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Abstract
Folate is a B-vitamin required for cell growth and division, and its metabolism is linked
to vitamin B12 (B12). Food fortification with folic acid (FA) has improved folate status but
approximately 5% of Canadian adults, including pregnant women, are B12 deficient. This is
concerning because an association between gestational exposure to high maternal folate and low
B12 status and greater adiposity and insulin resistance in children has been reported. My thesis
examined the effect of developmental exposure to maternal FA/B12 imbalance on programming
of liver gene expression in adult offspring using an animal model.
Female C57BL/6 mice were fed a high FA/adequate B12 (HFA+B12), high FA/no B12
(HFA-B12), or control diet 6 weeks prior to mating and through pregnancy and lactation. At
weaning, offspring mice from each maternal diet group were randomly assigned to receive the
control diet or a Western diet (45% fat, 35% carbohydrate) for 20 weeks (n=6 male mice/group)
or for 40 weeks (n=6 female mice/group). Serum folate and B12 concentrations were quantified
by microbiological assays. Relative mRNA expression of key enzymes in methyl metabolism in
liver from adult offspring was quantified by real-time PCR.
Male offspring mice from dams fed the HFA-B12 diet had lower Cbs and Mthfr mRNA
expression and this was unaffected by post weaning diet. Male offspring mice fed the Western
diet had higher Mtr mRNA expression compared to control-fed offspring mice, regardless of
maternal diet. Female offspring from dams fed the HFA-B12 diet had lower Mtr mRNA
expression and this was not affected by post weaning diet. Moreover, female offspring from
dams fed the HFA-B12 diet had higher Mthfr mRNA expression when they were fed the Western
diet. No effect of maternal and post weaning diets was observed for serum folate and B12
concentrations.
ii

In summary, developmental exposure to maternal FA/B12 imbalance was found to
program expression of genes involved in folate and methionine metabolism in the liver of adult
offspring mice. The functional consequences of this effect requires further investigation in order
to consider B12 screening of pregnant women and to inform the debate on whether B12
fortification should be considered.
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Preface
This thesis has been prepared in partial fulfillment of the requirement for the degree of
Master of Science in Human Nutrition. I have prepared this thesis under the direction and
supervision of Dr. Angela Devlin from January 2012 to July 2014. This thesis was reviewed by
Dr. Angela Devlin, Dr. Tim Green, Dr. Yvonne Lamers, and Dr. Wendy Robinson.
My work was part of a larger project, which was conducted in collaboration with two
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Chapter 1: Literature Review
1.1

Overview
In recent decades, the world has faced a substantial increase in overweight, obesity, and

related metabolic disorders among both adults and children. The World Health Organization
(WHO) estimates that obesity has doubled since 1980 and over 40 million children aged 5 years
and less were overweight or obese in 20122. A comprehensive recent analysis on global and
regional prevalence of overweight and obesity between 1980 and 2013 reported that the worldwide
prevalence of both overweight and obesity has increased by 28% in adults and by 47% in children3.
At the same time there has been an increase in risk factors for chronic diseases, such as
cardiovascular diseases (CVDs) and Type 2 diabetes (T2D) 4.
There is no clear explanation for the current surge in overweight, obesity, and associated
chronic diseases. The increase intake of energy-dense food and physical inactivity are important
contributors to this increase. However, there is also growing evidence to support the role of
developmental programming, which suggests that maternal and early life environmental stressors
play a role in excess weight gain and metabolic dysfunction later in life. Maternal malnutrition
during pregnancy is one of these stressors that can predispose, and sometimes lead to, adverse
health outcomes in the offspring. Mandatory folic acid fortification of grain products was
introduced in North America in 1998 for the prevention of neural tube defects (NTDs) 5,6. As a
result, most Canadians have adequate folate status with an estimated 40% of Canadian adults
having high folate status (defined as having red blood cell (RBC) folate concentration >1360
nmol\L) 7.
Folate is metabolically linked to another vitamin, vitamin B12, and both are required for
nucleotide synthesis and the generation of methyl groups8. Given this metabolic relationship, there
1

are concerns about metabolic imbalances between vitamin B12 status and folic acid with
fortification. Recent reports suggest that 5% of Canadian adults (aged ≥ 20 years) and pregnant
women have vitamin B12 deficiency (<148 pmol/L) 9,10. The consequence of chronic exposure to
high folic acid is still not fully understood, especially when accompanied by low vitamin B12
status. However, some concerns have been raised. High serum folate concentration in combination
with low vitamin B12 status were reported to be associated with anemia and cognitive impairment
in elderly subjects (aged ≥ 60 years) 11. Furthermore, observational studies have reported an
association between gestational exposure to high maternal folate and low vitamin B12 status with
adiposity and insulin resistance in children12-14. These findings suggest that maternal folate and
vitamin B12 status during pregnancy may program adiposity and glucose homeostasis in their
offspring and contribute to the development of chronic diseases such as CVD and T2D. However,
the strength of these associations and the causative mechanisms remain unknown.
The main goal of my thesis is to explore the underlying mechanisms that may contribute to
programming of adiposity and glucose homeostasis in adult offspring exposed during development
to maternal high folic acid and low vitamin B12 status. My thesis work is focused on the liver, a
key site of methyl nutrient metabolism, and represents a first step in delineating the mechanisms by
which maternal folate/vitamin B12 imbalance programs adiposity and glucose homoeostasis.

2

1.2

Developmental Programming
The Dutch famine, known as the Hunger Winter, lasting from September 1944 to May 1945

during World War II created a study population from which many of the current concepts about
developmental programming have been developed15. The theory of developmental origins of health
and disease (DOHaD) asserts that environmental changes during development, particularly during
intrauterine and early postnatal life, can program health outcomes later in life and increases risk for
chronic disease in adulthood16,17. A few examples of these developmental cues are maternal stress,
maternal diet, exposure to chemicals, and prenatal steroid exposure18-21.
The Dutch famine led to undernourished population where individual rations were 400–800
kcal/day, including pregnant women in their early, mid, and late pregnancy 15,22. This was an
opportunity for researchers to examine the short- and/or long-term consequences of prenatal undernutrition and stress on health and disease risk at different stages of gestation. Studies in this field
started in the early 1970s when a group of investigators assessed the association between mental
performance of 19-year-old men and maternal under-nutrition, but found no effect23. Another study
in 1976 reported associations between famine exposure during different stages of gestation and the
likelihood to be obese in men24. However, it was not until the early 1990s that David Barker
proposed the fetal programming hypothesis when he observed that low birth weight was associated
with greater incidence of ischemic heart disease in a British cohort25. Subsequent studies on the
Dutch famine have supported Barker’s hypothesis and added great input to our current
understanding of DOHaD26-30.
1.2.1

Programming of Cardiometabolic Disease
Several observational studies have been conducted to explore developmental programming

in relation to cardiovascular and metabolic risk factors. Researchers studying the Dutch famine
3

have reported poorer glucose tolerance in adults exposed to the famine prenatally29,31. This might be
attributed to impairments in insulin secretion because the exposure to famine was associated with
lower insulin disposition index27, an estimate of β-cell function calculated based on insulin
sensitivity and first-phase insulin response post oral glucose loading27,32. In middle-age female
adults, prenatal exposure to famine was associated with greater central adiposity as determined by
waist circumference28,33. Both males and females who were conceived during the Dutch famine had
a two times higher rate of coronary heart disease (CHD) before the age of 61 years, higher plasma
glucose concentration, and higher ratios of low density lipoprotein (LDL) to high density
lipoprotein (HDL) 34. These people also had an earlier onset of CHD (3 years earlier) compared to
those conceived before or after the famine34. Whincup et al. conducted a quantitative systematic
review investigating published studies on the association between birth weight and T2D in adult
population35. There were 23 populations that showed an inverse association between birth weight
and risk of T2D and the pooled odds ratio (OR) of T2D in a total of 28 studies was 0.75 (95%
confidence interval (CI): 0.70, 0.82 per kg). Subsequent analysis of the shape of this association in
3 studies (2 on native North American and 1 from Saskatchewan) revealed a U-shaped association,
with increased risk for T2D when birth weight is greater than 4 kg35. The review suggests that fetal
under-nutrition can be implicated as a risk factor for T2D35.
Despite the high rate of hunger worldwide, over-nutrition is on the rise, and is becoming an
important stressor that may contribute to DOHaD36. With the rapid rise in obesity, T2D, and CVD
in recent decades, there is increasing evidence that in utero and early postnatal environments, such
as maternal diet, are important environmental factors that can program metabolic alterations and
drive the increase in metabolic disorders16. Maternal obesity and gestational weight gain, and
weight gain in early childhood are examples of influences that may impact chronic disease risk later
4

