrome

Figure 1. Flow chart of participation in the study.
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Participant lifestyle, plasma folate, cobalamin, choline, tHcy and obstetrical characteristics are
summarised in Table 1. This data shows that 80.9% of the women reported planning their pregnancy
and 34.1% took folic acid supplements before becoming pregnant. Active smoking during the
first trimester and throughout pregnancy was observed in 28.1% and in 17% of the participants
respectively. The frequency of the BHMT c.716A allele was 30.8% (95% CI: 28.3, 33.5) and the
genotypes were in Hardy Weinberg equilibrium (chi square for observed compared to expected

genotype frequencies: 1.64).

Table 1. Participant characteristics (1 = 612).

Age (Year) x 32.0(29.0, 35.00

Body mass index (kg/m?) ! 23.0 (20.9, 25.4)

Planned pregnancy * 80.9 (77.3, 84.0)

Previous pregnancy 2 52.6 (48.6, 56.5)

High 43.6 (39.6, 47.6)

Socioeconomic status 23 Mid 49.6 (45.5, 53.6)
Low 6.8(5.1,9.1)

Sl Surin 2 First trimester 28.1(24.7,31.8)

FADKING Cuting pregnancy Throughout pregnancy 17.0(14.2, 20.3)

Preconception 34.1(30.2, 38.2)

Folic acid supplement use = First trimester 93.8 (91.5,95.4)

Mid-late pregnancy 53.9 (49.6, 58.1)

GG 189 (45.0, 52.9)

BHMT c.716G=>A 2 GA 40.5 (36.6, 44.4)

AA 10.6 (8.4,13.3)

G: guanosine; A: adenosine. Values are ! median (25th percentile, 75th percentile), 2% (95% confidence interval);

? based on total income, occupation and education level of both parents.

Plasma folate, choline, betaine and dimethylglycine concentrations, dimethylglycine/betaine
ratios and tHcy at each time point of pregnancy and in the cord, according to maternal BHMT c.716G>A
genotype are reported in Table 2. Plasma folate, choline, betaine or tHcy did not differ among genotypes
at any time of pregnancy. Lower plasma dimethylglycine was observed in the heterozygote compared
to homozygote common genotype at <12 GW and at labour. This was also true for the homozygote
variant genotype during late pregnancy. A lower plasma dimethylglycine/betaine ratio was observed
in the homozygote variant compared to heterozygote genotype at <12 GW and compared to the
homozygote common genotype at 34 GW. This was also true for the heterozygote compared to the
homozygote common genotype at 15 GW. Further adjustment of the ANCOVA models for plasma
creatinine and smoking habit did not alter the results.

Plasma betaine gradually decreased in all of the genotypes throughout pregnancy. Plasma
dimethylglycine fluctuated in a U shape pattern in the homozygote common and heterozygote
genotypes where end of pregnancy concentrations were higher than in early pregnancy. However,
in the homozygote variant genotype, plasma dimethylglycine concentrations remained lower than
in early pregnancy, throughout pregnancy. The plasma dimethylglycine/betaine ratio gradually
increased during pregnancy in all genotypes.

Interactions between plasma folate category and the effect of BHMT c.716G>A genotype
on dimethylglycine were observed at <12 and 15 GW and on the dimethylglycine/betaine ratio
at <12 GW.

A stratified analysis of plasma dimethylglycine for each genotype according to plasma folate
status in early pregnancy is illustrated in Figure 2. In the normal-high category of plasma folate
status, lower plasma dimethylglycine was observed in the heterozygote compared to the homozygote
common genotype at both <12 and 15 GW and in the homozygote variant compared to homozygote
common genotype at 15 GW.
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Figure 2. Plasma dimethylglycine according to BHMT c.716G>A genotype and folate status in early
pregnancy. G: guanosine; A: adenosine; GW: Gestational weeks. Low: possibly deficient (plasma
folate < 13.4 nmol/L). Normal: normal-high (plasma folate > 13.4 nmol/L). At <12 GW, Low: GG
(n=57), GA (n = 48), AA (n = 14); Normal: GG (n =231), GA (1 =193), AA (n = 47). At 15 GW, Low:
GG (n=37), GA (n=40), AA (n = 6); Normal: GG (1 = 169), GA (n = 141), AA (n = 34). The triple
screening blood sample at 15 GW is optional and blood samples were available from less participants.
Values are least square geometric means. Error bars represent 95% confidence interval. Comparisons
between genotypes were made using ANCOVA adjusting for plasma betaine and gestational age at
time of blood draw with posthoc Bonferroni correction for multiple comparisons of p values: * p < 0.05.

The associations between plasma folate status and BHMT ¢.716G>A genotype with plasma
dimethylglycine throughout pregnancy and in the cord are reported in Table 3. Low compared to
normal-high plasma folate status was positively associated with plasma dimethylglycine throughout
pregnancy and in the cord. Compared to the homozygous common BHMT GG genotype, both
variant GA and AA genotypes were associated with lower plasma dimethylglycine during early and
late pregnancy. The observed associations were stronger in the case of the homozygote AA variant
genotype during late pregnancy and in the cord. Further adjustment of the multiple linear regression
models for plasma creatinine and smoking habit did not alter the results.

Table 3. Change in plasma dimethylglycine throughout pregnancy according to plasma folate category,
and BHMT c.716G>A genolype.

Plasma Folate

Model ! Categony? BHMT ¢.716G>A Genotype
R F (n) Pomitipdeitest EhveB AA vs. GG
vs. normal-high
Farly <12GW 154 22.5(592) =+ 0.07 (0.04) 3* —0.08 (0.03) ** —0.04 (0.05)
15 GW 120 12,6 (427) ** 0.07 (0.04) # —0.08 (0.03) * —0.11 (0.06) t
Mid-late 24-27GW 116 143 (507) *** 0.13 (0.03) *** —0.06 (0.04) —0.10 (0.06)
34 GW 189  23.8(492) =+ 0.20 (0.04) *** —0.06 (0.04) —0.23 (0.06) ***
Labour 132 155 (477) 0.15 (0.04) *** —0.11(0.04)*  —0.21(0.07)**
Cord 5.0 5.7 (447) **= 0.08 (0.04) * —0.05 (0.04) * —0.13 (0.06) *

F: analysis of variance F-test of overall significance; G: guanosine; A: adenosine; GW: Gestational weeks.
. Multiple linear regression analysis: depender'l‘t variable plasma dimethylglycine. Adjusted for plasma betaine
and _gestal'iona] age at time of blood draw; = Pregnancy (possibl_y deficient: <13.4 nmol/L; normal—hjgh:
>13.4 nmol /L); = P coefficient (standard error of the mean). * p < 0.05, ** p < 0.01, *** p < 0.001, ¥ p=0.055 * p=0.087.

