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1 ABSTRACT
Pregnancy complications associated with placental development affect approximately one
third of all human pregnancies. Genome health is essential for placental and fetal
development, as DNA damage can lead to pregnancy loss and developmental defects. During
this developmental phase rapid DNA replication provides an increased opportunity for
genome and epigenome damage to occur[1].

Maternal nutrition is one of the principal environmental factors supporting the high rate of
cell proliferation and differentiation. Folate functions in one-carbon metabolism and regulates
DNA synthesis, DNA repair and gene expression[1]. Deficiencies or defects in gene-nutrient
interactions associated with one-carbon metabolism can lead to inhibition of cell division, cell
cycle delay and an excessive apoptotic or necrotic cell death rate[2], which may affect
placentation.
This study is the first to investigate the association between genomic damage biomarkers in
late pregnancy complications associated with uteroplacental insufficiency (UPI) including
preeclampsia and intrauterine growth restriction (IUGR). The results indicate that genome
damage in the form of micronucleated cells in peripheral blood lymphocytes at 20 weeks
gestation is significantly increased in women at risk of developing an adverse pregnancy
outcome. The observed OR for the high micronuclei frequency may be the highest observed
for any biomarker selected in relation to risk of pregnancy complications to date (15.6 – 33.0).
In addition, reduced apoptosis was observed in association with increased micronuclei,
suggesting that the cells may have escaped specific cell-cycle checkpoints allowing a cell with
DNA damage to proceed through mitosis.
This study demonstrated that an increase in plasma homocysteine concentration at 20 weeks
gestation is associated prospectively with the subsequent development of UPI, indicating a
causal relationship. The MTR 2756 GG genotype was significantly associated with increased
plasma homocysteine concentration and UPI. Furthermore, the MTHFD1 1958 single
nucleotide polymorphism was associated with increased risk for IUGR.
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4 ABBREVIATIONS
AST: Aspartate amino-transferase

B12: Vitamin-B12 (cobalamin)
B6: Vitamin-B6
BN: Binucleate cell
BMI: Body mass index

CBMN: Cytokinesis-block micronucleus assay
CH3: Methyl group
CpG: Cytosine-guanine dinucleotide

DHF: Dihydrofolate
DNA: Deoxyribonucleic acid
Dnmt: DNA methyltransferase genes

FBP: Folate binding protein

dH20:

Distilled water

Hcy: Homocysteine
HUMN: The international collaborative project on micronucleus frequency in human
populations

IL-8: Interleukin 8
IUGR: Intrauterine growth restriction
(ICF) Immunodeficiency centromeric region instability and facial anomalies syndrome

MCP-1: Monocyte chemoattractant protein 1
MeCP2: Methyl CpG binding protein 2
mCyt: Methylated cytosines
MN: Miconuclei
MN-BN(s): Micronucleated binucleate cell(s)
MTHFR: Methylenetetrahydrofolate reductase
MTHFD1: Methylenetetrahydrofolate dyhydrogenase
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MTR: Methionine synthase
MTRR: Methionine synthase reductase

NBUD: Nuclear bud
NBUD-BN(s): binucleated cells with nuclear bud(s)
NDI: Nuclear division index
NPB(s): Nucleoplasmic bridge(s)
NPB-BN(s): Binucleated cells with nucleoplasmic bridge(s)
NTDs: Neural tube defects
NO: Nitric oxide

PBS: Phosphate buffered saline
PE: Preeclampsia
PlGF: Placental growth factor
PLP: Pyridoxal 5-phosphate

RBC: Red blood cell
RCF: Red cell folate
RDI: Recommended daily intake

SAM: S-adenosylmethionine
SF: Serum folate
SGA: Small for gestational age
sFlt-1: Soluble fms-like tyrosine kinase-1
SNPs: Single nucleotide polymorphisms

dTMP: Thymine
THF: Tetrahydrofolate;

dUMP: Uracil
UPI: Uteroplacental insufficiency

VEGF: Vascular endothelial growth factor
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6 GENERAL INTRODUCTION

6.1 Pregnancy and uteroplacental insufficiency
When considering the fact that couples, who have intercourse regularly without the use of
contraception, only have a 25–30% chance of becoming pregnant[3] on a monthly basis, that
70-75% of blastocysts created are able to implant and that only 58% of the blastocysts that
implant survive past the second week[4], one comes to understand the miracle of
reproduction. Even after these hurdles are overcome, there are still many variables that can
affect the likelihood of a successful pregnancy. Preeclampsia (PE)[5-13], intrauterine growth
restriction (IUGR)[13-15] and placental abruption[16-18] are common pregnancy
complications, characterised by impaired trophoblast invasion and inadequate remodelling of
the uterine spiral arteries. These pregnancy complications are of concern in both western and
developing countries[19].

Invasive trophoblasts are the key to remodelling the uterine spiral arteries[5, 12, 20-24],
which is an essential step in healthy pregnancy. Trophoblasts are unique cells derived from
the outer cell layer of the blastocyst which mediate implantation and placentation[25].
Cytotrophoblast stem cells of the placenta give rise to the differentiated forms of trophoblasts
depending on their subsequent function in vivo, i.e 1) hormonally active villous
syncytiotrophoblasts, 2) extravillous anchoring trophoblastic cell columns, or 3) invasive
intermediate trophoblasts[5, 12]. The action of the invasive trophoblasts on the maternal spiral
arteries leads to the conversion of the normally narrow-calibre spiral arteries to a very low
resistance uteroplacental circulation which facilitates the marked increase in blood flow seen
in these arteries at term[5, 24, 26] (Figure 1).
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Figure 1. Uteroplacental circulation

A comparison between uninvaded arteries (non-pregnant), and arteries complicated with PE/IUGR,
and normal pregnancy arteries. The extent and depth of trophoblast invasion is less in PE/IUGR
compared with normal pregnancy, which results in inadequate transformation of the spiral arteries in
the former and consequently, reduced blood flow to the feto-placental unit and poor fetal growth.
Adapted from Moffet-King [27].
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In the non-pregnant state the uterine arteries carry < 1% of the maternal cardiac output[28]
and the uterus weighs approximately 50 g. At term the same arteries support a uterus, placenta
and fetus that can collectively weigh up to 5000 g[12, 29]. Comparison of spiral arteries in the
non-pregnant state to those at term demonstrates that these arteries can increase up to tenfold
in diameter, resulting in an increase of blood flow by a factor of 10,000[12] (Figure 1).
Reduced blood flow from the uterus to the placenta, termed uteroplacental insufficiency
(UPI)[30], is caused by incomplete transformation of the maternal spiral arteries[8, 15] and
can result in decreased nourishment and oxygen to the fetus and, consequently, malnutrition,
hypoxia and, ultimately, asphyxia[31]. Decreased or absent trophoblast invasion of the
maternal spiral arteries is the most common clinical finding in pathological studies of spiral
arteries from pregnancies complicated by PE[5-13, 32, 33]. In addition, several studies have
reported the same morphological abnormalities in spiral arteries in pregnancies complicated
with IUGR[14, 15].

6.1.1 Preeclampsia
Preeclampsia (PE) is a leading cause of maternal and fetal morbidity and mortality (15–20%)
in developed countries[34]. Known risks for PE include diabetes, pre-existing hypertension,
kidney disease, or having previously had the condition during an earlier pregnancy.
Symptoms associated with PE include hypertension and proteinuria, which is the result of
proteins, normally confined to the blood, spilling into the urine due to damaged blood vessels
in the kidneys[35]. In some cases, PE may progress to eclampsia, a series of potentially fatal
seizures. In modern obstetrics eclampsia has almost disappeared due to medically induced
premature deliveries in uncontrolled or threatening cases of PE[36, 37]. Although the
hypertension accompanying PE can be treated with blood pressure lowering drugs, the only
effective treatment for the condition is delivery of the placenta, hence the central role of the
placenta in the pathogenesis of PE is undisputed[7, 38-49]. Pathophysiological processes
underlying PE are very complex and poorly understood. To date studies have related
oxidative stress, placental ischaemia, maternal-fetal immune maladaption and possible genetic
factors (such as polymorphisms in MTHFR) with the development of this disease[46].

Preeclampsia is characterised by endothelial cell damage and vasospasm which decreases
blood flow causing a reduction in maternal oxygen supply to vital organs such as the brain,
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kidneys, liver[50] and the placenta[51]. In addition, decreased blood supply, can also reduce
the fetal nutrient supply which is required for normal development.

Studies[34, 46] have shown that the interaction between endovascular trophoblast and
decidual leukocytes, especially natural-killer cells, results in substantial angiogenic growth
factor release. Raised concentrations of angiogenic growth factors, such as placental growth
factor (PlGF) and vascular endothelial growth factor (VEGF) are important in maintaining
normal endothelial function[52], in particular PlGF, which is essential for early placental
development and has been associated with both PE and IUGR. Maynard et al.[52] showed
that placenta-derived soluble fms-like tyrosine kinase-1 (sFlt-1), an antagonist of VEGF and
PlGF, is upregulated in PE, leading to increased systemic amounts of sFlt1 that fall after
delivery. Raised circulating sFlt1 in PE is associated with lowered circulating concentrations
of free VEGF and PlGF, resulting in endothelial dysfunction. The magnitude of increase in
sFlt correlates with disease severity[34, 46, 52, 53], suggesting that the balance of VEGF and
soluble Flt is closely implicated in one of the final pathophysiological pathways associated
with PE.

Several biomarkers for predicting PE have been tested in a variety of patient populations,
including activin A[54] and fibronectin[55], with generally unsatisfactory results[56]. Current
studies are exploring the use of increased fetal cell trafficking and cell-free DNA from 20
weeks gestation in the maternal circulation as a biomarker for women who developed PE[57,
58]; however, these biomarkers appear to have a low sensitivity and specificity[59].

6.1.2 Intrauterine growth restriction
Birthweight is a key indicator of a baby’s health status and also of their future health as
adults. A low birth weight is defined as less than 2,500 g and very low birthweight as less
than 1,500 g[60]. Low birth weight babies have a greater risk of poor health and dying, often
requiring longer hospitalisation after birth and are more likely to develop disabilities[61, 62].
For most growth restricted infants, brain growth is spared relative to the rest of the body;
however, as adults these individuals are at risk for multiple morbidities including
cardiovascular disease[19, 63], hypertension[64], stoke[65] and type-2-diabetes[63, 66].

In the late 1960’s, two landmark studies reported intrauterine growth patterns for the first
time[67, 68]. Two subsequent studies reported that disproportionate growth at a given
gestational age was related to neonatal mortality risk[69, 70]. These studies have led to the
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use of reference growth curves to characterise an infant’s growth relative to gestational age
for over 30 years[71].

Intrauterine growth restriction (IUGR) implies that fetal growth is being inhibited and that the
fetus does not attain its full growth potential. This functional definition seeks to identify
fetuses at risk for modifiable but otherwise poor outcomes. IUGR is the second leading cause
of perinatal morbidity and mortality[72]. In Australia approximately 6.5 % of babies are born
growth resticted[60]; however, the incidence varies depending on the population under
examination (including its geographic location) and the standard growth curves used as a
reference[73]. In addition, the term IUGR excludes fetuses that are small for gestational age
(SGA). SGA is defined as growth at the 10th or less percentile for weight of all fetuses at that
gestational age[74]. Not all fetuses that are SGA are pathologically growth restricted.
Similarly, not all fetuses that have not met their genetic growth potential are less than the 10th
percentile for estimated fetal weight[74].

Multiple factors have been identified in relation to IUGR; however, studies have shown that
aside from uteroplacental insufficiency the maternal environment is a major determinant of
newborn weight[75]. Clinical factors associated with IUGR include multiple gestation,
chromosomal anomalies, infections and various maternal disorders including anaemia, severe
chronic asthma and hypertension[76]. Furthermore, maternal stress factors[77], including
narcotic addiction[78, 79], cigarette smoking[80, 81] and alcoholism[82] have been
associated with fetal growth restriction.

To date the relationship between reduced uteroplacental circulation, IUGR and the maternal
syndrome of PE is not clear. Factors that may differentiate growth restriction from the
maternal syndrome of PE include obesity[83], insulin resistance[84], thrombophilia[85] and
hyperhomocysteinaemia[86]. In addition to PE and IUGR, reduced uteroplacental circulation
has been associated with placental abruption[16-18].

6.1.3 Placental abruption
Placental abruption describes the early separation of a normal placenta from the wall of the
uterus. Premature separation of the placenta occurs in 1% of all pregnancies[87] and this is
associated with excessively high rates of stillbirth, preterm birth, reduced fetal growth and
maternal

death[87-91].

Placental

abruption

accounts

for

20–25%

of

antepartum

haemorrhages[87]. The perinatal mortality rate associated with placental abruption varies
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between 2% and 67%, depending on gestational age, fetal weight, and the degree of
abruption[91]. Over 50% of all perinatal deaths occur before delivery[92]. While the
aetiology of placental abruption remains largely speculative, risk factors include advanced
maternal age, multiparity, cocaine use during pregnancy, PE, intrauterine infection,
oligohydramnios, prolonged rupture of membranes and prior abruption[87, 91, 93-95].

As for PE and IUGR, the cause(s) of placental abruption are unknown, but these pregnancy
complications are associated with abnormal placental development leading to inadequate
uteroplacental circulation[96] and can be grouped under the collective term uteroplacental
insufficiency (UPI).

6.2 Maternal nutrition
Maternal nutrition is one of the principal environmental factors supporting the high rates of
cell proliferation and differentiation necessary for placental and fetal development[97].
Nutrition is important for DNA synthesis as cofactors for enzymes involved in DNA synthesis
and substrates for base synthesis are derived from the diet. Moreover, B-vitamins are involved
in synthesis of DNA precursors (i.e dTTP and 5-methy cytosine); however, many individuals
do not meet their recommended daily intake (RDI) in B-vitamins. Moreover, B-vitamin
absorption is affected by substances such as alcohol, drug intake and possibly, to a lesser
extent, oral contraceptives[98], making supplementation essential in people with inadequate
dietary consumption, malabsorption, alcoholism and drug use. In addition, recent studies have
suggested that regular use of a multivitamin supplements in the periconceptional period may
help to prevent PE[99] and lower rates of severe preterm births and extreme SGA[100].

6.2.1 Folate
Folates are a group of inter-convertible substrates, differing by their oxidation state, number
of glutamic acid moieties and one-carbon substitutions[101] (Figure 2). They are involved in
amino acid metabolism, purine and pyrimidine synthesis and methylation of a large number of
nucleic acids, proteins and lipids[102, 103]. The term folate represents all forms of vitaminB9,

including

the

many

derivatives

found

in

biological

systems.

Folic

acid

(pteroylmonoglutamic acid) is the synthetic but more stable form and, therefore, is typically
used in tablets and fortified foods. The function of folate is to provide one-carbon units
(methyl, methylene, methenyl, formyl, or formimino)[104] for biosynthetic purposes.
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Folate is present in a wide variety of foods, such as green-leafy vegetables, liver, bread, yeast
and fruits[105]. After absorption from the gastrointestinal tract, folate is hepatically converted
to tetrahydrofolic acid which is a cofactor in the biosynthesis of purines and thymidylates of
nucleic acids. The liver contains about 50% of total body folate stores[106].

Figure 2. Structures of folate

Folic acid is the monoglutamated form of folate. Polyglutamation prevents transport of folate out of
the cell.

The influence of folate nutritional status on various pregnancy outcomes has long been
recognised[107]. Studies have shown that women receiving folic acid supplementation had
better quality oocytes and a higher degree of mature oocytes compared to women who did not
receive folic acid supplementation[108]. Moreover, it has been shown that folic acid present
in preimplantation embryos is absolutely essential for early embryo development[101].
Furthermore, placental abruption, recurrent pregnancy loss, IUGR and PE which are all
thought to arise due to defects within the placental vascular bed, have been associated with
deficiencies in folate intake or metabolism[109].

Prenatal and periconceptional folic acid supplementation and folic acid fortification of staple
foods may well be ranked among the most significant public health measures for the
prevention of pregnancy-related complications[110-112]. Chanarin et al[113], reviewed many
early studies on folate in pregnancy with the overall conclusion that pregnancy was associated
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with an increased folate demand and that circulating folate concentrations declined (~10
nmol/L serum folate) in pregnant women who do not supplement their diet with folic
acid[113-116]. Furthermore, the significance of folate in preventive medicine was shown in a
series of papers by the Medical Research Council Vitamin Study Group in 1991, which
documented how periconceptional folate prevents spina bifida[117].

6.2.2 Homocysteine
Homocysteine (Hcy), the demethylated derivative of the essential amino acid methionine, is a
thiol (SH)-containing amino acid, involved in two major metabolic pathways in human
physiology[118]. Under normal conditions, the intracellular concentration of Hcy is
maintained at a low level as a result of remethylation reactions and catabolism via the
transsulfuration pathway; however, several genetic and nutritional factors can alter the normal
state of Hcy metabolism[119, 120]. These factors include deficiencies of folate, vitamin-B12,
vitamin-B6 and single nucleotide polymorphisms (SNPs) within enzymes involved in onecarbon metabolism that result in decreased enzyme activity[118, 121].

In 1995 a meta-analysis of 27 studies with a total of more than 4000 patients provided
evidence that Hcy was an independent, graded risk factor for atherosclerotic disease in the
coronary, cerebral and peripheral vessels[122]. Elevated Hcy has been associated with an
increased risk for placental diseases as it can manifest within maternal veins (thrombosis),
arteries or spiral arteries supplying the placenta[123]. Moreover, excess Hcy has been linked
with a number of developmental abnormalities, in particular neural tube defects (NTDs)[124,
125], IUGR[123], PE[126-130], placental abruption[109, 131], preterm birth, repeated
miscarriage[132] and intrauterine fetal death[129, 133-135]. In addition, Khong and
Hague[133] observed the absence of trophoblast-induced remodelling of spiral arteries, which
is a feature of UPI, in the placenta from women with hyperhomocysteinemia.

Accumulation of circulating Hcy may have multiple biological effects. It has been reported to
impair methylation activity and is believed to be thrombogenic and atherogenic[136]. The
mechanism behind these vascular effects has not been identified but platelet abnormalities,
stimulated coagulation or inhibited fibrinolysis, smooth muscle cell proliferation, LDL
oxidation and endothelial dysfunction may be associated with these vascular effects, as
demonstrated in experimental systems[137]. In addition, vascular inflammation has been
shown to be induced by Hcy enhancing the expression of pro-inflammatory cytokines, such as
monocyte chemoattractant protein 1 (MCP-1), which regulates migration and activation of
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monocytes/macrophages, and interleukin 8 (IL-8), which is an important chemoattractant for
neutrophils and T-lymphocytes[138]. A recent clinical trial demonstrated that Hcy can
interfere with the function of nitric oxide (NO)[139, 140], one of the major endotheliumdependent vasodilators, through its pro-oxidant effects[141].

There is increasing evidence suggesting that Hcy is a mediator of endothelial cell dysfunction
and that it may be the cause of vascular complications associated with UPI[123, 126, 142,
143]. The mechanism of endothelial cell dysfunction relies either on auto-oxidation of the
highly reactive thiol group of Hcy[144] or on the formation of intracellular superoxide anions
(O2−) and hydrogen peroxide (H2O2) radicals with concomitant inhibition of cellular
antioxidant enzymes, such as superoxide dismutase and glutathione peroxidase[145].
Endothelial cell dysfunction may cause arteriolar vasoconstriction in hepatic, cardiac, and
cerebral circulations which and is a central feature of the pathophysiological mechanism of
PE and IUGR[56, 146].

6.2.3 Vitamin-B12
Cobalamin (vitamin-B12), an organometallic compound in which a cobalt atom is situated
within a corrin ring, is the most chemically complex of all the vitamins and is the only known
biomolecule with a stable carbon-metal bond[147]. Vitamin-B12 is an essential cofactor for
two enzymes in human cells. In the methionine synthase (MTR) reaction, Hcy is converted to
methionine allowing for the “recycling” of 5-methyl-tetrahydrofolate (THF) to 5,10
methylene-THF which is needed for the de novo synthesis of dTMP and ultimately, for DNA
synthesis. Since conversion of 5,10-methylene-THF to 5-methyl-THF is irreversible, when
Hcy is limited folate is trapped as 5-methyl-THF. Concurrently, Hcy accumulates while
methionine decreases, leading to a decrease in S-adenosylmethionine (SAM), which may
limit DNA methylation affecting gene expression[148, 149].

An understanding of the vitamin-B12 absorption cycle helps illuminate the potential causes of
deficiency. During gastric digestion, vitamin-B12 is released from the ingested food and forms
a stable complex. Upon entering the duodenum, the complex is digested releasing the
vitamin-B12, which then binds to intrinsic factor (IF), a glycoprotein produced by the parietal
cells of the stomach. The vitamin-B12–IF complex is resistant to proteolytic digestion and
reaches the distal ileum, where it is absorbed by specific receptors. In the ileal mucosal cell
the IF is destroyed and the vitamin-B12 is transferred to transcobalamin (TC) II (Figure 3).
The vitamin-B12–TCII complex is then secreted into the circulation, from which it is rapidly
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taken up by the liver, bone marrow, and other cells[150]. In addition, an increased
bacterial load can bind significant amounts of vitamin-B12 in the gut, preventing its
absorption [151, 152].

NOTE: This figure is included on page 10 in the print copy of the
thesis held in the University of Adelaide Library.

Figure 3 Vitamin B12 absorption and transport.

The acidic environment of the stomach facilitates the breakdown of vitamin-B12
which is bound to food. Intrinsic factor (IF), which is released by parietal cells in the
stomach, binds to vitamin-B12 in the duodenum and subsequently aids in the
absorption of vitamin-B12 in the terminal ileum. Adapted from Oh et al. [148]
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A number of cross-sectional, case-control and longitudinal studies reported that blood
concentration of vitamin-B12 drops during normal pregnancy[153-155]. Haemodilution,
altered renal function, hormonal changes, changes in the concentration of vitamin-B12 binding
proteins, and maternal-fetal vitamin-B12 transfer are normal physiological consequences of
pregnancy that affect plasma vitamin-B12 concentrations in the mother. In addition, there is an
increased requirement for vitamin-B12 in pregnancy[156] due to increasing maternal-fetal
erythropoiesis and uptake into tissues[157].

Vitamin-B12 can not be made by plants or by animals, as the only type of organisms that have
the enzymes required for the synthesis of vitamin-B12 are bacteria and archea[158, 159].
Therefore, vitamin-B12 dietary intake is exclusively from animal sources, which have
consumed foods contaminated with vitamin-B12[160]. Clinically significant vitamin-B12
deficiency meriting intervention during pregnancy has only been reported in pregnant women
with vegetarian diets[161, 162]. Low dietary intake or malabsorption of vitamin-B12 may be
the reason for the high risk of NTDs in countries such as India[163]and Mexico[164] where
the reported incidence of NTDs in some regions is nearly ten times higher than that observed
in the United States[164, 165]. In such a population, increased folate intake offers minimal
protection against birth defects[136]. A recent study by Ray et al.,[166] demonstrated almost
a 3-fold increase in the risk for NTDs in the presence of low maternal vitamin-B12
concentration. Furthermore, the harmful effect of vitamin-B12 deficiency is not confined to
birth defects but may also cause growth restriction[167], delayed psychomotor development
and, in some instances, permanent effects on the developing brain[168].

Vitamin-B12 deficiency is less defined as a risk factor for UPI, compared to folate and Hcy;
however, a large study[169] of 406 patients demonstrated that vitamin-B12 deficiency is
associated with elevated serum Hcy concentrations. In addition, studies have shown that
inadequate vitamin-B12 status has been associated with adverse pregnancy outcomes such as
NTDs[170-173], preterm birth[174], IUGR[167, 175] and recurrent miscarriage[176];
however, a review by Ray and Laskin[109] concluded that prospective studies are needed to
confirm these findings due to the limited quality of these data.
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Figure 4. Vitamin-B12

The core of vitamin-B12 is a corrin ring with 4 pyrrole subunits, coordinated to the central cobalt atom.
The pyrrole subunits are joined on opposite sides by a C-CH3 methylene link, on one side by a C-H
methylene link, and with the two of the pyrroles joined directly. The sixth coordination partner varies,
being a cyano group (-CN), a hydroxy group (-OH), a methyl group (-CH3) or a 5-deoxyadenosyl
group to yield four vitamin-B12 forms.
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6.2.4 Vitamin-B6
Vitamin-B6 is the common name for three naturally occurring compounds: pyridoxine,
pyridoxal, and pyridoxamine (Figure 5). All three can be phosphorylated to the active
vitamin-B6 coenzyme, pyridoxal 5-phosphate (PLP)[177]. Vitamin-B6 is thought to be the
most versatile coenzyme by participating in more than 100 biochemical reactions[98, 178].
Within humans PLP plays a role in haeme (component of haemoglobin) synthesis and
activates several pathways in amino acid metabolism, including the formation of
neurotransmitters (such as serotonin, norepinephrine and gama-amino butyric acid)[179]. In
addition, PLP aids the normal development of the central nervous system and also influences
cognitive function[179, 180]. Moreover, vitamin-B6 plays a major role in one-carbon
metabolism[181] and is involved in lowering the concentration of Hcy which, as stated
previously, is considered a risk factor for cardiovascular and placental disease[122, 123, 182,
183].

Figure 5 Three natural forms of vitamin-B6 and the active coenzyme pyroxidine phospate

Pyridoxal-phosphate (PLP) is a coenzyme of many reactions. It is the active form of vitamin- B6 which
comprises three natural organic compounds, pyridoxal, pyridoxamine and pyridoxine. By replacing the
-CH2OH group on position 4 of the pyridoxine molecule with -CH2NH2 and -CHO respectively, two
related compounds, pyridoxamine and pyridoxal can be formed which are also vitamin active.
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The richest sources of vitamin-B6 include meats, poultry, fish, potatoes, legumes, bananas and
liver[184]. Vitamin-B6 is well absorbed from the gastrointestinal tract[184]. During
pregnancy circulating vitamin-B6 levels decrease during pregnancy, especially during the
third trimester; however, there is insufficient evidence to determine whether this is indicative
of a deficient state with associated clinical implications, or a normal physiological response to
pregnancy[185].

Limited studies have reported on the association of pregnancy risks associated with vitaminB6 deficiency. Earlier studies demonstrated that vitamin-B6 supplementation during
pregnancy (2 mg/day or higher) is associated with increased birthweights[186], reduced
incidence of PE[187] and preterm birth[174]. Recent studies also suggest a protection against
congenital malformations[188, 189], recurrent early pregnancy losses[190] and placental
abruption[191]; however, the 2006 Cochrane review on vitamin-B6 in pregnancy stated that
the few trials reviewed did not have clear trial methodology or significant clinical outcomes.
Therefore, future trials assessing vitamin-B6 and pregnancy complications, such as PE and
other adverse events, are required[185].

6.3

One-carbon metabolism

One-carbon metabolism, i.e the pathway involved in the exchange of carbon moieties, is
controlled by folate and related B-vitamins which act as cofactors for key enzymes in this
pathway. One-carbon is a biochemical term for functional groups containing only one-carbon
in addition to other atoms[192]. Folate substrates act as acceptors and donors of one-carbon
units such as methyl (-CH3), methylene (-CH2-), formyl (-CH=O), formimino (-CH=NH),
and methenyl (-CH=)[104] in a variety of reactions critical for nucleic and amino acid
metabolism[193]. There are two main branches of the pathway, one consists of reactions
involving dTMP (thymine) synthesis, and the other is responsible for Hcy remethylation, to
form methionine and S-adenosylmethionine (SAM) required for methylation[194]. In
addition, Hcy can be converted to cysteine using a vitamin-B6 dependent enzyme. Thus,
indicating that the amount of circulating Hcy in the blood is regulated by one-carbon
metabolism[98].
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Figure 6. A simplified scheme of one-carbon metabolism.

Unmetabolised folic acid is reduced to DHF and THF. The β-carbon of serine is transferred to THF,
forming glycine. At a major branch point between transmethylation reactions and nucleotide
biosynthesis, 5,10-methylene-THF can be reduced to 5-methyl-THF by MTHFR or transfer a methyl
group to dUMP to form dTMP. In a reaction catalysed by the vitamin-B12 containing enzyme, MTR,
the methyl group of 5-methyl-THF is transferred to Hcy, generating methionine as well as
regenerating THF. The vitamin-B12 dependent MTR is methylated by 5-methyl-THF to form
methylcobalamin and demethylated by Hcy to form cob(I)alamin. Occasional oxidation of the
cob(I)alamin intermediate produces an inactive cob(II)alamin enzyme, which is reactivated by MTRR.
Methionine is further transformed into SAM, the universal methyl donor for methylation of nucleic
acids, proteins, polysaccharides, phospholipids. After release of the methyl group, SAM is reversibly
hydrolysed into Hcy. Hcy is also metabolised into cystathionine by a vitamin-B6 dependent enzyme
which is further cleaved into cystein. Abbreviations, DHF, Dihydrofolate; THF, Tetrahydrofolate;
MTHFR,

Methylenetetrahydrofolate

Reductase;

MTHFD1,

Methylenetetrahydrofolate

Dyhydrogenase; MTR, Methionine Synthase; MTRR, Methionine Synthase Reductase; SAM, SAdenosylmethionine; B12, Vitamin-B12 (cobalamin, in various oxidative forms); B6, Vitamin-B6;
dUMP, Uracil; dTMP, Thymine; CH3, Methyl group.
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Defects in one-carbon metabolism can result in reduced methionine formation. If methionine
is limited, MTHFR activity will be stimulated, thereby providing more 5-methylTHF for the
enzyme methionine synthase (MTR)[101]. During vitamin-B12 deficiency, the MTR enzyme
function remains impaired and a situation referred to as the folate trap develops[195] in which
5-methylTHF accumulates at the expense of the other cellular folates, and the uptake of folate
from serum is prevented. Thus, the biochemical effects of both folate and vitamin-B12
deficiency are similar and include a functional folate deficiency, hyperhomocysteinemia, and
a low methionine levels[196].

6.3.1 One-carbon metabolism enzymes
The importance of adequate folate status for reproductive health has prompted investigations
to evaluate how genetic variations in key enzymes may influence folate (one-carbon)
metabolism. The most widely studied polymorphism is a cytosine to thymine transition in the
gene for 5,10-methylenetetrahydrofolate reductase (MTHFR)[197, 198] at bp 677, resulting in
an alanine to valine substitution in the enzyme and reduced activity[121]. MTHFR is required
to catalyze the reduction of 5,10-methyleneTHF to 5-methylTHF, the primary methyl donor in
the remethylation of Hcy to methionine. MTHFR directs the folate pool toward the
remethylation of Hcy at the expense of DNA and RNA synthesis[199]; besides its conversion
to 5-methylTHF by MTHFR, 5,10-methyleneTHF is further metabolised in several onecarbon transfer reactions during the synthesis of thymine (methylation of deoxyuridine 5'monophosphate (dUMP) to deoxythymidine 5'-monophosphate (dTMP)), as well as the
synthesis of purines (Figure 6).

The presence of the MTHFR 677TT genotype is important in women of reproductive age
because of its reported association with an increased risk for neural-tube defects (NTDs)[200]
and pregnancy complications[197, 201]. Another polymorphism within MTHFR occurs when
adenine is replaced with cytosine at bp 1298, yielding a substitution of alanine for glutamate
in the enzyme[202, 203]. Although the variant MTHFR 1298CC genotype has not been
reported to affect birth defect risk, compound heterozygosity for the 677 and 1298 MTHFR
polymorphisms has been associated with higher risk for NTDs[200], Down syndrome[204]
and IUGR[205]. The MTHFR 677TT genotype is associated with elevated plasma Hcy when
folate status is low [121, 206, 207]. Although the MTHFR A1298C polymorphism was not
reported to affect Hcy status, double heterozygosity for both MTHFR polymorphisms was
cited as a risk factor for hyperhomocysteinemia[208].
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The enzyme methionine synthase (MTR) is required for the conversion of Hcy to methionine
using vitamin-B12 as a cofactor and 5-methylTHF as methyl donor. Methionine is required for
the production of S-adenosylmethionine (SAM), the principal methyl donor to control
cellular proliferation, cellular migration, differentiation, and cell to cell recognition[2]. Thus,
by limiting the supply of SAM, as a result of defects in one-carbon metabolism, DNA can
become hypomethylated, which can lead to abnormal placental development[135]. A common
polymorphism in MTR, A2756G, changes an aspartic acid to glycine at the C-terminal end of
the alpha/beta domain of the enzyme and has been associated with Down syndrome[209];
however, no association has been detected in relation to PE[210]. During the MTR reaction,
transfer of the methyl group from methylcob(III)alamin results in the formation of the highly
reactive cob(I)alamin, which may become oxidized to cob(II)alamin, resulting in MTR
inactivation[211], an event that may occur every 100 methyl transfer cycles[212]. Methionine
synthase reductase (MTRR) is required for the reductive methylation of cob(II)alamin, which
reactivates MTR[213].