in life. However, little is known about the role of individual dietary factors and poor nutrient status
during pregnancy and early development on adulthood health, especially with the limited data from
human studies. Formula feeding versus breastfeeding is another example of over-nutrition, and it
has been reported that formula milk feeding is associated with increased risk of obesity in
childhood and elevated circulating cholesterol concentrations in adulthood compared to breast-fed
infants37,38. Micronutrient inadequacy or imbalance is possible, even with the over consumption of
food, because an energy-dense diet is not necessarily nutrient-dense. Currently, studying vitamin
deficiencies in relation to DOHaD is an active area of research.
Obesity during pregnancy has been associated with pregnancy complications such as
gestational diabetes mellitus39. Gestational diabetes raises the risk of impaired glucose tolerance
and excess fat accumulation in the offspring 40,41, & as cited in42. In a mouse model that naturally
develops obesity and T2D (Avy, agouti viable yellow), the offspring have dysfunctional glucose and
lipid metabolism and these abnormalities are aggravated to insulin resistance and hepatic steatosis
upon exposure to a Western diet, compared to offspring from lean dams with healthy metabolism
and the same genetic background43. Accordingly, the adverse outcomes of excess weight gain and
adiposity not only affect maternal health, but can also influence the well being of the offspring.
During pregnancy maternal smoking habits and weight gain can also have profound effects
on the growing fetus. These choices and conditions, consequently, can have long-term effects such
as increased risk for obesity. In a meta-analysis of 14 studies conducted in 84,563 children, mothers
who smoked during pregnancy had children (at ages 3-33 years) with higher risk of overweight
compared to non-smoking mothers (pooled adjusted OR: 1.50; 95% CI: 1.36 -1.65) 44. Although
some studies found this association to be independent of the timing of smoking exposure45,46, other
studies reported that smoking throughout the whole pregnancy was associated with greater risk for
5

overweight in children in comparison to smoking during early pregnancy45,47,48. Moreover, a
prospective cohort study of pregnant women and their children (1044 mother-child pairs) found that
greater gestational weight gain was associated with increased adiposity in children at 3 years of age
as determined by skinfold thickness and BMI z-score, regardless of factors like maternal and
paternal BMI, breastfeeding duration, and infant growth49. In this study, mothers with excess
gestational weight gain based on the 1990 Institute of Medicine guidelines had children who were
at four times higher risk to be overweight at age 3 years, compared to children from mothers who
gained inadequate weight during pregnancy49. The positive association between gestational weight
gain and offspring BMI has also been observed in adults at 42 years of age (OR: 1.08; CI: 1.03,1.14
per kg of gestational weight gain), as reported by the Copenhagen Perinatal Cohort study (n =
1540) 50.
Developmental programming has been studied in animal models, providing causative and
mechanistic insight. For instance, maternal protein restriction during pregnancy and/or lactation in
rats, which mimics fetal under-nutrition in humans, was associated with nutritional programming of
T2D in offspring during fetal and early postnatal life51,52. Programming of T2D in these studies
was determined by having smaller pancreatic islets and lower insulin content51,52. Offspring from
dams fed a low protein diet (8% of energy) during pregnancy, were born smaller and developed a
reduction in glucose tolerance as their age increased compared to offspring from dams fed normal
chow (20% protein) 51,53,54. Moreover, moderate protein restriction (8-10% of energy) in rodent
dams was reported to have an impact on offspring55. These offspring were more susceptible to
develop high blood pressure (BP), insulin resistance, or abnormal lipid profile in adulthood,
especially when challenged with factors, such as high fat or high salt diet55. Petrik et al. reported
that a low protein diet during pregnancy and lactation has detrimental effects on β-cell mass of
6

female offspring at birth and weaning by decreasing the rate of β-cell proliferation and increasing
β-cell apoptosis56.
High fat diet feeding during pregnancy and lactation is also associated with programming of
metabolic dysfunction in the offspring. Dams fed a high fat and high sugar diet during pregnancy
and lactation have offspring with greater adiposity, insulin resistance (determined by euglycaemichyperinsulinaemic clamps), glucose intolerance, and BP (assessed by radiotelemetry) in adulthood
despite the fact that they were weaned on a standard chow diet21,57. In sheep, maternal diet-induced
obesity during pregnancy is associated with increased expression of fatty acid transporters in the
placenta, elevated cholesterol and triglyceride (TG) concentrations in fetal blood, and increased
expression of lipogenic genes in the adipose tissue of offspring58-60. Although paternal lifestyle and
environmental exposures have not been studied to the same extent as maternal factors, there is
increasing evidence regarding the role of fathers in programming of offspring metabolic
phenotypes61,62. For example, in male rats, the consumption of a high fat diet at the time of breeding
is associated with impaired glucose-insulin homeostasis in the female offspring62.
1.2.2

Programming of Liver Disease
The liver is a primary organ in metabolic regulation and is responsible for more than 500

tasks63. Although a small portion (10-20%) of functioning liver is enough to keep a person alive,
insults to the liver can lead to systemic metabolic dysfunction63,64. With the growing interests in the
field of DOHaD, several studies have explored the consequences of maternal nutrition on offspring
liver. A study in non-human primates reported that females fed a high fat diet before and during
pregnancy had offspring with liver TG accumulation, fatty liver phenotype, and higher total body
fat and this was independent of maternal obesity and diabetes65. Interestingly, when these females
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were switched to a control diet for 1-3 months prior to a subsequent pregnancy, the offspring had
improvements in hepatic fatty liver phenotype and gene expression65.
Maternal Western diet during pregnancy and lactation in mice has been found to program
susceptibility to non-alcoholic fatty liver disease (NAFLD) in male offspring66. Male offspring fed
a post weaning Western diet who were exposed prenatally to maternal Western diet had increased
weight gain, hepatic TG accumulation, and liver injury at 29 weeks of age, compared to offspring
fed a post weaning low fat diet66. Another study found similar results in 15 and 30 week-old female
offspring and suggested that the onset of NAFLD is attributed to alterations in hepatic
mitochondrial metabolism and lipogenic genes expression67. It is worth mentioning that 30 weekold female offspring from dams fed a high fat diet during gestation and lactation developed
NAFLD (confirmed by histological analysis and Kleiner scoring system) even if they were fed a
post weaning control diet67. However, offspring who were fed high fat diet post weaning developed
a more advanced stage of NAFLD, which is non-alcoholic steatohepatitis (NASH) 67. All together,
these studies support the notion that the liver is susceptible to programming by maternal diet during
development.
1.2.3

Epigenetics
The underlying mechanisms of changes or adaptations associated with developmental

programming have not yet been well established; however, epigenetic mechanisms may play a
role68,69. Epigenetics is the study of heritable changes in gene function without a change in DNA
sequence70. The human genome is estimated to have approximately 23,000 genes required to be
expressed in certain cells at specific times, which explains why differentiated cells in the human
body express only genes that are essential for their own functions70. One of the ways to regulate
gene expression and genome stability is through chromatin remodeling70,71. In a complex process,
8

DNA is wrapped around core histone octamers (composed of two H2A, H2B, H3, and H4) in order
to form nucleosomes, which are arranged into chromatin71. Condensed chromatin (heterochromatin)
is associated with limited gene transcription, whereas decondensed chromatin (euchromatin) is
associated with active transcription70,72. These changes in chromatin structure can affect gene
transcription, and are modulated by the following epigenetic processes: DNA methylation, histone
modifications, and miRNAs70,73.
Understanding of epigenetic mechanisms may provide insight into some underlying
mechanisms and the pathogenesis of certain diseases, such as cancer, cardiometabolic diseases,
mental health conditions, and chromosomal instabilities70-72. In utero environment, diet,
environmental chemicals, and ageing can influence epigenetic mechanisms71.
DNA methylation involves the addition of a methyl group to the 5’ position of cytosines
within cytosine and guanine pairs (CpG) in the DNA, resulting in the conversion of cytosine into 5methylcytosine72,74. In addition, methylation of cytosine non-CpG sites has been reported in early
development75. DNA methyltransferases (DNMTs) are the enzymes responsible for catalyzing the
transfer of methyl groups to DNA. Maintenance methylation during mitotic cell division is
accomplished by DNMT1, whereas DNMT3a and DNMT3b catalyzes de novo methylation during
embryonic development76.
Histone proteins contain amino-terminal tails, which are exposed on the nucleosome surface
and are susceptible to posttranslational modifications77. These modifications include: acetylation,
methylation, phosphorylation, ubiquitnation, and sumolyation, with the first three types have been
widely studied72,78. For example, arginine (R) and lysine (K) residues are sites for methylation,
whereas serine (S) and threonine (T) are sites for phosphorylation72,79. Acetylation of lysine is
associated with transcriptional activation, but the effect of lysine methylation on gene expression is
9

dependent on the specific lysine residues78. For example, H3K36 and H3K4 methylation in gene
promoter regions is associated with transcriptionally active chromatin, whereas H3K9 and H3K27
methylation are often linked to transcriptional repression72,77,80. These reactions are carried out by
several enzymes, such as histone deacetylases, histone acetylases, and histone
methyltransferases71,72.
Lastly, miRNAs (20-30 nucleotides) are non-coding RNAs that can function as
posttranscriptional regulators of gene expression73. Binding of miRNAs to the mRNA mainly at the
3’ untranslated region is associated with translational repression73,81. It has been also reported that
miRNA regulates heterochromatin formation and translational activation73,81.
Overall, an adverse intrauterine and early postnatal environment can initiate metabolic
changes in the offspring, leading to the later development of cardiometabolic disease. Given that
epigenetic marks are heritable and govern how genes interact with environment, they may respond
to changes in maternal dietary factors and contribute to developmental programming. There are
micronutrients required for methylation, such as folate and vitamin B12, and recent observational
data have implicated maternal imbalances in these nutrients with adverse outcomes in children12-14.