4. Discussion

4.1. Principal Findings

This study reports for the first time that the A-allele of the BHMT c.716G>A SNP is associated
with lower plasma dimethylglycine during pregnancy and in the cord. Low folate status, on the other
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hand is associated with higher plasma dimethylglycine during mid and late pregnancy and in the cord.
Folate status and genotype interacted during early pregnancy and stratification by plasma folate status
category showed that the effect of the variant BHMT c.716A allele on dimethylglycine was limited to
women with normal-high folate status. By late pregnancy, the variant allele’s effect was independent
of folate status.

4.2. Comparison with Previous Studies and Interpretation

We observed similar frequencies of the BHMT c.716G>A genotypes as previously reported in
studies from Europe [14,17,33].

We interpret the lower plasma dimethylglycine concentrations observed in the presence of the
variant BHMT c.716A allele to mean that the conversion of betaine to dimethylglycine is low in
pregnant women carrying the A-allele. A similar observation was previously reported in a population
study [17]. On the other hand, the higher plasma dimethylglycine concentrations when folate status
is low, suggests BHMT upregulation when MTR activity is reduced. In early pregnancy when MTR
activity was not reduced by low folate availability, the effects of lower BHMT activity in the presence
of the BHMT ¢.716 A-allele are evident. We hypothesised that this effect would be more pronounced
at mid-late pregnancy and with low folate status when the BHMT pathway is more active [12].
Our results showed decreased betaine to dimethylglycine conversion in the variant A-allele carriers,
but in early pregnancy this effect was limited to women with normal-high folate status. In vitro
experiments have shown that BHMT expression and activity may be modified by the molecular
environment. SAM has been shown to inhibit BHMT transcription in human cells [34,35] and SAM [36]
and to a lesser extent SAH [36,37] to inhibit BHMT activity in rat liver extracts. Methionine has
also been shown to inhibit BHMT [38,39]. A study in MTHFR-deficient mice supplemented with
very high doses of folic acid showed that despite greater betaine utilisation, likely for homocysteine
remethylation, it was insufficient to maintain SAM concentrations [40]. Despite the differences in
molecular environment between in vivo and in vitro studies, they shed light on potential mechanisms
that may lead to our observed effects. A speculative suggestion from our data is that high folate
status can lead to BHMT inhibition, with the inhibitory effect being stronger on the variant enzyme.
Some studies have investigated the effect of folate on BHMT. Liver BHMT expression was reported
to be lower in the offspring of rat dams supplemented with folic acid during pregnancy [41] but
was unaffected by excessive folic acid intake in mice [40]. It has also been suggested that betaine
is spared when folate status is replete [42]. It is possible that the combination of both mechanisms,
replete folate status and the variant allele, lead to reduced conversion of betaine to dimethylglycine.
Cessation of prenatal folic acid supplementation at the end of the first trimester was associated with a
sharp reduction in folate status, and from mid pregnancy the genotype effect on dimethylglycine was
independent of folate status.

No differences in plasma betaine concentrations between the different genotypes were observed.
This is not surprising because a stable betaine pool is maintained even when the BHMT pathway
is upregulated [9,43], possibly to spare betaine for its principal functions as an osmolyte [44] and in
protein stabilisation [45].

4.3. Implications

BHMT expression and activity in foetal livers has been reported to increase with gestational age
in human [5,46] and pig studies [47] which is in line with increased BHMT activity in late pregnancy
that we suggest here. Interestingly, foetal liver MTR activity decreases in the third trimester [5].
This supports the idea of complementarity between the BHMT and MTR pathways in late pregnancy
and our observations indirectly support this hypothesis.

Here we show that the BHMT c.716G>A polymorphism, previously associated with foetal
developmental defects, affects the BHMT pathway during pregnancy. In situations of upregulation
of the MTR and BHMT pathways, such as in pregnancy, the effect of the SNP on BHMT activity may
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become more evident. Anomalies in homocysteine remethylation affect homocysteine homeostasis
as well as methyl group supply to essential epigenetic reactions. Elevated maternal homocysteine
has been associated with pregnancy complications affecting both maternal and foetal health as well
as foetal development [48] and with lasting developmental effects into childhood [49]. Inhibition of
BHMT has been shown to cause hyperhomocysteinaemia in mice [50]. We did not observe an effect
of the variant allele on homocysteine. However, the extent of the effect of the SNP on BHMT activity
in humans is unknown. Pregnancy itself has a profound effect on homocysteine [51] and may mask
any potential effects of the SNF. Comparison of associations between betaine and homocysteine before
and after the implementation of mandatory fortification of flour with folic acid in the USA showed
that the inverse correlation reported in Framingham study participants with low folate status prior to
fortification, was no longer observed post-fortification [52].

Potential modification of effects of folate status by the BHMT c.716G>A SNP should be considered
when contrasting/interpreting results from fortified versus non-fortified populations or supplement
versus non-supplement users. In addition, the importance of the BHMT pathway in homocysteine
homeostasis may be less important in folate-replete populations.

4.4. Strengths and Limitations

A strength of this study is its longitudinal design and follow up from very early pregnancy. It was
carried out in the absence of mandatory fortification with folic acid and therefore the effects of prenatal
folic acid supplement use were observed. Samples were processed according to specific protocols to
prevent artefacts in plasma analyte concentrations caused by temperature and time before separation
of blood cells [53].

When folic acid supplementation ceased there was a large drop in plasma folate as we reported
previously [12]. Sample power may have been limited in analyses of the effect of the BHMT
c.716AA genotype during early pregnancy. However many significant effects of this genotype on
dimethylglycine were observed in mid-late pregnancy and in the cord. Another potential limitation to
the study was the difference in folic acid supplement use between women. They were recommended
to take prenatal supplements containing 400 pg of folic acid during the first trimester. However some
took other brands of folic acid containing higher doses or extended their folic acid use beyond the
first trimester. We dealt with this in our analysis by classifying the women into plasma folate status
categories in early and again in mid-late pregnancy to account for the difference in status that we
expected to arise due to differences in patterns of supplement use.

Although there is increasing evidence that BHMT plays an important role in one carbon
metabolism many aspects regarding the mechanisms involved are unclear. Information regarding the
effect of the common BHMT ¢.716G>A polymorphism on BHMT activity and how it is affected by
variations in molecular environment is lacking.

=

5. Conclusions

We conclude that dimethylglycine during pregnancy is affected by both folate status and the
BHMT ¢.716G>A polymorphism.

Acknowledgments: This work was supported by funding from Comision Interministerial de Ciencia y Tecnologia,
Spain [SAF 2005-05096]; Instituto de Salud Carlos III, Fondo de Investigaciones Sanitarias (cofinanced by FEDER)
[FIS: 10/00335 and FIS: 13/02500] and Centros de Investigacion Biomédica en Red CB06/03; Institut d'Investigacié
Sanitaria Pere Virgili 2010/21; Agéncia de Gestié d’Ajuts Universitaris i de Recerca [SGR 2009-1237] and from
Italfarmaco SA, Madrid, Spain. Jose M Colomina received a Universitat Rovira i Virgili (URV) Marti Franques
predoctoral research grant.