Wilson and colleagues [214] identified a common variant of methionine synthase reductase
MTRR (A66G) in which methionine replaces isoleucine in the enzyme[213-215].
Heterozygosity and homozygosity for this polymorphism were associated with an increased
risk for NTDs[216, 217]. Furthermore, the MTRR 66GG genotype, in association with the
MTHFR 677TT genotype, was related to an increased risk for NTDs[200, 214].

Polymorphisms in either MTR or MTRR are expected to produce similar effects on genome
methylation as those induced by vitamin-B12 deficiency. Recent studies indicated that the
MTRR A66G variant allele was not associated with an increased risk for placental
abruption[218] or with NTDs[219]; however, the MTRR 66GG genotype was associated with
an increased risk for having a pregnancy affected with NTD when maternal vitamin-B12
concentrations are low[214]. In addition, MTRR A66G polymorphism has been associated
with chromosomal instability and Down syndrome[220]. In addition, polymorphisms at the
MTRR A66G loci also were associated with an increase in plasma Hcy, with the GG genotype
having a greater effect than the AG genotype[213]; however, data are limited and additional
research is warranted to further characterise this association.

A study by Doolin et al.[221], designed to address questions regarding both maternal and
embryonic genetic risk factors for NTDs, investigated MTR A2756G and MTRR A66G
polymorphisms and provided evidence that the variant alleles influence the risk of spina
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bifida via the maternal rather than the embryonic genotype. These findings highlight the
importance of considering both the maternal and embryonic genotypes when evaluating
pregnancy complications.

The methylenetetrahydrofolate dehydrogenase (MTHFD1) gene encodes a trifunctional
protein

comprising

5,10-methylenetetrahydrofolate

dehydrogenase,

5,10-

methenyltetrahydrofolate cyclohydrolase, and 10-formyltetrahydrofolate synthetase. These
three enzymes are involved in sequential reactions enabling the interconversion of onecarbon derivatives of tetrahydrofolate (THF) which are substrates for methionine, dTMP and
de novo purine syntheses[222]. The MTHFD1 A1958G polymorphism results in replacement
of the arginine residue by glutamine. To date this polymorphism has not been studied in
relation to PE or IUGR; however, the MTHFD1 1958A allele was recently linked with
placental abruption[223] and NTDs[224-226], suggesting that MTHFD1 G1958A
polymorphism could represent an attractive candidate gene in UPI aetiology.

6.4 Genome damage and nutrigenomics
Placentation is orchestrated between cell proliferation, cell differentiation and cell
invasion[227]. During this developmental phase rapid DNA replication provides an increased
opportunity for genome and epigenome damage to occur[1]. Damage to the genome can lead
to inhibition of cell division, cell cycle delay and an excessive apoptotic or necrotic cell death
rate[2], causing defective trophoblast invasion and abnormal placentation. Genome damage
arises from a variety of mechanisms including point mutations, base modifications,
chromosome breakage, chromosomes rearrangement, chromosome loss or gain, gene
silencing due to inappropriate methylation of CpG dinucleotides at promoter sequences,
expression of parasitic DNA due to reduced methylation of CpG dinucleotides and telomere
shortening[1].

Gene-nutrient interactions (nutrigenomics) in one-carbon metabolism regulate DNA
synthesis, DNA repair and gene expression[1]. Micronutrient deficiency (in particular folate
and vitamin-B12) can cause genome damage of the same magnitude, if not greater, than
environmental genotoxins such as chemical carcinogens[1, 228-231]. In addition,
nutrigenomic mechanisms regulate the transformation from dUMP (uracil) to dTMP
(thymine) for DNA synthesis using 5,10-methyleneTHF. Low levels of 5,10-methyleneTHF
decreases synthesis of dTMP[232], increasing the cellular dUMP/dTMP ratio and
consequently DNA polymerase-mediated dUTP misincorporation into DNA[233]. Blount et
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al[234] demonstrated that folate deficiency induced uracil incorporation into human DNA,
which can ultimately cause DNA strand breaks and chromosome instability[235].

Excess Hcy causes an increase in oxidative stress through the overproduction of hydrogen
peroxide[236]. Reactive oxygen species such as hydrogen peroxide can directly or indirectly
damage DNA[237, 238] causing whole chromosome loss, chromosome breaks, chromosome
rearrangements, DNA base deletions and substitutions[239]. There is mounting evidence that
oxidative stress in uteroplacental tissues plays a pivotal role in the development of UPI[240],
and is therefore considered to be a key intermediary step in the pathogenesis of PE[241, 242].
Oxidative stress has also been regarded as major pathogenetic driver of apoptosis causing the
release of placental debris into the maternal circulation, a key pathogenic event in the
progression of PE[243]. Previous studies[244, 245] have shown that Hcy causes apoptosis in
vascular smooth muscle cells in vitro, while the administration of folic acid diminished
apoptotic effects. Steegers-Theunissen et al.[246] observed that folate deficiency resulted in
significant apoptosis in human trophoblasts. In addition, several other investigators have
observed similar results in various cell types[247-249].

Genome damage has been associated with infertility and developmental defects[250-257].
DNA damage within sperm has been shown to increase infertility, pregnancy loss, and
childhood disease[258]. In addition research has shown that sperm from infertile men have
abnormal chromatin structure, microdeletions in chromosomes, aneuploidy and DNA strand
breaks[259]. This damage is poorly characterised, but is known to involve hypomethylation
of key genes, oxidative stress, endonuclease-mediated cleavage and the formation of adducts
with xenobiotics and the products of lipid peroxidation[260]. A recent study found a 74%
increase in normal sperm count in subfertile men after supplementation of folic acid in
combination with zinc sulphate[261]. Little research has focussed on the effect of maternal
genome damage on reproductive success and in relation to late pregnancy complications
associated with UPI[256, 257].
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6.4.1 Epigenetic modifications
Epigenetics refers to modifications in gene expression that are controlled by heritable but
potentially reversible changes in DNA methylation and/or chromatin structure[262]. DNA
methylation is the process in which a methyl group is added at the carbon 5' position of
cytosine within the cytosine-guanine (CpG) dinucleotide[262-264]. It is responsible for
establishing and maintaining the diverse patterns of gene expression that distinguish different
cell and tissue types[265, 266]. CpG dinucleotides are unequally distributed across the human
genome. Vast stretches of DNA are deficient of CpGs, but are interspersed by CpG clusters
known as CpG islands, which are usually unmethylated[267]. Unmethylated CpG-rich islands
can be found in the promoter region of housekeeping genes in all cell types, whereas tissuespecific genes are methylated in all tissues except the tissue where the gene is expressed[268].
Altered DNA methylation is a mechanism, other than uracil misincorporation, that can result
in genome damage[269].

Approximately 80% of the CpG sites in the mammalian genome are methylated[270, 271].
Dense methylation of promoter regions has been associated with a compacted chromatin
structure and can lead to transcriptional silencing of the associated gene[263, 267, 272, 273].
Transcriptional silencing has a profound effect in development, including protection against
intragenomic parasitic DNA[274], genomic imprinting[275] and chromosome

X-

inactivation[275]. It is becoming increasingly evident that epigenetic gene regulatory
mechanisms play an important role in the early developmental stages of life and in the
aetiology of human diseases[276].

Environmental factors, such as diet and nutrition can alter epigenetic modifications[277].
Studies have shown that folate deficiency decreases DNA methylation in humans[278, 279]
and animal models[79, 104]; however, a folate replete diet may restore DNA methylation
status[279]. Reduced availability of methyl-THF, the main circulating form of folate, as a
result of decreased folate intake, limits the biosynthesis of SAM, thus limiting the availability
of methyl groups for methylation reactions[280]. Moreover, Duerre and BriskeAnderson[281] demonstrated that accumulation of high Hcy levels in the cell, can completely
inhibit all methylation reactions. In addition, the common C677T polymorphism in the
MTHFR gene has been reported to influence DNA methylation status through interaction with
folate status[282].
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Waterland and Jirtle [283] showed that maternal nutrition (including folate) in mice affects
the phenotype of offspring by influencing the degree of CpG methylation at the agouti locus.
This indicates the importance of maternal nutrition in relation to methylation status of the
offspring as it may have long lasting effects on phenotype[277]

6.5 Genome damage, folate nutrigenomics and uteroplacental
insufficiency
Our genome is the most precious possession we have; however, it is constantly under threat. It
is becoming increasingly evident that the risk for developmental and degenerative disease
increases with DNA damage which in turn is dependent on nutritional status and genetic
polymorphisms[284]. In addition, a higher incidence of genome damage in the infertile
population is widely recognised[285]. Genome damage can affect fertility due to a reduced
production of germ cells as it causes apoptosis, one of the mechanisms by which grossly
mutated cells are normally eliminated[286, 287]. When this mechanism fails reproductive
cells with genomic abnormalities may survive leading to serious developmental defects[288,
289]. Although it has long been acknowledged that both male and female partners contribute
to human reproductive success, the past 20 years have focussed on the importance of the male
factor in successful pregnancy[290]. There is extensive literature relating DNA damage in
sperm [291] with infertility, but what is not known is how maternal DNA damage affects the
growth and development of the placenta which ensures fetal and maternal health.

There is general agreement that defects or deficiencies in gene-nutrient interactions in onecarbon metabolism cause increased genome damage[230, 234, 292-294] and infertility[246,
295-298]. The deleterious effects of defective one-carbon metabolism include reduced cell
division (e.g. of oogonia during oogenesis or of granulosa cells during folliculogenesis),
inflammatory cytokine production[299, 300], altered nitric oxide (NO) metabolism[297],
oxidative stress[295], apoptosis[246] and defective methylation reactions[296]. Of the factors
involved in one-carbon metabolism, folate has been most extensively investigated for its
unique function as a mediator for the transfer of one-carbon moieties for nucleotide
synthesis/repair and biological methylation. In addition, numerous studies have investigated
the relationship between Hcy and important enzyme polymorphisms (e.g MTHFR 677)[215,
301, 302] or with genome damage[231, 294, 303] or with pregnancy complications[19, 118,
126, 131, 191, 304-307], but to date these factors have not been investigated.
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In the future a more comprehensive approach is needed to investigate genome damage and
gene-nutrient interactions associated with one-carbon metabolism that may affect trophoblast
cell proliferation, differentiation and invasion into the spiral arteries, events which can reduce
uteroplacental circulation and lead to pregnancy diseases such as PE and IUGR. Genome
damage analysis of peripheral blood lymphocytes has been accepted as a technique for the
biological monitoring of genetic damage in somatic cells since the early 1970s[308].
Lymphocytes have a half-life of 3–6 months and circulate around the body and experience
physiological and nutrient imbalances within tissues and, thus, DNA damage in those cells
provide an integrated estimate of inherent and/or acquired genomic instability[309]. Today,
genome damage in human peripheral lymphocytes measured using the cytokinesis-block
micronucleus (CBMN) cytome assay is recognised as a valuable biomarker, probably the only
one which has been internationally standardised and validated[310-312]. Furthermore, a high
frequency of MN in lymphocytes is predictive of an increased risk of cancer[313-315] and has
been associated with neurodegenerative diseases, such as Alzheimer's and Parkinson's
disease[316, 317].
The CBMN cytome assay is the most robust and commonly used method for measuring
micronuclei (MN), marker of chromosome breakage and loss, in cultured human lymphocytes
because scoring is specifically restricted to once-divided cells. These cells are recognized by
their binucleated (BN) appearance after the inhibition of cytokinesis by cytochalasin-B[318,
319]. Restricting scoring of micronucleated binucleate cells (MN-BNs) prevents confounding
effects caused by suboptimal cell division kinetics, which is a major variable in this ex vivo
assay. The CBMN assay allows the detection of micronuclei, apoptosis, necrosis,
nucleoplasmic bridges, and nuclear budding. The latter two endpoints are indicative of
chromosome rearrangements and gene amplification, respectively, and is a sensitive marker of
folate deficiency [230].
A study assessed MN frequencies using the CBMN cytome assay in lymphocytes of 130
patients (65 couples) with idiopathic infertility or with two or more spontaneous abortions,
and 30 healthy fertile donors (15 couples). The frequency of micronucleated cells in the
cohort with reproductive failure and healthy controls averaged 14.95+/-6.04 per 1000 and
10.60 +/-2.57 per 1000 (P<0.0001), respectively[256]. These results suggest that genome
damage biomarkers may be a useful prognostic marker of likelihood of a successful
pregnancy as it provides an index of the probable genomic instability of the parental and/or
fetal tissues either because of inherited factors predisposing to genomic instability or because
of nutritional inadequacies causing genome and epigenome damage.
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Currently, women at risk of UPI are identified on the basis of epidemiological and clinical
risk factors as there is no reliable test available early enough in pregnancy to identify women
at risk for developing these disorders to permit pre-treatment or preventative interventions. A
better understanding of underlying mechanisms in reduced uteroplacental circulation and
clarifying the effectiveness of nutritional and biochemical factors, such as those in one-carbon
metabolism, by determining which factors enable the placenta to function optimally it may be
possible to develop a predictive approach for identifying woman at high risk of PE and IUGR
and develop rational preventative strategies

Previous studies identified a major obstacle in research into placental diseases in trying to
distinguish between primary cause and secondary effects[37, 41-47], which may be
attributable to the fact that the common end result of low uteroplacental blood flow may be
caused by many primary defects[39, 320-324]. The interaction of key nutrients and genotype
(i.e. nutrigenomics[325]) and investigations of genome damage biomarkers may provide the
means to develop markers of early, pivotal changes between healthy pregnancy and the
development of UPI. Therefore, we hypothesise that genome damage and defects in onecarbon metabolism alter methylation patterns, increase Hcy and chromosome instability,
which reduce trophoblast proliferation, differentiation and invasion leading to defective spiral
artery remodelling and reduced uteroplacental circulation and to late pregnancy
complications, including PE and IUGR (Figure 7).
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Figure 7. A schematic diagram showing how defects in one-carbon metabolism can lead to UPI

Defects in one-carbon metabolism can reduce the synthesis of SAM causing CpG hypomethylation.
Demethylation causes undercondensation of the heterochromatin regions of specific chromosomes and
can result in whole chromosomes loss[326]. When uracil is misincoporated into DNA, transient

nicks are formed; two opposing nicks can lead to chromosome breaks[234]. Increased
circulating Hcy can be cytotoxic, damaging endothelial cells and placental vasculature causing
abnormal placentation[123, 327] and possibly UPI.
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7 AIMS AND HYPOTHESES
7.1 Aim
The purpose of this PhD thesis was to determine the nutrigenomics basis of increased risk for
adverse pregnancy outcome by investigating the association of this risk with DNA damage,
B-vitamin status and genetic background in one – carbon metabolism.

7.2 Hypotheses
1. Women at risk of uteroplacental insufficiency (UPI), including preeclampsia (PE) and
intrauterine growth restriction (IUGR) exhibit higher rates of genome and epigenome
damage

2. Increased rates of genome/epigenome damage in pregnancy are determined by
micronutrient deficiency and genetic defects in one-carbon metabolic pathway

3. The risk of PE and IUGR is also determined by B-vitamin deficiency and genetic
defects in one-carbon metabolic pathway.

The above hypotheses will be tested by (a) comparing the genome damage markers, cell
proliferation, methylation and genetic polymorphisms (MTHFR C677T and A1298C, MTR
A2756G, MTRR A66G, MTHFD1 G1958A) in maternal blood and placental tissues and (b)
comparing blood and micronutrients (red blood cell (RBC) folate, serum folate, serum
vitamin-B12, and red cell vitamin-B6 and plasma homocysteine (Hcy)) of women with low
risk (healthy) pregnancies and women diagnosed with high risk of developing UPI. This will
determine if women with increased genome and epigenome damage markers in combination
with genetic defects in one-carbon metabolism and micronutrient deficiency have increased
risk UPI, including, PE and IUGR.
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8 STUDY DESIGN AND GENERAL METHODOLOGY
This chapter outlines the eligibility criteria used to recruit women with high risk pregnancies
and low risk (healthy) pregnancies. The general methods section includes protocols performed
throughout the study. The experimental methodology that is specific for each chapter is found
within the related chapter.

8.1 Study design
This study was a prospective cohort study conducted at CSIRO Human Nutrition and
Women’s and Children’s Hospital (WCH), Adelaide. The study was approved by the Human
Experimentation Ethics Committees of both institutions and participants provided informed
consent after the aims and protocols of the study were explained. The WCH draws on patients
of diverse socioeconomic status. Pregnant volunteers were enrolled in early pregnancy (before
20 weeks gestation), when consent was signed an appointment was made for a fasting blood
sample at 20 weeks gestation and given a delivery pack which included the necessary
instructions and collection devices for placental and blood collection at the time of delivery.
After blood collection at 20 weeks gestation pregnant women were fed breakfast and
administered with a questionnaire. Information on diet, socioeconomic factors, and
supplement intake, obstetric and medical history was collected. A digital balance was used to
record the weights of all mothers to the nearest 100 g. Measurements of height were made
using a stadiometer to the nearest 1cm. Maternal body mass index (BMI, kg/m2) was
calculated using height and weight.

8.1.1 Index pregnancies
As part of prior patient care, many of the high risk patients had already been genotyped for
MTHFR 677 and 1298 polymorphisms; most of these patients were treated with high dose
folate,

vitamin-B12

and

vitamin-B6 supplements.

Since

these

high-dose

vitamin

supplementations might well mask the phenotypical effects of the MTHFR 677 CT and 1298
AC polymorphism, a separate layer of analysis was introduced based on the so-called index
pregnancy, i.e. that prior pregnancy that led the clinicians to genotyping of that particular
patients involved (at that stage women were not treated with high-dose vitamins) in an
attempt to eliminate the influence of high B-vitamin consumption.
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8.1.2 Recruiting criteria
All eligible patients who attended the antenatal clinics of the WCH were invited to participate
in this study. Patients were fully informed about the purposes and characteristics of the study
and their rights as research subjects. Specifically, the voluntary nature of their participation
was explained. Women were provided with a delivery pack containing guidelines for
placental and cord blood collection, Vacuette® tubes for blood collection and necessary WCH
requisition forms. Consent forms were copied and entered into the patients medical records
along with information highlighting the patient’s involvement in the study, ensuring hospital
staff are aware of procedures to be taken place at the time of delivery.

8.2 Patient classification
8.2.1 High risk classification
The women who were classified as being at high risk of developing an adverse pregnancy
outcome were classified based on a variety of risk factors, focusing on obstetric history. A full
medical history was recorded by obstetricians at the WCH, Adelaide. The inclusion criteria
are listed below.
Risk factors for the development of UPI for this study:
•

Previous severe preeclampsia / eclampsia

•

Previous severe IUGR

•

Previous placental abruption

•

Pre-term birth

•

Greater than or equal to than 3 miscarriages

•

Previous fetal demise

•

Diabetes / insulin resistance

•

Chronic hypertension / high BMI / PCOS

8.2.2 Low risk classification
Women who were classified as being at low risk of developing an adverse pregnancy outcome
were healthy women with no previous pregnancy complications or current risk factors for UPI
including hypertension and /or insulin resistance.
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8.2.3 Exclusion criteria
Any maternal or fetal condition that requires termination of pregnancy.
Known major fetal anomaly or fetal demise.
Multifetal pregnancy
Any medical disorder requiring systemic steroids
Lack of informed consent

8.3 Clinical diagnosis of pregnancy outcome
8.3.1 Primary outcomes
Primary outcomes were defined according to the criteria of the Australasian Society for the
Study of Hypertension in Pregnancy [38]. Gestational hypertension is hypertension arising in
pregnancy after 20 weeks gestation without any other feature of the multisystem disorder
preeclampsia (PE) and resolves within 3 months postpartum[38]. Gestational hypertension is
defined as systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg
on two occasions ≥ 6 hours apart.
Preeclampsia (PE) is hypertension in pregnancy after 20 week gestation and the onset of one
or more of:
•

Proteinuria ≥ 300 mg/24 hr or spot urine protein/creatinine ratio ≥ 30mg/mmol

•

Renal insufficiency

•

Liver disease

•

Neurologic symptoms (headache, visual disturbances, persistent hyperreflexia, and
HELLP syndrome).

•

Haematological disturbances – thrombocytopenia

•

Fetal growth restriction

•

Eclampsia will be diagnosed if convulsions develop.

Customised centiles were used to identify growth restriction [328]. Use of customised centiles
is likely to detect more babies at risk of perinatal morbidity and mortality than would be
detected by population centiles [74]. Intrauterine growth restriction (IUGR) was defined as
less than the 10th centile according to Australian/NZ criteria [329]. Customised centiles
allows calculation of an individual centile for a particular birthweight, after adjusting for
maternal height, weight, parity and ethnic group and the sex of the baby. This method is able
to improve, for retrospective assessment, the distinction between normal and abnormal
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birthweight. Body mass index is also an important indicator for limits between which it is
acceptable to adjust for maternal size. Normal BMI limits were derived from the 90th and the
10th centile values for BMI in the population and applied in customised centile calculation
software. The purpose of the limits is to avoid over adjustment to extremes which represent
pathology, that is, maternal obesity or malnutrition at the upper and lower limits, respectively.
The Australian module of the customised growth chart program is available for free download
from http://www.gestation.net. The verification and severity of IUGR was based on the
reduction of fetal growth velocity on fetal growth trajectory using observed serial ultrasound
scans.

8.3.2 Secondary outcomes
Maternal
•

gestational age at delivery

•

Other measurements (caesarean section rate, other medical complications, death).

Fetal and neonatal outcomes
•

Gestational age at delivery

•

Histopathological lesions in the placenta.

•

Mortality (stillbirth, neonatal mortality and infant mortality)

8.4 Pregnancy groups
One hundred and forty-nine women were recruited via the NIH trial and antenatal clinic at
WCH by WCH midwives, obstetricians or via the chief investigator (DF). Of the 149 women
recruited 6 were excluded for the following reasons: 1 moved overseas, 3 dropped out, 2
miscarried (just prior to 20 weeks gestation). The study population involved women between
the ages of 18 and 54 years. The number of women classified into each group is shown in
(Figure 8).
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Normal
n=43

Control
n=43

Control
n=43

Low Risk
n=50
Adverse
n=7

Normal
n=28

High Risk
n=93
Adverse
n=65

PE
n=15
UPI
n=49

Other
n=23

IUGR
n=19

Other
n=38

Figure 8 Pregnancy group based on clinical outcome

Low Risk = healthy women with low risk of developing pregnancy complications, High Risk = women with high risk of developing pregnancy complications,
Normal = pregnancies with clinically normal outcomes, Adverse = pregnancies with adverse outcome, Control = low risk women with clinically normal
outcome, UPI = uteroplacental insufficiency including preeclampsia, IUGR, gestational hypertension and placental abruption, Other = adverse outcome other
than UPI e.g. gestational diabetes, PE = preeclampsia, IUGR = intrauterine growth restriction, Other = adverse outcome other than PE or IUGR e.g. placental
abruption and gestational hypertension

30

8.4.1 Demographic and clinical questionnaire
A questionnaire was administered at 20 weeks gestation which included information on
demographic, smoking status, vitamin supplementation (including brands), medication and
health.

8.4.2 Maternal blood collection
Study participants donated a fasted blood sample at ~20 weeks gestation for genome damage
measurements, micronutrient analysis and genotyping. The type of tube and amount of blood
for each assay is listed below:

Approximately 20 ml venous blood was collected in 9 ml Vacuette®-Li Heparin tube, 4 ml
Vacuette®-K-EDTA and 4 ml Vacuette®-Serum. The Vacuette®-Li Heparin was left at room
temperature 1 ml of whole blood was processed within 4 hours of collection for the CBMN
cytome assay. 500ul whole blood from the Vacuette®-K-EDTA was transferred to an
eppendorf for red cell folate (RCF) analysis. The remaining blood in the Vacuette®-K-EDTA
and the 4 ml Vacuette®-Serum were spun at 1200rpm. The plasma removed from EDTA and
transferred to cryovial and delivered within 2 hours of collection to the Core Laboratory,
Division of laboratory Medicine, Women’s and Children’s Hospital Adelaide for the
quantification of plasma homocysteine. After the serum was separated it was transferred to
cryovial for serum folate and vitamin-B12 quantification then delivered along with whole
blood aliquot for RCF and the remaining packed cells from the Vacuette®-K-EDTA tube for
vitamin-B6 quantification to the Institute of Medical and Veterinary Science (IMVS), Frome
Rd, Adelaide. The remaining blood was frozen for future DNA isolation. Vacuettes® were
purchased from Greiner Bio-One, Kremsmuenster, Austria.

8.4.3 Placental cord collection
Staff or partners called the chief investigator (DF) or the study mid-wife (Denise Healy) when
patient was in labour or soon after delivery in order to collect the placenta. Of the placentas
collected 23% were collected in 1 hour, 48% within 3 hours, 18% 5 hours and 11% were
collected the > 5 hours after delivery. A small section of cord tissue was cut using sterile
scissors and placed in cryovial and placed at -20oC, before DNA extraction for genotyping
and CpG methylation analysis.
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8.4.4 Placental cord DNA extraction
DNA Isolation from 50 mg-100 mg fresh or frozen tissue

Maternal contamination removal
Cord tissue was thawed and then placed in a sterile Petri dish. The tissue was covered with
HBSS, then cut and teased with sterile scissors and forceps to remove maternal blood and
tissue. The tissue was transferred to a fresh Petri dish with HBSS, cut and teased to remove
any residual blood, which may be causing maternal contamination. This step was repeated
until placental tissue is transparent and free from maternal contamination.

Cell lysis
Placental cord tissue and Hanks Balanced Salt Solution (Hanks BSS, Trace Scientific,
Melbourne, Australia) was placed using a sterile glass pipette into glass homogeniser and
grind on ice with 4ml T10E5 (2.5 mL 1 M Tris HCl, 2.5 mL 0.5 M EDTA, 245 mL dH2O; pH
8.0). The homogenised tissue was transfer into a sterile plastic 10 ml tube (TV10, Technoplas,
Adelaide, Australia) before adding 500 µL 10% sodium dodecyl sulphate (SDS; pH 7.2) and
inverted several times. 200 µL proteinase K (10 mg/mL; Roche Diagnostics, Mannheim,
Germany) was added before incubation at 56ºC overnight.

Protein precipitation
The samples was removed from the incubator and immediately placed on ice for 5 minutes.
600 µL saturated NaCl (6 M) was added and then the tube was vortexed vigorously for 20 sec,
then centrifuged at 2800g x 15 mins. This was repeated if necessary to gain protein pellet.

DNA precipitation
The supernatant with DNA was transferred (leaving behind protein pellet) into a clean TV10
tube with 2ml 100% isopropanol (2-propanol). The sample was mixed the by inverting
approximately 50 times. The precipitated DNA (looks like cotton wool) was placed into a
1ml eppendorf tube with 400ul 70% ethanol, then centrifuged at 13000rpm x 3mins. The
supernatant was discarded and the DNA pellet allowed to air dry on absorbent paper for
~10mins. The DNA pellet was dissolved 300 µL T10E1 T10E1 (2.5 mL 1 M Tris HCl, 0.5 mL
0.5 M EDTA, 247 mL dH2O; pH 8.0) at 37ºC overnight.

32

9 MATERNAL GENOME DAMAGE AND UTEROPLACENTAL
INSUFFICIENCY
9.1 Aim
The main purpose of this study was to investigate the use of the cytokinesis-block
micronucleus (CBMN) cytome assay as a predictive tool for the pregnancy diseases
uteroplacental insufficiency (UPI), preeclampsia (PE) and intrauterine growth restriction
(IUGR).

The secondary aim was to establish normal range values for the biomarkers of genome
damage: micronucleated binucleates (MN-BN), binucleated cells with nucleoplasmic bridges
(NPB-BN), binucleated cells with nuclear buds (NBUD-BN), cell death (apoptosis and
necrosis) and cellular division using the nuclear division index (NDI) in pregnant women at
20 weeks gestation and identify physiological, genetic, dietary and lifestyle variables
affecting these biomarkers in specific pregnancy groups.

9.2 Hypotheses
1. Women predicted to be at higher risk of pregnancy complications exhibit abnormally high
rates of genome damage including chromosome loss, chromosome breakage, gene
amplification and cell death at 20 weeks gestation compared to women with low risk
pregnancies.
2. Women who develop UPI, including preeclampsia and intrauterine growth restriction,
exhibit abnormally high rates of genome damage representing chromosome loss,
chromosome breakage, gene amplification and cell death at 20 weeks gestation compared
to low risk healthy pregnancies (controls).

9.3 Introduction
Pregnancy complications associated with placental development are almost unique to the
human species, and affect approximately one third of all pregnancies [240]. Pathological
development of the uteroplacental unit is based on the assumption that the development of the
placental villous trees, the invasion of extravillous trophoblast or the differentiation of the
villous trophoblast is somehow dysregulated [330]. Accumulating evidence shows that
trophoblastic invasiveness is regulated by a balance between the local expression of
molecules which promote invasion and those that inhibit invasion [331]. For these signalling
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molecules to be expressed and accurate angiogenesis to occur, genomic stability is crucial as
gene dosage may alter gene expression resulting in altered cellular phenotypes and possibly
reduced proliferative potential of cells. Angiogenesis, defined as the formation of new vessels
sprouting from pre-existing endothelium, is essential to allow uteroplacental circulation which
is necessary for the growing needs of the fetus [332]. This may be altered if endothelial cells
experience abnormal DNA damage rates, given that increased DNA damage often results in
cell cycle delay, reduced nuclear division rate and cell death [333].

Uteroplacental insufficiency (UPI) refers to insufficient blood flow to the placenta during
pregnancy and is characterised by an impaired cytotrophoblast invasion and an inadequate
response of the uterine spiral arteries to undergo physiological transformation to allow for
greater blood flow for fetal development [330]. UPI can lead to pregnancy diseases including
preeclampsia, IUGR and placental abruption [334].

Preeclampsia (PE) is a multisystem disorder of unknown cause and is unique to human
pregnancy [34]. PE is a major cause of maternal mortality (15 – 20% in developed countries)
and morbidities [34]. Studies have linked PE with pathological placentation driven by
immune maladaptation, with reduced concentrations of angiogenic growth factors and
increased placental debris in the maternal circulation resulting in a (mainly hypertensive)
maternal inflammatory response [335]. Severe PE is more common in patients with antiphospholipid antibodies [336] as well as in those with resistance to activated protein C [128].
Free radical induced oxidative stress with consequent lipid peroxidation has also been
implicated in the pathogenesis of preeclampsia [337]. Studies have suggested that enhanced
oxidative stress, which leads to genome damage, may be a mechanism of this disease [338].
The diagnostic criteria for PE remain a matter for debate but, in this work, the Australasian
definitions have been used [38].

Intrauterine growth restriction (IUGR) occurs when a fetus does not reach full growth
potential, displaying signs of chronic malnutrition and hypoxia leading to brain-sparing effect
[339]. Fetal growth restriction is the second leading cause of perinatal morbidity and mortality
[72]. The incidence of IUGR is estimated to be approximately 5 percent in the general
obstetric population [340]. Defects in placentation may restrict the transportation of required
nutrients and hormones affecting fetal growth and also on the function of organs throughout
life [63]. IUGR infants exhibit higher rates of coronary heart disease, hypertension, body fat
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distribution, stroke [65] and adult type 2 diabetes [63, 66]. The causes of IUGR are multiple,
involving many different factors. However, studies in humans and animals have shown that
the maternal environment is the most important determinant of newborn weight [340].
Maternal stress factors associated with IUGR include narcotic addiction, cigarette smoking
and chronic alcoholism [341]. In addition poor nutritional status of the mother at conception
and inadequate energy intakes during pregnancy have also been implicated in IUGR [342].
Currently there are no reliable biomarkers that can predict the subsequent development of
either PE or IUGR.

During placental and fetal development a large proportion of cells are in DNA synthesis
phase, providing more opportunity for DNA mutations at the base sequence and chromosome
level [1]. Genome damage can occur via a variety of mechanisms including point mutations,
base modifications, telomere shortening, chromosome breakage and rearrangement,
chromosome loss or gain and inappropriate methylation of CpG dinucleotides (cytosine and
guanine separated by a phosphodiester bond) which may lead to gene silencing [1].

DNA damage within the sperm has been shown to increase infertility, pregnancy loss, and
childhood disease in offspring [258]. To date there are only two published reports in relation
to the levels of maternal DNA damage and health outcomes during and after pregnancy.
Trokva et al. [256] demonstrated that micronuclei (MN) frequency (a biomarker of
chromosome breakage or loss) was higher in infertile couples and those who experienced
spontaneous abortion relative to fertile couples. In addition a more recent study by Levario et
al. [257] evaluated the formation of MN in umbilical cord blood cells as a potential indicator
of in utero exposure to genotoxic agents. This study also showed that the frequency of MN
was significantly correlated between mothers and their babies.