1.3
1.3.1

Folate and Vitamin B12
Folic Acid Fortification
Folic acid fortification of grain products was introduced in several countries for the

prevention of NTDs. NTDs are a group of developmental anomalies in the central nervous system
resulting from incomplete closure of the neural tube during embryonic development82. That folic
acid taken periconceptionally could prevent NTDs was demonstrated by three trials in the 1990s.
The Medical Research Council (MRC) Vitamin Study Group reported that 4 mg/day of folic acid
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has a protective effect in reducing NTD recurrence risk83. Another two influential studies, one in
China84 and one in Hungary85, investigated the impact of periconceptional folic acid supplement on
minimizing NTDs. The Hungarian trial reported that a vitamin supplement containing 800 µg of
folic acid was associated with a significant reduction in the first occurrence of NTD85. The Chinese
study confirmed that folic acid supplementation (400 µg/day) before pregnancy reduced the risk of
NTD and the reduction was of a greater magnitude in the northern region, which had a higher
background NTD rate, compared with the southern region, which had a lower NTD rate84. Neural
tube development and closure normally occurs during the first 28 days post conception in
humans82, which is often before a woman is aware she is pregnant. This led to considering
fortification of grain and cereal products with folic acid.
At present, more than 50 countries have mandatory folic acid fortification of at least one
widely consumed grain product86,87. In 1998, Canada and the United States (US) implemented
mandatory folic acid fortification of grains and observed a significant reduction in the incidence of
NTDs5,86. Women planning for pregnancy are currently recommended to take 400 µg of folic acid
from supplement or fortified food in addition to dietary folate63,88. Folic acid supplementation,
along with food fortification, has been associated with a decline in the prevalence of NTDs86,89,90.
On the other hand, folic acid fortification has raised blood folate concentrations. The Canadian
Health Measures Survey reported that 40% of Canadians (aged 6-79 years) have high folate status
as determined by RBC folate concentration >1360 nmol\L7. Similarly, data from the US National
Health and Nutrition Examination Survey (NHANES) between 1988 and 2004 revealed a dramatic
increase in both serum and RBC folate concentration post fortification91,92. The implementation of
mandatory folic acid fortification for various cereal products has generated concerns and
controversial debate regarding the potential metabolic or health impact of chronic exposure to high
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folic acid, which is still unknown. The Framingham Offspring Cohort reported a greater prevalence
of circulating unmetabolized folic acid in adults post folic acid fortification93. Higher intakes of
folic acid lead to the release of unmetabolized folic acid into the circulation because the capacity of
the dihydrofolate reductase (DHFR) reaction (Figure 1.1) is limited in humans93-96.
Due to the interrelation between folate and vitamin B12, vitamin B12 deficiency is one of
the main concerns during consumption of high amounts of folic acid. A survey from the US found
that high serum folate concentrations (> 59 nmol/L) in combination with low vitamin B12 status
(serum vitamin B12<148 pmol/L or methylmalonic acid >210 nmol/L) was associated with anemia
and cognitive impairment in elderly subjects (aged ≥ 60 years), whereas high serum folate
concentrations and adequate vitamin B12 status in this cohort was protective against cognitive
impairment11.!Miller et al. reported that high concentrations of homocysteine and methylmalonic
acid, and low concentrations of holo-transcobalamin, which are indicators of vitamin B12
inadequacy, were more pronounced when plasma folate concentration was high (> 45.3 nmol/L) in
elderly Latin Americans (n = 1535, aged ≥ 60 years) 97. Currently, there is no policy for vitamin
B12 fortification in Canada. A recent analysis of data from the Canadian Health Measures Survey
(2007-2009) suggests that the prevalence of vitamin B12 deficiency (<148 pmol/L) and marginal
vitamin B12 deficiency (148-220 pmol/L) among Canadian adults (aged ≥ 20 years) is 5% and
19.7%, respectively9. Another study from Ontario conducted on ~ 10,000 women aged 15-46 years
reported that 5% of pregnant women were deficient in vitamin B12 (serum vitamin B12
concentration <125 pmol/L) in early pregnancy (28 days or less) and 10% were vitamin B12
deficient after 28 days gestation 10. A small cross-sectional study conducted in Metro Vancouver on
204 women (19-35 years old) found that 14% had vitamin B12 deficiency (serum vitamin B12
<148 pmol/L) and 20% had marginal deficiency (serum vitamin B12 = 148-220 pmol/L) 98. To date,
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there is no clear understanding of the potential consequences of high folic acid status when
accompanied by vitamin B12 deficiency in pregnancy.
1.3.2

Digestion and Absorption of Folate and Vitamin B12
Folate and vitamin B12 are water-soluble B-vitamins. Given that mammals cannot

synthesize folate and vitamin B12, these nutrients are essential and must be obtained from dietary
sources or supplements8,63. Folate is a generic term for a variety of folate compounds that are
functionally related. Folate in its natural form can be obtained from dietary sources, such as liver,
green leafy vegetables, citrus fruit, legumes, and kidneys8,63. Folic acid is the synthetic and more
stable form of folate and found in supplement and fortified foods, such as cereal grain products63,99.
Folic acid is a fully oxidized monoglutamate and it is more bioavailable than naturally occurring
folates. Folates from natural foods exist as reduced polyglutamates, which require the hydrolysis of
the glutamate residues before being absorbed in the proximal small intestine94,99. As such, dietary
recommendations are expressed as ‘dietary folate equivalents’ in order to account for the
differences in bioavailability between dietary folate and folic acid63. Most dietary folate (from
natural food sources) and folic acid is metabolized to 5-methyltetrahydrofolate (5-methylTHF) in
the small intestinal enterocytes and enters the blood circulation as 5-methylTHF94,99,100.
Vitamin B12 is naturally found in animal dietary sources, such as beef, liver, fish, meat,
poultry, eggs, milk, and other dairy products63,101. In addition to natural food sources, vitamin B12
can also be found in most multivitamin supplements and a variety of fortified foods, such as veggie
burgers63,101. The ingested natural vitamin B12 is released from food components in the stomach by
gastric acid and pepsin and is bound to haptocorrin102,103. In the duodenum, haptocorrin is degraded
by pancreatic proteases and the freed vitamin B12 is captured by the intrinsic factor (IF), secreted
by the gastric parietal cells63,103. In the distal ileum, vitamin B12-IF complex is absorbed by
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receptor-mediated endocytosis (cubam receptor) and this interaction is calcium dependent94,102. The
endocytosis process is followed by the degradation of IF inside the enterocyte and the release of
vitamin B12 from the enterocyte into plasma by the multidrug resistance protein 1, a member of
ABC transporter family102,103. In plasma, vitamin B12 binds to the transport proteins haptocorrin
(70-80%) or transcobalamin II (20-30%); vitamin B12 bound to transcobalamin II, a complex
called holo-transcobalamin, is an active fraction of vitamin B12 being taken up by the body’s
cells94,102,103.
1.3.3

One Carbon Metabolism
Folate and vitamin B12 have inter-dependent roles in one carbon metabolism63,94, a

metabolic network that plays a crucial role in the synthesis of purines and pyrimidines and in the
generation of methyl groups for the methylation of DNA, RNA, proteins, and phospholipids94.
Inside the cell, folate has various derivatives that are polyglutamated by folypolyglutamate synthase
in order to retain them inside the cell94,100. The major circulating form of folate is 5-methylTHF,
and this serves as a methyl donor for homocysteine remethylation, a reaction that subsequently
forms THF (Figure 2.1). Vitamin B12 with methionine synthase (MTR), present as cbl(I)MTR
complex, takes a methyl group from 5-methylTHF and becomes methylcbl(III)MTR. Transferring
the methyl group to homocysteine results in methionine and cbl(I)MTR formation. Cbl(I)MTR
becomes ready to accept another methyl group from 5-methylTHF and the resulting active form of
folate, THF, is available for purine and thymidylate biosynthesis94,99. MTR and vitamin B12, by
catalyzing this reaction, metabolically link the folate and methionine cycles and vitamin B12
indirectly participates in nucleotide synthesis94.
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Figure 1.1: Schematic Representation of the Folate and Methionine Cycles
Abbreviations: THF: tetrahydrofolate, MTR: methionine synthase, MTHFR: methylenetetrahydrofolate
reductase, DHFR: dihydrofolate reductase, CBS:Cystathionine β-synthase, MAT: methionine
adenosyltransferase, BHMT: betainehomocysteine methyltransferase, TS: thymidylate synthase, AdoMet: Sadenosylmethionine, AdoHcy: S-adenosylhomocysteine, DMG: dimethylglycine, dTMP: deoxythymidine
monophosphate, dUMP: deoxyuridine monophosphate, X-CH3: methylated product.