Author Contributions: JM.C., S.E-R,, .D.E-B. and M.M.M. developed the hypothesis, designed the study and
analysed the data. PC.-B. and M.B. recruited the participants and carried out the pregnancy phase of the study.
S.E-R., P.5-N. and ] M.C. collected lifestyle and dietary data from the participants and processed samples for
biobanking. PM.U. and K.M. were responsible for the biochemical and genetic determinations. All authors
participated in the writing of the paper and approved the final version.



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela

Nutrients 2016, 8, 621 100f12

Conflicts of Interest: The authors declare no conflicts of interests.

References

1

10.

11.

12,

13.

14

15.

16.

17.

McKeever, M.F.,; Weir, D.G.; Molloy, A.; Scott, ].M. Betaine-homocysteine methyltransferase: Organ
distribution in man, pig and rat and subcellular distribution in the rat. Clin. Sci. 1991, 81, 551-556.
[CrossRef] [PubMed]

Finkelstein, ].D.; Martin, ].J. Methionine metabolism in mammals. Distribution of homocysteine between
competing pathways. [. Biol. Chem. 1984, 259, 9508-9513. [PubMed]

Finkelstein, J.D. Methionine metabolism in mammals. |. Nutr. Biochem. 1990, 1, 228-237. |CrossRef]
Lambert, B.D.; Titgemeyer, E.C.; Stokka, G.L.; DeBey, B.M.; Loest, C.A. Methionine supply to growing
steers affects hepatic activities of methionine synthase and betaine-homocysteine methyltransferase, but not
cystathionine synthase. [. Nutr. 2002, 132, 2004-2009. [PubMed]

Gaull, G.E.; Von Berg, W.; Riiha, N.C.; Sturman, J.A. Development of methyltransferase activities of human
fetal tissues. Pedintr. Res. 1973, 7, 527-533. [PubMed]

Sunden, L.E; Renduchintala, M.S.; Park, El; Miklasz, 5.D.; Garrow, T.A. Betaine-homocysteine
methyltransferase expression in porcine and human tissues and chromosomal localization of the human
gene. Arch. Biochem. Biophys. 1997, 345, 171-174. [CrossRef] [PubMed]

Melse-Boonstra, A.; Holm, P1; Ueland, P.M.; Olthof, M.; Clarke, R.; Verhoef, P. Betaine concentration as a
determinant of fasting total homocysteine concentrations and the etfect of folic acid supplementation on
betaine concentrations. Am. [. Clin. Nutr. 2005, 81, 1378-1382. [PubMed]

Imbard, A.; Smulders, Y.M.; Barto, R.; Smith, D.E.C.; Kok, R.M.; Jakobs, C.; Blom, H.]. Plasma choline and
betaine correlate with serum folate, plasma 5-adenosyl-methionine and 5-adenosyl-homocysteine in healthy
volunteers. Clin. Chem. Lab. Med. 2013, 51, 683-692. [CrossRef] [PubMed]

Allen, R H.; Stabler, 5.F.; Lindenbaum, ]. Serum betaine, N,N-dimethylglycine and N-methylglycine levels in
patients with cobalamin and folate deficiency and related inborn errors of metabolism. Metabolism 1993, 42,
1448-1460. [CrossRef]

Holm, PI; Ueland, PM.; Vollset, S.E.; Midttun, @.; Blom, H.J.; Keijzer, M.B.; den Heijer, M. Betaine and folate
status as cooperative determinants of plasma homocysteine in humans. Arterioscler. Thromb. Vasc. Biol. 2005,
25, 379-385. [CrossRef] [PubMed]

Holm, PL; Bleie, @.; Ueland, EM.; Lien, E.; Refsum, H.; Nordrehaug, J.E.; Nygard, O. Betaine as a
determinant of postmethionine load total plasma homocysteine before and after B-vitamin supplementation.
Arterioscler. Thromb. Vasc. Biol. 2004, 24, 301-307. [CrossRef] [PubMed]

Fernandez-Roig, 5.; Cavallé-Busquets, F.; Fernandez-Ballart, ].D.; Ballesteros, M.; Berrocal-Zaragoza, M.L;
Salat-Batlle, J.; Ueland, PM.; Murphy, M.M. Low folate status enhances pregnancy changes in plasma betaine
and dimethylglycine concentrations and the association between betaine and homocysteine. Am. J. Clin. Nutr.
2013, 97, 1252-1259.

Park, EL; Garrow, T. Interaction between dietary methionine and methyl donor intake on rat liver
betaine-homocysteine methyltransferase gene expression and organization of the human gene. J. Biol. Chem.
1999, 274, 7816-7824. [CrossRef] [PubMed]

Heil, S.G; Lievers, K.J.; Boers, G.H.; Verhoef, P; den Heijer, M.; Trijbels, E].; Blom, H.]. Betaine-homocysteine
methyltransferase (BHMT): Genomic sequencing and relevance to hyperhomocysteinemia and vascular
disease in humans. Mol. Genet. Metab. 2000, 71, 511-519. [CrossRef]| [PubMed]

Weisberg, L.5.; Park, E.; Ballman, K.V,; Berger, P.; Nunn, M.; Suh, D.5.; Breksa, A.P.; Garrow, T.A.; Rozen, R.
Investigations of a common genetic variant in betaine-homocysteine methyltransferase (BHMT) in coronary
artery disease. Atherosclerosis 2003, 167, 205-214. [CrossRef]

Ananth, C.V; Elsasser, D.; Kinzler, W.L.; Peltier, M.R.; Getahun, D.; Leclerc, D.; Rozen, R.R. Polymorphisms
in methionine synthase reductase and betaine-homocysteine 5-methyltransferase genes: Risk of placental
abruption. Mol. Genet. Metab. 2007, 91, 104-110. [CrossRef] [PubMed]

Fredriksen, A.; Mever, K.; Ueland, P.M.; Vollset, 5.E.; Grotmol, T.; Schneede, |. Large-scale population—based
metabolic phenotyping of thirteen genetic polymorphisms related to one-carbon metabolism. Hum. Mutat.
2007, 28, 856-865. [CrossRef] [PubMed]



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

ON PREGNANCY OUTCOMES
Jose Maria Colomina Muela

Nutrients 2016, 8, 621 11of12

18.

19.

20.

2L

23.

24

25.

26.

27.

29,

3L

32

33.

35.