The CBMN assay is the most extensively used method for measuring genome damage in
human lymphocytes, and is now be considered a “cytome” assay, including measurements of
cell proliferation, cell death and chromosomal instability [343]. In this assay a cell with
genome damage may either undergo cell death, via apoptosis or necrosis, or may survive and
undergo further nuclear division. In the latter case, dividing cells are recognised as
binucleated cells (BN) by blocking cytokinesis with cytochalasin-B and then scored for
genome damage events: 1) micronuclei (MN), which originate from lagging whole
chromosomes or acentric chromosome fragments and are therefore a marker of chromosome
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loss and/or chromosome breakage events, the former being due to defects in
centromere/kinetochore complex on the mitotic apparatus (e.g spindle); 2) nucleoplasmic
bridges (NPB), which originate from dicentric chromosomes caused by misrepair of
chromosome breaks and/or telomere end fusion and are therefore a marker of chromosome
rearrangement; and 3) nuclear buds (NBUD), which are the mechanism by which the nucleus
eliminates amplified DNA resulting from breakage-fusion-bridge cycles generated by NPB.
The NBUD level therefore provides a measure of gene amplification. An increase in MN,
NPB and NBUD levels is indicative of an increase in genome instability. The CBMN cytome
assay also provides an index of mitogen response and proliferative potential of cells by
measuring the proportion of mono-, bi- and multinucleated cells from which the nuclear
division index (NDI) of viable cells can be calculated.

To test the hypotheses, as described in section 1.2, genome damage and cell death biomarkers
were scored in peripheral blood lymphocytes of pregnant women using the CBMN cytome
assay.

9.4 Methodology
Subjects were recruited following the criteria as described in section 8.1.2. A total of 143
pregnant women were recruited into the study, including 50 healthy women with no history of
abnormal pregnancies and classified as “low risk” and 93 women who were classified as
“high risk” in respect of their previous medical history and the likelihood for developing
pregnancy complications. From the low risk pregnancy group 43 had normal pregnancy
outcomes (no clinical complications) and were allocated into the “control” group. Seven of
the “low risk” women and 65 of the “high risk” women had an adverse outcome: 49 of these
women developed uteroplacental insufficiency (UPI), including 19 with IUGR, 15 with PE,
14 with gestational hypertension, and 1 with placental abruption. The breakdown of the
pregnancy outcomes is summarised in section 8.4, Figure 8.

9.4.1 Study design and power calculations
The study was designed so that the smallest difference that could be detected with 80% power
and P < 0.05 would be 5 MN-BN per 1000 BNs, assuming a group size of N = 35. The power
calculation was based on the expected standard deviation for the MN-BN frequency,
estimated from previous population studies of MN frequency in females aged between 20 and
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60 years (similar to the age range of 18-54 years in this study) which is 7.1 micronuclei per
1000 cells [344]. An increment of 5 micronuclei was chosen as the threshold for concern
because this level of genetic damage, in biological dosimetry terms, has a "rad-equivalent"
value of 5 rad (0.05Gy) of X-rays [345] and a dose equivalent of 0.05 Sieverts, the annual
dose-limit allowed for radiation workers [345].

9.4.2 Rationale for DNA damage assessment in lymphocytes at 20 weeks
gestation
DNA damage excess in lymphocytes, a type of leukocyte, provide an estimate of an
individual’s genome health (stability) and have been shown to correlate with DNA damage in
cells in other tissues of the body [346]. Leukocyte infiltration is one of the major cellular
events in placentation [34]. Because lymphocytes circulate around the body they experience
physiological and nutrient imbalances within tissues and thus DNA damage in those cells may
provide an integrated estimate of inherent and/or acquired genomic instability. During early
placentation, natural killer cells (a lymphocyte cell type) in the uterus accumulate as a dense
infiltrate around the invading cytotrophoblast cells and affect both trophoblast invasion and
vascular changes in the maternal placental bed [34]. DNA damage in natural killer cells and
cytotrophoblasts may adversely affect placentation if cellular phenotype and viability is
altered. Blood collection was timed for 20 weeks as the gestation at which the maternal spiral
arteries are being transformed to larger vessels to allow for increased blood volume.

9.4.3 Whole blood 68 hour cytokinesis block micronucleus cytome assay
The whole blood CBMN assay was performed as described by Fenech [255] with the
exception that the cells were harvested at 68 hours instead of 72 hours post mitogen
stimulation. Venous blood was collected in lithium heparin tubes from 143 pregnant women
at 20 weeks gestation as described in section 8.4.2. Whole blood was cultured in RPMI 1640
(Sigma, Sydney, Australia) containing 10% FBS (Trace Scientific, Melbourne, Australia)
2mM L-Glutamine (Sigma, Sydney, Australia), 1mM Sodium pyruvate (Trace Scientific,
Melbourne, Australia). Duplicate cultures were set up for each patient. A schematic diagram
of the time frame for the CBMN assay protocol is shown in Figure 9.
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Figure 9. Cytokinesis block micronucleus cytome assay 68 hour culture protocol for whole
blood. At time 0 PHA (a mitogen) is added to the culture to stimulate mitosis, 44 hours later Cyto-B is

added to prevent cytokinesis. Exactly 24 hours later the cells are harvested and processed for DNA
damage analysis. PHA; phyto-haemagglutinin, Cyto-B; Cytochalasin-B.

Five hundred microlitres of heparinised blood was added to 4.5 ml of culture medium in a sterile
30 ml universal container. Mitogenesis was stimulated with phyto-haemagglutinin (PHA, 200

µg/ml, Murex Biotech, Kent, England). Cultures were incubated with caps loose in humidified
atmosphere 5% CO2 at 37°C for. Forty-four hours after PHA stimulation the cultures were
removed from the incubator. Cytochalasin-B (6.0µg/ml; Sigma, Sydney, Australia) was added to
the culture to block cytokinesis and then re-incubated for a further 24 hours. Twenty-four hours
after the addition of cytochalasin-B the cultures were removed from the incubator and
resuspended by gentle pipetting to disassociate cell clumps. The total volume of the culture was
overlaid onto 1.8 ml of Ficoll-Paque (Amershan BioSciences, Uppsala, Sweden) in a 50 ml
falcon tube (Technoplas, Adelaide, Australia) then centrifuged at 400 g for 30 mins at 18 - 20°C.
The lymphocyte layer was removed and transferred to a 10 ml sterile conical tube containing 3x
removed volume of Hanks Balanced Salt Solution (Hanks BSS, Trace Scientific, Melbourne,
Australia) before centrifugation at 180g for 10 mins. The supernatant was discarded and the cell
pellet gently resuspended in 300 µl of culture medium. Dimethyl sulfoxide (DMSO; 7.5% v/v of
cell suspension) (Sigma, Sydney, Australia) was added to the cell suspension to minimise
clumping and to optimise cytoplasmic boundary recognition. Cells were resuspended and
incubated for 10 minutes at room temperature (RT). One hundred microlitres of cell suspension
was transferred into a cyto-centrifuge sampling cup (attached to a microscope slide) prior to
centrifugation at 600 rpm for 5 minutes using a cyto-centrifuge (Model Cytospin 3; Shandon
Southern Products, Cheshire, England). The microscope slides were removed and air-dried for
10 minutes at RT. The cells were fixed in Diff Quick fixative (Lab Aids, Narrabeen,
Australia) for 10 minutes before staining with the Diff Quick red dye, followed by the blue
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dye (8 - 10 dips per stain) and rinsed with tap water. The slides were air dried slides for 10
minutes at RT and cover slipped using DePeX mounting medium (BDH Laboratory Supplies,
Poole, England). One slide contained two sample spots from each duplicate culture.

9.4.4 Slide scoring criteria
The scoring criteria for the various cell endpoints (displayed in

Figure 10 and Figure 13) were as described by Fenech [255] and Fenech et al [311]. CBMN
cytome slides were scored using 1000x magnification (10x eyepiece magnification, 100x oil
immersion objective magnification) using a conventional light microscope (Model Leica DM
LB2; Leica Microsystems, Wetzlar, Germany).
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The various endpoints scored using the CBMN cytome assay.

From left to right; Using the CBMN assay it is possible to detect cell death in the form of
apoptosis, chromosome rearrangements, such as dicentric chromosomes (nucleoplasmic
bridges), chromosome breakage and loss (micronuclei), gene amplification (nuclear buds) and
necrosis, another biomarker of cell death. Adapted from Fenech, 2003 [311].
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Mononucleated, binucleated (BN) and multinucleated cells along with apoptotic and necrotic
cells were scored until 200 cells per spot were classified; 2 spots from each duplicate culture,
200 cells per spot, 400 cells per culture, total 800 cells per patient were scored. The frequency
of mono-, bi- and multinucleated viable cells was used to calculate the nuclear division index
(NDI). This is a useful parameter to evaluate the viable cells capacity to respond to a mitogen
and divide. NDI was calculated using the equation of Eastmond and Tucker [347]

NDI = (M1 + 2xM2 + 3xM3)

N
Where M1-M3 represent the number of viable cells with one, two and three or more nuclei,
respectively, and N is the total number of viable cells recorded.

At least 500 BNs per spot (1000 BNs per culture, total 2000 BNs per patient) were scored for
the presence of micronuclei (MN), nucleoplasmic bridges (NPB) and nuclear buds (NBUD).

Criteria for identifying binucleates (BN) for measuring micronuclei (MN-BN),
nucleoplasmic bridges (NPB-BN) and nuclear buds (NBUD-BN)
The cytokinesis-blocked cells that were scored for MN-BN, NPB-BN and NBUD-BN
frequency should have the following characteristics:
1. The cells should be binucleated.
2. The two nuclei in a BN cell should have intact nuclear membranes and be situated within
the same cytoplasmic boundary.
3. The two nuclei in a BN cell should be approximately equal in size, staining pattern and
staining intensity.
4. The two nuclei within a BN cell may be attached by a fine nucleoplasmic bridge which is
no wider than one-fourth of the largest nuclear diameter.
5. The two main nuclei in a BN cell may touch but ideally should not overlap each other. A
cell with two overlapping nuclei can be scored only if the nuclear boundaries of each nucleus
are distinguishable.
6. The cytoplasmic boundary or membrane of a BN cell should be intact and clearly
distinguishable from the cytoplasmic boundary of adjacent cells.
Photographic examples of mono, bi and multinucleated cells are shown in Figure 11A-C.
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Criteria for scoring micronuclei (MN-BN)
MN are morphologically identical to but smaller than the main nuclei. They also have the
following characteristics:
1. The diameter of MN in human lymphocytes usually varies between 1/16 and 1/3 of the
mean diameter of the main nuclei which corresponds to 1/256 and 1/9 of the area of one of the
main nuclei in a BN cell, respectively.
2. MN are round or oval in shape.
3. MN are non-refractile and they can therefore be readily distinguished from artefacts such as
staining particles.
4. MN are not linked or connected to the main nuclei.
5. MN may touch but not overlap the main nuclei and the micronuclear boundary should be
distinguishable from the nuclear boundary.
6. MN usually have the same staining intensity as the main nuclei but occasionally staining
may be more intense.
An example of MN-BN is illustrated in Figure 11F.

Criteria for scoring nucleoplasmic bridges (NPB-BN)
Nuceoplasmic bridges (NPB) are sometimes observed in binucleated cells following exposure
to clastogens or as a result of telomere end fusion. They are thought to originate from
rearranged chromosomes with more than one centromere, e.g. dicentric chromosomes. They
have the following characteristics:
1. NPBs are a continuous nucleoplasmic link between the nuclei in a binucleated cell.
2. The width of a nucleoplasmic bridge may vary considerably but usually does not exceed
one-fourth of the diameter of the nuclei within the cell.
3. NPBs should have the same staining characteristics of the main nuclei.
4. On rare occasions more than one nucleoplasmic bridge may be observed within one
binucleated cell.
5. A binucleated cell with a nucleoplasmic bridge (NPB-BN) may or may not contain one or
more micronuclei.
An example of NPB-BN is illustrated in Figure 11G.
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Criteria for scoring nuclear buds (NBUB-BN)
Nuclear buds (NBUD) are a biomarker of gene amplification. NBUDs are morphologically
similar to MN, but are attached to the nucleus via a nucleoplasmic connection. Shimizu et al
[348, 349] showed that amplified DNA is concentrated to a peripheral point in the nucleus
during S-phase, after which it is budded out from the nucleus to form a MN. The MN is
subsequently pushed out of the cell, forming a mini cell. NBUD-BN were scored using the
following criteria:
1. NBUDs should have a diameter between 1/16 and 1/3 of the main nuclei.
2. the staining intensity should be similar to the intensity of the main nuclei.
3. NBUDs are joined to the nucleus by a nucleoplasmic connection that is thinner than the
NBUDs
An example of a NBUD-BN is illustrated in Figure 11H

Criteria for scoring apoptotic and necrotic cells
Apoptotic cells
1. Early apoptotic cells can be identified by the presence of chromatin condensation within
the nucleus and intact cytoplasmic and nuclear boundaries.
2. Late apoptotic cells exhibit nuclear fragmentation into smaller nuclear bodies within an
intact cytoplasm/cytoplasmic membrane.
3. Staining intensity in the nucleus, nuclear fragments and cytoplasm is usually greater than in
viable cells.

Necrotic cells
1. Early necrotic cells can be identified by the presence of a pale cytoplasm with numerous
vacuoles (mainly in the cytoplasm and some in the nucleus) and damaged cytoplasmic
membrane with a fairly intact nucleus.
2. Late necrotic cells exhibit loss of cytoplasm and damaged/irregular nuclear membrane with
only a partially intact nuclear structure and often with nuclear material leaking from the
nuclear boundary.
3. Staining intensity of the nucleus and cytoplasm is usually less than that observed in viable
cells. Examples of an apoptotic and necrotic cell are shown in Figure 11D and E.
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Various cell endpoints. A: mononucleated cell, B: binucleated cell, C: multinucleated

cell D: necrotic cell, E: apoptotic cell, F: micronucleated binucleated cell (MN-BN), G: binucleated
cell with nucleoplasmic bridge (NPB-MN), H: binucleated cell with nuclear buds (NBUD-BN).
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9.4.5 Statistics
The association between pregnancy outcomes and genome damage biomarkers with age, BMI
and smoking status was determined by Pearson’s correlation analysis and/or 2 - tailed
independent t-tests. Differences between groups were compared using independent sample ttests and logistic regression: P < 0.05 was considered statistically significant. Logistic
regression was used to correct for the effects of other variables that might be different
between groups and might affect genome damage biomarkers. All data analyses were
performed by means of the computer based statistical package of Statistical Product and
Service Solution (SPSS) version 14.0 (SPSS, Chicago, IL, USA). Results were reported as
mean ± S.E. Sensitivity, specificity, positive and negative predictive values and odds ratios
for specific threshold values of MN-BN cell frequencies were determined using GraphPad
PRISM 4.0 (GraphPad, San Diego, CA, USA).
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9.5 Results
9.5.1 Age, BMI and smoking status in study groups
There was no difference in age between the control groups and the groups with high risk and
adverse pregnancy outcomes. Independent t-test did not show an association with respect to
age and adverse pregnancy outcome. BMI and the proportion of smokers were, significantly
lower in the low group risk and control groups (Table 1).

Table 1. Comparison of Age, BMI and smoking status
2

Age (y)

BMI (kg/M )

% Smokers*

Low Risk (n=50)
High Risk (n=93)
t-test (2-tailed) P

31.5 ± 0.8
33.8 ± 0.8
0.097

26.6 ± 0.6
29.5 ± 0.8
0.009

5.9%
19.6%
0.001

Control (n=43)
UPI (n=49)
t-test (2-tailed) P

31.9 ± 0.8
32.5 ± 1.0
0.696

26.8 ± 0.6
29.9 ± 1.1
0.011

4.6%
30.6%
0.001

Control (n=43)
PE (n=15)
t-test (2-tailed) P

31.9 ± 0.8
35.1 ± 1.9
0.077

26.8 ± 0.6
31.6 ± 2.3
0.009

4.6%
33.3%
0.002

Control (n=43)
31.9 ± 0.8
26.8 ± 0.6
4.6%
IUGR (n=19)
30.9 ± 1.4
31.5 ± 2.1
36.8%
0.007
0.001
t-test (2-tailed) P
0.507
All data represented as mean ± SEM
*% Smokers was calculated by dividing the number of smokers by the total number
of women in each specific group

9.5.2 Genome damage biomarker correlations with age, BMI and smoking
Age and smoking were correlated with MN-BN frequency (r = 0.253, P = 0.003 and r =
0.241, P = 0.005 respectively). In addition all measured genome damage biomarkers were
positively correlated with each other (P < 0.005) and negatively correlated with NDI;
Pearson’s correlation matrix is displayed in appendix 1. As smoking is categorical
independent t-tests were performed to investigate the mean difference in MN-BN frequency
in smokers and non-smoker both Pearsons correlation matrix and t-tests showed a P value of
0.005 (Table 2).
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Table 2. The difference in genome damage markers between smokers and non-smokers

Smoker
No (n=115)
Yes (n=21)
P (2-tailed)

‰
MN-BN

‰
NPB-BN

‰
NBUD-BN

NDI

‰
Apoptosis

‰
Necrosis

19.5 ± 0.8
26.3 ± 3.4
0.005

6.8 ± 0.5
7.0 ± 0.8
0.843

27.3 ± 2.1
25.9 ± 3.8
0.783

2.0 ± .02
2.1 ± .03
0.372

136.9 ± 5.0
139.9 ± 15.1
0.821

86.8 ± 2.6
88.5 ± 7.7
0.806

9.5.3 Genome damage and cytotoxicity markers in low risk and an at risk
population for pregnancy complications at 20 weeks gestation
The descriptive statistics (Table 3) show the spread of the CBMN genome damage
biomarkers in both the low risk and high risk pregnancy groups.
Table 3. Description of MN-BN, NPB-BN, NBUD-BN, NDI, apoptosis and necrosis in low risk
and high risk pregnancy groups at 20 weeks gestation
‰
MN-BN

‰
NPB-BN

‰
NBUD-BN

NDI

‰
Apoptosis

‰
Necrosis

Low risk (n=50)
Minimum
Mean
Maximum
Std. Deviation

4.93
15.98
31.97
5.45

1.50
7.54
34.70
6.97

6.43
26.53
95.73
19.12

1.38
2.00
2.38
0.30

57.00
149.32
324.00
56.96

25.00
87.28
138.50
26.53

High risk (n=93)
Minimum
Mean
Maximum
Std. Deviation

5.90
22.83
73.28
11.46

1.00
6.41
33.00
4.18

5.45
27.39
153.00
23.17

1.54
2.00
2.37
0.20

21.30
131.27
290.30
54.48

16.50
87.00
164.80
29.69

The mean values of the genome damage biomarkers MN-BN, NPB-BN and NBUD-BN in
women with a low risk of pregnancy complications in comparison with that found in women
with high risk pregnancies at 20 weeks gestation are shown in Table 4. The results show a
highly significant increased MN-BN frequency in high risk pregnancies compared to women
with low risk pregnancies (P < 0.0001). This remained significant after controlling for age,
smoking and BMI (P = 0.004; Figure 12). A reduction in mitogen response is shown by the
lower nuclear division index (NDI) in the high risk pregnancy group (P = 0.017; Figure 13).
Apoptosis was marginally reduced in women with predicted high risk pregnancies.
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Table 4. Frequency of MN-BN, MN-NPB, MN-NBUD, NDI, apoptosis and necrosis in high risk
and low risk pregnancy groups
‰
MN-BN

‰
NPB-BN

‰
NBUD-BN

NDI

All cases 20 weeks
Low Risk (n=50)
16.0 ± 0.8
7.5 ± 1.0
25.5 ± 2.8
2.1 ± .04
High Risk (n=93)
22.8 ± 1.2
6.4 ± 0.4
27.4 ± 2.4
2.0 ± .02
<0.001
0.025
t-test (2-tailed) P
0.225
0.829
0.004
0.017
Adjusted P value*
All data represented as mean ± SEM
‰ represents frequency per 1000 BN cells
*Controlled for age, smoking and BMI using logistic regression analysis

‰
Apoptosis

‰
Necrosis

149.3 ± 8.4
131.3 ± 5.7
0.074
0.076

87.3 ± 3.9
87.0 ± 3.1
0.958

Micronucleus frequency in women with low risk
and high risk pregnancies

80

MN-BN/1000 BN cells

P = 0.004

60

40

20

0

Low Risk

High Risk

Figure 12. Frequency of MN-BN in low risk and high risk pregnancy groups

The box plot shows the median (the central horizontal black line) and measures of dispersion - interquartile range (blue box), range (vertical lines) and outliers (circles).
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Nuclear division index in women with low risk
and high risk pregnancies

3.00

P = 0.017
2.75

NDI

2.50
2.25
2.00
1.75
1.50
1.25

Low Risk

High Risk

Figure 13. NDI at 20 weeks gestation in low risk and high risk pregnancy groups

The box plot shows the median (the central horizontal black line) and measures of dispersion - interquartile range (blue box), range (vertical lines) and outliers (circles).

9.5.4 Genome damage and cytotoxicity markers in a low risk pregnancy
population that developed normal and adverse outcomes
There were no significant differences when comparing genome damage and cytotoxicity
markers amongst the low risk pregnancy group with normal or adverse outcome; however,
this comparison was not significantly powered due to the small numbers in the adverse
pregnancy outcome group n = 7 (Table 5).
Table 5. Frequency of MN-BN, NPB-BN, NBUD-BN, NDI, apoptosis and necrosis in a low risk
pregnancy group
‰
MN-BN

‰
NPB-BN

Low risk only
Normal (n=43)
16.1 ± 0.9
7.4 ± 0.9
Adverse (n=7)
16.2 ± 1.8
8.3 ± 4.4
t-test (2-tailed) P
0.969
0.770
All data represented as mean ± SEM
‰ represents frequency per 1000 BN cells

‰
NBUD-BN

NDI

‰
Apoptosis

‰
Necrosis

27.9 ± 3.2
28.1 ± 3.2
0.810

2.1 ± .05
2.2 ± .07
0.550

153.6 ± 9.4
125.6 ± 16.0
0.236

88.1 ± 4.4
82.3 ± 8.0
0.622
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9.5.5 Genome damage and cytotoxicity markers in a high risk pregnancy
population that developed normal and adverse outcomes including UPI, PE
and IUGR
Within the high risk population a significant difference was observed between the MN-BN
frequencies in women who developed UPI, PE and IUGR (Table 6); however, there was no
difference with regards to other genome damage and cytotoxic markers. Trends for increased
DNA damage were evident in the high risk sub-group with adverse pregnancy outcomes
relative to the women who had normal outcomes, but this was not significant.

Table 6. Frequency of MN-BN, NPB-BN, NBUD-BN, NDI, apoptosis and necrosis in high risk
pregnancies that developed adverse outcomes
‰
MN-BN

‰
NPB-BN

‰
NBUD-BN

NDI

‰
Apoptosis

‰
Necrosis

High risk only
Normal (n=28)
Adverse (n=65)
t-test (2-tailed) P

20.5 ± 1.3
23.5 ± 1.5
0.387

5.2 ± 0.5
6.9 ± 0.6
0.077

22.8 ± 3.5
29.1 ± 3.1
0.252

2.0 ± .04
2.0 ± .02
0.508

140.3 ± 9.0
127.8 ± 7.1
0.331

93.3 ± 5.9
84.6 ± 3.7
0.211

Normal (n=28)
UPI (n=46)
t-test (2-tailed) P
Adjusted P value*

20.5 ± 1.3
25.0 ± 1.9
0.035
0.046

5.2 ± 0.5
6.6 ± 0.5
0.774

22.8 ± 3.5
28.0 ± 2.8
0.997

2.0 ± .04
2.0 ± .03
0.323

140.3 ± 9.0
132.0 ± 8.2
0.751

93.3 ± 5.9
86.3 ± 4.4
0.848

Normal (n=28)

20.5 ± 1.3

5.2 ± 0.5

22.8 ± 3.5

2.0 ± .04

140.3 ± 9.0

93.3 ± 5.9

PE (n=15)

29.9 ± 3.2

7.1 ± 1.1

30.5 ± 3.7

2.0 ± .03

153.9 ± 14.3

95.4 ± 8.6

0.009
0.019

0.522

0.593

0.827

0.070

0.194

140.3 ± 9.0
145.1 ± 13.8
0.513

93.3 ± 5.9
86.9 ± 6.3
0.895

t-test (2-tailed) P
Adjusted P value*

Normal (n=28)
20.5± 1.3
5.2 ± 0.5
22.8 ± 3.5
2.0 ± .04
IUGR (n=19)
24.7 ± 3.0
6.1 ± 1.0
29.7 ± 3.7
2.0 ± .05
0.010
t-test (2-tailed) P
0.434
0.327
0.591
0.190
Adjusted P value*
All data represented as mean ± SEM
‰ represents frequency per 1000 BN cells
*Controlled for age, smoking and BMI using logistic regression analysis
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9.5.6 Genome damage and cytotoxicity markers in a in low risk healthy pregnancy
(controls) and those who developed UPI including PE and IUGR
Maternal peripheral lymphocyte MN-BN cell frequency was increased in UPI including PE
and IUGR (Table 7). When controlled for age, smoking and BMI, the association remained
significant (P = 0.002; Figure 14; P = 0.005; Figure 16; P = 0.023, Figure 17). Apoptosis was
significantly reduced in women who developed UPI (P = 0.025; Figure 16); however, this was
not demonstrated in individual PE and IUGR groups.

Table 7. Frequency of MNed BNs, NPBs, NBUDs, NDI, apoptosis and necrosis in controls and
women who developed UPI
‰
MN-BN

‰
NPB-BN

‰
NBUD-BN

NDI

‰
Apoptosis

‰
Necrosis

Control (n=43)
UPI (n=49)
t-test (2-tailed) P
Adjusted P value*

15.8 ± 0.8
24.1 ± 1.7
<0.0001
0.002

7.3 ± 0.9
6.9 ± 0.7
0.693

27.9 ± 3.2
26.7 ± 2.5
0.768

2.1 ± .04
2.0 ± .03
0.286

153.8 ± 9.4
130.5 ± 7.5
0.049
0.025

87.8 ± 4.5
85.5 ± 4.0
0.631

Control (n=43)
PE (n=15)
t-test (2-tailed) P
Adjusted P value*

15.8 ± 0.8
29.9 ± 3.2
<0.0001
0.005

7.3 ± 0.9
7.1 ± 1.1
0.797

27.9 ± 3.2
30.5 ± 3.7
0.467

2.1 ± .04
2.0 ± .03
0.173

153.8 ± 9.4
153.9 ± 14.3
0.995

87.8 ± 4.5
95.4 ± 8.6
0.397

Control (n=43)
15.8 ± 0.8
7.3 ± 0.9
27.9 ± 3.2
2.1 ± .04
IUGR (n=19)
24.7 ± 3.0
6.1 ± 1.0
29.7 ± 3.7
2.0 ± .05
0.001
t-test (2-tailed) P
0.346
0.858
0.344
0.023
Adjusted P value*
All data represented as mean ± SEM
‰ represents frequency per 1000 BN cells
*Controlled for age, smoking and BMI using logistic regression analysis

152.6 ± 9.6
145.13 ± 13.8
0.769

87.1 ± 4.4
86.9 ± 6.3
0.983
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Micronucleus frequency in low risk healthy pregnancies
(controls) and uteroplacental insufficiency
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P = 0.002
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Figure 14. Frequency of MN-BN in clinically normal pregnancies and UPI

The box plot shows the median (the central horizontal black line) and measures of dispersion - interquartile range (blue box), range (vertical lines) and outliers (circles).

Apoptosis in low risk healthy pregnancies (controls) and
uteroplacental insufficiency
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Figure 15. Frequency of Apoptotic cells in low risk healthy pregnancies (controls) and UPI

The box plot shows the median (the central horizontal black line) and measures of dispersion - interquartile range (blue box), range (vertical lines) and outliers (circles).
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Micronucleus frequency in low risk healthy
pregnancies (controls) and preeclampsia
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P = 0.005
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Figure 16. Frequency of MN-BN in low risk healthy pregnancies (controls) and preeclampsia

The box plot shows the median (the central horizontal black line) and measures of dispersion
- inter-quartile range (blue box), range (vertical lines) and outliers (circles).

Micronucleus frequency in low risk healthy
pregnancies (controls) and IUGR
60

P = 0.023
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Figure 17. Frequency of MN-BN in low risk healthy pregnancies (controls) and IUGR

The box plot shows the median (the central horizontal black line) and measures of dispersion - interquartile range (blue box), range (vertical lines) and outliers (circles).
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9.5.7 Predictive values
The potential of MN-BN frequency to be a predictive marker for risk of abnormal pregnancy
(i.e. UPI, PE and IUGR) was determined by calculating the positive predictive values (PPV),
negative predictive values (NPV), sensitivity, specificity and odds ratio (OR). PPV, NPV,
sensitivity, specificity and OR at increasing threshold values starting at > 20 MN-BN per
1000 BNs are shown in Table 8. The results indicate that a pregnant woman at 20 weeks
gestation with a MN-BN frequency > 35 per 1000 BNs has 100% chance of experiencing a
pregnancy complication.

Table 8. Positive predictive value (PPV), negative predictive value (NPV), sensitivity,
specificity, odds ratio (OR) and P values at defined cut offs of MN-BN frequency for high
risk women and women who developed UPI, PE and IUGR

PPV

NPV

Sensitivity

Specificity

OR (95% CI)

P Value

MN > 20

81.1%

43.4%

47.8%

78.3%

3.3 (1.5-7.4)

0.0032

MN > 25

81.6%

39.8%

34.4%

84.8%

2.9 (1.2-7.3)

0.0181

MN > 30

92.3%

40.0%

26.7%

95.7%

8.0 (1.8-35.6)

0.0017

MN > 35

100.0%

37.7%

15.6%

100.0%

17.6 (1.0-303)

0.0047

MN > 20

76.5%

55.2%

50.0%

80.0%

4 (1.6-10.3)

0.0031

MN > 25

89.5%

52.1%

32.7%

95.0%

9.2 (2.0-42.9)

0.0011

MN > 30

87.5%

50.0%

26.9%

95.0%

7.0 (1.5-32.9)

0.0060

MN > 35

100.0%

48.8%

19.2%

100.0%

20.0 (1.1-353)

0.0033

MN > 20

55.6%

86.1%

66.7%

79.5%

7.8 (2.1-29.2)

0.0013

MN > 25

84.1%

80.0%

53.3%

95.0%

21.1 (3.7-121.4)

<0.0001

MN > 30

84.1%

80.0%

53.3%

95.0%

21.1 (3.7-121.4)

<0.0001

MN > 35

100.0%

79.6%

33.3%

100.0%

41.4 (2.1-810)

0.0002

MN > 20

52.9%

75.0%

47.4%

79.0%

3.4 (1.0-11.1)

0.0406

MN > 25

77.8%

75.0%

36.8%

94.7%

10.5 (1.9-57.6)

0.0021

MN > 30

75.0%

73.5%

31.2%

94.7%

8.3 (1.4-46.5)

0.0070

MN > 35

100.0%

71.7%

21.1%

100.0%

22.4 (1.1-441)

0.0034

High Risk

UPI

PE

IUGR
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9.6 Discussion
This study is the first to investigate the association between genomic instability and
cytotoxicity biomarkers in the development of uteroplacental insufficiency (UPI) and
associated diseases. Our results indicate that genome damage in the form of micronucleated
cells (MN-BN) in peripheral blood lymphocytes is significantly increased in women at risk of
developing an adverse pregnancy outcome. Almost 80% of women exhibiting more than 20
micronucleated binucleate cells (MN-BN per 1000 binucleates) are at high risk of having
some type of pregnancy complication. In addition the results show that, when genome
damage frequency increased to 25 MN-BN per 1000 BNs, there is a 95% chance of
developing UPI, preeclampsia (PE) or intrauterine growth restriction (IUGR). It is evident
that 100% PPV and 100% specificity are achievable at MN-BN frequency greater than 35 but
the NPV and sensitivity are substantially less at this threshold value. The odds ratio (OR)
values indicate the increased level of risk of higher threshold values, but the confidence
intervals increase proportionally. The observed OR for the high MN-BN frequency (> 20
MN-BN‰) may be the highest observed for any biomarker selected in relation to risk of
pregnancy complications to date; however, the sensitivity is relatively low (15.6 - 33%).

Studies have shown that smoking during pregnancy is associated with a decreased risk of
developing hypertensive disorders in pregnancy of up to 56% [350]. Our data differ from
previous studies and show smoking to be associated with the development of PE. This may be
due to the selected high risk cases that have developed previous PE and other risk factors
making them more likely to develop the disease, regardless of smoking status. In addition
IUGR was also linked with smoking during pregnancy, which has been previously
demonstrated [351].

In this study increased body mass did have an effect on both PE and IUGR. The literature
states that the risk for PE increases with a greater BMI [352, 353] while a low pre-pregnancy
BMI is one of strongest predictors of IUGR [354]. The higher BMI in relation to IUGR may
have been due to poor dietary choices and/or lifestyle affecting placental and fetal
development.