In vitamin B12 deficiency, folate is trapped as 5-methylTHF leading to impaired nucleotide
synthesis94. However, it is important to note that folic acid can serve as a substrate for DHFR,
which enables folic acid to enter the folate cycle to produce THF94,95. Accordingly, THF (from
excess folic acid) can participate in nucleotide synthesis, bypassing the vitamin B12-dependent
step. As such, excess folic acid can ameliorate and mask the hematological signs of vitamin B12
deficiency, but the irreversible neurological damage associated with vitamin B12 deficiency can
progress94,95. Vitamin B12 deficiency can be distinguished from folate deficiency by quantifying
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serum vitamin B12 and circulating methylmalonic acid concentrations because vitamin B12 but not
folate is a cofactor in the conversion of methylmalonyl-CoA to succinyl-CoA (Figure 1.2). In
vitamin B12 deficiency, methylmalonic acid, a by-product of methylmalonyl-CoA, accumulates in
blood and urine95,102.

Figure 1.2: Vitamin B12 Coenzyme Functions
A. Vitamin B12 in the form of methylcobalamin serves as a coenzyme for cytosolic methionine synthase.
B. Vitamin B12 in the form of adenosylcobalamin serves as a coenzyme for mitochondrial methylmalonylCoA mutase.
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MethylTHF can be formed by the irreversible reduction of 5,10-methyleneTHF in the folate
cycle. This reaction is catalyzed by 5,10-methylene tetrahydrofolate reductase (MTHFR), an
enzyme that regulates the availability of 5-methylTHF for homocysteine remethylation94,99.
Homocysteine can also be remethylated to methionine via betainehomocysteine methyltransferase
(BHMT) that uses a methyl group from betaine. Unlike MTR that is ubiquitously expressed, BHMT
is tissue-specific enzyme expressed mainly in the liver and kidneys99. Both remethylation reactions
that are catalyzed by MTR and BHMT form methionine. Methionine is the precursor of Sadenosylmethionine (AdoMet), which is the principal methyl donor for methylation reactions.
The biosynthesis of AdoMet is catalyzed by methionine adenosyltransferase (MAT). MAT
has different isozymes encoded by two different genes in mammals: MAT1A encodes MAT I and
MAT III and it is mainly expressed in healthy adult liver, whereas MAT2A encodes MAT II and is
expressed in other tissues and fetal liver104. Decreased MAT1A expression in the liver is associated
with increased hepatic MAT2A expression and it is implicated liver cirrhosis and hepatocellular
carcinoma104,105. S-adenosylhomocysteine (AdoHcy) is formed following methyl donation by
AdoMet. Homocysteine is formed by the reversible liberation of adenosine from AdoHcy by
AdoHcy hydrolase. There are two vitamin B6-dependant enzymes contributing to the irreversible
degradation of homocysteine: cystathionine β-synthase (CBS) and cystathionine γ-lyase (CTH).
CBS functions to condense homocysteine and serine to cystathionine, which is consequently
hydrolyzed to cysteine and α-ketobutyrate by CTH94,99. Disturbances in homocysteine metabolism
can result in hyperhomocysteinemia, a condition that is associated with several adverse health
outcomes including CVDs, dementia-type disorders, and osteoporosis106-109.
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1.3.4

Folate and Vitamin B12 in Pregnancy
Many factors during pregnancy can affect fetal growth and development. Among the most

important modifiable factors is the nutritional status of pregnant women. Given the role of folate
and vitamin B12 in DNA methylation, these vitamins may influence adult phenotype through
epigenetic processes. Supplementation with methyl nutrients in rodents during pregnancy is
associated with alterations in gene expression and DNA methylation in the offspring110-113. For
example, maternal folate depletion (0.4 mg folic acid/kg of diet) prior to mating and during
pregnancy in C57BL/6J was associated with increased fetal body weight and lower methylation of
Slc39a4 gene in fetal gut112; Slc39a4 encodes one of the zinc/iron-regulated transporter-like
proteins (ZIP) and its expression has been associated with some types of cancers, such as pancreatic
and liver cancers114-116. Further, maternal diet completely depleted in folate or vitamin B12 during
pregnancy and lactation was associated with lower birth weight in rat offspring, but this effect was
demolished 7 days after birth in offspring exposed prenatally to a folate-deficient diet113. The same
investigators reported lower hepatic expression of Ppara and Pparg mRNA in offspring exposed to
vitamin B12-deficient diet, but not in those developmentally exposed to folate-deficiency113; Ppara
and Pparg encode peroxisome proliferator-activated receptors (PPARs) α and γ, respectively,
which are transcription factors that play different roles in glucose and fat metabolism117-119. Langie
et al. reported that maternal folate depletion (0.4 mg folic acid/kg of diet) was associated with
elevated base excision repair (BER) activity (a primary DNA repair pathway) in 4 brain regions of
male offspring at weaning, and with hypermethylation of BER-related gene (Ogg1) at 6 months of
age120. Moreover, maternal serum vitamin B12 concentration in a group of women (n=121) from
the North Cumbria Community Genetics Project was reported to be inversely associated with infant
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global DNA methylation in cord blood (r = 0.18, p = 0.04) as determined by the luminometric
methylation assay121.
Given the increased folate status of the Canadian population following folic acid
fortification7 and the high prevalence of vitamin B12 deficiency9,10,98, a potential imbalance of high
folic acid with low vitamin B12 is of concern particularly among pregnant women. Women in the
lowest tertile of serum vitamin B12 concentration during the first, second, or third trimester of
pregnancy were at greater risk for infants with intrauterine growth retardation (IUGR) [adjusted
ORs (95%CI): 5.98 (1.72, 20.74), 9.28 (2.90, 29.68), and 2.81 (1.01, 7.87), respectively] compared
to women with serum vitamin B12 concentrations in the highest tertile (n = 136) 122; the medians in
the lowest and highest tertiles slightly differed across the three trimesters, but they were on average
~113 and ~205 pmol/L, respectively. However, no association between RBC folate and IUGR was
found in this study122. A study conducted in mice reported that female mice fed a vitamin B12deficient diet during pregnancy and lactation had offspring with less body weight (8 ± 0.9 vs 13 ±
1.4 g) and lower serum vitamin B12 concentrations (218.5 ± 23.6 vs 507.7 ± 39.9 pmol/L) at
weaning compared to offspring from control-fed dams 123. Another study reported that feeding
female mice a diet high in folic acid (40 mg/kg of diet) was associated with increased weight gain
and insulin resistance, and decreased serum adiponectin concentrations in male offspring after 8
weeks on a high fat diet124. The reduction in serum adiponectin concentrations was associated with
decreased adiponectin mRNA expression in white adipose tissue of male offspring before and after
the introduction of the high fat diet124. Adiponectin is an adipokine mainly produced by adipocytes
and is involved in regulating glucose metabolism125-127. Deficiency of B-vitamins (folate, vitamin
B12, and vitamin B2) and choline during pregnancy and lactation resulted in decreased brain
AdoMet:AdoHcy, suggesting a methyl group shortage, of male and female offspring at birth, and
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lower total glutathione concentrations as well as higher plasma total homocysteine 28 days after
birth128.
The intake of high folate and low vitamin B12 during the second trimester of pregnancy
was also reported to be associated with higher risk for small-for-gestational-age infants (adjusted
relative risk (RR): 2.73; 95% CI: 1.17, 6.37) in a cohort of South Asian women (n = 315) 129.
Researchers in another study from South Asia reported that low plasma vitamin B12 concentrations
(<150 pmol/L) are associated with a higher prevalence of gestational diabetes compared to nondeficient women and the prevalence increased as plasma folate concentrations increased from
lowest to highest tertile130. A follow up study found that maternal gestational diabetes in the same
population was a major predictor of adiposity and insulin resistance in children at 9.5 years of
age131; adiposity was determined by measuring skinfold thickness, while insulin resistance was
estimated based on the homeostatic model assessment of insulin resistance (HOMA-IR).
The Pune Maternal Study reported greater adiposity and insulin resistance in children aged
6 years (n = 653) who were exposed prenatally to high maternal RBC folate at 28 weeks of
gestation12. In the same study, low maternal plasma vitamin B12 status was also associated with
insulin resistance in the children, but the most insulin resistant children were from mothers with
both low plasma vitamin B12 and high folate concentrations12. Adiposity in those children was
determined by dual-energy X-ray absorptiometry (DEXA) scan, and insulin resistance was
estimated via HOMA-IR. Stewart et al. conducted a randomized control trial of antenatal
multivitamin supplementation in rural Nepal and reported that only maternal vitamin B12
deficiency was associated with higher risk of insulin resistance in the children (aged 6-8 years, n =
598) 13. This study, however, used plasma folate as an indicator of folate status and not RBC folate,
which is a better indicator of the long-term folate status13. In contrast, a recent observational study
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conducted in India found no association between maternal plasma vitamin B12 concentrations and
offspring adiposity (measured by bioelectrical impedance method) or insulin resistance (estimated
by HOMA-IR). However, this study did find that high maternal plasma folate concentrations were
positively associated with insulin resistance (estimated by HOMA-IR) in children at 9.5 and 13.5
years of age14.