Liang, 5.; Zhou, Y.; Wang, H.; Qian, Y.; Ma, D.; Tian, W.; Persaud-Sharma, V.; Yu, C.; Ren, Y.; Zhou, 5,; et al.
The effect of multiple single nucleotide polymorphisms in the folic acid pathway genes on homocysteine
metabolism. Biomed. Res. Int. 2014, 2014, 560183. [CrossRef] [PubMed]

Liu, ].; Qi, J; Yu, X;; Zhu, J.; Zhang, L.; Ning, Q.; Luo, X. Investigations of single nucleotide polymorphisms in
folate pathway genes in Chinese families with neural tube defects. J. Neurol. Sci. 2014, 337, 61-66. [CrossRef]
[PubMed]

Shaw, G.M.; Lu, W.; Zhu, H.; Yang, W.; Briggs, EB.5.; Carmichael, S.L.; Barcellos, L.F.; Lammer, E.J.;
Finnell, R.H. 118 SNPs of folate-related genes and risks of spina bifida and conotruncal heart defects.
BMC Med. Genet. 2009, 10, 49. [CrossRef] [PubMed]

Boyles, A.L.; Billups, A.V.; Deak, K.L.; Siegel, D.G.; Mehltretter, L.; Slifer, S.H.; Bassuk, A.G.; Kessler, .A.;
Reed, M.C;; Nijhout, H.F; et al. Neural tube defects and folate pathway genes: Family-based association tests
of gene-gene and gene-environment interactions. Environ. Health Perspect. 2006, 114, 1547-1552. [CrossRef]
[PubMed]

Mostowska, A.; Hozyasz, K.K.; Wojcicki, P.; Dziegelewska, M.; Jagodzinski, P.P. Associations of folate and
choline metabolism gene polymorphisms with orofacial clefts. . Med. Genet. 2010, 47, 809-815. [CrossRef]
[PubMed]

Zampieri, B.L.; Biselli, ].M.; Goloni-Bertollo, EM.; Vannucchi, H.; Carvalho, V.M.; Cordeiro, J.A.;
Pavarino, E.C. Maternal risk for Down syndrome is modulated by genes involved in folate metabolism.
Dis. Markers 2012, 32, 73-81. [CrossRef] [PubMed]

Amorim, M.R.; Moura, C.M.; Gomes, A.D.; Barboza, H.N.; Lopes, R.B.; Ribeiro, M.G.; Costa Lima, M.A.
Betaine-homocysteine methyltransferase 742G>A polymorphism and risk of down syndrome offspring in a
Brazilian population. Mol. Biol. Rep. 2013, 40, 4685-4689. [CrossRef] [PubMed]

Alvarez-Dardet, C.: Alonso, J.: Domingo, A.; Regidor, E. La Medicion de la Clase Social en Ciencias de la Salud;
SG Editores, SEE: Barcelona, Spain, 1995.

Direccion General de Salud Publica (Ministerio de Sanidad y Consumo—Gobierno de Esparia).
Recomendaciones Sobre Suplementacion con dcido Félico para la Prevencion de Defectos del Tubo Neural; Direccién
General de Salud Publica: Madrid, Spain, 2001; Volume 25.

Molloy, A.M.; Scott, .M. Microbiological assay for serum, plasma, and red cell folate using cryopreserved,
microtiter plate method. Methods Enzymol. 1997, 281, 43-53. [PubMed]

Holm, P.L; Ueland, PM.; Kvalheim, G.; Lien, E.A. Determination of choline, betaine, and dimethylglycine in
plasma by a high-throughput method based on normal-phase chromatography-tandem mass spectrometry.
Clin. Chem. 2003, 49, 286-294. [CrossRef] [PubMed]

Ueland, PM.; Midttun, O.; Windelberg, A.; Svardal, A.; Skalevik, R.; Hustad, 5. Quantitative profiling of
folate and one-carbon metabolism in large-scale epidemiological studies by mass spectrometry. Clin. Chem.
Lab. Med. 2007, 45, 1737-1745. [CrossRef] [PubMed|

Midttun, @.; Hustad, S.; Ueland, P.M. Quantitative profiling of biomarkers related to B-vitamin status,
tryptophan metabolism and inflammation in human plasma by liquid chromatography/tandem mass
spectrometry. Rapid Commun. Mass Spectrom. 2009, 23, 1371-1379. [CrossRef] [PubMed]

Meyer, K.; Fredriksen, A.; Ueland, EM. High-level multiplex genotyping of polymorphisms involved in folate
or homocysteine metabolism by matrix-assisted laser desorption/ionization mass spectrometry. Clin. Chem.
2004, 50, 391-402. [CrossRef] [PubMed]

World Health Organization. Serum and Red Blood Cell Folate Concentrations for Assessing Folate Status in
Populations. Vitamin and Mineral Nutrition Information System. 2012. Available online: http:/ i apps.who.
int/iris/bitstream /10665 /75584/1/WHO_NMH_NHD_EPG_12.1_eng.pdf (accessed on 6 September 2016).
Giusti, B.; Sestini, 1.; Saracini, C.; Sticchi, E.; Bolli, P.; Magi, A.; Gori, A.M.; Marcucdi, R.; Gensini, G.E;
Abbate, R. High-throughput multiplex single-nucleotide polymerphism (SNP) analysis in genes involved in
methionine metabolism. Biochem. Genet. 2008, 46, 406-423. [CrossRef] [PubMed]

Castro, C.; Breksa, A.P; Salisbury, E.; Garrow, T.A. Betaine-Homocysteine S-Methyltransferase (BHMT)
Transcription Is Inhibited by S-Adenosylmethionine (ADOMET). In Chemistry and Biology of Pteridines and
Folates; Milstien, 5., Kapatos, G., Levine, R.A., Shane, B., Eds.; Springer: Bethesda, Spain, 2002; pp. 549-556.
Ou, X.; Yang, H.; Ramani, K.; Ara, A.L; Chen, H.; Mato, J.M.; Lu, 5.C. Inhibition of human
betaine-homocysteine methyltransferase expression by S-adenosylmethionine and methylthioadenosine.
Biochem. |. 2007, 401, 87-96. [CrossRef] [PubMed]



UNIVERSITAT ROVIRA I VIRGILI
PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela

Nutrients 2016, 8, 621 120f 12

37.

39.

41.

43.

45,

47.

49.

51.

a2

53.

Finkelstein, J.D.; Martin, ].J. Inactivation of betaine-homocysteine methyltransferase by adenosylmethionine
and adenosylethionine. Biochem. Biophys. Res. Commun. 1984, 118, 14-19. [CrossRef]

Finkelstein, ].D.; Kyle, W.E.; Harris, B.J. Methionine metabolism in mammals: Regulatory effects of
S-adenosylhomocysteine. Arch. Biochem. Biophys. 1974, 165, 774-779. [CrossRef]

Finkelstein, J.D.; Harris, BJ.; Kyle, WE. Methionine metabolism in mammals: Kinetic study of
betaine-homocysteine methyltransferase. Arch. Biochem. Biophys. 1972, 153, 320-324. [CrossRef]

Szegedi, 5.5.; Castro, C.C.; Koutmos, M.; Garrow, T.A. Betaine-homocysteine S-methyltransferase-2 is an
S-methylmethionine-homocysteine methyltransferase. [. Biol. Chem. 2008, 283, 8939-8945. [CrossRef]
[PubMed]