Base-line genome damage biomarker frequencies provide an index of accumulated genetic
damage which has occurred during the life span of the lymphocytes (half life approximately 6
months [355]) as well as being a marker of inherited or acquired defects in genome
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maintenance. The baseline MN-BN rate for women in the low risk pregnancy group was
15.98 per 1000 BN at 20 weeks gestation (Table 3). The difference between the minimum and
maximum frequencies in the control group was 4.93 - 31.97 MN-BN per 1000 BN. This interindividual variation may be explained by lifestyle factors including environmental exposures
such as genotoxic or cytotoxic agents or genetic susceptibility factors [356, 357]. The
minimum and maximum frequency of MN-BN in women in the high risk pregnancy group
was much higher 5.90 – 73.28 per 1000 BNs (2). Other studies have shown mean MN-BN
from lymphocytes of healthy non-pregnant women in a similar age bracket (18-54) to be 10 –
30 MN-BN per 1000 BN cells [358, 359].

The only other known study [360] to measure micronuclei (MN) in maternal lymphocytes
during pregnancy was performed at 7 - 8 weeks gestation to test the effect of gestogens in
pregnancy. The maternal MN frequency was lower than the observed values in our study,
6.79 ± 0.69‰ in the control group, 11.83 ± 1.33‰ and 15.67 ± 3‰ for the two high risk
groups [360]. Trkova et al. [256] related MN frequency with infertility demonstrating a
significant difference between couples with reproductive failure (14.95 ± 6.04 per 1000 BN)
and healthy fertile (control) couples (10.60 ± 2.57 per 1000 BN). Fenech et al. [359] found
that the MN frequency in females is, on average, 1.4 times greater than that in males. This has
also been confirmed by the HUMN project study in which data from 25 laboratories were
analysed [312]. It is thought that the loss of the X chromosome contributes to the MN
frequency in females [361] and Hando et al [362] proved this showing that the X chromosome
was present in 72.2% of the MN scored in women, with other chromosomes being involved to
a lesser extent [363].

MN are formed from whole chromosomes and chromosomal fragments that lag behind in
anaphase and are left outside daughter nuclei in telophase [364]. Fragments may occur due to
direct double-strand DNA breakage, conversion of single stranded breaks into double
stranded breaks after cell replication, or inhibition of DNA synthesis [365]. Misrepair of two
chromosome breaks may lead to asymmetrical chromosome rearrangement, producing a
dicentric chromosome and an acentric fragment [343]. The centromeres of the dicentric
chromosomes can be pulled to opposite poles of the cells at anaphase resulting in the
formation of NPBs between the daughter nuclei and an acentric fragment that lags behind to
form a MN [366, 367]. MN can also arise by gene amplification via breakage-fusion-bridge
cycles when amplified DNA is selectively localized to specific sites at the periphery of the
nucleus and eliminated via NBUDs during the S-phase of the cell cycle [366]. In this study
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the frequency of NPB-BN and NBUD-BN did not differ significantly between healthy or
pathologic pregnancies leading to the assumption that mis-repair of chromosome breaks and
gene amplification may not be linked with these diseases, leaving whole chromosome loss as
a plausible explanation.

Whole chromosome loss can be caused by defects in chromosome segregation machinery,
such as deficiencies in the cell cycle controlling genes (e.g. hCDC4 and BUBR1 [368]),
mitotic spindle failure, defects in kinetochore proteins [310] or hypomethylation of
centromeric DNA, which leads to fragility and despiralisation of chromosomes 1, 9 and 16
[366].

The majority of publications related to MN provide evidence that higher frequencies are
found in the populations exposed to genotoxic agents [310]. Therefore, we can speculate that
women with an abnormally high frequency of MN-BN within the high risk and pathologic
groups may have been chronically exposed to a mutagen or aneugen, are deficient in
micronutrients that affect chromosome segregation, or have mutations in genes that code for
important enzymes involved in genome maintenance, such as MTHFR. For example,
inheritance of the MTHFR C677T variant allele is associated with aneuploidy [369], Down
syndrome [370] and folate deficiency, the last of which has been shown to increase
chromosome malsegregation [371]. Moreover, hypomethylation of DNA which may lead to
centromeric DNA dysfunction can also cause aneupoidy [333]. Identification of MN content
by telomere and centromere detection using FISH technology may add useful information
allowing clarification of the mechanisms involved in the formation of MN in pregnancy
complications.

The elevated MN-BN cell frequency in high risk pregnancies and those who devloped UPI
occurred together with a reduced apoptosis and lower NDI. The lower NDI indicates that the
maternal lymphocytes may be less responsive to mitogen response and taking longer to
divide. The lower apoptotic rate could mean cells with malsegregation of chromosomes and
other genome damage events leading to MN formation are being permitted to survive,
suggesting a possible problem in the cell cycle checkpoint and apoptosis processes. If these
defects are due to inherited or acquired mutations then it may be that events observed in
lymphocytes could be indicative of the proliferative potential and genome instability in
cytotrophoblasts and other cells involved in the placentation process. Given the established
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association of DNA damage and abnormal apoptosis and altered cellular proliferation in
developmental and degenerative diseases it seems plausible that increased DNA damage may
be an underlying cause of UPI.

9.7 Conclusion
The data from this study are in keeping with the hypotheses and provide preliminary evidence
that increased MN-BN frequency is associated respectively with increased risk for UPI
including PE and IUGR.
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10 B-VITAMINS AND HOMOCYSTEINE IN UTEROPLACENTAL
INSUFFICIENCY
10.1 Aim
1. To determine whether folate (vitamin-B9), cobalamin (vitamin-B12), pyridoxine
(vitamin-B6) and homocysteine (Hcy) concentrations in pregnant women at 20 weeks
gestation are associated with the development of uteroplacental insufficiency (UPI),
including preeclampsia (PE) and intrauterine growth restriction (IUGR).

2. To establish the range of B-vitamin and Hcy concentrations at 20 weeks gestation in
pregnant women who may or may not be supplementing with B-vitamins.

3. To compare the maternal circulating folate, vitamin-B12, vitamin-B6 and Hcy
concentrations with genome damage markers in peripheral lymphocytes at 20 weeks
gestation.

10.2 Hypotheses
1. Women with increased Hcy at 20 weeks gestation have increased risk of UPI
including PE and IUGR.

2. Women with reduced blood concentrations of folate (vitamin-B9), cobalamin (vitaminB12) and pyridoxine (vitamin-B6) have increased risk of UPI, including PE and IUGR.
3. Decreased circulating folate, vitamin-B12, vitamin-B6 and/or increased Hcy
concentration are associated with increased chromosome breaks, chromosome loss,
gene amplification and cell death in peripheral blood lymphocytes in the mother at 20
weeks gestation.

10.3 Introduction
The maternal diet, and therefore the nutrient supply to the developing oocyte, embryo or
fetus, is one of the major environmental factors influencing the developmental process and
supports the high rates of cellular proliferation and DNA replication that take place during the
fetal stages of life [97]. Optimal DNA stability is essential for normal cell differentiation and
59

growth. Diet is a key factor in determining genomic stability as it affects all relevant
developmental pathways, i.e. activation/detoxification of chemicals preventing DNA
oxidation, DNA repair, apoptosis and DNA synthesis [372].

Folic acid and the related vitamin-B12 and vitamin-B6 have many fundamental and diverse
biological properties [298]. Folate, vitamin-B12 and vitamin-B6 participate in one carbon
metabolism [373]. In this metabolism, a carbon unit from serine or glycine is transferred to
tetrahydrofolate (THF) to form methylene-THF. Subsequently methylene-THF is used for the
synthesis of thymidine or is oxidized to formyl-THF, which in turn is utilised for the synthesis
of purines that are precursors for DNA synthesis. In addition, formyl-THF can be reduced to
methyl-THF, which donates a methyl group to enable homocysteine (Hcy) to convert to
methionine[1] (section 6.3, Figure 6). Methionine provides the methyl groups required for
maintenance of DNA methylation of CpG sites which determines gene expression via Sadenosylmethionine (SAM) [98] and structural stability of chromosomes. Folate, vitamin-B12
and vitamin-B6 deficiency causes a decrease in dependent reactions (e.g methionine synthesis)
and an inadequate supply of required substrates and/or the accumulation of Hcy which can
inhibit cell growth [104]. These events can contribute to placental vascular dysfunction which
may be associated with uteroplacental insufficiency (UPI) [118].

Elevated blood Hcy concentration, termed hyperhomocysteinaemia, is a thrombophilic
condition associated with reduced CpG methylation [374], increased DNA damage [231],
cardio vascular disease [375], neural tube defects [376], congenital heart defects [135],
miscarriages [132] and UPI including PE and IUGR [109, 118, 128, 130, 183, 377, 378]. The
association of hyperhomocysteinemia and PE was initially suggested by Dekker et al. [128].
Studies by Dekker et al. [128] and Hague et al. [130] in Amsterdam and Adelaide,
respectively, have shown that hyperhomocysteinemia is present in up to 30% of women with
early onset PE and other pregnancy complications associated with placental development
[183].

Hcy is thought to be associated with disease through endothelial dysfunction as well as
arteriolar vasospasm in hepatic, cardiac, and cerebral circulations [379]. Endothelial
dysfunction appears to be a central feature of the pathophysiological mechanism for PE and
IUGR, leading to altered vascular reactivity, activation of the coagulation cascade, and a loss
of vascular integrity [56]. Although the exact mechanism of endothelial damage is not known,
there is growing evidence that Hcy exerts its pathological effects through oxidative damage
[142]. In addition to Hcy, folate has been shown to modify endothelial oxidative metabolism
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by increasing the availability of tetrahydrobiopterin, a cofactor for nitric oxide synthase, and
by reducing superoxide production [380]. Excessive trophoblast apoptosis may also represent
a pathogenic mechanism by which increased Hcy can cause placental diseases [378, 381]. In
addition studies by Di Simone et al. [377] suggest that folic acid plays a protective role in the
prevention of trophoblast apoptosis [246, 377], which may be caused by reduction in Hcy as
research has shown that folic acid supplementation significantly reduces plasma Hcy
concentrations [382].

Genetic polymorphism in genes involved in one-carbon metabolism (folate - Hcy metabolic
pathway) can also lead to excess Hcy. Common variants in methylenetetrahydrofolate

reductase (MTHFR), C677T and A1298C, are associated with decreased enzyme activity
leading to mild hyperhomocysteinaemia in humans [121, 208]. This provides evidence that
the level of MTHFR activity and the availability of folate and vitamins-B6 and -B12 are all
interrelated and affect Hcy concentrations, suggesting that these factors should be investigated
together.

Pregnant women have a high folate requirement because of increased folate utilisation by the
fetus [383]; it is therefore expected that a reduced red cell or serum folate status and
subsequent higher plasma Hcy concentration would be present during pregnancy; however,
studies [107, 384] have reported that Hcy concentrations are lower during pregnancy. This
may occur because of the higher rate of Hcy consumption to produce methionine for
methylation reactions via SAM and for polyamine and protein synthesis [385].

We hypothesised that deficiencies in folate, vitamin-B12, vitamin-B6 and elevated Hcy at 20
weeks gestation may alter one-carbon metabolism that can increase genome instability the
risk for developing UPI including PE and IUGR.
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10.4 Methodology
Demographic, clinical and vitamin supplementation information was obtained from the cohort
before blood collection. Vitamin supplement brand, type, dose and frequency of intake were
recorded.

10.4.1 Blood, plasma and serum collection
At 20 weeks gestation a fasted blood sample was collected from study participants in
vacuatainers by venepuncture. Approximately 18 ml venous blood was collected from each
patient in one 9 ml Vacuette®-Lithium Heparin tube, one 4 ml Vacuette®-K-EDTA and one
4 ml Vacuette®-Serum. The blood in the Vacuette®-Lithium Heparin was left at room
temperature and processed within 4 hours of collection for the cytokinesis block micronucleus
cytome (CBMN) assay and the remaining blood was frozen for future DNA isolation.
Bloods taken for micronutrient analysis were processed within 30 minutes of collection. To
test for red cell folate (RCF) 500 µl of whole blood from the Vacuette®-K-EDTA was
transferred to an eppendorf tube. Both the Vacuette®-K-EDTA with remaining blood and the
Vacuette®-Serum tubes were spun at 1200 rpm for 10 minutes. The plasma was removed
from the Vacuette®-K-EDTA and transferred to a cryovial and delivered within 2 hours of
collection to the Core Laboratory, Division of laboratory Medicine, Women’s and Children’s
Hospital Adelaide for the quantification of Hcy. Serum was removed from the Vacuette®Serum and transferred to cryovial for folate and vitamin-B12 quantification then delivered
along with the whole blood aliquot for RCF analysis and remaining packed cells in the
Vacuette®-K-EDTA tube for vitamin B6 quantification to the Institute of Medical and
Veterinary Science (IMVS), Frome Road, Adelaide. All Vacuettes® were purchased from
Greiner Bio-One, Kremsmuenster, Austria.

10.4.2 Quantification of serum and red blood cell folate
Serum and red blood cell (RCF) folate were quantified using the ARCHITECT® folate assay
(Abbott Laboratories, Abbott Park, IL, USA), a chemiluminescent microparticular folate
binding protein assay, on the ARCHITECT® i System. The ARCHITECT® folate assay has a
total imprecision of < 10% within the calibration range (0.0 – 20.0 ng/mL). The analytical
sensitivity of the assay is ≤ 0.8 ng/mL. Prior to quantification of the serum and RBC samples,
a calibration curve was generated for the ARCHITECT® folate assay. Subsequently, every 24
hours, a single sample of all control levels was tested to ensure the control values were within
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the concentration range as specified by the manufacturer. The assay was recalibrated when
control(s) were out of range or when a new reagent kit with a new lot number was used.
To convert RBC-bound folate to measurable folate a manual pre-treatment is performed
before the following process. Two pre-treatment steps mediate the release of folate from
endogenous folate binding protein. First, serum/RBC and a pre-treatment reagent
(dithiothreitol in acetic acid buffer with EDTA) were aspirated and dispensed into a reaction
vessel. Second, an aliquot of the pre-treatment solution and potassium hydroxide were
aspirated and dispensed into a second reaction vessel. Subsequently, an aliquot of the second
pre-treatment solution was mixed with a TRIS buffer with protein stabilisers (human albumin)
containing monoclonal mouse anti-folate binding protein coupled to microparticles affinity
bound with bovine folate binding protein (FBP). Folate present in the serum/RBC binds to the
FBP coated microparticles. After washing with phosphate buffered saline (PBS) solution,
pteroic acid–acridinium labelled conjugate (in MES buffer with porcine protein stabiliser)
was added, which binds to unoccupied sites on the FBP coated microparticles. Pre-trigger
(1.32% w/v hydrogen peroxide) and trigger (0.35 N sodium hydroxide) solutions were then
added, resulting in a chemiluminescent reaction that can be measured in relative light units
(RLUs). An inverse relationship exists between the amount of folate in the serum/RBC and
the RLUs detected by the ARCHITECT® i optical system. The concentration of folate in
serum and RBCs was expressed as nmol/L. Quantification of folate was performed by
Division of Clinical Biochemistry, Institute of Medical and Veterinary Science, Adelaide.

10.4.3 Quantification of vitamin-B12 in serum
Vitamin-B12 in serum was quantified using the ARCHITECT® B12 assay (Abbott
Laboratories, Abbott Park, IL, USA), a chemiluminescent microparticular intrinsic factor
assay, on the ARCHITECT® i System. The ARCHITECT® B12 assay exhibits total
imprecision of < 10% within the calibration range (0.0 – 1476 pmol/L). The analytical
sensitivity of the assay is ≤ 44.27 pmol/L. Prior to quantification of the serum samples of the
participants, the ARCHITECT® vitamin-B12 assay was calibrated using the test calibrators
supplied by the manufacturer and a calibration curve was generated. Subsequently, every 24
hours, a single sample of all control levels was tested to ensure the control values were within
the concentration range as specified by the manufacturer. The assay was recalibrated when
control(s) were out of range or when a new reagent kit with a new lot number was used.
In a reaction vessel serum was combined with three pre-treatment reagents, containing either
a) 1.0 N sodium hydroxide with 0.005% potassium cyanide, b) alpha monothioglycerol and
EDTA or c) cobinamide dicyanide in borate buffer with protein stabilisers (avian).
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Subsequently, an aliquot of the pre-treatment solution and potassium hydroxide (KOH) were
aspirated and dispensed into a second reaction vessel. Subsequently, an aliquot of the pretreatment solution was mixed in a new reaction vessel with assay diluent (borate buffer with
EDTA) and intrinsic factor (porcine) coated microparticles (in borate buffer with bovine
protein stabilisers). Vitamin-B12 present in the serum binds to the intrinsic factor coated
microparticles. After washing with a PBS solution, B12–acridinium labelled conjugate (in
MES buffer) was added, which binds to unoccupied sites on the intrinsic factor coated
microparticles. Pre-trigger (1.32% w/v hydrogen peroxide) and trigger (0.35 N sodium
hydroxide) solutions were then added to the reaction mixture, resulting in a chemiluminescent
reaction that can be measured in relative light units (RLUs). An inverse relationship exists
between the amount of vitamin-B12 in the serum and the RLUs detected by the ARCHITECT®

i optical system. Vitamin-B12 concentrations of the samples were determined from the
standard (calibration) curve by matching the absorbance readings with the corresponding B12
concentrations. The concentration of vitamin B12 was expressed as pmol/L. Quantification of
vitamin-B12 in serum was performed by the Division of Clinical Biochemistry, Institute of
Medical and Veterinary Science, Adelaide.

10.4.4 Quantification of vitamin-B6 status in red blood cells via red cell aspartate
amino-transferase (AST)
Vitamin-B6 was tested using Red Cell Aspartate Amino-Transferase (AST) activation by
pyridoxal phosphate [386]. AST requires pyridoxal phosphate to be active. Addition of pyridoxal
phosphate to red cell AST will cause an increase in pyridoxal phosphate activity; the extent of
the increase is a reflection of the deficiency of pyridoxal phosphate (vitamin-B6) in the patient.
Pyridoxal phosphate activation (PPA) activity is expressed as a percentage and greater than 63%
represents vitamin-B6 deficiency [386]. Quantification of Vitamin-B6 in RBC was performed by
the Division of Clinical Biochemistry, Institute of Medical and Veterinary Science, Adelaide.

10.4.5 Quantification of total L-Homocysteine in plasma
L-homocysteine in plasma was quantified using the AxSYM® homocysteine (Hcy) assay
(Abbott, Wiedbaden, Germany), a fluorescence polarisation immunoassay (FPIA), on the
AxSYM

®

system. The AxSYM® Hcy assay exhibits total imprecision of < 6% within the

calibration range (0.0 – 50 µmol/L). Prior to quantification of the Hcy samples of the
participants, the AxSYM® Hcy assay was calibrated using the test calibrators supplied by the
manufacturer and a calibration curve was generated. Subsequently, every 24 hours, a single
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sample of all control levels was tested to ensure the control values were within the
concentration range as specified by the manufacturer. The assay was recalibrated when
control(s) were out of range or when a new reagent kit with a new lot number was used.
In the assay homocystine, mixed disulfide, and protein-bound forms of Hcy are reduced to
form free Hcy by dithiothreitol (DTT). Subsequently, free Hcy is converted to S-adenosylHcy
(SAH) by the use of SAH hydrolase and excess adenosine. Under physiological conditions,
SAH hydrolase converts SAH to Hcy. Excess adenosine in the pre-treatment solution drives
the conversion of Hcy to SAH by SAH hydrolase. Briefly, plasma was pre-treated in a
reaction vessel with 0.1 M phosphate buffer, bovine SAH hydrolase (in phosphate buffer with
bovine protein stabilizers) and a pre-treatment solution containing DTT and adenosine in
citric acid. An aliquot of this solution was mixed with monoclonal mouse anti-S-adenosyl-LHcy (in phosphate buffer with bovine protein stabilisers) and 0.1 M phosphate buffer, and
transferred to the cuvette of the reaction vessel. In succession, a second aliquot of the pretreated plasma solution was mixed with S-adenosyl-L-cysteine fluorescence tracer (in
phosphate buffer with bovine protein stabiliser) and 0.1 M phosphate buffer, and transferred
to the cuvette. SAH and the labelled fluorescent tracer compete for the sites on the antibody
molecule. The intensity of the resulting polarised fluorescent light was measured by the FPIA
optical assembly. Total L-Hcy concentrations of the samples were determined from the
standard (calibration) curve by matching the absorbance readings with the corresponding total
L-Hcy concentrations. The concentration of total L-Hcy was expressed as µmol/L.
Quantification of total L-Hcy in plasma was performed by the Core Laboratory, Division of
laboratory Medicine, Women’s and Children’s Hospital.

10.4.6 Statistics
Low risk healthy pregnancies were chosen for the control group. High risk pregnancies with
normal outcomes were not included into the control group due to abnormal medical and
obstetric histories (section 8.2.1). Assuming a standard deviation of 171 nmol/L and 2.9
µmol/L of RCF and Hcy respectively [231] this study had 80% power to detect a difference of
96.9 nmol/L and 1.4 µmol/L of RCF and Hcy between groups with N = 50 at P < 0.05. The
association between pregnancy outcome folate, vitamin-B12 and vitamin-B6, Hcy
concentration, age, BMI and smoking status were determined by Pearson’s correlation
analysis and/or 2-tailed independent t-tests. Differences between groups were compared using
independent sample t-tests and logistic regression. Logistic regression was used to correct for
the effects of confounding variables such as age, smoking and BMI that may be different
between groups and may affect micronutrient concentrations. Data analyses were performed
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by means of the computer based statistical package of Statistical Product and Service Solution
(SPSS) version 14.0 (SPSS, Chicago, IL, USA). Sensitivity, specificity, positive and negative
predictive values and odds ratios were calculated for Hcy in relation to pregnancy outcome
and RCF with IUGR based on the significant t-test results. Predictive values using specific cut
offs for Hcy and RCF concentrations were determined using GraphPad PRISM 4.0
(GraphPad, San Diego, CA, USA). Results were reported as mean ± S.E. Effects of P < 0.05
were considered statistically significant.
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10.5 Results
10.5.1 B-vitamin supplement results
10.5.1.1 B-vitamin supplementation in women with low risk and high risk pregnancies
From the cohort of 143 patients 27 (18.9%) reported no vitamin supplement intake. The
recommended daily intake (RDI) for pregnant women is 600 µg/day of folic acid, 2.6 µg/day
of vitamin-B12 and 1.9 mg/day of vitamin-B6 [387]. The two most common supplements used
were Elevit (Bayer Australia Ltd, NSW, Australia) and Blackmores Pregnancy and
Breastfeeding (Blackmores, NSW, Australia). Elevit’s daily dosage is one tablet which
contains 800 µg folic acid, 4 µg vitamin-B12 and 2600 µg vitamin-B6, which are higher than
the RDI’s for pregnant women in Australia [387]. Blackmores Pregnancy and Breastfeeding
recommends a daily dosage of two tablets that contained 250 µg folic acid, 1.5 µg vitamin-B12
and 750 µg Vitamin-B6 each, holding less than the RDI of vitamin-B6 [387] and folic acid. A
large percentage of the women classified as having a high risk pregnancy supplemented with
Megafol 5mg folic acid tablets.

The women in the low risk pregnancy group recorded supplement intakes of folic acid and
vitamin-B6 slightly higher than the RDI; however, their vitamin-B12 was on average 3 times
the RDI. The women in the high risk pregnancy group recorded a daily supplement intake
over 5 times the RDI for folic acid, 9 times the RDI for vitamin-B12 and almost twice the RDI
for vitamin-B6. Figure 18 shows the daily supplement intake levels in RDI equivalents.
Independent t-tests demonstrated a significant difference between the low and high risk
pregnancy groups with regard to intake of folic acid (P < 0.001) and vitamin-B12 (P < 0.001).
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B-Vitamin supplement intake in women with
low risk and high risk pregnancies

RDI (Recommended Daily Intake) Equivalents

Folic acid

10

Vitamin-B12

Folic acid P < 0.001
Vitamin-B12 P < 0.001
Vitamin-B6 P = 0.143

Vitamin-B6

8

6

4

2

1 x RDI
0
Low Risk

High Risk

Figure 18. Folic acid, vitamin-B12 and B6 supplement intake

The supplement intake for women classified as having low risk and high risk pregnancies has been
expressed in RDI equivalents. The horizontal line represents the current RDI for pregnant women in
Australia. Blue, Folic acid; Pink, vitamin-B12; Grey, vitamin-B6.
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10.5.1.2 Pearsons correlation with age, BMI and smoking in pregnant women
Age was shown to have a significant positive association with supplement intakes for all three
B-vitamin. BMI and smoking status did not demonstrate a significant correlation with vitamin
supplement intake (Table 9).
Table 9. Pearsons correlation of B-vitamin supplement with age, BMI and smoking

Age (y)
r value
P value
BMI
r value
P value
Smoking
r value
P value

Folic Acid

Vitamin-B12

Vitamin-B6

0.428
<0.001

0.419
<0.001

0.279
0.001

0.067
0.435

-0.015
0.870

-0.077
0.386

0.115
0.182

-0.164
0.064

-0.143
0.105
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10.5.1.3 The association between vitamin supplements and circulating concentrations of
folate, vitamin-B12, vitamin-B6 and homocysteine
Independent t-tests showed a significant increase in all circulating B-vitamins in women who
supplemented with folic acid (RCF, P = <0.001; SF, P = <0.001; Vitamin-B12, P = 0.003;
Vitamin-B6, P = 0.008). Mothers who reported supplementing with vitamin-B12 and vitaminB6 had significantly higher serum folate, serum vitamin-B12 and red cell vitamin-B6 (Table
10).

Table 10. B-vitamin supplements and circulating concentrations of B-vitamins and
homocysteine
Hcy

RCF

SF

B12

B6

µmol/L

nmol/L

nmol/L

pmol/L

status*

Folic Acid
Yes (n = 110)
4.5 ± 0.1
589.5 ± 20.2
29.1 ± 0.8
255.9 ± 14.9
39.9 ± 1.6
No (n = 27)
5.0 ± 0.4
339.9 ± 34.2
18.5 ± 2.2
174.0 ± 21.5
48.5 ± 2.6
<0.001
<0.001
0.003
0.008
P value
0.097
Vitamin-B12
Yes (n = 65)
4.3 ± 0.3
671.0 ± 42.8
34.3 ± 1.5
390.5 ± 35.6
20.5 ± 2.6
No (n = 64)
4.7 ± 0.1
523.4 ± 21.7
25.1 ± 0.9
200.7 ± 10.4
47.4 ± 1.2
<0.001
<0.001
<0.001
P value
0.211
0.067
Vitamin-B6
Yes (n = 65)
4.3 ± 0.3
639.9 ± 47.7
34.6 ± 1.4
383.7 ± 36.3
19.9 ± 2.4
No (n = 64)
4.7 ± 0.1
524.3 ± 22.0
25.1 ± 0.9
2.2.5 ± 10.6
47.5 ± 1.2
<0.001
<0.001
<0.001
P value
0.270
0.125
* Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs
All data are represented as mean ± SEM
Hcy, L-Homocysteine in plasma; RCF, Red Cell Folate; SF, Serum Folate; B12, Serum vitamin-B12; B6,
Red Cell vitamin-B6
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10.5.2 Circulating B-vitamins and homocysteine results
10.5.2.1 Pearson correlation with age and BMI
A significant positive association was observed between circulating concentrations of RCF,
serum folate, vitamin-B12 and vitamin-B6 with maternal age (P < 0.001). Circulating plasma
Hcy concentrations demonstrated a negative association with age (P = 0.030). A higher BMI
was significantly associated with increased levels of Hcy (Table 11).
Table 11. Pearsons correlation of circulating micronutrients with age and BMI
Hcy
µmol/L
(n = 136)

RCF
nmol/L
(n = 136)

SF
nmol/L
(n = 137)

B12
pmol/L
(n = 136)

B6
status*
(n = 132)

Age (y)
r value
-0.187
0.326
0.351
0.307
-0.423
0.030
<0.001
<0.001
<0.001
<0.001
P value
BMI
r value
0.209
0.003
-0.017
-0.105
-0.147
0.015
P value
0.976
0.845
0.225
0.093
* Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs
All data are represented as mean ± SEM
Hcy, L-Homocysteine in plasma; RCF, Red cell Folate; SF, Serum Folate; B12, Serum vitamin- B12; B6,
Red Cell vitamin-B6.

10.5.2.2 Circulating micronutrients and smoking
Women who smoked during pregnancy had significantly lower RCF and SF concentrations (P
< 0.001; P = 0.043, respectively) and higher Hcy (P < 0.001) concentrations in comparison to
non-smoking women (Table 12).
Table 12. Mean difference in circulating B-vitamins and homocysteine in smokers
and non-smokers
Hcy
RCF
SF
B12
B6
Smoker
µmol/L
nmol/L
nmol/L
pmol/L
status*
No (n = 115)
4.4 ± 0.1
686.7 ± 20.2
27.3 ± 0.9
244.1 ± 13.5
41.5 ± 1.6
Yes (n = 21)
6.0 ± 0.5
462.9 ± 52.1
22.6 ± 2.2
208.9 ± 31.0
44.5 ± 3.1
<0.001
<0.001
0.043
P (2 - tailed)
0.317
0.448
* Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs
All data are represented as mean ± SEM
Hcy, L-Homocysteine in plasma; RCF, Red Cell Folate; SF, Serum Folate; B12, Serum vitamin- B12; B6,
Red Cell vitamin-B6.
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10.5.2.3 Pearsons correlation of circulating folate, vitamin-B12, vitamin-B6 and
homocysteine
Lower plasma Hcy concentrations were significantly correlated with increased levels of RCF,
SF and serum vitamin-B12. There was no significant correlation between vitamin-B6 and Hcy.
Vitamin-B6 was negatively associated with the other tested B-vitamins. Both RCF and SF
were positively correlated with serum vitamin-B12 levels (Table 13).
Table 13. Pearsons correlation with circulating micronutrients and homocysteine
concentrations
RCF
nmol/L
- 0.375
> 0.001
135

SF
nmol/L
- 0.285
0.001
136
0.628
> 0.001
136

B12
pmol/L
- 0.228
0.008
135
0.324
> 0.001
135
0.282
0.001
136

B6
status*
Hcy µmol/L r value
0.023
0.798
P value
N
131
RCF nmol/L r value
- 0.384
> 0.001
P value
N
131
SF nmol/L
- 0.412
r value
> 0.001
P value
N
132
B12 pmol/L
- 0.370
r value
> 0.001
P value
N
132
* Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs
Hcy, L-Homocysteine in plasma; RCF, Red cell Folate; SF, Serum Folate; B12, Serum
vitamin- B12; B6, Red Cell vitamin-B6.
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10.5.2.4 Pearsons correlation of fetal weight with circulating B-vitamins and
homocysteine concentration
The maternal circulating concentrations of RCF and plasma Hcy at 20 weeks gestation was
significantly associated with fetal weight at the time of delivery (RCF, P = 0.016; Hcy, P =
0.044; Table 14).
Table 14. Pearsons correlation of maternal circulating B-vitamins and homocysteine
with fetal weight
RCF
SF
B12
B6
Hcy
nmol/L
nmol/L
pmol/L
status*
µmol/L
Fetal
r value
0.206
0.121
0.112
-0.102
-0.174
0.016
0.044
weight
P value
0.160
0.196
0.248
N
136
136
135
131
135
*Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs
Hcy, L-Homocysteine in plasma; RCF, Red cell Folate; SF, Serum Folate; B12, Serum vitamin- B12; B6,
Red Cell vitamin-B6.
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10.5.2.5 Pearson correlation of circulating micronutrients with genome damage markers
Table 15 shows the correlation between circulating maternal B-vitamins and plasma Hcy
concentrations with measured genome damage markers. Increased plasma Hcy was
significantly associated with higher frequencies of micronuclei (MN) and nucleoplasmic
bridges (NPB) in maternal lymphocytes.