1.4

Overweight and Obesity
Environmental stressors during development have the potential to affect offspring metabolic

health as discussed in section 2.1. Exposures to maternal influences during development, such as
obesity, and to obesogenic environment postnatally, such as high fat diet, have been associated with
metabolic complications66,132-135. Worldwide obesity, defined as a Body Mass Index (BMI) ≥ 30
kg/m2, has increased dramatically since 1980, and is not limited to high-income countries2,3. The
WHO reported that 500 million adults were obese in 20082. According to Public Health Agency of
Canada, data from 2007- 2009 revealed that one in four Canadian adults is obese while 8.6% of
Canadian children (aged 6 to 17 years) are obese136. BMI is a surrogate measure of adiposity and is
used to define overweight and obesity137. A healthy adult BMI ranges from 18.5 to 24.9 kg/m2,
whereas overweight is defined as a BMI of 25.0-29.9 kg/m2 , and obesity as a BMI of ≥ 30
kg/m263,137.
1.4.1

Abdominal Obesity
Regional distribution of body fat is an important factor to consider when assessing obesity-

related health issues. There are two major types of fat deposition: android “apple-shape” and
gynoid “pear-shape”. The android obesity is characterized by excess subcutaneous fat on the
trunk/abdominal region and it is more common in men, while the gynoid fat distribution is
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characterized by excess fat in the thighs and buttocks and it is more common in women63,138. The
android type of obesity is associated with metabolic disturbances, such as glucose intolerance,
hypertension, and hyperlipidemia more than the gynoid type63,139,140. The accuracy of BMI in
assessing adiposity and risk for disease is questionable. BMI does not take into consideration
differences in body composition, age, sex, and ethnicity141,142. It is calculated from total body
weight without distinction between fat mass and lean (muscle) mass142. For example, an athlete
may be classified as overweight based on BMI but the elevated BMI may due to an increased
muscle mass and not adiposity. In addition, age and different sexes and ethnicities have been
reported to have different rates of abdominal (visceral) fat accumulation63,141,143,144.
Simple methods are available to estimate body fat and body fat distribution such as waist
circumference, skinfold thickness, and calculation of waist-to-hip circumference ratios8,145; waist
circumference is the most practical surrogate indicator of abdominal fat and one of the best
anthropometric predictors of CVD risk146,147 and healthy ranges based on sex and ethnicity have
been established8,146-148. However, the use of waist circumference to predict cardiometabolic
dysfunction has some limitations, as it cannot distinguish between visceral and subcutaneous
adipose tissue. Visceral adipose tissue is the fat that surrounds abdominal organs such as liver,
kidneys, and pancreas and is associated with greater cardiometabolic risk149-151, whereas
subcutaneous adipose tissue is the fat located between the skin and muscles. There are more
accurate techniques to assess body composition and body fat distribution, such as magnetic
resonance imaging, DEXA, and computerized tomography145,152.
There are individuals with a BMI in the healthy range who are considered metabolically
obese because of their metabolic complications, such as reduced insulin sensitivity, elevated
circulating TG, and excess liver fat, which may be related to their body fat distribution63,153. On the
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other hand, not all individuals with obesity (BMI ≥ 30 kg/m2) have metabolic complications, which
is partially attributed to lower visceral fat deposition153. However, this ‘healthy obesity’ phenotype
may change over time and eventually lead to adverse health outcomes. A recent study reported that
metabolically healthy subjects with obesity had a higher risk for cardiovascular events and all-cause
mortality in the long-term (≥ 10 years), compared to subjects with healthy BMIs154,155.
1.4.2

Causes of Obesity
The etiology of obesity is still an active area of research and multiple factors are believed to

contribute to obesity, making it a complex phenomenon. Genetic, environmental, and physiological
influences and interactions play a causative role in obesity8,63. Evidence from genome-wide
association studies, family studies, and twin studies suggests that a significant portion of variation
in weight gain patterns can be attributed to genetic variants. Such variants affect feeding
behaviours, such as an increase in hunger and overeating, or metabolism, such as tendency to store
body fat rather than using it as fuel63,156. Congenital or monogenic obesity, such as that caused by
variants in the leptin receptor gene, is rare8,157. Bardet-Biedl and Prader-Willi syndromes are two
rare congenital disorders associated with obesity158,159. Most obesity is polygenic with genetic
factors interacting with several environmental factors156,160.
Genetic factors can influence vulnerability to obesity, but environmental factors are also key
determinants for obesity in susceptible individuals. Both dietary and physical activity patterns play
crucial roles in weight gain and energy balance. By increasing energy input without compensating
with increasing energy output, the body becomes in a state of positive energy balance, leading to
storage of excess energy as fat8,63. It is estimated that for each extra 3500 kcalories, one pound of
fat is stored8. Even though macronutrient intake is the main component considered in energy input
and weight gain, the nutritional qualities of the food is gaining attention. The term “Western diet”
23

has been used to describe current unhealthy dietary patterns characterized by high consumption of
refined grains, refined sugars, saturated and trans- fats, and processed food as well as low
consumption of fiber161. Although the term was originated in Westernized populations, it is a
common dietary practice in developed and developing countries161. Furthermore, our current
environment fosters physical inactivity, placing an additional burden on the individual’s ability to
maintain healthy body weight. The WHO reported that 31% of the world’s population, 1 in 3
people, is not physically active162. Urbanization, screen time, sedentary nature of several
occupations, and modern modes of transportation are some of the factors that led to the current
decline in physical activity level2,8,163.
1.4.3

Obesity-related Complications
Obesity is associated with risk for chronic disease. Aside from the economical and

psychological concerns of obesity, several adverse health outcomes and increased mortality have
been linked to overweight and obesity. According to the WHO, the fifth leading risk for deaths
worldwide is overweight and obesity2 and it is estimated that 300,000 people die annually from
obesity-related diseases164. Body weight and adiposity have been widely studied in relation to
cardiovascular risk factors and diseases. A meta-analysis of 21 prospective cohort studies reported
that, compared to healthy-weight participants, overweight was associated with 32% higher risk for
developing CHD and this percentage went to 81% in obese participants165.
Adipose tissue in the abdominal area is believed to be metabolically active and is able to
induce metabolic changes that lead to abnormalities like insulin resistance166. In the Nurses’ Health
Study and the Health Professionals Follow-up Study, weight gain and increased BMI and waist
circumference in adulthood were associated with higher risk for T2D167,168. The term
“cardiometabolic risk” covers a wider range of risk factors for the development of T2D as well as
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CVD169. Important elements of increased cardiometabolic risk include: abdominal obesity,
smoking, insulin resistance, high BP, high LDL cholesterol, low HDL cholesterol, high TG, high
fasting blood glucose, and disturbed inflammatory profile169.
As the liver plays a central role in glucose and lipid metabolism, it is one of the primary
organs that can be adversely affected by obesity and an unhealthy diet. Products of carbohydrate
digestion, such as galactose and fructose, are converted into glucose in the hepatocyte, and glucose
can be stored in the liver as glycogen (glycogenesis) 8,63. Glycogen can be broken down into
glucose that is released into the blood when glucose is required for energy (glycogenolysis) 8,63. In
addition, the liver produces glucose from non-carbohydrate compounds (gluconeogenesis), such as
glucogenic amino acids, lactic acid, and glycerol8,63. Fatty acids can be synthesized by the liver
(lipogenesis) from acetyl CoA, produced during the metabolism of glucose and amino acids.
Circulating free fatty acids (FFAs) are transported to the liver to be oxidized to produce energy, reesterified to TG and stored in adipose cells, or packed into lipoproteins to be transported to other
tissues via blood63,170. Normally, excess dietary fat is stored as TG in the adipocytes as an energy
reserve to be used in fasting or other catabolic states (e.g prolonged exercise) 63. However, with the
chronic ingestion of high fat diet, especially when accompanied with lack of physical activity, the
body starts to store TG ectopically in other organs, such as heart, liver, kidneys, and skeletal
muscle, which can lead to lipotoxicity and impairment of several metabolic processes in these
tissues64.
One of the most common liver disorders in obesity is NAFLD171. NAFLD is considered an
umbrella term for several related hepatic diseases and is characterized by excessive fat
accumulation in the liver (> 5% by weight) that is not the result of alcohol consumption170,172. Nonalcoholic steatohepatitis (NASH) is different from simple steatosis as it is characterized by the
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presence of inflammation, fibrosis, and hepatocyte injury and it is likely to progress to
cirrhosis170,171. It is estimated that up to 34% of the US adults have hepatic steatosis and it was
more prevalent in European men compared to European women and in Hispanic Americans
compared to European Americans and African Americans, respectively173. A study from Italy found
that the prevalence of NAFLD is much higher in obese individuals compared to non-obese
participants, 76% and 16%, respectively174. Although the prevalence of NAFLD is relatively low in
children (2.6%), it has been reported to be as high as 53% in obese children175,176.
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Chapter 2: Rational and Hypothesis
Folate and vitamin B12 are crucial for DNA methylation through the generation of AdoMet.
Changing maternal methyl nutrient supply during pregnancy and lactation has been reported to
affect gene expression and DNA methylation patterns in mice and sheep110,177,178. In addition,
alterations in the periconceptional supply of methyl nutrients, including folic acid and vitamin B12,
are associated with metabolic disturbances in the offspring123,124,128,177. Accordingly, alterations in
adiposity and insulin resistance observed in children exposed prenatally to maternal high folate and
low vitamin B12 status12-14 may be due to disturbances in methyl metabolism. Human studies in
this area of research are mainly observational and provide no data on causality, mainly because it is
unethical to restrict pregnant women from attaining adequate nutrition and it is difficult to collect
human tissue. Therefore, animal studies are ideal to study a more mechanistic approach in a
controlled setting. Based on this background, I hypothesize that maternal high folic acid and low
vitamin B12 intakes during pregnancy and lactation program liver gene expression in adult
offspring and contribute to cardiometabolic dysfunction (excess adiposity and insulin
resistance). My hypothesis was addressed by determining the effect of developmental exposure to
maternal dietary folic acid/vitamin B12 imbalance during pregnancy and lactation on the following
parameters in male and female adult offspring mice:
1. Serum folate and vitamin B12 concentrations in adult offspring.
2. Expression of key enzymes in methyl metabolism and Nr3c1 and Ppara in liver from adult
offspring.
3. The relationship between changes in gene expression to changes in gene-specific DNA
methylation and relationship to methyl metabolites in the liver.
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I conducted my research in C57BL/6J mice, which are susceptible to diet-induced obesity
and insulin resistance179. Given that programming events can be exacerbated upon exposure to an
obesogenic environment43,66,135, a group of offspring was challenged with an obesogeneic diet
(Western diet). The liver is a key target for studying the impact of developmental exposure to
folate and vitamin B12 imbalance on genes expression and chronic disease development for
different reasons. In addition to its role in macronutrients metabolism, 85% of the body’s
methylation reactions occur in the liver and up to half of dietary methionine is converted to AdoMet
in mammalian hepatocytes180,181. The link between insulin resistance and fatty liver disease has
been established, but it is still unclear which one comes first. Some studies suggest that insulin
resistance can lead to fatty liver disease 182,183. On the other hand, some linked fatty liver disease to
insulin resistance and atherosclerosis184.
I examined gene expression changes in liver of adult offspring who were exposed to
maternal folic acid and vitamin B12 imbalance prenatally (during gestation) and during early
postnatal life (suckling period). In Chapter 3, I describe my research design and methods. My
research findings are presented in Chapter 4 and discussed in Chapter 5.
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Chapter 3: Materials and Methods
3.1