Christensen, K.E.; Mikael, L.G.; Leung, K.Y.; Lévesque, N.; Deng, L.; Wu, Q.; Malysheva, O.V,; Best, A.;
Caudill, M.A_; Greene, N.D; et al. High folic acid consumption leads to pseudo-MTHEFR deficiency, altered
lipid metabolism, and liver injury in mice. Am. [. Clin. Nutr. 2015, 101, 646-658. [CrossRef] [PubMed]
Chmurzynska, A.; Malinowska, A.M. Homocysteine homeostasis in the rat is maintained by
compensatory changes in cystathionine p-synthase, betaine-homocysteine methyltransferase, and
phosphatidy lethanolamine N-methyltransferase gene transcription occurring in response to maternal protein
and folic acid intake during pregnancy and fat intake after weaning. Nutr. Res. 2011, 31, 572-577. [PubMed]
Eussen, S.J.PM.; Ueland, PM.; Clarke, R.; Blom, H]J; Hoetnagels, W.H.L.; van Staveren, W.;
de Groot, LC.P.GM. The association of betaine, homocysteine and related metabolites with cognitive
function in Dutch elderly people. Br. . Nutr. 2007, 98, 960-968. [CrossRef] [PubMed]

Dominguez-Salas, P.; Moore, S.E.; Cole, D.; da Costa, K.A.; Cox, 5.E.; Dyer, RA.; Fulford, A.].C.; Innis, S.M.;
Waterland, R.A; Zeisel, S.H.; et al. DNA methylation potential: dietary intake and blood concentrations
of one-carbon metabolites and cofactors in rural African women. Am. J. Clin. Nutr. 2013, 97, 1217-1227.
|CrossRef] [PubMed]

Yancey, P.H.; Clark, M.E.; Hand, 5.C.; Bowlus, R.D.; Somero, G.N. Living with water stress: Evolution of
osmolyte systems. Science 1982, 217, 1214-1222. [CrossRef] [PubMed]

Sheikh-Hamad, D.; Garcia-Pérez, A.; Ferraris, ].D.; Peters, EM.; Burg, M.B. Induction of gene expression by
heat shock versus osmotic stress. Am. [. Physiol. 1994, 267, F28-F34. [PubMed]

Feng, Q.; Kalari, K.; Fridley, B.L.; Jenkins, G.; Ji, Y.; Abo, R; Hebbring, 5.; Zhang, J.; Nye, M.D.;
Leeder, ].5.; et al. Betaine-homocysteine methyltransferase: Human liver genotype-phenotype correlation.
Mol. Genet. Metab. 2011, 102, 126-133. [CrossRef] [PubMed]

Ganu, R.; Garrow, T.; Koutmos, M.; Rund, L. Schook, LB. Splicing variants of the porcine
betaine-homocysteine S-methyltransferase gene: Implications for mammalian metabolism. Gene 2013,
529, 228-237. [CrossRef] [PubMed]

Murphy, M.M.; Fernandez-Ballart, ].D. Homocysteine in pregnancy. Adv. Clin. Chem. 2011, 53, 105-137.
[PubMed]

Murphy, M.M.; Fernandez-Ballart, ].D.; Molloy, A.M.; Canals, ]. Moderately elevated maternal homocysteine
at preconception is inversely associated with cognitive performance in children 4 months and 6 years after
birth. Matern. Child. Nutr. 2016. [CrossRef] [PubMed]

Collinsova, M.; Strakova, ].; Jiracek, |.; Garrow, T.A. Inhibition of betaine-homocysteine 5-methyltransferase
causes hyperhomocysteinemia in mice. [. Nutr. 2006, 136, 1493-1497. [FubMed|

Murphy, M.M.; Scott, ].M.; McPartlin, ].M.; Fernandez-Ballart, ].D. The pregnancy-related decrease in fasting
plasma homocysteine is not explained by folic acid supplementation, hemodilution, or a decrease in albumin
in a longitudinal study. Am. J. Clin. Nutr. 2002, 76, 614-619. [PubMed]

Lee, ].E; Jacques, PF; Dougherty, L.; Selhub, ].; Giovannucci, E.; Zeisel, 5.H.; Cho, E. Are dietary choline and
betaine intakes determinants of total homocysteine concentration? Am. |. Clin. Nutr. 2010, 91, 1303-1310.
[CrossRef] [PubMed]

Fiskerstrand, T.; Refsum, H.; Kvalheim, G.; Ueland, FM. Homocysteine and other thiols in plasma and urine:
Automated determination and sample stability. Clin. Chem. 1993, 39, 263-271. [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http: / / creativecommons.org/ licenses /by /4.0/).



UNIVERSITAT ROVIRA I VIRGILI

PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

ON PREGNANCY OUTCOMES
Jose Maria Colomina Muela

Nom: Data:

.

N TA 1 R T

ANOTE LAS RESPUESTAS EN LOS ESPACIOS CORRESPONDIENTES A CADA PREGUNTA.
Estos datos servirdn a la Universitat Rovira i Virgili para realizar un estudio comparativo entre diferentes

poblaciones. En los resultades nunca aparecerd su nombre.

USO DE SUPLEMENTOS DE VITAMINAS / MINERALES
Por diferentes motivos, los suplementos de vitaminas y minerales recomendadoes no se toman siempre:
por olvido, por sentimiento de que no son necesarios, por no encontrarse bien, porque dan molestias,
etc. Por favor, conteste sinceramente estas preguntas para ayudarnos a valorar la realidad del uso de
los suplementos.

* ¢Ha tomado por iniciativa propia o recetado por un médico algln tipe de suplemento vitaminico /
mineral?
Nunca he tomado O  Si he fomado O

En el caso que si, escriba el nombre del preparado e indique las veces a la semana que lo ha tomado
marcande el cuadrado. Marque el cuadrade correspondiente a los meses que lo ha tomado.

=
3
B
N
o

Nombre del preparado .
<Cudntas veces a la semana?
2 3 4 5
ACIDO FOLICO m  Cadadia a 2] o O
O La mayoria de los dias (4-6 veces) O O [m} O
H ' O O O

, i Meses del emb
Nombre del preparado éCudntas veces a la semana? i . es:s esem :r-uzos
ACIDO FOLICO {0 Cadadia R T TR T
i 0 Lamayoriadelosdias (4-6veces) i O O O 0O O
¢Cudl?: i O Algunos dias (1-3 veces) :E B i@ B IS
i O Cadadia {0 O E O O
HIERRO O La mayoria de los dias (4-6 veces) B o e =
éCudl?: i O Algunos dias (1-3 veces) B W E B B
MULTI-VITAMINAS : O Cadadia | | S| 1 A 1 |
O La mayoria de los dias (4-6 veces) 1 Y | N i I
¢cCudl?: I O Algunos dias (1-3 veces) E B @ B B
*  (Tomd deido félico en los 3 meses antes de quedarse embarazada? &7 O Ne O
® ¢Tomé hierro en los 3 meses antes de quedarse embarazada? Ssi O No O

DESAYUNO (durante el embarazo)

¢Tiene la costumbre de desayunar?