Table 15. Pearsons correlation of maternal circulating B-vitamins and homocysteine with
genome damage markers
Hcy
µmol/L
(N = 135)

RCF
nmol/L
(N = 135)

SF
nmol/L
(N = 136)

B12
pmol/L
(N = 135)

B6
status*
(N = 131)

MN-BN

r value
P value

0.179
0.038

-0.036
0.681

0.109
0.205

0.056
0.517

-0.143
0.104

NPB-BN

r value
P value

0.171
0.047

0.003
0.975

-0.028
0.746

0.020
0.821

-0.074
0.402

NBUD-BN

r value
P value

0.002
0.981

-0.090
0.301

0.001
0.986

0.043
0.623

0.047
0.596

Apoptosis

r value
P value

-0.108
0.214

-0.132
0.127

-0.142
0.100

0.085
0.325

0.036
0.687

Necrosis

r value
P value

-0.090
0.299

-0.125
0.150

-0.025
0.776

0.075
0.390

0.048
0.589

NDI

0.021
-0.041
-0.033
-0.162
0.052
r value
0.808
0.634
0.701
0.060
0.555
P value
* Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs
Hcy, L-Homocysteine in plasma; RCF, Red Cell Folate; SF, Serum Folate; B12, Serum
vitamin- B12; B6, Red Cell vitamin-B6; MN, # Micronuclei per 1000 binucleated cells; NPB, #
Nuclear plasmic bridges per 1000 binucleated cells; NBud, # Nuclear Buds per 1000
binucleated cells; NDI, Nuclear Division Index.
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10.5.2.6 Circulating micronutrient concentrations at 20 weeks gestation in women with
low and high risk pregnancies
Thirty-nine women were vitamin-B12 deficient (i.e. serum vitamin-B12 < 150 pmol/L) of
which only four reported taking vitamin-B12 supplements. Eight mothers had vitamin-B12
concentrations below 100 pmol/L and of these none reported vitamin supplement intake.
Vitamin-B6 deficiency was observed in five women (PPA activity > 63%). Fourteen women
were folate deficient (SF < 14 nmol/L); of these folate deficient women eleven did not take
folic acid supplements. When comparing the micronutrient concentrations in women with low
risk and high risk pregnancies a non significant elevation in plasma Hcy was observed relative
to the low risk group (Table 16). The induced increment in PPA activity was significantly
lower in the high risk pregnancy group reflecting higher vitamin-B6 concentrations (P = 0.035,
Table 16).
Table 16. Circulating B-vitamin and homocysteine concentratiuons at 20 weeks
gestation in low risk and high risk pregnancies
Hcy
µmol/L

RCF
nmol/L

SF
nmol/L

B12
pmol/L

B6
status*

Low Risk (N = 51)
Mean ± SEM
Min - Max

4.3 ± 0.1
3.0 - 6.6

655.3 ± 32.0
203.0 - 900.0

25.4 ± 1.2
6.2 - 45.0

227.6 ± 18.0
65.0 - 809.0

47.6 ± 1.5
15.2 - 66.5

High Risk (N = 92)
Mean ± SEM
Min - Max

4.8 ± 0.2
2.7 - 11.4

650.5 ± 25.6
171.0 - 900.0

27.1 ± 1.1
2.6 – 45.0

244.9 ± 16.4
57.0 - 811.0

39.0 ± 1.9
0.4 - 77.9

0.003
t-test (2-tailed) P
0.084
0.910
0.338
0.507
0.035
Adjusted P value**
* Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs
**Controlled for age, smoking and BMI using logistic regression analysis
All data are represented as mean ± SEM
Hcy, L-Homocysteine in plasma; RCF, Red Cell Folate; SF, Serum Folate; B12, Serum vitamin- B12; B6,
Red Cell vitamin-B6.
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10.5.3 Circulating B-vitamins in low risk pregnancies and those at high risk of
developing UPI
Within the low risk pregnancy group no significant difference was detected in B-vitamin or
plasma Hcy concentrations in relation to normal and adverse pregnancy outcomes including
UPI, PE or IUGR. Women who were at high risk of developing an adverse outcome, but
delivered clinically normal babies had significantly lower Hcy concentrations than those who
developed UPI (P = 0.012, after controlling for age, smoking and BMI). After controlling for
confounding factors the significant association between vitamin-B6 and UPI was lost. In
addition after controlling for confounding factors the association detected between increased
plasma Hcy concentrations and PE was lost. The women at high risk of developing adverse
pregnancy outcomes that developed IUGR showed trend for lower concentrations for all
circulating B-vitamins at 20 weeks gestation (Table 17).
Table 17. Circulating micronutrient concentrations at 20 weeks gestation in high risk
pregnancies that developed normal outcomes or UPI, PE and IUGR
Hcy
µmol/L

RCF
nmol/L

SF
nmol/L

B12
pmol/L

B6
status*

Normal (N = 28)
UPI (N = 45)
t-test (2-tailed) P
Adjusted P value**

3.9 ± 0.2
5.4 ± 0.3
0.001
0.012

707.0 ± 42.0
607.3 ± 38.3
0.085

27.9 ± 1.6
25.9 ± 1.7
0.471

263.8 ± 30.3
236.5 ± 24.8
0.543

33.2 ± 3.7
41.3 ± 2.7
0.042
0.452

Normal (N = 28)
PE (N = 15)
t-test (2-tailed) P
Adjusted P value**

3.9 ± 0.2
4.8 ± 0.4
0.043
0.258

707.0 ± 42.0
664.3 ± 66.7
0.577

27.9 ± 1.6
29.6 ± 2.6
0.549

263.8 ± 30.3
319.0 ± 54.9
0.349

33.2 ± 3.7
41.5 ± 5.5
0.164

Normal (N = 28)
3.9 ± 0.2
707.0 ± 42.0
27.9 ± 1.6
263.8 ± 30.3
33.2 ± 3.7
IUGR (N = 19)
5.9 ± 0.6
560.7 ± 71.2
22.9 ± 3.1
216.4 ± 37.8
42.0 ± 4.6
<0.001
t-test (2-tailed) P
0.084
0.148
0.364
0.085
Adjusted P value**
0.056
* Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs
**Controlled for age, smoking and BMI using logistic regression analysis
All data are represented as mean ± SEM
Hcy, L-Homocysteine in plasma; RCF, Red Cell Folate; SF, Serum Folate; B12, Serum vitamin- B12; B6,
Red Cell vitamin-B6.
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Homocysteine concentration in high risk pregnancies
with normal outcomes and uteroplacental insufficiency
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Figure 19. Hcy concentrations in women who had a normal pregnancy or developed UPI within
the high risk pregnancy group.

The box plot shows the median (the central horizontal black line) and measures of dispersion
- inter-quartile range (blue box), range (vertical lines) and outliers (circles).
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10.5.4 Comparison of circulating micronutrient concentrations in low risk healthy
pregnancies

(controls)

and

women

who

developed

uteroplacental

insufficiency
At 20 weeks gestation there was a significant increase in plasma Hcy and vitamin-B6 (lower
PPA activity) concentrations in women who developed UPI (P = 0.002, P = 0.039
respectively) compared to low risk healthy (control) pregnancies. After controlling for age,
smoking and BMI plasma Hcy remained significantly elevated (Figure 20); however, the
significant association with vitamin-B6 (represented as PPA activity) was lost (P = 0.094;
Table 18). No significant difference was detected when comparing micronutrient levels and
Hcy concentration in low risk healthy pregnancy controls and PE cases. Women who
developed IUGR demonstrated a significant association with low red cell folate (RCF)
concentration and increased plasma Hcy concentration at 20 weeks gestation as shown in
Table 18, Figure 21 and Figure 22.
Table 18.

Blood micronutrient concentrations at 20 weeks gestation in low risk

healthy pregnancy controls and women who developed uteroplacental insufficiency
Hcy
µmol/L

RCF
nmol/L

SF
nmol/L

B12
pmol/L

B6
status*

Control (N = 43)
UPI (N = 49)
t-test (2-tailed) P
Adjusted P value**

4.3 ± 0.1
5.2 ± 0.3
0.002
0.027

669.2 ± 32.6
603.7 ± 36.4
0.149

25.7 ± 1.2
26.1 ± 1.6
0.798

238.2 ± 20.6
242.2 ± 22.7
0.758

47.3 ± 1.7
40.9 ± 2.5
0.039
0.094

Control (N = 43)
PE (N = 15)
t-test (2-tailed) P

4.3 ± 0.1
4.8 ± 0.4
0.132

669.2 ± 32.6
664.3 ± 66.8
0.941

25.7 ± 1.2
29.6 ± 2.7
0.123

238.2 ± 20.6
319.0 ± 54.9
0.08

47.3 ± 1.7
41.5 ± 5.5
0.195

Control (N = 43)
4.3 ± 0.1
669.2 ± 32.6
25.7 ± 1.2
238.2 ± 20.6
47.3 ± 1.7
IUGR (N= 19)
5.7 ± 0.5
499.6 ± 63.4
21.9 ± 2.6
199.6 ± 30.4
44.0 ± 3.7
0.001
0.005
t-test (2-tailed) P
0.126
0.297
0.371
0.016
0.018
Adjusted P value**
* Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs.
**Controlled for age, smoking and BMI using logistic regression analysis.
All data are represented as mean ± SEM.
Controls were defined as low risk healthy pregnancies with normal outcomes.
Hcy, L-Homocysteine in plasma; RCF, Red Cell Folate; SF, Serum Folate; B12, Serum vitamin- B12; B6,
Red Cell vitamin-B6.
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Plasma homocysteine (µmol/L)

Homocysteine concentration in
low risk pregnancies with normal outcomes
(controls) and uteroplacental insufficiency
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Figure 20. Plasma homocysteine concentration in women with low risk healthy pregnancies
(controls) and women who developed UPI. The box plot shows the median (the central horizontal

black line) and measures of dispersion - inter-quartile range (blue box), range (vertical lines) and
outliers (circles).
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Plasma homocysteine (µmol/L)

Homocysteine concentration in women with low risk
pregnancies with normal outcomes (controls) and IUGR
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Figure 21. Plasma homocysteine concentration in women with low risk healthy pregnancies
(controls) and women who developed IUGR. The box plot shows the median (the central horizontal

black line) and measures of dispersion - inter-quartile range (blue box), range (vertical lines) and
outliers (circles).One outlier with a plasma Hcy concentration of 11.4 µmol/L was identified; this
patient reported no supplement intake.

Red cell folate concentration in women with low risk
pregnancies with normal outcomes (controls) and IUGR

Red Cell Folate (nmol/L)
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Figure 22. Red cell folate concentration in low risk healthy pregnancies (controls) and women
who developed IUGR. The box plot shows the median (the central horizontal black line), two

measures of dispersion the inter-quartile range (blue box), and range (vertical lines) and outliers
(circles).
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10.5.5 Predictive values
The potential of plasma Hcy concentration as a predictive marker for increased risk of
developing an adverse pregnancy outcome, UPI, PE and IUGR was measured by calculating
the positive predictive values (PPV), negative predictive values (NPV), sensitivity,
specificity, likelihood ratio (LR) and odds ratio (OR). PPV, NPV, sensitivity, specificity, LR
and OR at various thresholds values starting at plasma Hcy > 5.0 µmol/L are shown in Table
19. ORs greater than 2.8 and LRs greater than 2.4 were obtained for plasma Hcy > 5.5 µmol/L
at P < 0.05 for all comparisons except in relation to PE as the analysis was underpowered.

Predictive values were calculated in relation to circulating maternal RCF concentration at 20
weeks gestation and risk of developing IUGR (Table 20). A maternal RCF concentration of <
550 nmol/L demonstrated ORs of 4.8 or greater with high significance (P < 0.01). The results
indicate that at 20 weeks gestation decreased threshold values of maternal circulating RCF
concentrations < 250 nmol/L were associated with 100% risk for developing IUGR, however
the confidence interval increases substantially (1.5 - 562.6) as shown in Table 20.
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Table 19. Positive predictive values (PPV), negative predictive values (NPV), sensitivity,
specificity, likelihood ratio (LR), odds ratio (OR) and P values for homocysteine (Hcy)
with respect to high and low risk pregnancies, high risk pregnancies with normal or
adverse outcomes
PPV

NPV

Sensitivity

Specificity

Hcy > 5.0
Hcy > 5.5
Hcy > 6.0
Hcy > 6.5
UPI

72.1%
82.1%
90.0%
93.8%

Hcy > 5.0
Hcy > 5.5
Hcy > 6.0
Hcy > 6.5

LR

OR (95% CI)

P Value

36.6%
38.0%
37.9%
37.5%

34.4%
25.6%
20.0%
16.7%

73.9%
89.1%
95.7%
97.8%

1.3
2.4
4.6
7.7

1.5 (0.7-3.3)
2.8 (1.0-8.0)
5.5 (1.2-24.9)
9.0 (1.2-70.5)

0.3214
0.0451
0.0148
0.0131

71.4%
81.8%
86.7%
91.7%

54.4%
52.9%
50.7%
50.0%

49.0%
35.3%
25.5%
21.6%

75.6%
90.2%
95.1%
97.6%

2.0
3.6
5.2
8.8

3.0 (1.2-7.3)
5.0 (1.5-16.4)
6.7 (1.4-31.6)
11 (1.4-89.3)

0.0156
0.0043
0.0078
0.0068

Hcy > 5.0
Hcy > 5.5
Hcy > 6.0
Hcy > 6.5
IUGR

37.5%
50.0%
60.0%
66.7%

76.9%
76.6%
76.0%
75.0%

40.0%
26.7%
20.0%
13.3%

75.0%
90.0%
95.0%
97.5%

1.6
2.7
4.0
5.3

2.0 (0.6-7.0)
3.3 (0.7-15.3)
4.8 (0.7-31.8)
6.0 (0.5-71.8)

0.2753
0.1184
0.0848
0.1151

Hcy > 5.0
Hcy > 5.5
Hcy > 6.0
Hcy > 6.5

54.6%
69.2%
77.8%
83.3%

80.6%
77.8%
75.5%
73.1%

63.2%
47.4%
36.8%
26.3%

74.4%
89.7%
94.9%
97.4%

2.5
4.6
7.2
10.3

5.0 (1.5-16.1)
7.9 (2.0-31.1)
10.8 (2.1-59.2)
13.6 (1.5-126.6)

0.0057
0.0015
0.0017
0.0053

At Risk

PE

Table 20. Positive predictive values (PPV), negative predictive values (NPV), sensitivity,
specificity, likelihood ratio (LR), odds ratio (OR) and P values for red cell folate with
respect to IUGR in comparison to controls

IUGR
RCF < 550
RCF < 400
RCF < 250

PPV

NPV

Sensitivity

Specificity

LR

OR (95% CI)

P Value

54.6%
72.7%
100%

80.0%
76.1%
73.1%

63.2%
42.1%
26.3%

73.7%
92.1%
100%

2.4
5.3
-

4.8 (1.5-15.6)
8.5 (1.9-37.7)
29.2 (1.5-562.6)

0.0071
0.0020
0.0009

10.6 Discussion
This study provides evidence that increased plasma homocysteine (Hcy) in early pregnancy
may be associated with the development of uteroplacental insufficiency (UPI), in particular
intrauterine growth restriction (IUGR). Plasma Hcy concentrations > 6.5 nmol/L provided the
highest odds ratios (6 - 13.6) and specificity (97.4% – 97.8%); however, the sensitivity
decreased proportionally.
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Unlike previous studies [305, 388] plasma Hcy was not significantly increased in women who
developed preeclampsia (PE). There have been six published reports on the possible value of
using circulating Hcy concentrations in the prediction of PE, all of which were performed in
low-risk women [182, 305, 389-392]. Plasma Hcy concentrations were significantly related to
the subsequent development of the disease in three of these analyses [182, 305, 389] and not
in the other three [390-392]. In our study age was positively associated with the development
of PE. The results also show that older women had a higher B-vitamin supplement intake,
which may explain the non-significant elevation in circulating B-vitamins in women that
developed this disease. In addition B-vitamin supplementation may have reduced maternal
plasma Hcy which may explain the non-significant association with PE in this study;
however, further controlled studies are needed to clarify this.

Our results show a mean plasma Hcy concentration of 4.3 ± 0.1 µmol/L at 20 weeks
gestation, which is lower than previously reported [392, 393]. Increased plasma Hcy was
significantly associated with high BMI and increased cigarette smoking. Previous studies
[394, 395] have associated smoking with increased plasma Hcy concentrations within the
pregnant and general population; however, conflicting data have been published on the
relationship between Hcy and BMI [396-399]. In addition the adverse effect of smoking on
RCF and SF in the pregnant population [395, 400] and normal adult populations is well
documented [401, 402]. RCF status may be influenced by smoking through a number of
possible mechanisms as intermediates in one-carbon metabolism are sensitive to the redox
balance within the cell. Cigarette smoking is a significant source of oxidative stress [403] and
may alter the ability of the cell to metabolise and store folate [404].

Maternal circulating RCF < 400 nmol/L measured in the mother at 20 weeks gestation was
significantly associated with the development of IUGR. The present finding of an association
with maternal RCF levels and the offsprings birth weight at the time of delivery is in
agreement with some [405, 406], but not all [407], previous publications. De Weerd et al.
[407] reported no association between maternal RCF concentration and birth weight in a
cohort of 240 women; however, their cohort included 15 women with a previous pregnancies
with neural tube defect (NTDs) and 119 epileptic women. Both of these conditions are known
to be associated with disturbed folate metabolism [408]. Our cohort did not contain any
epileptic women or pregnancies complicated with NTDs.

Our results are of particular interest because, despite high supplementation with folic acid,
serum vitamin-B12 and RBC vitamin-B6 in women with high risk pregnancies, their plasma
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Hcy levels were not significantly lower compared to those with low risk pregnancies with
reduced supplement intakes. Increased plasma Hcy concentrations may have been caused by
genetic factors such as polymorphisms in MTHFR [409], smoking [394] or other metabolic
problems, such as reduced riboflavin [101]. In this case it is possible that high risk patients
need supplements to bring them to concentrations that the normal population readily achieve.
Three early studies [410-412] associated abnormalities in folate metabolism (one-carbon
metabolism) in women who had previous cases of neural tube defects (NTDs); however,
Davis et al. [413] claimed that the data was inconclusive due to limitations in the
methodology used. Over the past decade little research has been published explaining the
absorption and saturation levels of folate. Lucock et al., [414] and Kelly et al., [415] claim
that the absorption and biotransformation process of folate is readily saturated at doses of
about 400 µg per day; however, more research is needed to confirm these findings especially
when an individual’s genetic, metabolic and lifestyle factors are considered alone.

There have been contradicting explanations in regards to the placental perfusion studies and
the uptake of B-vitamins by the fetus. Although nutrient-transfer via the placenta from the
maternal plasma pool must be effective to satisfy the demand for fetal growth, information on
placental folate transfer is scarce [416-419]. Our study suggests that RCF < 400 nmol/L may
be associated with growth restriction but the extent of maternal folate deficiency that causes
deficiency in the fetus remains unknown. Further studies are therefore needed to clarify the
maternal-placental transfer of folate and other B-vitamins and at what levels the fetus
becomes deficient and whether such thresholds are dependent on one-carbon metabolism
genotypes.

Although folic acid is safe and almost free of toxicity [420], the hypothesis has been put
forward that increased amounts of folic acid during the periconceptional period could lead to
genetic selection by improving survival of embryos carrying the MTHFR C677T
polymorphism which may raise Hcy concentrations if folate intake is subsequently restricted
in the child [421, 422]; however, during gestation, marginal folate deficiency can impair
cellular growth in the placenta and fetus [406]. Therefore it is important to ensure adequate
concentrations are available during pregnancy to prevent both maternal and fetal morbidity,
including NTD’s [423]. Folate is now viewed not only as a nutrient needed to prevent
megaloblastic anaemia in pregnancy but also as a vitamin essential for reproductive health
[107].
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Vitamin-B6 in its role as a cofactor for cystathion synthase may facilitate the conversion of
Hcy to cystathion and make Hcy less available for methionine synthesis; however, Hcy
remained high despite high vitamin-B6 activity in the high risk population.
Fenech proposed the concept that recommended dietary intakes should be based on
preventing genomic instability as DNA is the most critical molecule in the cell, particularly in
the early developmental process [372]. Studies in non pregnant populations has shown that it
is necessary to supplement at higher doses, providing serum vitamin-B12 > 300 pmol/L and
RCF > 700 nmol/L, plasma Hcy < 7.5 which are associated with minimisation of micronuclei
(MN) [102]. In our study a positive association was detected between plasma Hcy and the
genome damage markers, MN and nucleoplasmic bridges (NPB), which is consistant with in
vitro data showing that MN and NPB are increased with folate-deficiency induced Hcy levels
[424].

In the future a more comprehensive approach also targeting DNA methylation or polyamine
synthesis via methionine may be required to assess if other abnormalities in one-carbon
metabolism in mothers and their fetuses may be the underlying mechanism in the
development of UPI.
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11 POLYMORPHISMS IN ONE - CARBON METABOLISM
GENES AND UTEROPLACENTAL INSUFFICIENCY
11.1 Aim
1. To study the prevalence of single nucleotide polymorphisms (SNPs) within enzymes
involved in one-carbon metabolism in maternal and fetal tissue in women with low
risk pregnancies that develop normal or adverse pregnancy outcomes.
2. To study the prevalence of single nucleotide polymorphisms (SNPs) within enzymes
involved in one-carbon metabolism in maternal and fetal tissue in women with high
risk pregnancies that develop normal or adverse pregnancy outcomes.
3. To investigate the possible association between these polymorphism frequencies and
the development of uteroplacental insufficiency (UPI), including preeclampsia (PE)
and intrauterine growth restriction (IUGR).
4. To study the association between these genotypes with circulating concentrations of
red cell folate (RCF), serum folate (SF), serum vitamin-B12, red cell vitamin-B6 and
plasma homocysteine (Hcy) in pregnant women.
5. To assess the association of single nucleotide polymorphisms (SNPs) within enzymes
involved in one-carbon metabolism on genome damage in maternal peripheral
lymphocytes.

11.2 Hypotheses
1. Women with high risk pregnancies and those who develop UPI have altered
frequencies of alleles in MTHFR C677T and A1298C, MTR A2756G, MTRR A66G
and MTHFD1 G1958A genes.
2. UPI including PE and IUGR are associated with higher frequencies of alleles in the
fetal genes MTHFR C677T and A1298C, MTR A2756G, MTRR A66G and MTHFD1
G1958A.
3. Red cell folate (RCF), serum folate (SF), serum vitamin-B12, red cell vitamin-B6 and
plasma homocysteine (Hcy) are regulated by alterations in SNP frequencies in
maternal and/or fetal enzymes involved in one carbon metabolism.
4.

Biomarkers of DNA damage, cell death and cytostasis in peripheral blood
lymphocytes are affected by maternal SNPs within enzymes involved in one carbon
metabolism.
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11.3 Introduction
In addition to dietary uptake of micronutrients such as folic acid, vitamin-B12 and -B6,
genotype can affect folate metabolism (one-carbon metabolism), altering placental and fetal
development. The folate - homocysteine (Hcy) metabolic pathway has a number of
intermediates whose activity may be altered by polymorphisms in genes coding for enzymes
in the pathway. These include SNPs in methylenetetrahydrofolate reductase (MTHFR),
methionine

synthase

(MTR),

methionine

synthase

reductase

(MTRR)

and

methylenetetrahydrofolate dehydrogenase (MTHFD1) that all play a critical role in
determining availability of folate and methionine for maintenance of methylation of DNA and
synthesis of nucleotides such as dTTP [425].

MTHFR activity affects the balance of the pool of the various forms of folate in one-carbon
metabolism for DNA synthesis and methylation. The MTHFR C677T (A222V) polymorphism
has been extensively studied [198, 204, 205, 207, 208, 230, 301, 327, 425-430]. The presence
of a T allele at position 677 encodes a thermolabile form of the MTHFR enzyme [427] that
has lower affinity for its flavin cofactor [426], thus reducing its activity. Individuals who are
TT homozygotes for this allele have reduced levels of serum folate (SF) and red cell folate
(RCF) and consequently may have elevated Hcy concentrations [207, 428]. The MTHFR
1298C (E429A) variant of the enzyme, like the 677T also has reduced activity [208]. Reduced
activity in this enzyme is postulated to provide more folate to be available for synthesis of
dTTP from dUMP, preventing uracil incorporation into DNA, but reducing folate availability
for methylation of Hcy to form methionine [230]. MTHFR C677T and A1298C have been
studied and associated with hyperhomocysteinemia and related to vascular disease [198, 301]
and pregnancy complications such as PE and IUGR [204, 327, 429, 430]. In addition fetal

MTHFR 677T genotype has also been linked with cerebral palsy [431] and vascular lesions in
the placenta [205].

Elevated plasma Hcy concentrations associated with the MTHFR C677T SNP can cause Hcyinduced cellular dysfunction which may lead to UPI via molecular mechanisms such as
increased inflammatory cytokine expression, altered nitric oxide bioavailability, induction of
oxidative stress and activation of apoptosis [101]. An alternative mechanism is that the
conversion of Hcy to methionine via MTR and MTRR which is required for the production of
S-adenosylmethionine (SAM) is altered. SAM is a principal methyl donor inside cells and the
methyl groups are key for DNA control of cellular proliferation, cellular migration,
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differentiation, and cell to cell recognition [385]. Thus by indirectly limiting the supply of
SAM, the MTR and MTRR SNPs may be associated with the development of UPI through the
mechanism of hypomethylated DNA, failing then to properly regulate cellular growth and
development [135].

The association between polymorphisms in MTR and MTRR has also been examined in
relation to pregnancy complications [210, 219]. MTR catalyses the methylation of Hcy to
methionine using vitamin-B12 as a cofactor and 5-methylTHF as methyl donor (Fig. 1) [432].
The MTR A2756G polymorphism replaces an aspartic acid with glycine (D919G) at the Cterminal end of the alpha/beta domain of the enzyme. It has been shown that the A2756
mutation in MTR in combination with MTRR A66G has a moderate but significant influence
on Hcy (refs) and in coronary artery disease patients. Formation of methionine through this
pathway represents an important component of the one-carbon metabolism for synthesis of
phospholipids, proteins, myelin, catecholamines, DNA, RNA [167] and SAM [433] which are
all important in fetal development.

Methionine synthase reductase (MTRR) plays a critical role in maintaining vitamin-B12
(cobalamin) in an active form and consequently may be an important determinant of Hcy
concentrations [213]. Vitamin-B12 acts as an intermediate methyl carrier between methyl-THF
and Hcy during the MTR-catalysed remethylation of Hcy to methionine. Vitamin-B12 cycles
between cob(I)alamin and methylcob(III)alamin. However, cob(I)alamin is a strong reductant
and can be oxidised to produce an inactive cob(II)alamin form of the enzyme. MTRR
catalyses the reductive methylation of cob(II)alamin to methylcob(III)alamin using SAM as
the methyl donor [434] (Figure 23). The MTRR A66G polymorphism is located within the
flavin-mononucleotide (FMN) binding domain [293]. Deficiency in this enzyme, caused by
the G variant is expected to produce similar effects on genome methylation as those induced
by vitamin-B12 deficiency [214]. The A66G polymorphism in MTRR appears to represent a
risk factor for premature cardiovascular disease [435], neural tube defects [214], and Down
syndrome [219]. The location of the A66G polymorphism in the predicted FMN domain
suggests that it may influence the interaction between MTRR and its redox partner, MTR
[436].

5,10-methylenetetrahydrofolate dehydrogenase (MTHFD1) also plays a key role in folate
metabolism. The NADP-dependent enzyme catalyses three sequential reactions in the
88

conversion of 1-carbon derivatives of tetrahydrofolate, which are substrates for methionine,
thymidylate and de novo purine synthesis. A polymorphism, (G1958A) R653Q within the
MTHFD1 enzyme results in the substitution of a conserved arginine amino acid with a
glutamine. Few articles have been published in relation to MTHFD1. To date this SNP has
been associated with maternal genetic risk of having a child with neural tube defects [225]
and placental abruption [223]; however it has not been studied in relation to PE or IUGR.
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Figure 23. A simplified scheme of one carbon metabolism.

are given. DHF, Dihydrofolate; THF, Tetrahydrofolate;

Key intermediates and enzymes

MTHFR, Methylenetetrahydrofolate

Reductase; MTHFD1, Methylenetetrahydrofolate Dyhydrogenase; MTR, Methionine Synthase;
MTRR, Methionine Synthase Reductase; SAM, S-Adenosylmethionine; B12, Vitamin-B12
(cobalamin, in various oxidative forms); B6, Vitamin-B6; dUMP, Uracil; dTMP, Thymine; CH3,
Methyl group.

The purpose of this study was to test five genetic polymorphisms involved in one - carbon
metabolism for a potential association with increased risk of developing UPI. Also, results in
this PhD project have suggested that micronuclei (MN) and Hcy may be associated with the
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development of UPI (chapter 3 and 4). Therefore we have investigated the effect of the
genetic polymorphism in relation to maternal genome damage, B-vitamins and Hcy.

11.4 Methodology
One hundred and forty-three pregnant women were included in the cohort. Pregnancies from
oocyte donations were excluded from the analyses to avoid unexplained genetic effects. DNA
was obtained from 139 mothers and 124 placentas. The missing maternal samples were from
one low risk healthy pregnancy with a normal outcome (control) and the remaining from high
risk pregnancies, one with a normal outcome and three with adverse outcomes including one
case of IUGR. Seventeen placental samples could not be collected and two samples did not
yield sufficient DNA. Two of the missing samples were from low risk pregnancies with
normal outcomes. The remaining were from high risk pregnancies including seven normal
outcomes and ten adverse outcomes. Two were classified as UPI which included one case of
placental abruption and one case of IUGR.

In this chapter/study additional analysis was performed using the so-called index pregnancy
(previous pregnancy) classification data. Because of their prior obstetrical history, many of
the identified high risk patients had previously been genotyped for MTHFR 677 CT and 1298
AC polymorphisms as part of regular patient care and if positive, treated with high dose
folate, vitamin-B12 and vitamin-B6. Therefore, a separate layer of analysis was introduced
based on the index pregnancies, i.e. the actual pregnancy that had initially led to the so-called
thrombophilia analysis (including the MTHFR genotyping) in an attempt to study the relation
between maternal genotypes and pregnancy outcome in the untreated patient and in the
absence of effect of modification by B-vitamin supplementation.

11.4.1 DNA isolation from maternal granulocytes
Genomic DNA was extracted from thawed granulocytes which had been stored at -20ºC after
lymphocyte isolation from whole blood. The experimental procedure for the isolation of DNA
from packed nucleated cells is outlined below.
1. 3 mL of packed cell suspension was transferred to a sterile 10 mL conical tube;
2. 7 mL of cold T10E10 (2.5 mL 1 M Tris HCl, 5 mL 0.5 M EDTA, 242.5 mL dH2O; pH
8.0, stored at 4°C) was added to the tubes;
3. Tubes were mixed by inversion and placed at -20°C for 15 minutes to ensure lysis of
the erythrocytes;
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4. Tubes were then spun at 3000 rpm for 10 minutes;
5. Approximately 9 mL of supernatant was discarded;
6. 2 mL T10E10 was added to the tubes and tubes were vortexed to break up and
resuspend the pellet;
7. The volume of the solution was then adjusted to 10 mL with T10E10;
8. Tubes were spun at 3000 rpm for 10 minutes;
9. The supernatant was removed leaving the pellet pale and with very few erythrocytes.
If the pellet still had a red discolouration, an additional spin was performed;
10. 2.5 mL T10E5 (2.5 mL 1 M Tris HCl, 2.5 mL 0.5 M EDTA, 245 mL dH2O; pH 8.0)
was added to the pellet and tubes were vortexed to break up and resuspend the pellet;
11. 250 µL of 10% sodium dodecyl sulphate (SDS; pH 7.2) was the added to the tubes;
12. Solutions were mixed well by gentle inversion until it had become very clear and
viscous;
13. 150 µL proteinase K (10 mg/mL; Roche Diagnostics, Mannheim, Germany) was
added to the lysate (final concentration: 0.6 mg/mL) and tubes were incubated
overnight at 56°C.
14. To extract the DNA from the lysate, approximately 300 µL saturated NaCl (6 M) was
slowly added until precipitation occurred;
15. Tubes were gently inverted for approximately 1 minute to mix the solutions;
16. Solutions were then spun at 2800 rpm for 15 minutes;
17. Using a sterile transfer pipette, the supernatant containing the DNA was transferred to
a clean and sterile 10 mL conical tube. The tube containing the protein pellet was
discarded.
18. Steps 16 and 17 were repeated and the final volume of extracted DNA was estimated;
19. DNA was precipitated by adding one volume of 95% ethanol;
20. Tubes were gently inverted several times to mix the phases, until cotton wool
precipitate started to form;
21. Another volume of 95% ethanol was then added and tubes were gently inverted until
the cotton wool had condensed into a tight precipitate; to aid in precipitation, tubes
were placed at -20°C for 15 minutes;
22. The precipitate was removed from the tubes and transferred into 1.5 mL Eppendorf
tubes using a 1 mL pipette with the end cut of the tip. The diameter of the tip opening
was approximately 1.5 – 2.0 mm;
23. To wash the DNA, 70% ethanol was added to a final volume of 1.5 mL;
24. Eppendorf tubes were spun at 13,200 rpm for 2 minutes to acquire a DNA pellet in the
bottom of the tube;
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25. The ethanol was then discarded and DNA left to air-dry;
26. Once dry, 300 µL T10E1 (2.5 mL 1 M Tris HCl, 0.5 mL 0.5 M EDTA, 247 mL dH2O;
pH 8.0) was added and allowed to dissolve at 37°C overnight;
Once dissolved, DNA was quantified using a spectrophotometer (Model ND-1000, NanoDrop
Technologies, Delaware, USA) and stored at 4°C; until use. For quantification 2 µL DNA was
used and the absorbance was read at 260/280 nm.