Experimental Design
This project was conducted in C57BL/6J mice purchased from the UBC Centre for Disease

Modeling (males) and Charles River, Montreal (females). These mice were acclimatized to the
animal unit at CFRI for one week before mating. Dams were fed standard laboratory chow
(PicoLab® Mouse Diet 20 (code 5058), LabDiet, PMI Nutrition International, St. Louis, MO) and
were bred at 6 weeks of age to males of the same age. After their first litter, the dams were
randomly assigned to one of three diets: control, high folic acid with no vitamin B12 (HFA-B12),
or high folic acid with adequate vitamin B12 (HFA+B12) for 6 weeks prior to mating and through
pregnancy and lactation. Both HFA-B12 and HFA+B12 diets contained 10 mg folic acid (Sigma,
Sigma-Aldrich)/kg of diet, which is five times higher than the control group (2 mg folic acid/kg of
diet) and the recommended nutritional requirements for mice185. Control and HFA+B12 groups
received adequate amounts of vitamin B12 (50 µg/kg cyanocobalamin, Sigma), whereas HFA-B12
group had no vitamin B12 in their diet (Table1). Pectin was added (50 g/kg, Sigma) to enhance
vitamin B12 depletion186.
At weaning (3 weeks of age), offspring mice were randomly assigned to receive a control
diet or a Western diet [high in fat and simple carbohydrate (sucrose)] for 20 weeks (male offspring)
and for 40 weeks (female offspring) (Figure 3.1). Male mice are more susceptible to diet-induced
obesity and glucose intolerance and develop these conditions earlier than female mice when fed a
Western diet57,187,188. At the end of feeding period, mice were anaesthetized using isofluorane,
blood was collected by cardiac puncture, and tissue were harvested after cervical dislocation. Upon
harvest, liver tissue was flash frozen in liquid nitrogen, then stored at -80°C. Blood was left at room
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temperature to coagulate for 15 min, then centrifuged at 8000 rpm at 4°C for 15 minutes to obtain
serum, which was consequently stored at -80°C until further analyses.
Mice were housed in the Animal Care Unit at CFRI, which is regularly inspected by the
Canadian Council on Animal Care. Mice were housed in groups (3-5 mice/cage) under a standard
12-hour light/12-hour dark cycle and had unlimited access to food and water.

Figure 3.1: Research Design Overview
Overall, 6 groups of offspring mice were studied (maternal diet/post weaning diet): control/control; HFAB12/ control; HFA+B12/control; control/Western; HFA-B12/Western; HFA+B12/Western. Each group had
6 mice/sex/diet group.
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Table 3.1 Maternal and Offspring Diet Composition Based on National Research Council (NRC) of
Canada.

Control

Western

HFA-B12

HFA+B12

Total Energy
(kcal/kg)

3948

4700

3948

3948

Fat
(% of total energy)

16

45

16

16

64

35

64

64

(100%Cornstarch)

(70%Sucrose
30%Cornstarch)

(100%Cornstarch)

(100%Cornstarch)

Protein
(% of total energy)

20

20

20

20

Folic Acid (mg/kg)

2.0

2.0

10.0

10.0

Vitamin B12
(µg/kg)

50.0

50.0

0

50.0

Pectin (g/kg)

50.0

50.0

50.0

50.0

Carbohydrate
(% of total energy)

Note: Amounts are per kg of diet. All other micronutrients are consistent between groups
The primary source of fat was soybean oil in all diets except the Western diet, which composed of a mixture
of soybean oil, butter, lard, and vegetable shortening.
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3.2
3.2.1

Biochemical Analyses
Quantification of Serum Folate Concentrations
Serum folate concentrations were quantified by a microbiological assay using 96-microtitre

plates and the chloramphenicol resistant strain of Lactobacillus casei (Strain NCIB 10463; obtained
from Cedarlane, Ontario, Canada) as outlined by O'Broin et al. 189. The assay was conducted at
UBC in collaboration with Dr. Tim Green (UBC Food, Nutrition and Health). Glycerolcryopreserved cultures were used as described by Grossowitz et al. 190 and modified by Wilson and
Horne191,192. A stock solution of folic acid standard was made in advance and stored in aliquots at 80°C. From this stock solution, working folic acid standard solution was made fresh to make the
standard curve. Serum samples were diluted with 0.5% sodium ascorbate based on the expected
folate concentrations in C57BL/6 mice. For each sample 400 µl of cryo-preserved Lactobacillus
casei bacteria was added to each 100ml of assay medium. Assay medium was made fresh and
consisted of (5.3 g DifcoTM Folic Acid Casei Medium (BD: Becton Dickinson), 3 mg
chloramphenicol (Sigma), 30 µl Tween 80 (Sigma), and 75 g ascorbic acid (Sigma) dissolved in
100 ml distilled water. The assay medium contained all necessary nutrients required to grow the
bacteria except folate, therefore the amount of bacterial growth was proportional to the folate
concentration of the serum sample analyzed. After 40-hour incubation at 37°C, turbidity was
measured using a multiscan spectrophotometer set at 585 nm (Thermo Labsystems, Helsinki,
Finland). Serum folate concentrations were determined by polynomial equations derived from the
standard curve.
The concentration of folic acid standard was confirmed by a spectrophotometer. All samples
were run at the same time in five plates and folic acid standards were used in the 1st, 3rd,and 5th
plate. On each plate, I ran blanks, which were assay broth without the bacteria, and a control
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sample, which was a mouse serum obtained from the same project. Blanks and each folic acid
standard were run in quadruplicate. Serum samples and the control were run in 2 dilutions, 1/600
and 1/1200; each dilution was run in duplicates.
3.2.2