¢Desayuna cereales inflados habitualmente (p.ej. fipo Kelloggs / Nestlé etc) ?
¢ Toma café con cafeina?

¢ Toma café descafeinado?

0o ooe
oo ofolg
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Nom: Data:

TABACO

e (Es fumadora pasiva (expuesta al humo habitualmente en casao enel trabajo)? SiO No O
e Es fumadora activa? sigd No O

Sélo para fumadoras en los dlitimos 5 afios

0 cigs/dia 1-5 cigs/dia 6-10 cigs/dia > 10 cigs/dia
Actualmente fumo O | | O
Fumaba durante los 12 meses antes del o 0 o 0

embarazo

Antes de los 3 | Entre los 3 y los 6 i Después de los 6

meses i meses meses
He dejado durante el embarazo o o o
durante los meses
ALCOHOL
Nunca / < 3 copes / Cada dia como aperitivo > 7 copas /
Ocasionalmente : setmana y/o con las comidas semana

Actualmente bebo alcohol O O a £ jm}
En los 12 meses antes del 0 o O o
embarazo i

Entre los 3 y los 6
meses

Antes de los 3 meses Después de los 6 meses

He dejade de beber alcohol
durante el embarazo (] O O
durante los meses

® (¢Ha tomado algln ofro tipe de sustancia téxica (p.ej. marihuana, cocaina, heroina, etc...) en los
Gltimos 5 afios?

SiONo O

En el caso de que si haya tomado alguna sustancia téxica, especifique cuales:

Ocasionalmente Regularmente
Actualmente tfomo sustancias téxicas O m|
En los 12 meses antes del embarazo o o
tomaba sustancias téxicas !
Antes de los 3 meses: Entre los 3y los 6 Después de los 6
meses meses
Lo he dejado durante el o O o
embarazo durante los meses
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Nom:

Data:

ACTIVIDAD FISICA (durante el embarazo)

* (¢Qué actividad fisica hace en el trabajo, estudio o trabajo de casa?

PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

- Mi trabajo es bdsicamente de estar sentada y caminar poco (estudiante, docente, conductora

de vehiculos, dependienta, adminisTrativa).........ccoc s s m]
- En mi trabajo ando bastante pero no hago ningln esfuerzo vigoroso (ama de casa, fdbrica,
VErRdedora; BAP TR i v U A B L e S arvitit m}
- Mi frabajo es bdsicamente de mucha actividad fisica (deportista).....omoereeoeeeceece a
*  (Qué actividad hace en el tiempe libre?
Si varia con la estacidn, escoger el grupo mds representativo (sélo 1 grupo).
- Lectura, televisidn y actividades que no requieran actividad fisica importante........ccccocoecee. -
- Caminar, ir en bicicleta, jardineria (no se incluye el transporte de ir y volver del trabajo)...... O
- Correr, esquiar, gimndstica, juegos de pelota o deportes vigorosos regularmente...................... -
|

- Entrenamiento deportivo regular para competicién

® ¢Cudntas veces por semana realiza las actividades referidas en la pregunta anterior?

® Durante los dltimos 12 meses

Nunca

Esporddicamente

Habitualmente

|c'Ha tenido la costumbre de tomar el Sol? [m]

[m|

O

PLANIFICACION DEL EMBARAZO

® ¢Ha buscado / planificado este embarazo? siOd No O
® Durante los 6 meses antes del embarazo
Ninguno ipIu! Anticonceptives : IPegades. : Amllie i Pressevativo
; : orales i anticonceptivos : vaginal
<{Que métode ' ‘ ' ' '
anticonceptivo ha | O O H O = m]

utilizade?

® (Ciclos sin Tomar anticonceptivos antes del embarazo?
(Ndmero de reglas desde que dejé de tomar anticonceptivos hasta que se quedd embarazada)
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Nom: Data:

DATOS SOCIODEMOGRAFICOS

® Cual es su trabajo actual y que nivel de estudios ha completado

Mare Pare
Trabajo
actual

Primarios sin finalizar m| Primarios sin finalizar O
Primarios (ESQO, EGB, ...) O Primarios (ESO, EGB, ...) O
Nivel de Secundarios (BUP, Bachillerato, FP, ...) O ' Secundarios (BUP, Bachillerato, FP, ...) O
estudios Superiores (Universitarios) O Superiores (Universitarios) O
i No aplicable (Familia monoparental) O

* Numero de personas que forman la unidad familiar
® TIngresos netos anuales totales en el hogar

Ejemplo, si la mujer fiene un sueldo de 20000 €, el hombre uno de 18000€ y hay un abuelo que vive con
la familia y recibe una pensidén de 6000 €

=
Menos de : I Mdsde
9000 € 5>9000€-19000€§>19000€-25000€§>25000€-35000€§ 3 €
a ] O O O
PESO Y ALTURA
* Peso (Kg)

e Altura (m)

Anote cualquier duda relacionada con esta encuesta:
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NOM: DATA:
ENCUESTA 2 SOBRE HABITOS Y ESTILO DE VIDA

AMNOTE LAS RESPUESTAS EN LOS ESPACIOS CORRESPONDIENTES A CADA PREGUINTA.
Estos datos servirdn a la Universitat Rovira i Virgili para realizar un estudio comparativo entre diferentes poblaciones. En los resultados

nunca aparecerd su nombre.

USO DE SUPLEMENTOS DE VITAMINAS / MINERALES
Por diferentes motivos, los suplementos de vitaminas y minerales recomendados no se Yoman siempre: por olvido,
por sentimiento de que no son necesarios, por no encontrarse bien, porque dan melestias, etc. Por favor,
conteste sinceramente estas preguntes para ayudarnos a valorar la realidad del seguimiento de los suplementos.

® ¢Ha fomado por iniciativa propia o recetado por un médico algln tipo de suplemento vitaminice / mineral?
Nunca he tomado I Si he tomado [

En el caso gue si, escriba el nombre del preparadoe e indique las veces a la semana que lo ha tomado. Rellene el
cuadrado correspendiente a los meses del embarazo que lo ha tomado.