11.4.2 DNA isolation from cord tissue
As in methods (section 8.4.3).

11.4.3 Polymorphism detection
Maternal and placental DNA were genotyped for MTHFR C677T and A1298C, MTR
A2756G, MTRR A66G, MTHFD1 G1958A polymorphisms using the Applied Biosystems
7900HT Real Time PCR System and ABI 7300 Sequence Detection System with the SDS
Ver. 1.9 software (Applied Biosystems, Foster City, CA). Each reaction was performed in
duplicate. In addition a random selection of DNA samples were genotyped using a secondary
method, restriction fragment length polymorphism, to confirm the real time data.

11.4.3.1 Alleleic discrimination primers
Primers for the MTHFR C677T and MTR A2756G polymorphisms were ordered from
Applied Biosystems (ABI) as Assays-on-Demand (Applied Biosystems, Foster City, CA
catalogue number: 1202883 and 12005959 respectively). The sequence information was not
available as per company (ABI) guidelines. The primer and reporter sequences for primers
ordered as Assays-by-Design were:

MTHFD1G1958A
Forward primer: 5’-CATCGCACATGGCAATTCCT-3’
Reverse primer: 5’-TCTGGGCCAACAAGCTTGAG-3’
Reporter 1: 5’-CAGACCGGATCGCA-3’ VIC (common allele)
Reporter 2: 5’-CAGACCAGATCGCA-3’ FAM

MTRR A66G
Forward primer: 5’-AGCAGGGACAGGCAAAGG-3’
Reverse primer: 5’-GCAGAAAATCCATGTACCACAGCTT-3’
Reporter 1: 5’-ATCGCAGAAGAAATGTGTGA-3’ VIC
Reporter 2:

5’-TCGCAGAAGAAATATGTGA-3’ FAM (common allele)
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MTHFR A1298C
Forward primer: 5’-GGAGGAGCTGCTGAAGATGTG-3’
Reverse primer: 5’-CCCGAGAGGTAAAGAACAAAGACTT-3’
Reporter 1: 5’- CCAGTGAAGCAAGTGT-3’ VIC
Reporter 2: 5’-CCAGTGAAGAAAGTGT-3’ FAM (common allele)

11.4.3.2 Alleleic discrimination reagents and thermal cycling conditions
The PCR master mix consisted of 12.5 µl 2X TaqMan® Universal PCR Master mix, without
AmpErase® UNG (Applied Biosystems, Foster City, CA: catalogue number: 4324018) 1.25 µl
20X Assay-on-DemandTM SNP genotyping assay mix (containing the primers) and 11.25 µl
of genomic DNA diluted in ddH2O. Approximately 10 ng of genomic DNA was used per 25.0
µl reaction.

The thermal cycling conditions for MTHFR C677T, MTR A2756G were 10 minutes at 95ºC,
then 50 cycles with 15 seconds at 92ºC to denature and 1 minute at 60ºC for annealing and
extension. Thermal cycling conditions for MTHFR A1298C, MTRR A66G and MTHFD1
G1958A included 10 minutes at 95ºC, then 50 cycles with 15 seconds at 96ºC to denature and
90 seconds at 60ºC for annealing and extension.

An example of the scatterplot produced for the MTHFR C677T allele distribution is illustrated
in Appendix 2.

11.4.4 Micronutrients and genome damage biomarker results
Data for genome damage are outlined in section 9.5.
Data for red cell folate (RCF), serum folate (SF), serum vitamin-B12, RBC vitamin-B6 and
plasma homocysteine are outlined in section 10.5 .

11.4.5 Statistics
The Chi-squared goodness-of-fit test was used to compare the allele proportions and genotype
to determine whether the MTHFR, MTR, MTRR and MTHFD1 frequencies were associated
with adverse pregnancies and those that developed UPI including PE and IUGR. The HardyWeinberg equilibrium equation was performed for all genotype data. The association between
maternal and fetal SNPs within the folate metabolic pathway with RCF, SF, serum vitaminB12, RBC vitamin-B6, plasma Hcy, NDI, genome damage and cell death biomarkers were
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determined by one-way ANOVA. Where a significant association was detected, a linear
regression was used to test the effects of confounding factors, such as B-vitamin supplement
intake and smoking. All data analyses were performed by means of the computer based
statistical package of Statistical Product and Service Solution (SPSS) version 14.0 (SPSS,
Chicago, IL, USA). Results were reported as mean ± S.E. of the mean and P < 0.05 was
considered statistically significant.

11.5 Results
Non significant results from this study are located in the appendix.

11.5.1

Maternal polymorphisms

11.5.1.1 Maternal allele distribution
There were no significant differences in allele frequency among women grouped into low risk
with normal or adverse pregnancy outcomes or within the high risk pregnancy group with
normal or adverse outcomes in all SNPs examined (Appendix 3, Appendix 4). In addition the
allele proportions of the four SNPs did not differ significantly when comparing low risk
healthy pregnancies (controls) and those who developed UPI, including PE and IUGR
(Appendix 5, Appendix 6, Appendix 7).

11.5.1.2 Maternal genotype distribution
Genotype frequencies for all the tested SNPs were calculated and found to fit the HardyWeinberg equilibrium and did not deviate markedly from previously reported frequencies for
these polymorphisms [213, 293, 437].The maternal MTHFR, MTR, MTRR and MTHFD1
genotype distribution did not differ significantly in women with the low risk pregnancies or
high risk pregnancies with normal or adverse outcomes (Appendix 9, Appendix 10). The

MTHFD1 AA genotype was significantly associated with the development of IUGR (P =
0.047) as shown in Table 21. The three remaining polymorphisms tested did not show any
significant changes in women who developed UPI and PE when compared with control
pregnancies (Appendix 11, Appendix 12).
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Table 21. Distribution of maternal polymorphisms in low risk healthy
pregnancies (control) and women who developed IUGR
Maternal
MTHFR C677T
CC
CT
TT

Control (n = 42)

IUGR (n = 18)

Chi-square P

15 (35.7%)
24 (57.1%)
3 (7.1%)

10 (55.6%)
7 (38.9%)
1 (5.6%)

0.560

MTHFR A1298C
AA
AC
CC

25 (59.5%)
15 (35.7%)
2 (4.8%)

8 (44.4%)
9 (50.0%)
1 (5.6%)

0.348

MTR A2756G
AA
AG
GG

28 (66.7%)
10 (23.8%)
4 (9.5%)

9 (50.0%)
8 (44.4%)
1 (5.6%)

0.191

MTRR A66G
AA
AG
GG

14 (33.3%)
18 (42.9%)
10 (23.8%)

6 (33.3%)
9 (50.0%)
3 (16.7%)

0.669

MTHFD1 G1958A
GG
GA
AA

17 (40.5%)
19 (45.2%)
6 (14.3%)

6 (33.3%)
5 (27.8%)
7 (38.9%)

0.047

Data represent number of women for each genotype and percentage (%) from the
total study group.

11.5.1.3 Effect of maternal polymorphisms on micronutrient and homocysteine
concentrations
The ANOVA results indicate that increased RCF is significantly associated with the

MTHFD1 A1958G variant genotype (P = 0.040). Serum vitamin-B12 was significantly
associated with the MTRR A66G variant genotype (P = 0.004); however, after controlling for
confounding factors such as folic acid and vitamin-B12 supplement intake and smoking the
significant association was no longer detected. In addition no significant association was
found between maternal SNPs on plasma homocysteine concentrations (Table 22). It is
possible that these effects are confounded by varying proportions of women taking B-vitamin
supplements, between genetic sub groups with a variation in diet or supplement intake.

95

Table 22. Effect of maternal polymorphisms on circulating micronutrient and plasma
homocysteine concentrations
Hcy
µmol/L

RCF
nmol/L

SF
nmol/L

B12
pmol/L

B6
status*

MTHFR C677T
CC (n = 61)
4.6 ± 0.1
631.4 ± 29.3
26.6 ± 1.1
236.3 ± 19.3
42.8 ± 2.1
CT (n = 59)
4.6 ± 0.2
648.4 ± 31.4
26.2 ± 1.3
231.4 ± 17.4
42.8 ± 2.0
TT (n = 11)
4.6 ± 0.5
721.3 ± 69.3
25.3 ± 3.9
294.5 ± 54.4
39.6 ± 5.7
ANOVA P
0.993
0.482
0.905
0.388
0.817
MTHFR A1298C
AA (n = 73)
4.4 ± 0.1
660.3 ± 26.0
26.2 ± 1.1
263.3 ± 18.3
42.9 ± 1.7
AC (n = 49)
4.9 ± 0.3
620.8 ± 37.9
25.7 ± 1.5
201.4 ± 16.5
41.9 ± 2.7
CC (n = 9)
4.3 ± 0.3
673.2 ± 59.7 30.8 ± 2.9
232.7 ± 52.2 42.4 ± 5.7
ANOVA P
0.119
0.631
0.343
0.075
0.942
MTR A2756G
AA (n = 80)
4.7 ± 0.2
640.7 ± 26.5
26.5 ± 1.1
253.4 ± 18.5
41.2 ± 1.8
AG (n = 43)
4.4 ± 0.2
646.1 ± 36.9
25.5 ± 1.4
216.8 ± 16.7
45.0 ± 2.5
GG (n = 8)
5.0 ± 0.7
710.6 ± 63.9
28.5 ± 2.6
229.4 ± 46.3
41.6 ± 4.2
ANOVA P
0.488
0.701
0.663
0.408
0.450
MTRR A66G
AA (n = 40)
4.7 ± 0.3
650.7 ± 36.8
25.0 ± 1.5
208.2 ± 13.5
45.9 ± 1.8
AG (n = 68)
4.5 ± 0.2
645.6 ± 30.0
26.9 ± 1.2
227.6 ± 16.1
40.7 ± 2.2
GG (n = 23)
4.6 ± 0.3
646.2 ± 43.5
26.9 ± 2.0
325.2 ± 45.2
41.7 ± 3.5
0.004
ANOVA P
0.719
0.994
0.595
0.256
Adjusted P value**
0.696
MTHFD1 G1958A
GG (n = 39)
5.0 ± 0.3
546.5 ± 48.1
22.9 ± 2.0
175.8 ± 15.2
45.0 ± 3.5
GA (n = 65)
4.4 ± 0.1
656.6 ± 28.2
26.2 ± 1.1
249.1 ± 17.4
44.2 ± 1.9
AA (n = 27)
4.6 ± 0.3
694.9 ± 35.6
28.6 ± 1.6
261.4 ± 27.6
38.2 ± 2.5
0.040
ANOVA P
0.146
0.069
0.056
0.117
Adjusted P value**
0.269
* Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs.
**Controlled for folic acid, vitamin-B12 intake and smoking using linear regression analysis.
All data are represented as mean ± SEM.
Hcy, L-Homocysteine in plasma; RCF, Red Cell Folate; SF, Serum Folate; B12, Serum vitamin-B12; B6,
Red Cell vitamin-B6.

11.5.1.4 Association of maternal polymorphisms on maternal genome damage
Genome damage in peripheral lymphocytes was not associated with SNPs in MTHFR 677 and
1298, MTRR 66 or MTHFD1 1958. The results indicate that the MTR 2756G allele is
associated with a reduction in the frequency of nucleoplasmic bridges (NPBs), caused by
chromosome rearrangement. However, the significance is lost when regression analysis was
performed, controlling for Hcy, RCF and smoking (P = 0.097, Table 23). A trend for a
reduction in MN-BN and MN-BUD was observed for MTR 2756 homozygous GG genotypes,
but these effects were not statistically significant.
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Table 23. Association of maternal polymorphisms on maternal genome damage
‰
MN-BN

‰
NPB-BN

‰
NBUD-BN

NDI

‰
Apoptosis

MTHFR C677T
CC (n = 59)
19.9 ± 1.3
7.3 ± 0.8
29.3 ± 3.2
2.1 ± 0.03
132.2 ± 6.6
CT (n = 60)
21.0 ± 1.5
6.8 ± 0.6
26.0 ± 2.5
2.0 ± 0.03
146.7 ± 7.5
TT (n= 12)
22.7 ± 2.3
4.6 ± 0.7
27.7 ± 6.4
1.9 ± 0.09
134.4 ± 18.8
ANOVA P
0.679
0.286
0.712
0.067
0.353
MTHFR A1298C
AA (n = 76)
19.2 ± 0.9
6.8 ± 0.6
27.1 ± 2.3
2.0 ± 0.03
138.5 ± 6.4
AC (n = 46)
23.2 ± 1.9
7.0 ± 0.8
28.1 ± 3.7
2.1 ± 0.03
142.6 ± 8.5
CC (n = 9)
20.4 ± 4.1
6.2 ± 1.1
30.2 ± 7.6
2.0 ± 0.08
125.6 ± 15.6
ANOVA P
0.129
0.699
0.746
0.322
0.908
MTR A2756G
AA (n = 78)
20.4 ± 1.1
7.7 ± 0.7
28.8 ± 2.7
2.0 ± 0.03
140.2 ± 6.3
AG (n = 44)
21.9 ± 2.0
5.8 ± 0.5
26.0 ± 2.8
2.0 ± 0.04
138.3 ± 8.6
GG (n = 9)
17.5 ± 1.6
4.1 ± 0.7
25.6 ± 6.3
2.2 ± 0.08
132.5 ± 16.6
0.050
ANOVA P
0.483
0.762
0.281
0.921
0.097
Adjusted P value*
MTRR A66G
AA (n = 40)
22.2 ± 2.0
7.2 ± 0.9
28.0 ± 3.4
2.0 ± 0.04
144.7 ± 9.9
AG (n = 67)
20.4 ± 1.2
6.8 ± 0.7
27.0 ± 2.9
2.1 ± 0.03
137.6 ± 7.0
GG (n = 24)
18.9 ± 1.7
6.1 ± 0.6
28.8 ± 4.0
2.0 ± 0.05
133.6 ± 8.1
ANOVA P
0.449
0.732
0.937
0.304
0.709
MTHFD1 G1958A
GG (n = 40)
21.1 ± 2.9
5.4 ± 0.7
28.7 ± 4.0
2.0 ± 0.04
146.4 ± 11.3
GA (n = 67)
20.2 ± 1.1
6.6 ± 0.6
27.3 ± 2.4
2.1 ± 0.03
129.9 ± 6.6
AA (n = 25)
21.1 ± 1.7
8.1 ± 1.1
27.6 ± 4.2
2.0 ± 0.04
149.6 ± 9.1
ANOVA P
0.891
0.123
0.966
0.725
0.162
All data represented as mean ± SEM
‰ represents frequency per 1000 BN cells
*Controlled for RCF, vitamin-B12 intake and homocysteine using linear regression analysis

11.5.2

‰
Necrosis
89.8 ± 3.6
87.4 ± 3.8
76.1 ± 7.5
0.323
85.9 ± 3.3
89.9 ± 4.2
88.5 ± 9.4
0.905
88.9 ± 3.4
86.8 ± 4.3
77.8 ± 4.6
0.541

85.4 ± 4.5
89.3 ± 3.7
85.7 ± 4.7
0.747
86.4 ± 5.1
90.9 ± 3.8
82.5 ± 4.2
0.334

Fetal polymorphisms

11.5.2.1 Fetal allele distribution
The proportion of alleles in babies born from women grouped into low risk or high pregnancy
group with normal or adverse outcomes did not differ significantly (Appendix 13, Appendix
14). The fetal allele distribution from low risk healthy pregnancies (controls) compared to
those who were born with UPI, including PE and IUGR did not show any marked alterations
in allele proportion between groups (Appendix 15, Appendix 16, Appendix 17).

11.5.2.2 Fetal genotype distribution
The fetal genotype frequencies for all tested SNPs were calculated and found to fit HardyWeinberg equilibrium equation. When analysing the fetal SNPs within babies born from
mothers in the low risk pregnancy group the fetal MTR 2756 A > G substitution was
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significantly associated with adverse pregnancy outcomes (P = 0.049) compared to clinically
normal outcomes. The fetal MTHFR C677T and A1298C, MTRR A66G and MTHFD1
G1958A genotypes were not associated with adverse pregnancy outcome compared to
clinically normal outcomes (Table 24).

Babies born from mothers in the high risk pregnancy did not show any significant association
within SNPs involved in one carbon metabolism in relation to clinically normal outcomes and
adverse pregnancy outcomes (Appendix 18).

Table 24. Distribution of various fetal polymorphisms in one carbon metabolism
from low risk pregnancies with normal and adverse pregnancy outcomes
Fetal
MTHFR C677T
CC
CT
TT

Normal (n = 41)

Adverse (n = 7)

Chi-square P

18 (43.9%)
16 (39.0%)
7 (17.1%)

4 (57.1%)
3 (42.9%)
0 (0.0%)

0.446

MTHFR A1298C
AA
AC
CC

19 (46.3%)
19 (46.3%)
3 (7.3%)

5 (71.4%)
1 (14.3%)
1 (14.3%)

0.276

MTR A2756G
AA
AG
GG

23 (56.1%)
18 (43.9%)
0 (0.0%)

3 (42.9%)
3 (42.9%)
1 (14.35)

0.049

MTRR A66G
AA
AG
GG

16 (39.0%)
20 (48.8%)
5 (12.2%)

4 (57.1%)
2 (28.6%)
1 (14.3%)

0.558

MTHFD1 G1958A
GG
GA
AA

14 (34.1%)
18 (43.9%)
9 (22.0%)

4 (57.1%)
2 (28.6%)
1 (14.3%)

0.509

Data represent number of fetal genotypes and percentage (%) from the total study group.
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11.5.2.3 Fetal genotype distribution from low risk healthy pregnancies (controls) and
those who developed uteroplacental insufficiency including PE and IUGR.
The results indicate that the fetal MTR A2756G variant was associated with the development
of UPI (P = 0.022). A significant result was not detected in relation to PE or IUGR (Appendix
19, Appendix 20); however, the group sizes were small and underpowered. The fetal MTHFR,

MTRR and MTHFD1 variant genotypes did not show any significant relationship with the
development of UPI.
Table 25. Distribution of various fetal polymorphisms in one carbon metabolism from low risk
healthy (control) pregnancies and those who developed uteroplacental insufficiency
Fetal
MTHFR C677T
CC
CT
TT

Control (n = 41)

UPI (n = 47)

Chi-square P

18 (43.9%)
16 (39.0%)
7 (17.1%)

23 (48.9%)
22 (46.8%)
2 (4.3%)

0.132

MTHFR A1298C
AA
AC
CC

19 (46.3%)
19 (46.3%)
3 (7.3%)

26 (55.3%)
16 (34.0%)
5 (10.6%)

0.614

MTR A2756G
AA
AG
GG

23 (56.1%)
18 (43.9%)
0 (0.0%)

26 (55.3%)
14 (29.8%)
7 (14.9%)

0.022

MTRR A66G
AA
AG
GG

16 (39.0%)
20 (48.8%)
5 (12.2%)

15 (31.9%)
25 (53.2%)
7 (14.9%)

0.692

MTHFD1 G1958A
GG
GA
AA

14 (34.1%)
18 (43.9%)
9 (22.0%)

13 (27.7%)
24 (51.1%)
10 (21.3%)

0.662

Data represent number of fetal genotypes and percentage (%) from the total study
group.
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11.5.2.4 The association of fetal polymorphisms on circulating micronutrients and
homocysteine concentrations in the mother
The ANOVA results indicate that the fetal MTR A2756G genotype was significantly
associated with maternal plasma Hcy concentration (P = 0.022); after applying linear
regression the significance improves to P = 0.017. The RCF, SF, vitamin-B12 and vitamin-B6
were not significantly associated to SNPs in MTHFR, MTRR or MTHFD1 (Table 26).
Table

26.

Association

of

fetal

polymorphisms

with

circulating

micronutrients

and

homocysteine concentrations in the mother
Hcy
µmol/L

RCF
nmol/L

SF
nmol/L

B12
pmol/L

B6
status*

MTHFR C677T
CC (n = 51)
4.8 ± 0.2
638.4 ± 35.9
26.1 ± 1.4
202.0 ± 15.5
43.5 ± 2.4
CT (n = 50)
4.6 ± 0.2
647.1 ± 31.2
25.9 ± 1.5
259.7 ± 23.7
41.8 ± 2.3
TT (n = 14)
4.7 ± 0.4
716.1 ± 53.4
28.2 ± 2.6
271.5 ± 45.4
39.5 ± 4.3
ANOVA P
0.809
0.541
0.753
0.084
0.703
MTHFR A1298C
AA (n = 60)
4.9 ± 0.2
651.8 ± 32.3
25.3 ± 1.4
228.5 ± 17.5
40.5 ± 2.0
AC (n = 49)
4.4 ± 0.2
662.4 ± 31.6
27.9 ± 1.4
243.9 ± 22.5
42.4 ± 2.6
CC
(n= 9)
4.9 ± 0.3 606.9 ± 74.2
26.9 ± 3.9
220.9 ± 53.6
53.6 ± 4.2
ANOVA P
0.274
0.809
0.412
0.830
0.75
MTR A2756G
AA (n = 66)
4.5 ± 0.2
665.3 ± 28.8
27.0 ± 1.2
231.1 ± 19.2
42.8 ± 1.9
AG (n = 41)
4.6 ± 0.2
624.7 ± 36.7
25.7 ± 1.7
253.6 ± 22.4
42.6 ± 2.9
GG (n = 11)
5.9 ± 0.5
679.9 ± 74.9
26.3 ± 3.4
180.5 ± 19.5
38.2 ± 4.4
0.023
ANOVA P
0.636
0.811
0.325
0.677
0.017
Adjusted P value**
MTRR A66G
AA (n = 42)
5.0 ± 0.3
637.0 ± 38.0
25.0 ± 1.7
208.5 ± 22.3
43.4 ± 2.6
AG (n = 61)
4.6 ± 0.2
682.7 ± 28.8
28.2 ± 1.2
251.2 ± 17.4
40.9 ± 2.1
GG (n = 14)
4.65± 0.3 566.6 ± 65.1
23.1 ± 2.8
237.9 ± 51.0
44.2 ± 4.4
ANOVA P
0.346
0.220
0.124
0.348
0.679
MTHFD1 G1958A
GG (n = 38)
4.5 ± 0.3
708.8 ± 35.0
29.2 ± 1.7
228.1 ± 25.6
39.4 ± 2.4
GA (n = 53)
4.7 ± 0.2
655.2 ± 34.0
25.0 ± 1.4
248.4 ± 21.2
42.8 ± 2.6
AA (n = 26)
5.1 ± 0.3
565.9 ± 41.3
25.3 ± 1.8
213.8 ± 18.3
46.1 ± 2.2
ANOVA P
0.318
0.054
0.117
0.590
0.280
* Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs
**Controlled for folic acid intake and smoking using linear regression analysis
All data are represented as mean ± SEM
Hcy, L-Homocysteine in plasma; RCF, Red Cell Folate; SF, Serum Folate; B12, Serum vitamin-B12; B6,
Red Cell vitamin-B6.
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11.5.3

Index pregnancy analysis

11.5.3.1 Maternal allele distribution
There were no significant associations detected between maternal allele frequency in the
index pregnancies in relation to the development of UPI. However, the A allele frequency in

MTHFD1 1958 was marginally increased in women who developed UPI (P = 0.061,
Appendix 21).

11.5.3.2 Maternal genotype distribution
Analyses based on index pregnancy data revealed that the MTR A2756G polymorphism was
significantly associated with UPI (P = 0.049, Table 27) suggesting a high risk for those
carrying the G allele. The MTHFR 677 did show a doubling of the variant homozygote
alleles; however with the small sample size these results did not reach significance.

Table 27. Distribution of various maternal genotypes involved in one carbon metabolism genes
in low risk healthy normal (control) pregnancies and those with UPI in their index pregnancy
Maternal
MTHFR C677T
CC
CT
TT

Control (n = 41)

UPI (n = 24)

Chi-square P

15 (36.6%)
23 (56.1%)
3 (7.3%)

10 (41.6%)
10 (41.6%)
4 (16.7%)

0.377

MTHFR A1298C
AA
AC
CC

25 (61.1%)
14 (34.1%)
2 (4.9%)

14 (58.3%)
8 (33.3%)
2 (8.3%)

0.555

MTR A2756G
AA
AG
GG

27 (65.9%)
10 (24.4%)
4 (9.8%)

9 (37.5%)
13 (54.2%)
2 (8.3%)

0.049

MTRR A66G
AA
AG
GG

14 (34.1%)
17 (41.5%)
10 (24.4%)

5 (20.8%)
16 (66.7%)
3 (12.5%)

0.144

MTHFD1 G1958A
GG
GA
AA

17 (41.5%)
19 (46.3%)
5 (12.2%)

5 (20.8%)
13 (54.2%)
6 (25.0%)

0.169

Data represents number of maternal genotypes and percentage (%) from the total
study group.
101

11.6 Discussion
This study suggests the maternal and fetal MTR 2756 G allele to be an important risk factor in
the development of UPI. The maternal MTR 2756 polymorphism investigations in the most
recent pregnancies (including women treated with high dose B-vitamins) did not reveal an
association with UPI; however, in the index pregnancy investigation (including women not
treated with high dose B-vitamins) a significant association was detected in relation to UPI.
This may suggest that high concentrations of folic acid, vitamin-B12 and vitamin-B6 modify
pregnancy outcome. In addition the placental/fetal MTR 2756 GG genotype was significantly
associated with increased plasma Hcy concentration and with the development of UPI. The

MTR A2756G substitution results in an amino acid change of an aspartic acid to a glycine
(D919G), at the penultimate position in a long helix that leads out of the cobalamin domain
[438]. Having the glycine residue at this position could have an effect on the secondary
structure of the protein and therefore have functional consequences [439]. Further studies are
needed to elucidate if this allele change impacts on enzyme activity and in turn one-carbon
metabolism, which may effect placental development and pregnancy outcome.

The other novel finding in this study relates to the maternal MTHFD1 1958 AA genotype and
the development of IUGR, despite the small cohort. To date there have been no studies
investigating the effect of MTHFD1 on PE and/or IUGR. Parle-McDermott et al. investigated

MTHFD1 G1958A in an Irish population and found a significant association with placental
abruption [223] and the occurrence of neural tube defects [225]. Studies in relation to
MTHFD1 are in the early stages and further investigation into various polymorphisms within
the gene and functional tests are required to understand the impact on enzyme activity and the
possible risk associated with placental diseases.

There have been a number of previous studies that have investigated polymorphisms within

MTHFR, MTR and MTRR genes and related these with pregnancy diseases in various
populations [96, 327, 440-444]. Of these genes the most likely candidate is the MTHFR 677 T
allele which has been reported as a genetic risk for PE [96, 201, 445]. Using the classification
data from the most recent pregnancies the MTHFR 677 TT genotype was not related to the
development of UPI. However, using the classification data from the index pregnancies the
MTHFR 677 TT genotype was more frequent (control: 7.3%, UPI: 16.7%) in those that
developed UPI, though due to a small sample size significance was not achieved. These
results are in agreement with a review published by Ray and Laskin[109] demonstrating a
pooled odds ratio of 2.6 for homozygosity of the MTHFR variant genotype in relation to PE.
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Previous studies have shown an association with either MTHFR (C677T and A1298C), MTR
(A2756G), MTRR (A66G) genetic polymorphisms and the levels of circulating Hcy
concentration [294, 302, 425, 446-451]; however, with the exception of the fetal MTR SNP,
an association was not detected in this study. The neutral influence of these polymorphisms
on plasma Hcy may be explained by adequate status in folate, vitamin B12, and vitamin-B6
from supplement intake or dietary sources. Supplementing with folic acid, vitamin-B12,
vitamin-B6 and vitamin-B2 enhance specific enzyme functions, reducing plasma Hcy
concentrations and therefore may have masked the effect of the tested genetic variants. A
number of studies [213, 446, 447, 452] have suggested that maternal environmental factors
have a much greater influence than genetic factors on the levels of circulating Hcy during
pregnancy. In addition the results indicated that the MTHFD1 AA genotype may have been
associated with increased RCF; however after controlling for confounding factors such as
folic acid and vitamin-B12 supplement intake and smoking the relationship was no longer
significant. Moreover, the MTRR 66 GG genotype was associated with increased serum
vitamin-B12, but again the significance was lost after logistic regression was used to control
for vitamin supplement intake with folic acid, vitamin-B12 and smoking.

Chromosome breaks, chromosome rearrangement, gene amplification and cell death were not
associated with the tested one-carbon metabolism SNPs within the maternal genes. Previous
studies[294, 424] have shown that the MTHFR 677TT genotype influences DNA instability
by increasing the rate of micronuclei (MN, a marker for chromosome breaks and loss) and
nucleoplasmic bridges (NPB, a marker of chromosome rearrangement) [453]. In addition, the

MTRR 66 GG variant genotype has been shown to increase MN frequency [2]; despite
previous studies linking polymorphisms involved in one carbon metabolism with genome
damage, it is not surprising that in this study the same SNPs are not associated with MN or
other genome damage markers as supplementation with folic acid and B-vitamin cofactors are
likely to have reduced chromosome breaks, loss and rearrangements. The results indicated
that the MTR 2756GG polymorphism in maternal lymphocyte DNA was significantly
associated with a reduction in nuceloplasmic bridges (NPB); however, after controlling for
vitamin supplementation the significance was lost.

Further studies are needed to clarify the need for individualised dietary therapy based on
genetic make-up.
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12 GLOBAL DNA METHYLATION AND UTEROPLACENTAL
INSUFFICIENCY

12.1 Aim
1.

To determine the relationship between maternal and placental CpG methylation status.

2.

To test whether CpG hypomethylation is associated with increased plasma

homocysteine (Hcy) and genome damage.
3.

To investigate the relationship between CpG methylation in maternal lymphocytes

with circulating B-vitamins, plasma homocysteine (Hcy), genome damage markers and
common single nucleotide polymorphisms (SNPs) in enzymes involved in one-carbon
metabolism.
4.

To determine the effect of maternal concentrations of circulating B-vitamins, plasma

Hcy and common SNPs in enzymes involved in one-carbon metabolism on placental CpG
methylation.

12.2 Hypotheses
1.

Reduced CpG methylation in maternal lymphocyte DNA and placental DNA is a risk

factor for developing UPI including PE and/or IUGR
2.

Reduced CpG methylation in maternal lymphocytes and placental tissue is correlated

with reduced concentrations of red cell folate (RCF), serum folate (SF), serum vitamin-B12,
red blood cell (RBC) vitamin-B6 and/or high plasma Hcy in the mother at 20 weeks gestation.
3.

Altered CpG methylation is associated with increased micronuclei, nuceloplasmic

bridges, nuclear buds, apoptotic and necrotic cell frequency.
4.

Maternal and placental gene polymorphisms involved in one-carbon metabolism

enzymes are associated with altered CpG methylation.

12.3 Introduction
Epigenetic modifications of the genome may affect early growth and development through
their influence on gene expression[266, 276, 454-456]. Methylation of cytosine residues at
CpG dinucleotides is the most extensively characterised epigenetic mark, which is generally
associated with transcriptional silencing, imprinting[454, 456] and X chromosome
inactivation[457] which may significantly alter embryonic viability[458]. In addition, DNA
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methylation contributes to genomic stability and serves as a defence mechanism against
transposable

elements[271].

Changes

in

gene

expression

are

achieved

through

hypermethylation of CpG islands in promoter sequences, modification of histone proteins,
and RNA-based silencing of transcripts[271].

The extent of DNA methylation changes in an orchestrated way during development. After
fertilisation, during the second phase of large-scale epigenetic reprogramming, a general loss
of DNA methylation is observed throughout the preimplantation period of development, but
imprinted DNA methylation is maintained[277, 459]. Although traditionally DNA
methylation has not been considered to be passed from parents to child, there is increasing
evidence that some epigenetic signals may have partial meiotic stability and be transmitted
from one generation to the next[460-464]. Once established, genomic methylation patterns are
generally stable, but may be subjected to changes induced by nutritional factors, hormones,
aging, and stochastic events in the cell[465, 466]. In non-embryonic cells, methylated sites
are distributed globally on approximately 80% of the cytosine residues in CpG
dinucleotides[270, 271].

Mechanistic insights into the role of DNA methylation and the establishment of methylation
patterns during development have come from phenotypic analyses of mice with mutations in
the various DNA methyltransferase (Dnmt) genes[467]. Dnmt enzymes attach methyl groups
to CpG dinucleotides. These enzymes fit into two general classes based on their preferred
DNA substrate. The de novo methyltransferases Dnmt3a and Dnmt3b are mainly responsible
for introducing cytosine methylation at previously unmethylated CpG sites, whereas the
maintenance methyltransferase Dnmt1 copies pre-existing methylation patterns onto the new
DNA strand during DNA replication[458] (Figure 24).
Methylation can inhibit gene expression by recruiting proteins, such as methyl CpG binding
protein 2 (MeCP2), which in turn recruit transcriptional co-repressors (Figure 24)[468-470].
In addition, DNA methylation can directly repress transcription by blocking transcriptional
activators from binding to cognate DNA sequences[471].
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NOTE: This figure is included on page 106 in the print copy of the
thesis held in the University of Adelaide Library.