Quantification of Serum Vitamin B12 Concentrations
Serum vitamin B12 concentrations were quantified in dams and male offspring by a

commercial microbiological kit using Lactobacillus delbrueckii subsp. lactis coated microtitre plate
(ID-Vit® Vitamin B12, Immundiagnostik) and following the manufacturer’s protocol. Standards,
controls, and samples were run in duplicate. In order to obtain values that fall within the range of
the standard curve (110.4 - 993.4 pmol/L), a serial dilution experiment was conducted with the
serum samples in order to determine the best dilution for detection. Samples were diluted 1 in 40
with water (provided by the kit).
Serum vitamin B12 concentrations from female offspring were analyzed by Dr. Anne
Molloy (Trinity College Dublin, Ireland). The method used was a microbiological assay using
colistin sulphate (colomycin) resistant Lactobacillus delbrueckii (NCIMB 12519, ATCC 43787) as
described by Kelleher and O’Broin193. These vitamin B12-dependant bacteria were inoculated into
the growth media and added to wells, which contained the samples at the appropriate dilution.
Vitamin B12 was extracted from serum samples by diluting each sample 1 in 10 with an extraction
buffer [sodium hydroxide (8.3 mmol/L), acetic acid (20.7 mmol/L), and sodium cyanide (0.45
mmol/L), pH 4.5]. Samples were mixed with the extraction buffer, then autoclaved for 10 minutes
at 121°C at 15 psi, and centrifuged at 3000 rpm for 15 minutes. The supernatant was diluted as
required with the extraction buffer. Before adding the assay medium, the total volume in all wells
had to be 100 µl, so compensating volumes of vitamin B12 extraction buffer were added as needed.
The assay medium consisted of 6.2 g of DifcoTM B12 Assay Medium (BD), 150 µl Tween 80, and
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11 mg colistin sulphate dissolved in 100 ml ddH2O. A 100 µl of the cryopreserved bacteria was
added to each 100 ml of media and then 200 µl of this mixture was added to each well. Vitamin
B12 standards were run in quadruplicates and each sample were run in 2 dilutions and each dilution
was run in quadruplicates.

3.3

Quantification of Liver AdoMet/AdoHcy Concentrations
To quantify hepatic AdoMet and AdoHcy concentrations, 0.15 g of liver was homogenized

with 750 µl of 0.4 M perchloric acid using the Bullet Blender® tissue homogenizer for 3 minutes at
level 9 or until tissue was fully lysed. The tissue homogenate was spun down at 4°C for 5 minutes
at 14,000 rpm and supernatant was stored at -80˚C until time of analysis. Concentrations of
AdoMet and AdoHcy were quantified in Dr. Joshua Miller’s lab by high-performance liquid
chromatography (HPLC) with ultraviolet (UV) detection as described by Fell et al. 194 and modified
by Miller et al. 195. A 3 µm ODS Hypersil, 150 mm x 2 mm (Keystone Scientific, Bellafonte, PA)
column was used with a 0.3 mL/min flow rate. The mobile phase consisted of a gradient over 20
minutes from 100% solvent A to a mixture of 75% solvent A+ 25% solvent B. Solvent A contained
0.01 mmol/L ammonium formate with 4 mmol/L heptanesulfonic acid at pH 4.0; solvent B
contained 50% solvent A plus 50% acetonitrile at pH 4.0. The 75% solvent A and 25% solvent B
mixure was maintained from 20 to 25 minutes, followed by 100% solvent A for 15 minutes
(equilibration). Peaks of AdoMet and AdoHcy were detected at 254 nm by UV absorption, and then
external standards were used to obtain AdoMet and AdoHcy concentrations. AdoMet:AdoHcy ratio
were calculated by dividing AdoMet concentration by AdoHcy concentrations.
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3.4

Quantification of mRNA
Total RNA was extracted from liver using the RNeasy Mini Kit (Qiagen). Samples were

treated with RNase-Free DNase (Qiagen) to remove contaminating genomic DNA. RNA integrity
was confirmed by the presence of 18s and 28s ribosomal RNA (rRNA) on 1.5% agarose gels. RNA
concentrations were calculated based on absorbance at 260 nm (NanoDrop spectrophotometer) and
the 1.9-2.1 260 nm/280 nm absorbance ratio was considered as good quality RNA. RNA (500 ng)
was reverse transcribed to cDNA using the High Capacity cDNA Reverse Transcription Kit
according to the manufacturer's protocol (Applied Biosystems). Real time PCR was used to
quantify mRNA levels using the ΔΔCt method of relative quantification196,197. The amount of target
gene was normalized to an endogenous reference (18s rRNA) in the ΔΔCt assay and was calculated
relative to findings obtained from offspring from the maternal control diet group and fed the post
weaning control diet. TaqMan® Gene Expression Master Mix and and the following mousespecific gene expression primers (Applied Biosystems®) were used: Mtr (Mm 01340053_m1), Cbs
(Mm 00460654_m1), Mat1a (Mm00522563_m1), Mthfr (Mm 01255752_m1), Ppara (Mm
00440939_m1), and Nr3c1 (Mm00433832_m1). Data were analyzed using 7500 System Sequence
Detection software (Applied Biosystems®). Each sample was run in duplicate to examine intraassay variability and the experiment were repeated two separate times to determine inter-assay
variation.

3.5

Cbs Immunoblot
Expression of Cbs was quantified in liver by immunoblot. Frozen liver tissue (50 mg) was

homogenized in 500 µl lysis buffer [1x RIPA buffer (Cell Signalling: 20 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1 mM Na2 EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate , 2.5 mM
35

sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM Na3VO4, and 1 µg/ml leupeptin) and
protease inhibitor cocktail (Roche Diagnostics) in distilled water]. Each was sonicated on ice for 30
seconds or until tissue was fully homogenized. Samples were then centrifuged at 8000 rpm at 4°C
for 10 min and the resulting supernatant was stored in -20°C for immunoblot analyses. The
Bradford assay was performed to determine protein concentrations in homogenates198.
Liver homogenates (30µg of protein) were mixed with 5x Laemmli sample buffer (250mM
Tris-HCl, pH 6.8, 10% SDS (Invitrogen), 50% glycerol (Fisher Scientific), 0.02% bromophenol
blue (Fisher Scientific), and 10% β-mercaptoethanol (Sigma)) and boiled for 15 minutes to denature
the proteins. Samples were resolved by electrophoresis on 10% SDS-polyacrylamide gels with a
4% stacking polyacrylamide gel for ~100 minutes at 110V. Samples were then electrotransferred to
nitrocellulose membranes (Bio-Rad) for 90 minutes at 110V, using 1x transfer buffer (25 mM Tris
base, 190 mM glycine, and 20% methanol). Membranes were then immersed in Ponceau S staining
solution (Sigma) to confirm successful transfer and to visualize protein bands, and then de-stained
by washing in ddH2O.
For immunodetection of proteins, membranes were blocked in 5% milk solution, which
consists of milk powder dissolved in Tris Buffer Saline Tween 20 (TBS-T) buffer (0.2M Tris base,
2.5M NaCl, and 0.05% Tween 20), for 1 hour at room temperature. The blocking step is to prevent
non-specific binding of the antibodies to the membrane in the subsequent steps. Membranes were
incubated with the following primary antibodies overnight at 4°C on a shaker: rabbit Cbs
polyclonal IgG (sc-67154, Santa Cruz Biotechnology) at 1:5000 dilution in 5% bovine serum
albumin (BSA), and rabbit anti mouse β-actin polyclonal IgG as a loading control (sc-1616-R,
Santa Cruz Biotechnology) at 1:1000 dilution in 5% BSA. After incubation with primary
antibodies, membranes were washed in TBS-T for 30 minutes, and then incubated at room
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temperature with goat anti-rabbit IgG-conjugate to alkaline phosphatase (sc-2007, Santa Cruz
Biotechnology) at 1:2000 dilution in 5% milk solution (milk powder dissolved in TBS-T) for 1.5
hour. Membranes were washed with TBS-T for 30 minutes and then incubated with Lumi-Phos WB
Substrate (ThermoScientific), a chemiluminescence reagent, for 5 minutes. Chemiluminescence
from the membranes was detected by ChemiGenius gel imaging system (Perkin Elmer) by exposing
the membranes for 10 minutes; 5 images were captured. Relative protein densities (Cbs expression
relative to actin expression) were quantified by GeneTools software (Perkin Elmer). Each sample
was run two times (in two different blots) and the average value was used in the analysis.

3.6

Quantitative Analysis of Mthfr DNA Methylation
The methylation status of the Mthfr promoter was quantified by bisulfite pyrosequencing199.