Ejemplo, una mujer que ha fomado la mayeria de los dias FERPLEX durante los meses 6,7, 8 y 9, escribiria:

biomce gL Enddo E <Cudntas veces a la semana? e s
z & 7 8 E)
HIERRO io o o m] o
im E = = =
éCudl?: FERPLEX io o o o o
: I M del emb
Nombre del preparado ¢Cuéntas veces a la semana? : ses TE zr; nr-n;o
HIERRO i0 Cada dia 0 {3 O O
. i00 Lamayoria de los dias (4-6 veces) P B
¢l i[0 Algunos dias (1-3 veces) i 0 o O
ACIDO FOLICO i0 Cada dia a0 O [ O
27 {0 Lamayoria de los dias (4-6 veces) | O I A I P |
cEnald: i Algunos dias (1-3 veces) O 0O O Od
MULTI-VITAMINAS i0 Cadadia IO @ B O
. i0 Lamayoria de los dias (4-6 veces) o0 I O [y o A |
cCunl?; {0 Algunos dias (1-3 veces) o s R |
® Sihadejado de tomar el hierro, cudl ha side el motivo o motivos?
O Olvide O Le causaba molestias
[0 No lo consideraba muy importante para la salud O Otros (especificar)
DESAYUNO (durante el embarazo)
Si  No
¢Tiene la costumbre de desayunar? ||
¢Desayuna cereales inflados habitualmente (p.ej. tipe Kelloggs / Nestlé etc) ? 8. =
¢Toma café con cafeina? 0 s
¢Toma café descafeinade? ke
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NOM: DATA:
TABACO

e (¢Es fumadora pasiva (expuesta al humo habitualmente en casa o en el trabajo)? siO No O
® (Es fumadora activa? siO No O

Sélo para fumadoras en los dltimos 5 afios

0 cigs/dia : 1-5 cigs/dia : 6-10 cigs/dia > 10 cigs/dia
Actualmente fumo a O O |
Fumaba durante los 12 meses antes del
embarazo O O a O

Antes de los 3 Entre los 3 y los 6 i Después de los 6

meses meses meses
Ha dejade de fumar durante el embarazo
durante los meses - U U
ALCOHOL
Nunca / < 3 copas : Cada dia como aperitivo
> 7 copas / semana
Ocasionalmente : / semana y/o con las comidas

Actualmente bebe alcohol O | O O
En los 12 meses antes del 3
embarazo O g : U : J

Después de los 6
Antes de los 3 meses Entre los 3 y los 6 meses

meses

Ha dejado de beber alcohol

O O O

durante el embarazo

® ¢Ha tomado algdn otro tipo de sustancia téxica (p.e]. marihuanag, cocaing, etc...) en los dltimos b afios?
sigd No O

En el caso de que si haya temado alguna substancia téxica, especifique cuales:

Ocasionalmente : Regularmente
Actualmente toma substancias téxicas | O
En los 12 meses antes del embaraze
tomaba substancias tdxicas O o

Antes de los 3 :Entre los 3 y los: Después de los 6

6 meses

O

meses meses

O

Lo ha dejado durante el embarazo [
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NOM:

PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT

DATA:

ACTIVIDAD FISICA (durante el embarazo)

® (Qué actividad fisica hace en el trabajo, estudio o trabajo de casa?

- Mi trabajo es bdsicamente de estar sentada y caminar poco (estudiante, docente, conductora
de vehiculos, dependienta, admMinistrativa) ... ssssnes O

- En mi trabajo ando bastante pero no hago ningln esfuerzo vigoroso (ama de casa, fdbrica,

agricultora; Vendedora, COITEIA )} . uussssmssusmsussnssisciisssssss e i5uas besssss s s ss 50050854 4482 AT S a3 O
- Mi frabajo es bdsicamente de mucha actividad fisica (deportista) .ooomvocveeceeceeeee O
* (Qué actividad hace en el tiempo libre?
Si varia con la estacidn, escoger el grupo mds representativo (sdlo 1 grupo).
- Lectura, televisidn y actividades que no requieran actividad fisica importante.........cccocceveeeee. O
- Caminar, ir en bicicleta, jardineria (no se incluye el tfransporte de ir y volver del trabajo)...... O
- Correr, esquiar, gimndstica, juegos de pelota o deportes vigorosos regularmente.........ccocoocccee... O
- Entrenamiento deportivo regular para competicidn... O
® (Cudntas veces por semana realiza las actividades referidas en la pregunta anterior?
® Durante los Gltimos 12 meses
Nunca : Esporddicamente : Habitualmente
¢Ha tenido la costumbre de tomar el Sol? O I O
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NOM: DATA:

DATOS SOCIODEMOGRAFICOS (SOLO SI NO SE DISPONE DE LA ENCUESTA 1)

® Cual es su trabajo actual y que nivel de estudios ha completado

Mare Pare
Trabajo
actual

Primarios sin finalizar [m| :Primarios sin finalizar O
Primarios (ESO, EGB, ...) O Primarios (ESO, EGB, ...) O
Nivel de Secundarios (BUP, Bachillerate, FP,...) O Secundarios (BUP, Bachillerato, FP,..) O
estudios Superiores (Universitarios) O Superiores (Universitarios) O
i No aplicable (Familia monoparental) O

® Numero de personas que forman la unidad familiar
® Ingresos netos anuales totales en el hogar

Ejemplo, si la mujer tiene un suelde de 20000 €, el hombre uno de 18000€ y hay un abuelo que vive con la familia
y recibe una pensién de 6000 €

|
Menos de Més de
9 - 19 1 - 2 2! -
9000 € >9000 € 000 € :>19000 € 5000 €: >25000 € - 35000 € 35000 £
O mi ] O O

Anote cualquier duda relacionada con esta encuesta:
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12 semanas

Estudio NUTCIR 1

Nombre................

Fecha ... ..... ...

INSTRUCCIONES PARA CONTESTAR

Procure contestar tranquilamente este cuestionario. Témese el tiempo que considere necesario.
Este cuestionario le pregunta la frecuencia con que usted consume de forma habitual determinados
alimentos.
La frecuencia de consumo se tiene que especificar en los recuadros de la derecha del listado de
alimentos de este cuestionario. Para cada alimento del listado debe apuntar el nliimero de veces que
lo consume.

* Silo consume todos los dias de la semana. escriba un 7 en la columna A LA SEMANA.

¢ Siel consume alguna vez a la semana, escriba las veces: 1-2-3-4-5 o 6 en la columna A LA

SEMANA.

Piense siempre en sumar el consumo de todas las comidas del dia (desayuno, almuerzo.
merienda, cena, otros,...). Por ejemplo, si toma todos los dias leche para desayunar y alguna

vez a la semana para cenar: 7+ 4 = 11 veces a la semana.

¢ Siconsume el alimento alguna vez al mes, escriba las veces: 1-2-3 etc... en la columna: AL
MES

* Sino lo consume nunea o casi nunca. deje la casilla en blanco, sin escribir nada.

Ejemplo: Una mujer desayuna habitualmente un vaso de leche (7 veces) con magdalenas (7 veces),
¥ para cenar a veces toma leche (4 veces) y a veces toma yogur (3 veces) de postres. Ademds, toma
pescado algunas veces a la semana para almorzar (2 veces) y otras veces para cenar (4 veces). De
legumbres consume alguna vez al mes (aproximadamente 4 veces). Si no consume nunca un
alimento deje la casilla en blanco, sin contestar nada.