Figure 24 Epigenetic silencing of transcription.

When CpG dinucleotides are unmethylated in the promoter, RNA Pol and TF can
bind to specific nucleotide sequences and the coding region (exon) is transcribed.
Methylation of CpGs by the activity of Dnmt enables recruitment of methyl CpG
binding protein-2 (MeCP2), which in turn recruits HDAC/ HMT to form an enzyme
complex bound to the gene promoter. The MeCP2/HDAC/HMT complex removes
acetyl groups from histones and catalyses methylation of specific lysine residues
which causes the DNA to condense. This prevents access of RNA polymerase and
transcription factors to DNA. Thus, the overall effect of DNA and histone methylation
is to induce long-term silencing of transcription. Abbreviations: Dnmt, DNA
methyltransferase; HDAC, histone deacetylase; HMT, histone methyltransferase;
PPAR, peroxisome proliferator-activated receptor; RNA Pol, RNA polymerase; TF,
transcription factor. Adapted from Godfrey et al., [472].

Both abnormal hypo- and hypermethylation alter epigenetic gene regulatory
mechanisms, increase DNA damage and play an important role in the aetiology of
human diseases [276, 473]. Immunodeficiency Centromeric region Instability and
Facial anomalies (ICF) syndrome and Rett syndrome are inherited disorders caused
by altered CpG methylation due to mutations in the DNA methyltransferase 3B gene
(DNMT3B) and the gene encoding MeCP2, respectively [460]. In addition, altered
CpG methylation has been associated with human carcinogenesis, several
developmental syndromes [474, 475] and has been implicated in other complex
diseases including type-2 diabetes [476], cardiovascular disease [477], obesity [478]
and UPI [19].
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Folate, vitamin-B12 and vitamin-B6 along with key enzymes are directly involved in DNA
methylation via one-carbon metabolism. Within this metabolic pathway is the synthesis of Sadenosylmethionine (SAM), the universal methyl donor for several biological methylation
reactions. Methionine is regenerated from homocysteine (Hcy) by methionine synthase
(MTR) and methionine synthase reductase (MTRR) in a reaction in which 5methyltetrahydrofolate (methyl-THF) serves as the substrate[280]. The reduced availability of
methyl-THF, the main circulating form of folate, decreases the biosynthesis of SAM, thus
limiting the availability of methyl groups for methylation reactions. Therefore, not only can
dietary folate depletion decrease genomic DNA methylation in humans[279] and animal
models[79] but, as described in the study by Rampersaud and colleagues[279], a folate-replete
diet may also restore DNA methylation status. In addition, a study in rats indicated that DNA
hypomethylation occurs in relation to uteroplacental insufficiency (UPI) and demonstrated the
vulnerability of the fetus in utero, suggesting folate as a key nutritional substrate[19].

Previous global DNA methylation studies thus far have not attempted to address the
association with micronutrients and enzymes involved in one-carbon metabolism in the
context of UPI. In addition the comparison of global CpG DNA methylation between
maternal and placental tissue to date has not been investigated. In this study the measurement
of global methylation represents the total amount of hypo- and hypermethylation that has
occurred within maternal lymphocytes and placental tissue.

12.4 Methodology
12.4.1 Whole blood lymphocyte isolation
Lymphocytes were isolated from whole blood within four hours of collection. Whole blood
was diluted 1:1 with Hanks Balanced Salt Solution (Hanks BSS; Trace Scientific, Melbourne,
Australia) and gently inverted to mix. Diluted blood was gently overlayed onto Ficoll-Paque
(Amershan BioSciences, Uppsala, Sweden) using a ratio of 1:3, e.g. 2ml Ficoll-Paque: 6ml
diluted blood, being careful not to disturb the interface. The tubes were centrifuged at 400 x g
for 30 minutes (1770 rpm MSE Mistral 2000R centrifuge) at 18 – 20°C. The buffy
lymphocyte layer was removed at the interface of the Ficoll-Paque with the diluted plasma
and transferred into a fresh tube using a sterile, plugged Pasteur pipette, taking care not to
remove too much Ficoll-Paque. Three times the volume removed was added of Hanks BSS at
room temperature, then centrifuged at 180 x g for 10 minutes (1000 rpm MSE Mistral 2000R
centrifuge). The supernatant was discarded and the cell pellet (slightly brown colour) was
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resuspended in two times the volume removed of Hanks BSS, using a Pasteur pipette, prior to
centrifuging at 100 x g for 10 minutes (750 rpm MSE Mistral 2000R centrifuge). The
supernatant was discarded and the cells resuspended in 600 µl T10E5 (2.5 mL 1 M Tris HCl,
2.5 mL 0.5 M EDTA, 245 mL dH2O; pH 8.0) and 40 µl 10% sodium dodecyl sulphate (SDS;
pH 7.2) using a Pasteur pipette.

12.4.2 DNA isolation from frozen lymphocytes
DNA was isolated from lymphocytes which had been stored in T10E5 and 10% SDS at -20 ºC.
Briefly lymphocytes were defrosted on ice. Then 50 µl of proteinase K (10 mg/ml) was added
before incubating overnight at 56 ºC. The tubes were cooled on ice before adding 200 µl of
6M NaCl then shaken vigorously for 15 seconds. A uniform white precipitate was formed.
Unwanted cellular matter (white precipitate) was then spun down by centrifugation at 10,000
rpm for 5 minutes at 4ºC. The supernatant was transferred to a clean tube on ice (N.B. This
tube should had sufficient capacity to add a further 2 volumes of liquid). Two volumes of cold
absolute ethanol (stored at -20oC) was added, immediately tubes were gently inverted to
precipitate DNA. The samples were then spun at 16,000 rpm for 1 minute (microfuge) to
pellet the DNA. The DNA was washed with 0.5 ml 70% ethanol for a few minutes. If
necessary DNA was re-pelleted by spinning at 16,000 rpm for 1 minute (microfuge), then
pouring off the supernatant. Alternatively if the DNA was visible it was hooked out to a clean
tube. The tubes were then inverted on a clean tissue and left at room temperature in order for
the pellet to dry (approximately 10 minutes). The dried DNA was dissolved in 300 µL T10E1
(2.5 mL 1 M Tris HCl, 0.5 mL 0.5 M EDTA, 247 mL dH2O; pH 8.0) at 37°C overnight. Once
dissolved, DNA was quantified using a spectrophotometer (Model ND-1000, NanoDrop
Technologies, Delaware, USA); 2 µL DNA was used and the absorbance was read at
260/280 nm. The DNA was stored at -20°C before sending to AmberGen Inc, Waltham, MA,
USA on dry ice.

12.4.3 Global CpG methylation assay
Global CpG methylation was measured in maternal lymphocytes and placental DNA using the
AmberGen CpGlobal™ Protocol (AmberGen Inc, Waltham, MA, USA). In brief, 100 ng of
genomic DNA was digested with HpaII and MspI (Figure 25), in triplicate in a 96 well
microtiter plate for 2 hours at 37oC. In the same wells the 5’overhangs left after digestion
were end-filled with biotinylated nucleotides for 30 minutes at 37oC. The biotinylated DNA
was adhered to the surface of the 96 well microtiter plate using DNA bind solution and left on
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a rotator overnight at room temperature. The wells were washed 4 times with wash solution
and the amount of biotin incorporated into the DNA was detected by HRP
chemiluminescence.

The luminescence was measured using a Wallace Envision 2100

multilabel reader (Perkin Elmer, Shelton, CT, USA).

The proportion of unmethylated

cytosines was calculated by dividing the values for HpaII luminescence by the average value
for MspI luminescence. Therefore, the fraction of methylated cytosine in DNA was:
1 – unmethylated cytosines = methylated cytosines. The full protocol is shown in Appendix
22.

Figure 25 Msp I and Hpa II methylation sensitive restriction enzymes.

Msp I and Hpa II restriction endonucleases both cleave DNA at the C-C-G-G sequence, but Hpa II is
blocked by prior methylation of the internal cytidine whereas Msp I is not. The red circles represent
methyl groups attached to the CpG dinucleotide.

12.4.4 Statistics
Descriptive statistics analysis was performed to give the spread of the data for both maternal
lymphocyte CpG methylation and placental CpG methylation. Pearson’s correlation analysis
was used to measure the degree of an association between the CpG methylation in maternal
and placenta tissue and variables including supplement intake, age, BMI, smoking, genome
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damage markers, micronutrients and homocysteine. Placental DNA CpG methylation was
also correlated with circulating maternal folate, vitamin-B12, vitamin-B6 and homocysteine
(Hcy) using Pearson’s correlation matrix. One-Way ANOVA was used to investigate the
association of maternal and placental polymorphisms in one-carbon metabolism with maternal
lymphocyte CpG methylation. In addition placental CpG methylation was compared to
placental polymorphisms involved in one-carbon metabolism using One-Way ANOVA.
Independent sample t-tests were used to compare CpG methylation in maternal and placental
tissue with pregnancy outcome including UPI, PE and IUGR.

12.5 Results
This study included 27 paired maternal and placental DNA samples. The limited number of
samples was due to a high number of the placental samples exhibiting DNA degradation. The
quality of the samples rendered them unstable for the methylation assay due to artefactual
effects of DNA shearing on the methylation assay.

Thirteen matched maternal and placental samples were from women with low risk
pregnancies; of these eleven had normal outcomes and were classified into the control group.
Fourteen matched maternal and placental samples were from women with high risk
pregnancies of whom seven developed UPI, including four cases of PE and one case of
IUGR.

12.5.1 Descriptive statistics and Pearson’s correlation of maternal and placental
CpG methylation index
The descriptive statistics produced for the CpG methylation index in maternal and placental
DNA are represented in Table 28.
Table 28 Maternal and placental CpG methylation index descriptive statistics
Maternal
lymphocyte DNA
Placental
DNA

N

Mean

Minimum

Maximum

Std. Deviation

27

0.842

0.700

0.900

0.040

27

0.703

0.280

0.880

0.124

The maternal lymphocyte and placental DNA CpG methylation index data did not show a
significant correlation r = 0.149, P = 0.458; however when analysing the data with a paired
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sample t-test the results show a significant difference between the maternal lymphocyte and
placental tissue methylated cytosines (mCyt) P = P < 0.001.

12.5.2 Pearson’s correlation of global CpG methylation with age, BMI and smoking
Global CpG methylation in placental DNA was positively associated with maternal age (r =
0.385, P = 0.047, Table 29). Therefore, increased global CpG methylation was detected in
the placentas of older women. No other correlations were detected.
Table 29 Pearson’s correlations of CpG global methylation with age, BMI
and smoking status in maternal lymphocyte and placental DNA
Age
BMI
Maternal lymphocyte DNA
(n = 27)
0.043
0.332
r value
0.832
0.091
P value
Placental DNA (n = 27)
0.385
r value
0.177
0.047
*P value
0.377
* Correlation is significant at the 0.05 level (2-tailed).

Smokers

0.043
0.832
-0.261
0.189

12.5.3 Pearson’s correlation of global CpG methylation with vitamin supplement
intake
The intake of folic acid and B-vitamin supplements did not show a significant association
with the global CpG methylation index in maternal and placental DNA (Table 30). Increased
vitamin-B6 supplement intake was marginally associated with higher levels of mCyt in
placental tissue.
Table 30 Pearson’s correlation of CpG global methylation with Bvitamin supplement intake in maternal and placental DNA
Maternal (n = 27)
r value
P value
Placental (n = 27)
r value
P value

Folic Acid

Vitamin-B12

Vitamin-B6

0.046
0.821

-0.146
0.497

-0.151
0.483

0.143
0.477

0.217
0.308

0.402
0.051
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12.5.4 Pearson’s correlation of global CpG methylation with circulating maternal
B-vitamins and plasma homocysteine
The maternal circulating concentrations of plasma homocysteine (Hcy), red cell folate (RCF),
serum folate (SF), serum vitamin-B12 and red cell vitamin-B6 were not significantly associated
with global CpG methylation in the maternal or placental DNA (Table 31). A positive trend
was evident between maternal RCF concentrations and global CpG methylation in both
maternal lymphocyte and placental tissue DNA, but this did not reach significance.
Table 31 Pearson’s correlation of global CpG global methylation with circulating Bvitamins and plasma homocysteine in maternal and placental DNA
Hcy
µmol/L

RCF
nmol/L

SF
nmol/L

B12
pmol/L

Maternal (n = 27)
r value
-0.093
0.382
-0.071
-0.112
P value
0.644
0.081
0.725
0.579
Placental (n = 27)
r value
-0.037
0.428
-0.019
0.121
P value
0.855
0.077
0.926
0.549
*Based on PPA activity which is inversely related to vitamin-B6 concentration in RBCs
Hcy, L-Homocysteine in plasma; RCF, Red Cell Folate; SF, Serum Folate; B12, Serum
B12; B6, Red Cell vitamin-B6.

B6
status*
0.016
0.935
-0.093
0.644
vitamin-

12.5.5 Pearson’s correlation of global CpG methylation with maternal genome
damage
The cytokinesis block micronucleus (CBMN) cytome assay genome damage markers in
lymphocytes were scored in the 27 subjects whose samples were tested for global CpG
methylation. There were no significant correlations observed when comparing maternal or
placental CpG methylation with the tested genome damage and cytotoxic biomarkers (Table
32).
Table 32 Pearson correlation of global CpG methylation in maternal lymphocyte and
placental DNA with CBMN assay biomarkers in maternal lymphocytes
MN-BN
NPB-BN
NBUD-BN
NDI
Apoptosis Necrosis
Maternal (n = 27)
r value
-0.019
-0.287
-0.133
-0.194
-0.155
0.007
P value
0.924
0.146
0.507
0.333
0.440
0.972
Placental (n = 27)
r value
-0.161
-0.275
-0.064
0.185
0.060
0.279
P value
0.424
0.165
0.753
0.355
0.766
0.158
MN-BN, Micronucleated binucleate cell; NPB-BN, Binucleated cell with nucleoplasmic bridge;
NBUD-BN, Binucleated cell with nuclear bud; NDI, nuclear division index.
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12.5.6 CpG methylation and maternal one-carbon metabolism genotypes
The maternal MTHFR (C677T and A1298C), MTR (A2756G), MTRR (A66G) and MTHFD1
(G1958A) genotypes were determined in each of the 27 samples used for global CpG
methylation. The tested genotypes were not significantly associated with global CpG
methylation in peripheral lymphocyte DNA and placental DNA, except for the MTHFR 677
TT which was associated with a reduced mCyt in the placental DNA samples (P = 0.026,
Table 33).
Table 33. Maternal and placental global CpG methylation in relation to polymorphisms
in one-carbon metabolism genes in maternal tissue
Maternal lymphocyte
DNA
MTHFR C677T
CC (n = 13)
CT (n = 11)
TT (n = 3)
ANOVA P
MTHFR A1298C
AA (n = 12)
AC (n = 12)
CC (n = 3)
ANOVA P
MTR A2756G
AA (n = 16)
AG (n = 10)
GG (n = 1)
ANOVA P
MTRR A66G
AA (n = 7)
AG (n = 15)
GG (n = 5)
ANOVA P
MTHFD1 G1958A
GG (n = 8)
GA (n = 15)
AA (n = 4)
ANOVA P

Maternal mean CpG
methylation

Placental mean CpG
methylation

0.832
0.853
0.843
0.485

0.724
0.726
0.523
0.026

0.838
0.849
0.833
0.748

0.648
0.750
0.767
0.082

0.837
0.844
0.900
0.324

0.693
0.710
0.790
0.746

0.841
0.836
0.860
0.535

0.643
0.705
0.780
0.168

0.838
0.837
0.865
0.480

0.705
0.704
0.695
0.991
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12.5.7 Placental global CpG methylation and fetal/placental genotypes involved in
one- carbon metabolism
The placental/fetal MTHFR A1298C, MTR (A2756G), MTRR (A66G) and MTHFD1
(G1958A) genotypes were not significantly related to changes in mean CpG methylation in
placental DNA as shown in Table 34. The heterozygous MTHFR C677T genotype was
marginally significant (P = 0.056) in association with placental global CpG methylation;
however there was no obvious trend and these results should be viewed with caution due to
small sample size.
Table 34 Placental global CpG methylation in relation to polymorphisms
in one-carbon metabolism genes in placental and fetal tissue
Placental tissue
DNA
MTHFR C677T
CC (n = 14)
CT (n = 11)
TT (n = 2)
MTHFR A1298C
AA (n = 7)
AC (n = 17)
CC (n = 3)
MTR A2756G
AA (n = 11)
AG (n = 13)
GG (n = 3)
MTRR A66G
AA (n = 6)
AG (n = 16)
GG (n = 5)
MTHFD1 G1958A
GG (n = 7)
GA (n = 14)
AA (n = 6)

12.5.8 Global

CpG

Placental mean CpG
methylation*

ANOVA P

0.729
0.626
0.797

0.056

0.710
0.697
0.723

0.933

0.729
0.626
0.797

0.600

0.708
0.691
0.732

0.796

0.670
0.741
0.653

0.260

methylation

and

the

development

of

uteroplacental

insufficiency
Global CpG methylation in maternal lymphocyte and placental DNA in women who
developed uteroplacental insufficiency (UPI) or preeclampsia (PE) or IUGR were not
significantly different compared to those with healthy outcomes (controls). The power
comparisons were weak due to small sample sizes (Table 35).
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Table 35 Mean CpG Methylation status in pregnancy groups
Maternal mean CpG
methylation*

Placental mean CpG
methylation*

Low risk (n = 13)
High risk (n = 14)
T-test (2-tailed) P

0.837 ± 0.015
0.846 ± 0.007
0.553

0.689 ± 0.043
0.716 ± 0.023
0.589

Control (n = 11)
UPI (n = 7)
T-test (2-tailed) P

0.830 ± 0.018
0.849 ± 0.007
0.514

0.678 ± 0.053
0.694 ± 0.038
0.671

Control (n = 11)
PE (n = 4)
T-test (2-tailed) P

0.830 ± 0.018
0.863 ± 0.006
0.302

0.678 ± 0.053
0.745 ± 0.041
0.466

Control (n = 11)
IUGR (n = 1)
T-test (2-tailed) P

0.830 ± 0.012
0.860 ± 0.000
0.635

0.678 ± 0.053
0.760 ± 0.000
0.651

All data are represented as mean ± SEM

12.6 Discussion
The present study indicates that global CpG methylation (the level of 5-methylcytosine
(mCyt)) in maternal lymphocyte DNA at 20 weeks gestation is unlikely to be a useful
diagnostic for the prediction of uteroplacental insufficiency (UPI); however, these results do
not exclude a change in specific genomic DNA methylation patterns in important subsets of
maternal and/or placental tissues and/or genes in relation to UPI. It is well recognised that
methylation of genomic DNA is involved in a wide range of pathological cellular
phenomena[461] and it is plausible that small changes in gene specific methylation patterns
may impact on placental development and subsequently UPI.

The results show that increased maternal age was significantly associated with an increased
level of mCyt in the placenta. Previous findings have consistently shown an age-dependent
decrease of global methylation levels in human tissues[270, 461, 479, 480]; however, to date
no studies have compared maternal age with global methylation in placental tissue. The
results in the previous chapter demonstrate that older women had a higher folic acid
supplement intake than younger women, which may account for this rise in mCyt.

Maternal single nucleotide polymorphisms (SNPs) within genes involved in one-carbon
metabolism and methyl group synthesis were not significantly related to changes in mCyt
levels in maternal lymphocyte DNA. Previous studies have shown that homozygotes for the
115

MTHFR 677 T exhibit a significantly lower level of mCyt in DNA, but only under conditions
of low folate status[282, 481]. At increased levels of folate, the amount of mCyt in DNA from

MTHFR TT carriers does not differ from that among the MTHFR 677 CC individuals[282,
481]. This finding may explain the non significant results observed in this study as nutritional
supplementation with high doses of folic acid can increase methylation and normalise gene
expression at specific loci[482]. Hence, supplementation with methyl donors, such as folic
acid, may correct for genetically based epigenetic deficiencies[265]. In contrast the maternal

MTHFR 677 TT genotype was associated with reduced mCyt in placental DNA suggesting a
greater susceptibility to genetic effects in this rapidly growing tissue. MTHFR is considered a
key enzyme in one-carbon metabolism, since it is responsible for the irreversible conversion
of 5, 10-methyleneTHF to 5-methylTHF, which serves as methyl donor for methionine, the
precursor of SAM.

A positive trend was observed in relation to mCyt status in both maternal and placenta DNA
with increased maternal red cell folate. These findings are not as strong as in previous
studies[102, 103, 278, 483, 484]; however this may be due to small sample size. A study by
Jacob et al.[278] clearly demonstrated the significant effects of folate on methylation. This
study showed more than 100% increase in DNA hypomethylation after 9 weeks on low folate
(56–111 µg/day) and a subsequent increase in DNA methylation after a further 3 weeks on a
high folate diet (286–516 µg/day). Moreover, folate and B-vitamin deficiency increased Hcy
levels, which causes DNA hypomethylation, and affects the expression of genes such as
methyl CpG binding protein 2[485-487]. In addition a study by Park et al.[488] showed that
the maternal folate and Hcy concentration along with the MTHFR 677 genetic polymorphism
during pregnancy affected DNA methylation in the placenta.

Both hypo- or hyper-gene-specific methylation have been described in relation to impaired
folate status. Previous animal studies have shown folate deficiency induces hypomethylation
[489] although, under dietary folate/methyl depletion, DNA methyltransferase activity in rats
has been described to be up-regulated[489, 490], leading to hypermethylation at specific
loci[491]. Hypomethylation occurs mostly outside of promoters in CpG depleted areas as well
as in repetitive elements[473] and has been shown to increase chromosome loss and breaks in
the form of micronuclei (MN)[270, 326, 492].
The results from this study do not indicate that global CpG methylation is associated with
CBMN genome damage and cytotoxic biomarkers in this cohort; however, this study had
limited samples and therefore we can not discard the role of methylation and genome damage
until further larger studies are performed. A study in young Australian adults indicated that
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supplementation with folic acid and vitamin-B12 did not alter methylation in lymphocytes, but
did reduce MN frequency[231] suggesting there are other mechanisms besides CpG
methylation that may account for the genome protective effects of folate and vitamin-B12,
which include prevention of uracil incorporation into DNA which leads to chromosome
breakage.

The ICF immunodeficiency syndrome, is caused by hypomethylation which leads to
despiralisation of centromeric heterochromatin of chromosomes 1, 9 and 16, which
consequently gives rise to MN [493, 494]. In addition increased genome damage can also be
caused by hypermethylation of CpG islands within or adjacent to the promoter regions of
housekeeping genes involved in cell cycle check points and DNA repair[266, 333].
Hypermethylation of the mitotic spindle check-point genes, such as APC, BUB1 and HCDC4,
can reduce their expression and increase genome damage in the form of MN[333, 495-498].

The undetected change in global CpG methylation among women with healthy pregnancy and
women who developed UPI suggests that other mechanisms may be operating. Alternatively,
this study suggests that methylation differences are very subtle occurring at specific sites or
genes. Placental and fetal development is dependent upon imprinted genes regulated by
methylation[296, 499, 500]. In addition, the placenta exhibits unique features of epigenetic
DNA

regulation

including

X

inactivation[501,

502]

and

the

expression

of

retrotransposons[503-505]. Therefore, gene specific methylation targeted at genes involved in
placentation should be investigated in future studies.
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13 GENERAL DISCUSSION
Accumulating evidence shows that trophoblastic invasiveness is regulated by a balance
between the local expression of molecules which promote invasion and those that inhibit
invasion[331]. For these signalling molecules to be expressed and accurate angiogenesis to
occur, genomic stability is crucial as gene dosage may alter gene expression resulting in
altered cellular phenotypes and possibly reduced proliferative potential of cells. Angiogenesis,
defined as the formation of new vessels sprouting from pre-existing endothelium, is essential
to allow uteroplacental circulation which is necessary for the growing needs of the fetus[332].
Trophoblast invasion and angiogenesis may be altered if cells experience abnormal DNA
damage rates, given that increased DNA damage often results in altered gene expression, cell
cycle delay, reduced nuclear division rate and cell death[333].

The major finding in this study is that increased micronuclei (MN) in maternal peripheral
lymphocytes (at 20 weeks gestation) is associated prospectively with UPI. MN can result
from chromosome loss or chromosome breakage. Therefore, MN can be used to classify DNA
damage into the aneugenic category, which refers to the loss or gain of whole chromosomes,
thereby inducing an aneuploidy, or clastogenic category referring to chromosome breakage.
Of particular interest is that the additional CBMN genome damage (NPB, NBUD and NDI)
and cytotoxic biomarkers (apoptosis and necrosis) were not significantly increased in
association with UPI. Nucleoplasmic bridges (NPB) are caused by telomere end fusions or
mis-repair of chromosome breaks and are often detected with an adjacent micronucleus. Both
MN and NPB can occur in cells exposed to clastogens (DNA-breaking agents)[506]. In
addition to MN and NPB the CBMN assay allows for the detection of nuclear buds (NB),
which represent a mechanism by which cells remove amplified DNA and are therefore
considered a marker of possible gene amplification[506]. As MN was the only genome
damage marker to be significantly increased in UPI relative to healthy pregnancy controls, it
is plausible that MN have resulted from chromosome loss, not chromosome breakage,
resulting in possible aneuploidy. Chromosome loss has been shown to produce permanent
genomic changes in cells, and such changes can alter gene expression[507]. Altered gene
expression may affect trophoblast cell phenotype impacting on invasion and modification of
maternal spiral arteries ultimately reducing uteroplacental circulation. In addition, aneuploidy
has been associated with infertility[508], developmental defects in the fetus[509] and
leukaemia[510].
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In this study folate, vitamin-B12 and vitamin-B6 deficiency did not appear to be the cause of
increased genome damage, which may be explained by the high B-vitamin consumption of
many women in this study; however, the need for folate in fetal growth was emphasised as
maternal red cell folate (RCF) < 400 nmol/L measured in the mother at 20 weeks gestation
was prospectively associated with the IUGR.
Circulating Hcy was correlated with increased chromosome damage (MN and NPB), as
indicated in previous studies[231, 511]. In addition, past studies have associated Hcy with
UPI[134], but despite several pathophysiological hypotheses including impaired cell
proliferation[303], increased oxidative stress[512], apoptosis[246, 513], reduced extraembryonic vascular development[514] , augmenting inflammatory responses, and
hypomethylation[515] it has not been clear whether increased Hcy is causally related to UPI
or whether it is just a marker of the increased risk for UPI. This study suggests a causal
relationship as increased Hcy at 20 weeks was associated prospectively with the subsequent
development of UPI in later pregnancy.
Our results are of particular interest because, despite high supplementation with folic acid,
vitamin-B12 and vitamin-B6 in women with high risk pregnancies, their plasma Hcy levels
were not significantly lower compared to those with low risk pregnancies and reduced
supplement intakes. There is general agreement that Hcy concentrations are lower during
pregnancy[107, 118, 384]; however, the reason for this is unknown. Steegers-Theunissen et
al.[516] have suggested that the low levels are due to active remethylation of Hcy to
methionine in the fetal tissues, based on the observation of low Hcy compared to high
methionine concentrations in amniotic fluid in early pregnancy. It is likely that a higher rate
of Hcy is consumed in the mother to produce methionine for methylation reactions via Sadenosyl methionine (SAM) and for polyamine and protein synthesis to support placental and
fetal development[118, 385, 514].
Of interest is that the fetal MTR 2756 GG genotype was significantly associated with
increased plasma Hcy concentration and UPI; however, the maternal MTR 2756
polymorphisms (women treated with high dose B-vitamins) did not reveal an association with
UPI in the current pregnancies. In an attempt to depict a better understanding of the genetic
impact without the interference of increased B-vitamin consumption the index pregnancies
(prior pregnancies without increased B-vitamins) were analysed. The additional analyses
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revealed a significant association with the MTR 2756 GG maternal genotype and UPI,
suggesting that B-vitamins may have improved pregnancy outcome.
The novel MTHFD1 1958 single nucleotide polymorphism (SNP) was associated with a risk
for IUGR, warranting the need for functional studies associated with this polymorphism. A
strong association was not detected in SNPs within the MTHFR gene and other one-carbon
metabolism genes; however, these results are not surprising due to the high supplementation
levels which would have altered kinetics in the one – carbon metabolic cycle and
compensated for underlying metabolic defects. The index pregnancy (prior pregnancies
without increased B-vitamins) analysis revealed a stronger association with the MTHFR 677
T allele and UPI; however, larger studies are needed to clarify this.
The analysis of global CpG methylation in relation to genome damage, one – carbon
metabolism and UPI did not reveal and significant associations. This suggests that DNA
hypomethylation, which has been shown to cause chromosomes loss[366], was not the cause
of increased MN in this study.

13.1 Future directions
This study has resulted in exciting preliminary data on the association of MN and Hcy with
UPI. The next step is to perform a larger cohort study that does not discriminate between high
risk and low risk pregnancies, in order to prospectively confirm and quantify the association
between MN frequency and UPI and, in particular, also the different types of UPI, i.e.
preeclampsia, versus IUGR, versus placental abruption and placental pathology-associated
preterm labour. In addition studies are required to verify that the increased MN is induced by
chromosome loss, and importantly if it is a specific chromosome that is continually eliminated
during mitosis. This can be done using the CBMN cytome assay, combined with FISH or
other cytological methods such as differential staining of chromosomes or with the use of
centromeric DNA probes, which allow distinction between clastogenic events, chromosome
loss and chromosome non-disjunction[517].
Structures that are thought to be involved in chromosomal segregation should be the major
targets in future studies to identify the mechanism behind the increase in chromosome loss.
Chromosome segregation machinery components that are implicated with chromosome loss
include deficiencies in the cell cycle controlling genes (e.g. MAD[518] and BUB[368]),
defects in mitotic spindle assembly[319, 517, 519], kinetochore proteins[310], histone
phosphorylation and topoisomerase II.
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Proliferating cells have check points that ensure that cell division does not proceed if DNA
damage has not been repaired or if chromosome alignment is imprecise[520-522]. Progression
through the cell division cycle is discontinuous, in the sense that the cell pauses prior to each
cell cycle transition to check that everything necessary is in place before committing itself to
proceeding further[523-525]. These cell cycle checkpoints are essential for preserving the
normal chromosome number and act synergistically with homologous recombination
functions to ensure that chromosomes are segregated correctly to daughter cells[526]. The
spindle checkpoint is a highly conserved signal transduction pathway that links the initiation
of anaphase to spindle assembly and the completion of chromosome – microtubule attachment
[527, 528]. The presence of even a single misaligned or unattached chromosome is sufficient
to activate the checkpoint and arrest a cell at the metaphase to anaphase transition [529, 530].
Arrest caused by an unattached chromosome is overcome by laser ablation of the kinetochore,
the structure that mediates chromosome–microtubule attachment[531, 532]. Thus, the signal
for checkpoint-dependent arrest arises from, or is transduced through, kinetochores58.
Genes involved in the spindle assembly checkpoint were first identified in the yeast S.

cerevisiae and include the mitotic arrest defective genes MAD 1–3 [518] and the budding
uninhibited by benzimidazole genes BUB 1–3[527]. Mad1–3p, Bub1p, and Bub3p are
proteins that link anaphase to the completion of spindle assembly[533]; however, Bub2p
appears to be part of a second pathway that acts later in the cell cycle to link spindle assembly
to mitotic exit and cytokinesis[533, 534]. The addition of antimicrotubule drugs to yeast cells
lacking any single MAD or BUB gene causes the cells to proceed through mitosis without
having established chromosome – microtubule attachments. This causes extensive
chromosome loss and cell death[518, 527]. In animal cells, several Mad and Bub proteins
localize to kinetochores unattached to microtubules, consistent with the observation that
kinetochores are involved in generating the checkpoint signal[528, 535].
Abnormal phosphorylation patterns of the histones during metaphase could lead to abnormal
chromosome segregation and extensive chromosome loss during mitosis[536]. Alternatively,
chromosome loss can be induced by perturbing anaphase segregation with topoisomerase II
inhibitors[537]. Topoisomerase II is an important enzyme associated with many aspects of
chromosome dynamics including DNA replication, transcription, recombination, chromosome
condensation and segregation[538]. Of these, chromosome segregation is the most seriously
affected by loss of topoisomerase II expression or activity[537], hence topoisomerase II
activity could be a possible target for future studies.
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Furthermore, Visintin et al.[539] suggested a specific connection between the spindle
checkpoint and programmed cell death. It is believed that apoptosis is triggered after a cell
has experienced a prolonged mitotic arrest, thereby reducing the chance that the cell can
escape the checkpoint and become aneuploid[540]. In this study reduced apoptosis was
observed in association with UPI. This suggests that cells with DNA damage may have
escaped apoptosis allowing an unattached chromosome to progress in a micronucleus, which
may explain the increase in MN frequency in women who developed UPI.
In addition to B-vitamins other micronutrients have been identified in maintenance of genome
stability[1, 102, 229, 541, 542], and it is plausible that women with increased MN were
deficient in micronutrients that affect chromosome segregation. There are approximately 40
micronutrients required in the human diet[543], and many are crucial in determining genomic
stability[372]. For example, calcium has been associated with checkpoint-related cell cycle
transitions[544-546]. In addition, zinc, selenium, and vitamins C and E, as well as a variety of
classes of nonessential nutrients and bioactive components have been shown to influence
cellular processes associated with cell cycle control, apoptosis, and angiogenesis[547, 548]. A
recent report determined the association between dietary intake and genome damage in
lymphocytes[366] measured using the CBMN cytome assay, which highlighted increased
intake of vitamin E, retinol, folic acid, nicotinic acid and calcium with significant reductions
in MN frequency. This illustrates the strong impact of a variety of micronutrients on genome
health and the need for further studies incorporating other dietary factors when investigating
the relationship between MN and UPI. In addition, studies have suggested that regular use of
a multivitamin supplement in the periconceptional period may help to prevent severe preterm
births[100], extreme SGA[100] and PE[99].
Aside from investigations into the mechanism behind increased MN future studies are
required to validate the prospective relationship between Hcy and UPI. In addition, factors
that can cause increased Hcy should be considered: these include smoking (including the
amount of cigarettes)[394], metabolic deficiencies or defects, such as reduced riboflavin [101]
and macronutrient intake as reports have shown that high fat[549-551] and high sucrose[551]
increase circulating Hcy concentrations. Of particular interest is that this study may indicate
that high risk patients need increased B-vitamin consumption to achieve normal Hcy
concentrations that the low risk (healthy) population readily maintain.
This study has shown that reduced folate and high Hcy are significantly associated with
IUGR. In order to understand the mechanism behind reduced growth it would be beneficial in
future studies to have knowledge on methionine concentrations. In addition, it is plausible that
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the MTR 2756 G allele may slow the conversion of Hcy to methionine increasing the risk for
UPI. Therefore, these data may suggest that high concentrations of folic acid, vitamin-B12 and
vitamin-B6 are beneficial in modifying pregnancy outcome in MTR 2756 G allele carriers.
Moreover, a recent study with 10,601 adults indicated that individuals with the MTHFR TT
genotype were particularly sensitive to the status of several B-vitamins[552], indicating the
need to design investigations which account for vitamin/mineral cofactors that interact with
associated enzymes when assessing polymorphisms.
It is plausible that single nucleotide polymorphisms that were tested in genes involved in one
- carbon metabolism may harbour undiscovered potential variation; therefore there is a need
to explore polymorphisms that have not been published by sequencing or a comparable
method. Furthermore, not all potential folate genes have been studied, in particular the many
methyltransferases that catalyze the transfer of methyl groups for DNA, RNA and proteins,
have not, so far, been investigated. The ICF immunodeficiency syndrome, shows that a
mutation in the DNA methyltransferase gene, causes despiralisation of heterochromatin and
loss of chromosomes 1, 9 and 16 into MN[553, 554]. The use of dedicated SNP arrays that
allow high-throughput genotyping, in combination with haplotype analyses[376, 548], may
help elucidate a wider range of SNPs associated with genome damage and UPI.
The majority of publications related to DNA damage provide evidence that higher frequencies
of MN are found in the populations exposed to genotoxic agents[310]. Therefore, we can
speculate that women with an abnormally high frequency of MN within the high risk and
pathologic groups may have been chronically exposed to a mutagen or aneugen. Furthermore,
there is emerging evidence that air pollution is associated with aneuploidy and elevated risk of
adverse pregnancy outcomes[555-557]. Carcinogenic polycyclic aromatic hydrocarbons
(PAHs) are widely present in the environment, as products of the combustion of fossil fuels
and of cigarette smoking, in ambient indoor air, and in grilled and smoked foods[558-563].
Polymorphisms in metabolic and DNA repair genes identify subjects susceptible to DNA
damage by exposure to carcinogenic PAHs. Susceptible polymorphisms in metabolic and
DNA repair genes that may be associated with increased aneuploidy and MN include
cytochrome P450 (CYP1A1)[564], glutathione S-transferase (GST)[565] , and Nacetyltransferases (NAT)[566]. In addition CYP1A1, NAT2, GSTM1 and GSTT1
polymorphisms have been associated with low birth weight and specific cancers[564, 567].
This study indicated that global CpG methylation in maternal lymphocyte DNA is unlikely to
be a useful diagnostic for the prediction of uteroplacental insufficiency (UPI); however, these
results do not exclude a change in specific genomic DNA methylation patterns in important
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subsets of maternal and/or placental tissues and/or genes in relation to UPI. Future studies
should target gene specific methylation focusing on genes involved in placentation, such as

IGF and mitotic spindle check point genes such as MAD and BUB. Furthermore, messenger
RNA and proteomic array technology may be useful to identify differences in gene expression
that are indicative of increased risk for UPI.

13.2 Conclusion
To the best of our knowledge this is the first study to measure maternal genome damage in
relation to uteroplacental insufficiency (UPI) including preeclampsia (PE) and intrauterine
growth restriction (IUGR). In addition, individual factors involved in one - carbon
metabolism that have been related to UPI in previous studies have been combined to provide
a more comprehensive investigation into the pathophysiology of UPI. These preliminary
results may lead to the development of diagnostic indices for increased risk for UPI, using the
MN index along with metabolic and genetic factors associated with one-carbon metabolism
(Figure 26).
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Figure 26 Schematic mechanism for development of UPI
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Understanding the impact of specific micronutrients, their related metabolic pathways and
genome stability in relation to pregnancy outcomes is an important area in reproductive
research. Advances in our knowledge have opened up a new opportunity in the prevention of
pregnancy diseases based on the concepts that (a) excessive genome damage is related to
infertility, UPI and developmental defects, (b) genome damage caused by micronutrient
deficiency is preventable, (c) accurate diagnosis of genome instability using DNA damage
biomarkers that are sensitive to micronutrient deficiency is technically feasible and (d) it is
possible to optimise nutritional status and verify efficacy by confirmation of a reduction in
genome damage rate after intervention[284].
Given the fundamental importance of the nutritional genomic affects of dietary factors, and
the pace of development in molecular diagnostics, it is not hard to envisage a new era in
preventive medicine that has even greater emphasis on diet as a means to a healthy pregnancy
and long and healthy life[298]—indeed, a return to Hippocrates' famous "Let food be thy
medicine and medicine be thy food" philosophy; however, in this era we have the advantage
of technology to diagnose the effect of dietary choice at the genomic level.
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15 APPENDIX
Appendix 1 Pearsons correlation of genome damage markers age, BMI and smoking
MN-BN
N = 136

Pearson Correlation
Sig. (2-tailed)

NPBs
N = 136

Pearson Correlation
Sig. (2-tailed)

NBUDs
N = 136

Pearson Correlation
Sig. (2-tailed)

NDI
N = 136

Pearson Correlation
Sig. (2-tailed)

Apoptosis
N = 136

Pearson Correlation
Sig. (2-tailed)

Necrosis
N = 136

Pearson Correlation
Sig. (2-tailed)

Age
N = 143

Pearson Correlation
Sig. (2-tailed)

BMI
N = 143

Pearson Correlation
Sig. (2-tailed)

NPB-BN
0.247
0.004

NBUD-BN
0.422
> 0.001

NDI
-0.277
0.001

Apoptosis
0.069
0.427

Necrosis
0.056
0.515

Age
0.253
0.003

BMI
0.067
0.442

Smoker
0.241
0.005

0.437
> 0.001

-0.207
0.016

0.184
0.032

0.043
0.622

-0.126
0.144

0.144
0.094

0.017
0.843

-0.401
0.001

0.237
0.006

0.090
0.295

-0.030
0.731

0.043
0.616

-0.024
0.783

-0.007
0.933

0.149
0.082

-0.082
0.341

0.029
0.735

0.077
0.372

0.625
> 0.001

-0.145
0.092

0.024
0.785

0.020
0.821

-0.078
0.369

-0.069
0.424

0.021
0.806

0.007
0.931

-0.184
0.028
0.132
0.115
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Appendix 2: Alleleic discrimination output

Figure 27. Allelic discrimination output
This figure represents the Applied Biosystems ABI output for alleleic discrimination. The red
circles represent the homozygous common alleles, the blue diamond represents the
homozygous variant alleles, the green triangle represents the heterozygotes and the grey
squares represent the non template controls.
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Appendix 3 Distribution of various maternal alleles involved in one carbon metabolism genes
in low risk pregnancies with normal and adverse outcomes
Maternal
MTHFR C677T
C
T

Normal (n = 42)

Adverse (n = 7)

Chi-square P

54 (64.3%)
30 (35.7%)

10 (71.4%)
4 (28.6%)

0.603

MTHFR A1298C
A
C

65 (77.4%)
19 (22.6%)

11 (78.6%)
3 (21.4%)

0.921

MTR A2756G
A
G

66 (78.6%)
18 (21.4%)

9 (64.3%)
5 (35.7%)

0.243

MTRR A66G
A
G

46 (54.8%)
38 (45.2%)

8 (57.1%)
6 (42.9%)

0.868

MTHFD1 G1958A
G
A

53 (63.1%)
31 (36.9%)

8 (57.1%)
6 (42.9%)

0.670

Data represents number of alleles for each group and percentage (%) within each group.
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Appendix 4 Distribution of various maternal alleles involved in one carbon metabolism genes
in high risk pregnancies with normal and adverse outcomes
Maternal
MTHFR C677T
C
T

Normal (n = 28)

Adverse (n = 61)

Chi-square P

35 (62.5%)
21 (37.5%)

88 (72.1%)
34 (27.9%)

0.196

MTHFR A1298C
A
C

43 (76.8%)
13 (23.2%)

89 (72.9%)
33 (27.1%)

0.587

MTR A2756G
A
G

45 (80.4%)
11 (19.6%)

93 (76.2%)
29 (23.8%)

0.540

MTRR A66G
A
G

36 (64.3%)
20 (35.7%)

64 (52.5%)
58 (47.5%)

0.139

MTHFD1 G1958A
G
A

28 (50.0%)
28 (50.0%

57 (46.7%)
65 (53.3%)

0.684

Data represents number of alleles for each group and percentage (%)
within each group.
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Appendix 5 Distribution of various maternal alleles involved in one carbon metabolism genes
in low risk healthy pregnancies and UPI
Maternal
MTHFR C677T
C
T

Control (n = 42)

UPI (n = 48)

Chi-square P

54 (64.3%)
30 (35.7%)

67 (69.8%)
29 (30.2%)

0.432

MTHFR A1298C
A
C

65 (77.4%)
19 (22.6%)

63 (65.6%)
23 (24.0%)

0.533

MTR A2756G
A
G

66 (78.6%)
18 (21.4%)

70 (72.9%)
26 (27.1%)

0.378

MTRR A66G
A
G

46 (54.8%)
38 (45.2%)

52 (54.2%)
44 (45.8%)

0.936

MTHFD1 G1958A
G
A

53 (63.1%)
31 (36.9%)

50 (52.8%)
46 (47.9%)

0.136

Data represents number of alleles for each group and percentage (%) within each group.
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Appendix 6 Distribution of various maternal alleles involved in one carbon metabolism genes
in low risk healthy pregnancies and PE
Maternal
MTHFR C677T
C
T

Control (n = 42)

PE (n = 15)

Chi-square P

54 (64.3%)
30 (35.7%)

21 (70.0%)
9 (30.0%)

0.571

MTHFR A1298C
A
C

65 (77.4%)
19 (22.6%)

20 (66.7%)
10 (33.3%)

0.247

MTR A2756G
A
G

66 (78.6%)
18 (21.4%)

25 (83.3%)
5 (16.7%)

0.577

MTRR A66G
A
G

46 (54.8%)
38 (45.2%)

15 (50.0%)
15 (50.0%)

0.653

MTHFD1 G1958A
G
A

53 (63.1%)
31 (36.9%)

18 (60.0%)
12 (40.0%)

0.764

Data represents number of alleles for each group and percentage (%) within each group.
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Appendix 7 Distribution of various maternal alleles involved in one carbon metabolism genes
in low risk healthy pregnancies and IUGR
Maternal
MTHFR C677T
C
T

Control (n = 42)

IUGR (n = 18)

Chi-square P

54 (64.3%)
30 (35.7%)

27 (75.0%)
9 (25.0%)

0.251

MTHFR A1298C
A
C

65 (77.4%)
19 (22.6%)

25 (69.4%)
11 (30.6%)

0.357

MTR A2756G
A
G

66 (78.6%)
18 (21.4%)

26 (72.2%)
10 (27.8%)

0.568

MTRR A66G
A
G

46 (54.8%)
38 (45.2%)

21 (58.3%)
15 (41.7%)

0.718

MTHFD1 G1958A
G
A

53 (63.1%)
31 (36.9%)

17 (47.2%)
19 (52.8%)

0.214

Data represents number of alleles for each group and percentage (%) within each group.
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Appendix 8 Distribution of various maternal genotypes involved in one carbon metabolism
genes in low risk pregnancies and pregnancies at high risk of developing UPI
Maternal
MTHFR C677T
CC
CT
TT

Low Risk

High Risk

Chi-square P

18 (36.7%)
28 (57.1%)
3 (6.1%)

44 (49.5%)
35 (39.3%)
10 (11.2%)

0.122

MTHFR A1298C
AA
AC
CC

30 (61.2%)
16 (32.7%)
3 (6.7%)

49 (55.1%)
34 (38.2%)
6(6.7%)

0.780

MTR A2756G
AA
AG
GG

31 (63.3%)
13 (26.5%)
5 (10.2%)

53 (59.6%)
32 (36.0%)
4 (4.5%)

0.285

MTRR A66G
AA
AG
GG

16 (32.7%)
22 (44.9%)
11 (22.4%)

26 (29.2%)
48 (53.9%)
15 (16.9%)

0.561

MTHFD1 G1958A
GG
GA
AA

19 (38.8%)
23 (46.9%)
7 (14.3%)

24 (27.0%)
45 (50.6%)
20 (22.5%)

0.275

Data represents number of women for each genotype and percentage (%)
from the total study group.
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Appendix 9: Distribution of various maternal genotypes involved in one carbon metabolism
genes in low risk pregnancies with normal and adverse outcomes
Maternal
MTHFR C677T
CC
CT
TT

Normal (n = 42)

Adverse (n = 7)

Chi-square P

15 (35.7%)
24 (57.1%)
3 (7.1%)

3 (42.9%)
4 (57.1%)
0 (0.0%)

0.747

MTHFR A1298C
AA
AC
CC

25 (59.5%)
15 (35.7%)
2 (4.8%)

5 (71.4%)
1 (14.3%)
1 (14.3%)

0.392

MTR A2756G
AA
AG
GG

28 (66.7%)
10 (23.8%)
4 (9.5%)

3 (42.9%)
3 (42.9%)
1 (14.3%)

0.474

MTRR A66G
AA
AG
GG

14 (33.3%)
18 (42.9%)
10 (23.8%)

2 (28.6%)
4 (57.1%)
1 (14.3%)

0.757

MTHFD1 G1958A
GG
GA
AA

17 (40.5%)
19 (45.2%)
6 (14.3%)

2 (28.6%)
4 (57.1%)
1 (14.3%)

0.819

Data represents number of women for each genotype and percentage (%)
from the total study group
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Appendix 10: Distribution of various maternal genotypes involved in one carbon metabolism
genes in high risk pregnancies with normal and adverse outcomes
Maternal
MTHFR C677T
CC
CT
TT

Normal (n = 28)

Adverse (n = 61)

Chi-square P

11 (39.3%)
13 (46.4%)
4 (14.3%)

33 (54.1%)
22 (36.1%)
6 (9.8%)

0.424

MTHFR A1298C
AA
AC
CC

17 (60.7%)
9 (32.1%)
2 (7.1%)

32 (52.5%)
25 (41.0%)
4 (6.6%)

0.726

MTR A2756G
AA
AG
GG

17 (60.7%)
11 (39.3%)
0 (0.0%)

36 (59.0%)
21 (34.4%)
4 (6.6%)

0.373

MTRR A66G
AA
AG
GG

10 (35.7%)
16 (57.1%)
2 (7.1%)

16 (26.2%)
32 (52.5%)
13 (21.3%)

0.228

MTHFD1 G1958A
GG
GA
AA

6 (21.4%)
16 (57.1%)
6 (21.4%)

14 (23.0%)
29 (47.5%)
18 (29.5%)

0.659

Data represents number of women for each genotype and percentage (%) from
the total study group
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Appendix 11: Distribution of various maternal genotypes involved in one carbon metabolism
genes in low risk healthy pregnancies (controls) and uteroplacental insufficiency
Maternal
MTHFR C677T
CC
CT
TT

Control (n = 42)

UPI (n = 48)

Chi-square P

15 (35.7%)
24 (57.1%)
3 (7.1%)

24 (50.0%)
19 (39.6%)
5 (10.4%)

0.415

MTHFR A1298C
AA
AC
CC

25 (59.5%)
15 (35.7%)
2 (4.8%)

27 (56.3%)
19 (39.6%)
2 (4.2%)

0.609

MTR A2756G
AA
AG
GG

28 (66.7%)
10 (23.8%)
4 (9.5%)

26 (54.2%)
18 (42.8%)
4 (8.3%)

0.336

MTRR A66G
AA
AG
GG

14 (33.3%)
18 (42.9%)
10 (23.8%)

14 (29.2%)
24 (50.0%)
10 (20.8%)

0.604

MTHFD1 G1958A
GG
GA
AA

17 (40.5%)
19 (45.2%)
6 (14.3%)

14 (29.2%)
22 (45.8%)
12 (25.0%)

0.201

Data represents number of women for each genotype and percentage (%) from
the total study group
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Appendix 12: Distribution of various maternal genotypes involved in one carbon metabolism
genes in low risk healthy pregnancies (controls) and those who develop preeclampsia
Maternal
MTHFR C677T
CC
CT
TT

Control (n = 42)

PE (n = 15)

Chi-square P

15 (35.7%)
24 (57.1%)
3 (7.1%)

7 (46.7%)
7 (46.7%)
1 (6.7%)

0.984

MTHFR A1298C
AA
AC
CC

25 (59.5%)
15 (35.7%)
2 (4.8%)

6 (40.0%)
8 (53.3%)
1 (6.7%)

0.306

MTR A2756G
AA
AG
GG

28 (66.7%)
10 (23.8%)
4 (9.5%)

10 (66.7%)
5 (33.3%)
0 (0.0%)

0.400

MTRR A66G
AA
AG
GG

14 (33.3%)
18 (42.9%)
10 (23.8%)

4 (26.7%)
7 (46.7%)
4 (26.7%)

0.760

MTHFD1 G1958A
GG
GA
AA

17 (40.5%)
19 (45.2%)
6 (14.3%)

5 (33.3%)
8 (53.3%)
2 (13.3%)

0.954

Data represents number of women for each genotype and percentage (%) from
the total study group.
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Appendix 13: Distribution of various fetal alleles involved in one carbon metabolism genes in
low risk pregnancies with normal and adverse outcomes
Fetal
MTHFR C677T
C
T

Normal (n = 41)

Adverse (n = 7)

Chi-square P

52 (63.4%)
30 (36.6%)

11 (78.6%)
3 (21.4%)

0.269

MTHFR A1298C
A
C

57 (69.5%)
25 (30.5%)

11 (78.6%)
3 (21.4%)

0.491

MTR A2756G
A
G

64 (78.0%)
18 (22.0%)

9 (64.3%)
5 (35.7%)

0.265

MTRR A66G
A
G

52 (63.4%)
30 (36.6%)

10 (71.4%)
4 (28.6%)

0.644

MTHFD1 G1958A
G
A

46 (56.1%)
36 (43.9%)

10 (71.4%)
4 (28.6%)

0.282

Data represents number of alleles for each group and percentage (%) within each group.
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Appendix 14: Distribution of various fetal alleles involved in one carbon metabolism genes in
high risk pregnancies with normal and adverse outcomes
Fetal
MTHFR C677T
C
T

Normal (n = 21)

Adverse (n = 55)

Chi-square P

27 (64.3%)
15 (35.7%)

76 (69.1%)
34 (30.9%)

0.321

MTHFR A1298C
A
C

30 (71.4%)
12 (28.6%)

78 (70.9%)
32 (29.1%)

0.402

MTR A2756G
A
G

29 (69.0%)
13 (31.0%)

80 (72.7%)
30 (27.3%)

0.652

MTRR A66G
A
G

26 (50.0%)
26 (50.0%)

66 (60.0%)
44 (40.0%)

0.230

MTHFD1 G1958A
G
A

21 (50.0%)
21 (50.0%)

61 (55.5%)
49 (44.5%)

0.546

Data represents number of alleles for each group and percentage (%) within each group.
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Appendix 15: Distribution of various fetal alleles involved in one carbon metabolism genes in
low risk healthy pregnancies and UPI
Fetal
MTHFR C677T
C
T

Control (n = 41)

UPI (n = 47)

Chi-square P

52 (63.4%)
30 (36.6%)

68 (72.3%)
26 (27.7%)

0.205

MTHFR A1298C
A
C

57 (69.5%)
25 (30.5%)

68 (72.3%)
26 (27.7%)

0.978

MTR A2756G
A
G

64 (78.0%)
18 (22.0%)

66 (70.2%)
28 (29.8%)

0.238

MTRR A66G
A
G

52 (63.4%)
30 (36.6%)

55 (58.5%)
39 (41.5%)

0.506

MTHFD1 G1958A
G
A

46 (56.1%)
36 (43.9%)

50 (53.2%)
44 (46.8%)

0.699

Data represents number of alleles for each group and percentage (%) within each group.
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Appendix 16: Distribution of various fetal alleles involved in one carbon metabolism genes in
low risk healthy pregnancies and PE
Fetal
MTHFR C677T
C
T

Control (n = 41)

PE (n = 15)

Chi-square P

52 (63.4%)
30 (36.6%)

21 (70.0%)
9 (30.0%)

0.517

MTHFR A1298C
A
C

57 (69.5%)
25 (30.5%)

18 (60.0%)
12 (40.0%)

0.434

MTR A2756G
A
G

64 (78.0%)
18 (22.0%)

26 (86.7%)
4 (13.3%)

0.309

MTRR A66G
A
G

52 (63.4%)
30 (36.6%)

16 (53.3%)
14 (46.7%)

0.121

MTHFD1 G1958A
G
A

46 (56.1%)
36 (43.9%)

16 (53.3%)
14 (46.7%)

0.794

Data represents number of alleles for each group and percentage (%) within each group.

181

Appendix 17: Distribution of various fetal alleles involved in one carbon metabolism genes in
low risk healthy pregnancies and IUGR
Fetal
MTHFR C677T
C
T

Control (n = 41)

IUGR (n = 18)

Chi-square P

52 (63.4%)
30 (36.6%)

29 (80.6%)
7 (19.4%)

0.307

MTHFR A1298C
A
C

57 (69.5%)
25 (30.5%)

25 (69.4%)
11 (30.6%)

0.688

MTR A2756G
A
G

64 (78.0%)
18 (22.0%)

27 (75.0%)
9 (25.0%)

0.717

MTRR A66G
A
G

52 (63.4%)
30 (36.6%)

26 (72.2%)
10 (27.8%)

0.736

MTHFD1 G1958A
G
A

46 (56.1%)
36 (43.9%)

16 (44.4%)
20 (55.6%)

0.243

Data represents number of alleles for each group and percentage (%) within each group.
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Appendix 18: Distribution of various fetal genotypes involved in one carbon metabolism genes
from high risk pregnancies with normal and adverse pregnancy outcomes
Fetal
MTHFR C677T
CC
CT
TT

Normal (n = 21)

Adverse (n = 55)

Chi-square P

8 (38.1)
11(52.4%)
2 (9.5%)

26 (47.3%)
24 (43.6%)
5 (9.1%)

0.763

MTHFR A1298C
AA
AC
CC

9 (42.9%)
12 (57.1%)
0 (0.0%)

29 (52.7%)
20 (36.4%)
6 (10.9%)

0.126

MTR A2756G
AA
AG
GG

11 (52.4%)
7 (33.3%)
3 (14.3%)

32 (58.2%)
16 (29.1%)
7 (12.7%)

0.901

MTRR A66G
AA
AG
GG

7 (33.3%)
12 (57.1%)
2 (9.5%)

18 (32.7%)
30 (54.5%)
7 (12.7%)

0.927

MTHFD1 G1958A
GG
GA
AA

7 (33.3%)
7 (33.3%)
7 (33.3%)

16 (29.1%)
29 (52.7%)
10 (18.2%)

0.240

Data represents number of fetal genotypes and percentage (%) from the total study group.
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Appendix 19: Distribution of various fetal genotypes involved in one carbon metabolism genes
in low risk healthy (control) pregnancies and those who develop preeclampsia
Fetal
MTHFR C677T
CC
CT
TT

Control (n = 41)

PE (n = 15)

Chi-square P

18 (43.9%)
16 (39.0%)
7 (17.1%)

6 (40.0%)
9 (60.0%)
0 (0.0%)

0.226

MTHFR A1298C
AA
AC
CC

19 (46.3%)
19 (46.3%)
3 (7.3%)

5 (33.3%)
8 (53.3%)
2 (13.3%)

0.563

MTR A2756G
AA
AG
GG

23 (56.1%)
18 (43.9%)
0 (0.0%)

12 (80.0%)
2 (13.3%)
1 (6.7%)

0.051

MTRR A66G
AA
AG
GG

16 (39.0%)
20 (48.8%)
5 (12.2%)

4 (27.7%)
8 (53.3%)
3 (20.0%)

0.543

MTHFD1 G1958A
GG
GA
AA

14 (34.1%)
18 (43.9%)
9 (22.0%)

4 (26.7%)
8 (53.3%)
3 (20.0%)

0.782

Data represents number of fetal genotypes and percentage (%) from the total study
group.
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Appendix 20: Distribution of various fetal genotypes involved in one carbon metabolism genes
in low risk healthy normal (control) pregnancies and those who develop IUGR
Table 36. Distribution of fetal polymorphisms in control and IUGR pregnancies
Fetal
Control (n = 41) IUGR (n = 18)
Chi-square P
MTHFR C677T
CC
18 (43.9%)
11 (61.15)
CT
16 (39.0%)
7 (38.9%)
0.144
TT
7 (17.1%)
0 (0.0%)
MTHFR A1298C
AA
AC
CC

19 (46.3%)
19 (46.3%)
3 (7.3%)

9 (50.0%)
7 (38.9%)
2 (11.1%)

0.817

MTR A2756G
AA
AG
GG

23 (56.1%)
18 (43.9%)
0 (0.0%)

11 (61.1%)
5 (27.8%)
2 (11.1%)

0.074

MTRR A66G
AA
AG
GG

16 (39.0%)
20 (48.8%)
5 (12.2%)

10 (55.6%)
6 (33.3%)
2 (11.1%)

0.530

MTHFD1 G1958A
GG
GA
AA

14 (34.1%)
18 (43.9%)
9 (22.0%)

3 (16.7%)
10 (55.6%)
5 (27.8%)

0.382

Data represents number of fetal genotypes and percentage (%) from the total study
group.
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Appendix 21 Distribution of various maternal alleles involved in one carbon metabolism genes
in low risk healthy normal (control) pregnancies and those who develop UPI in their index
pregnancy
Maternal
MTHFR C677T
C
T

Control (n = 41)

UPI (n = 24)

Chi-square P

53 (63.8%)
30 (36.2%)

29 (61.7%)
18 (38.3%)

0.806

MTHFR A1298C
A
C

64 (64.0%)
36 (36.0%)

28 (70.0%)
12 (30.0%)

0.499

MTR A2756G
A
G

64 (67.4%)
31 (32.6%)

18 (51.4%)
17 (48.6%)

0.094

MTRR A66G
A
G

45 (63.4%)
26 (36.6%)

37(62.7%)
22 (37.3%)

0.937

MTHFD1 G1958A
G
A

25(46.3%)
29 (53.7%)

23 (30.3%)
53 (69.7%)

0.061
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Appendix 22 CpGlobal™ Protocol in detail.

The AmberGen CpGlobal™ kit provides sufficient material to analyse 8 DNA samples in
triplicate.
A) Digestion of DNA (HpaII, MspI, undigested control)
1)

•

Placement of DNA samples in assay plate:
Aliquot 10µl of a 10 ng/µl dilution of the DNA sample to 9 wells of the

provided 96-well white plate. Place DNA sample 1 in Row A columns 2 to 4, 6 to 8, and 10
to12). DNA samples 2, 3, 4, 5, 6, 7 and 8 are placed in Rows B, C, D, E, F, G and H
respectively using the same column configuration outlined above.

Plate setup for 8 samples
2)

Preparation of enzyme mixes:

•

Spin down enzyme tubes briefly to get contents to bottom.

•

Hpa II Mix: Add entire contents of Hpa II tube (14 µl) to 546 µl of Buffer 1

and mix well by gentle agitation and inversion.

•

Msp I Mix: Add entire contents of Msp I tube (7 µl) to 546 µl of buffer 1 and 7

µl distilled water (provided) and mix well by gentle agitation and inversion.
•

No Enzyme Mix: To 546 µl of Buffer 1 add 14 µl distilled water (provided)

and mix well by gentle agitation and inversion.

•

3)

Add 20 µl of the Mix solutions to the following wells



Hpa II Mix to columns 2 to 4,



Msp I Mix to columns 6 to 8,



No Enzyme Mix to columns 10 to 12.

Mix the content of the wells by pipetting up and down 4 times using a multi-channel

pipette.
4)

Seal the plate with a foil or plastic film seal, spin briefly and put in a 37oC air

incubator for 2 hr.
5)

After the 37oC incubation spin plate briefly.

B) Biotinylation of DNA
1)

Prepare biotinylation mix.

•

Add the entire contents of the biotinylation enzyme (80 µl) to the biotinylation

buffer tube and mix well by gentle agitation and inversion.
2)

Add 20 µl of biotinylation mix per well.

3)

Mix with a multi channel pipette.
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4)

Seal the plate with a foil or plastic film seal, spin briefly and put in a 37oC air

incubator for 30 minutes.
5)

After incubation spin plate briefly.

C) Binding of DNA to Assay Plate
1)

Aliquot 100 µl of DNA Binding Solution to the wells.

2)

Mix the contents of the well (150 µl) using a multi-channel pipette with 200 µl tips.

Mixing is accomplished by pipetting up and down 4 times.
3)

Seal the plate with a plastic film seal, spin briefly and incubate overnight on an orbit

shaker platform at room temperature at medium speed (150 rpm).

Preparation of Wash Solution 1:

•

Add the entire contents of the 10X wash solution 1 (12 ml) to 108 ml of distilled

water.
4)

Remove the plate from the orbit shaker platform and aspirate the solution in the wells.

An 8 or 12 channel vacuum aspirator works well.
5)

Wash the wells once with 200 µl Wash solution 1 and 3 times with 400 µl Wash

solution 1.

D) Assay for Biotinylation
Pre-block
1)

Preparation of Blocking Solution:

Add the entire contents of Blocking Powder to 24 mL water and stir on a magnetic stirrer
until completely dissolved (about 10 to 15 minutes). Add all 6 ml of the 5X Blocking

Liquid.
2)

Add 200 µl of Blocking Solution per well using a multi-channel pipette. Incubate the

plate at room temperature without shaking for 30 minutes.
Add detection reagent
3)

To prepare the Biotin Detection Reagent add the entire contents (6 µl) of the Biotin

Detection Reagent to 12 ml of Blocking Solution.
4)

The Blocking Solution is removed by aspiration.

5)

150 µl per well of Blocking Solution containing Biotin Detection Reagent is added.

6)

Incubate the plates at room temperature without shaking for 30 minutes.

Detect biotinlyation
7)

To prepare Wash Solution 2 add the entire contents of 10X Wash Solution 2 (14 ml)

to 136 ml water.
8)

Prewarm Luminescence Reagent A and Luminescence Reagent B to 37oC.
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9)

Aspirate the Blocking Solution containing Biotin Detection Reagent from the wells.

10)

Wash the wells once with 200 µl Wash Solution 2 and 4 times with 400 µl Wash

Solution 2.
11)

To prepare Luminescence Reagent Mix add the entire contents of Luminescence

Reagent A to the tube containing Luminescence Reagent B.
12)

Add 150 µl Luminescence Reagent Mix per well.

13)

After 1 to 2 minutes, read the luminescence of the plate on a luminometer.

15.1.1.1 Calculate Methylated Cytosine Fraction
14)

Calculate average values for luminescence of triplicates for “no enzyme control” to

determine background signal. Subtract average luminescence for no enzyme control from
individual Hpa II and Msp I values to get net luminescence.
15)

Calculate average net luminescence for MspI

16) Divide individual Hpa II net luminescence values by average Msp I net luminescence to get
proportion of unmethylated cytosine (Unmet Cyt).
18)

The fraction of methylated cytosine is equal to 1- Unmet Cyt.
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