Este consumo lo apuntaria de la siguiente manera:

o _

Leche 11

Yogur 3

Bizcocho, magdalenas, ... 7

Pescado 6

Legumbres 4
Queso de régimen
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LISTADO DE ALIMENTOS

Chocolate: tableta, bombones, “Kit-Kat”, “Mars™... ]
| Galletas tipo *marig™ | 1 |
Magdalenas, bizcocho ... 1 |

| Ensalada: lechuga, tomate, escarola...

Verduras de guarnicién: berenjena, calabacin,

champiiones...

Legumbres: lentejas. garbanzos, judias blancas... ]
Pasta: fideos. macarrones, espaguetis ... [ |

Huevos
Ternera, cerdo, cordero (bistec, empanada...) ]
Pescado blanco: merluza, mero... I

Marisco: mejillones, gambas, langostinos, pulpo,
calamares ...

Pan (en bocadillos, en las comidas)

jamon dulce, embutidos

Quesos curados o semicurados, cremosos
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Frutas citricas: naranja, mandarina

Frutas en conserva (en almibar...) [ R

Zumos de fruta comercial [ R
Postres lacteos: natillas, flan, requesén _—

Bolsas de aperitivo (“chips”. “cheetos”, “fritos™) [ ]

Helados

Bebidas azucaradas (“coca-cola”, “Fanta™)

Vino, sangria

Cerveza sin alcohol

Indique con una X la respuesta que usted desee seialar:
1.- (En la mesa, se anade sal a las comidas?
Nunca__ / Alguna vez__ / Frecuentemente__/ Casi siempre__

2.- ;Cémo definirfa su apetito? Mucho__ Bastante_ Normal __ Poco __ Ninguno__

3.- ;Qué tipo de leche toma habitualmente?: Entera__ Semidesnatada__ Desnatada_
4.- ;Qué tipo de yogur toma habitualmente?

a) Natural ___ b) Natural desnatado ___

¢) De sabores ___ d) De sabores desnatado ___

e) Con trozos de fruta f) Con trozos de frutas desnatado

5.- {Qué tipo de pan toma habitualmente?: Blanco __ Integral __
6.- ;Unta el pan con tomate y aceite en los bocadillos?:

Siempre__ / Habitualmente__/ Alguna vez__/ Casi nunca_

407



UNIVERSITAT ROVIRA I VIRGILT

PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela

Estudio NUTCIR 2
DN s v s 5 oA BB A AR P

Feéihit i s

INSTRUCCIONES PARA CONTESTAR

Procure contestar tranquilamente este cuestionario. Témese el tiempo que considere necesario.
Este cuestionario le pregunta la frecuencia con que usted consume de forma habitual determinados
alimentos.
La frecuencia de consumo se tiene que especificar en los recuadros de la derecha del listado de
alimentos de este cuestionario. Para cada alimento del listado debe apuntar el niimero de veces que
lo consume.

® Silo consume todos los dias de la semana, escriba un 7 en la columna A LA SEMANA.,

* Siel consume alguna vez a la semana, escriba las veces: 1-2-3-4-5 0 6 en la columna A LA

SEMANA.

Piense siempre en sumar el consumo de todas las comidas del dia (desayuno. almuerzo.
merienda. cena, otros....). Por ejemplo. si toma todos los dias leche para desayunar y alguna

vez a la semana para cenar: 7+ 4 = 11 veces a la semana.

e Siconsume el alimento alguna vez al mes, escriba las veces: [-2-3 etc... en la columna: AL
MES

® Sino lo consume nunca o casi nunca, deje la casilla en blanco, sin escribir nada.

Ejemplo: Una mujer desayuna habitualmente un vaso de leche (7 veces) con magdalenas (7 veces),
v para cenar a veces toma leche (4 veces) y a veces toma yogur (3 veces) de postres. Ademds, toma
pescado algunas veces a la semana para almorzar (2 veces) y otras veces para cenar (4 veces). De
legumbres consume alguna vez al mes (aproximadamente 4 veces). Si no consunie nunca un
alimento deje la casilla en blanco, sin contestar nada.

Este consumo lo apuntaria de la siguiente manera:

Leche 11

Yogur 3

Bizcocho, madalenas, ... 7

Pescado 6

Legumbre 4
Queso de régimen
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LISTADO DE ALIMENTOS

Chocolate: tableta, bombones, “Kit-Kat”, “Mars™,... | [ |
| Galletas tipo “marfa™ | | |

Magdalenas, bizcocho ... I

Ensalada: lechuga. tomate. escarola...

Verduras de guarnicién: berenjena, calabacin,
champiinones...

Legumbres: lentejas, gparbanzos, judias blancas... I
Pasta: fideos, macarrones, espaguetis ... 1 |

Huevos

Ternera, cerdo. cordero (bistec. empanada...) [
Pescado blanco: merluza, mero... [ R

Marisco: mejillones, gambas, langostinos, pu.lpo, |
calamares ...

Pan (en bocadillos, en las comidas)
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Jamoén, jamén dulce, embutidos

Quesos curados o semicurados, cremosos

Frutas citricas: naranja, mandarina

Fruws cnconserv (enalmibar)
Zumos de fruta comercial | | |
Postres licteos: natillas. flan.requeson | [ |

Helados

Bebidas azucaradas (*coca-cola”, “Fanta™)

Vino, sangria

Cerveza sin alcohol __

Indique con una X la respuesta que usted desee seqialar:
1.- ;En la mesa, se afade sal a las comidas?
Nunca / Alguna vez  /Frecuentemente /Casisiempre
2.- ;Cémo definiria su apetito? Mucho__ Bastante__ Normal __ Poco __ Ninguno__
3.- {Qué tipo de leche toma habitualmente?: Entera_ Semidesnatada__ Desnatada__

4.-;Qué tipo de yogur toma habitualmente?

a) Natural b) Natural desnatado
c) De sabores ___ d) De sabores desnatado ___
e) Con trozos de fruta f) Con trozos de frutas desnatado

5.- ;Qué tipo de pan toma habitualmente?: Blanco __  Integral __



UNIVERSITAT ROVIRA I VIRGILI

PRENATAL ONE CARBON METABOLISM-GENE INTERACTIONS, PLACENTA TRACE ELEMENT CONTENT AND THEIR EFFECT
ON PREGNANCY OUTCOMES

Jose Maria Colomina Muela

6.- ;Unta el pan con tomate y aceite en los bocadillos?:

Siempre__ Habitualmente__  Alguna vez__ Casi nunca_

7.- (C6émo acostumbra a tomar el suplemento de hierro durante este embarazo? (marque con una x)
[ No lo he tomado nunca
O con agua
O con zumo de naranja
O con leche
[ otros (especificar)

8. ;Durante el embarazo ha tenido nduseas? [1 8i [J No Y vémitos? 1 8i [ No
En caso que si haya sufrido vomitos durante el embarazo, especifique en qué meses:
O3 O4 0Os Oe¢ O7 Os

;Con qué frecuencia ha tenido estos vomitos?
[ Regularmente
[ De vez en cuando
O Muy pocas veces
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