The mouse Mthfr gene is located in distal chromosome 4200. Mthfr has a complex genomic structure
and two major promoters have been identified201,202. Mthfr methylation has not been studied before
in mice. Mthfr promoter CpG-rich regions were identified by in silico analysis using MethPrimer
and the UCSC genome browser203,204. Genomic DNA was extracted from liver tissue (25mg) using
the DNeasy Blood & Tissue Kit (Qiagen) and included RNase I treatment. DNA concentrations
were quantified by NanoDrop spectrophotometer. DNA (500 ng) was bisulfite-treated using EZ
DNA Methylation-Gold™ Kit (ZYMO RESEARCH) and stored at -20°C until further analysis.
PCR and sequencing primers were designed using PyroMark Assay Design Software
(Qiagen). A 235 bp region of the Mthfr downstream promoter between -312bp and -77bp, relative
to the translational start site, was amplified by PCR using HotStarTaq DNA Polymerase (Qiagen)
and the following primers: MmMthfr-P2-F, 5’- GGGGATGTGGGTTTTAGAG -3’ and MmMthfrP2-RB, 5’- CCCATACACACCCAACAC -3’ (IDT). This region has been reported to be required
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for Mthfr promoter activity in Neuro-2a (derived from mouse neuroblastoma cells) and RAW 264.7
(derived from mouse macrophage cell line) 202 and it is adjacent to exon1 (Figure 4.2). For each
sample, PCR master mix consisted of 2.5 µl of 10x PCR buffer, 5 µl of Q-solution, 10mM of dNTP,
0.25µl of HotStarTaq DNA polymerase, 0.5 µl of 10µM forward primer (IDT, Coralville, IA) and
0.5 µl of 5’biotin-labelled reverse primer (IDT) and 1µl of Bisulfite-treated DNA. The cycling
conditions were as follow: 95°C for 15 minutes followed by 40 cycles of 94°C for 30 seconds,
58°C for 30 seconds, and 72°C for 30 seconds and a final extension at 72°C for 10 minutes. A
water blank was used as a negative control and agarose electrophoresis (1.2% agarose) was
performed to visualize the PCR products.
PCR products were sequenced using the PyroMark MD System (Biotage, Qiagen) following
the manufacturer’s suggested protocol. Two sequencing primers were used to sequence the PCR
product: MmMthfr-P2-Seq2, 5’- TTTATTAGGTAGTTGT -3’ and MmMthfr-P2-Seq3B, 5’TTTTGGGTAGGAGTTGTAAG -3’ (IDT). The former sequencing primer was used to sequence
the first 6 CpG sites while the latter was used to sequence the last 3 CpG sites (Figure 3.2). The
percent methylation at each CpG site was quantified by Pyro Q-CpG software (Biotage, version
1.0.9).
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Figure 3.2: Schematic Representation of the 5' Region of Mouse Mthfr Gene in Chromosome 4
Illustrating Two Promoters Upstream of the First Exon
Isoform 1 = long isoform of MTHFR (77 kDa), Isoform 2 = short isoform of MTHFR (70 kDa)
The figure is adapted from Pickell et al. 205.

3.7

Statistical Analyses
Data were analyzed by two-way analysis of variance (ANOVA). The independent variables

were maternal diet and post weaning offspring diet. If an interaction was found, one-way ANOVA
was used to assess the effects of maternal diet on post weaning control-fed and Western-fed mice
separately followed by the least significant difference (LSD) test for multiple comparisons. Male
and female offspring were analyzed separately. Simple linear regression analyses were performed
to explore the relationship between gene expression and other variables, such as Mthfr promoter
methylation and AdoMet and AdoHcy concentrations. Analyses were conducted using SPSS
version 22 (IBM, US) and p-value < 0.05 was considered statistically significant. All results are
presented as means ± standard error of the mean (SEM).
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3.7.1

Folate Microbiological Assay Intra- and Inter-assay Variability
For the folate microbiological assay, the inter-assay and intra-assay coefficient of variability

(CV) were calculated as follow: %CV = [(standard deviation (SD) between plates or between
duplicates/ average value) x100]. Inter-assay CV was calculated for the concentration as well as the
absorbance reading of a control sample that was measured in two dilutions (1/600 and 1/1200).
They are represented in Table 3.2 as control 1 (1/1200) and control 2 (1/600). I calculated the intraassay CV for the absorbance reading of control 1 and 2 in each plate as shown in Table 3.3.
Table 3.2: Folate Microbiological Assay Inter-Assay CV

Control
Concentration
Abs (control 1)
Abs (control 2)

Plate 1
56.81
0.198
0.320

Plate 2
52.12
0.165
0.265

Plate 3
53.22
0.180
0.269

Plate 4
62.66
0.203
0.320

Plate 5
62.26
0.176
0.303

Average
57.41
0.184
0.295

SD
4.92
0.01
0.02

%CV
8.6
7.6
8.1

Table 3.3: Folate Microbiological Assay Intra-Assay CV

Control

Control 1

Control 2

Abs 1
Abs 2
Average
SD
%CV
Abs 1
Abs 2
Average
SD
%CV

Plate 1
0.207
0.188
0.198
0.01
6.80
0.335
0.304
0.320
0.02
6.86

Plate 2
0.173
0.156
0.165
0.01
7.31
0.282
0.248
0.265
0.02
9.07

Plate 3
0.181
0.178
0.180
0.00
1.18
0.280
0.257
0.269
0.02
6.06

Plate 4
0.201
0.204
0.203
0.00
1.05
0.326
0.314
0.320
0.01
2.65

Plate 5
0.188
0.164
0.176
0.02
9.64
0.303
0.302
0.303
0.00
0.23

Total %CV

5.2

5.0

Overall, the inter-assay CV for the folate microbiological assay ranged from 7.6 to 8.6%.
Further, the average intra-assay CV for the folate microbiological assay was 5.1%.
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3.7.2

Vitamin B12 Microbiological Assay Intra- and Inter-assay Variability
The inter- and intra-assay CV for the vitamin B12 microbiological assay is shown in Tables

3.4 and 3.5, respectively. Inter-assay % CV was calculated for the absorbance reading and the
concentration of a control sample came with the kit. Intra-assay CV is shown for the control and the
first standard (Std 1).
Table 3.4: Vitamin B12 Microbiological Assay Inter-Assay CV

Control
Concentration (ng/L)
Abs

Plate 1
580
0.250

Plate 2
600
0.254

Plate 3
575
0.283

Average
585
0.262

SD
13.23
0.02

%CV
2.3
6.9

Table 3.5: Vitamin B12 Microbiological Assay Intra-Assay CV

Control

Control

Std 1

Abs 1
Abs 2
Average
SD
%CV
Abs 1
Abs 2
Average
SD
%CV

Plate 1
0.243
0.257
0.250
0.01
3.96
0.108
0.108
0.108
0.00
0.17

Plate 2
0.241
0.267
0.254
0.02
7.26
0.104
0.101
0.265
0.02
1.53

Plate 3
0.281
0.285
0.283
0.00
1.02
0.115
0.109
0.112
0.004
3.79

Total %CV

4.1

1.8

Vitamin B12 microbiological assay inter-assay CV for the concentration is 2.3% and for the
absorbance is 6.9%, which are both acceptable (less than 15%). Intra-assay CV for the control and
standard 1 are 4.1% and 1.8%, respectively. Both values are less than 10% of variation.
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3.7.3

Real-time PCR Intra- and Inter-assay Variability
For real-time PCR experiments, the SD between Ct of duplicates was ≤ 0.200; values over

this cutoff were rejected and samples were repeated. Inter-assay CV between plates was calculated
based on the relative quantification (RQ) values as suggested by Livak et al. 196. The RQ results
presented in the following tables are from samples of offspring fed the control diet during prenatal
development and post weaning.

Table 3.6: Real-time PCR Inter-assay CV for Male Offspring

Mtr
1
2
3
4
5
6

RQ1
1.053
0.835
0.824
0.946
0.771
0.629

RQ2
0.993
0.776
0.966
0.966
0.826
0.557

SD
0.04
0.04
0.10
0.01
0.04
0.05

Average RQ
1.023
0.806
0.895
0.956
0.799
0.593

CV (%)
4.15
5.18
11.22
1.48
4.87
8.59

Average CV (%)
5.9

Cbs
1
2
3
4
5

RQ1
0.880
0.886
0.618
1.079
1.129

RQ2
1.007
0.914
0.595
0.943
0.997

SD
0.09
0.02
0.02
0.10
0.09

Average RQ
0.944
0.900
0.606
1.011
1.063

CV (%)
9.52
2.21
2.70
9.54
8.81

Average CV (%)
6.6

Mthfr
1
2
3
4
5
6

RQ1
0.475
2.295
0.587
0.841
0.912
0.401

RQ2
0.530
2.052
0.694
0.749
0.906
0.429

SD
0.04
0.17
0.08
0.07
0.00
0.02

Average RQ
0.530
2.174
0.641
0.795
0.909
0.415

CV (%)
7.32
7.91
11.81
8.18
0.47
4.77

Average CV (%)
6.7
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Table 3.7: Real-time PCR Inter-assay CV for Female Offspring

Cbs
1
2
3
4

RQ1
1.454
1.296
0.630
0.509

RQ2
1.609
1.229
0.696
0.554

SD
0.11
0.05
0.05
0.03

Average RQ
1.531
1.262
0.663
0.532

CV (%)
7.15
3.72
7.03
6.03

Average CV (%)
6.0

Mthfr
1
2
3
4

RQ1
1.543
1.714
0.795
0.766

RQ2
1.427
1.636
0.767
0.782

SD
0.08
0.05
0.02
0.01

Average RQ
1.485
1.675
0.781
0.774

CV (%)
5.50
3.28
2.51
1.49

Average CV (%)
4.1

5

1.090

0.976

0.08

1.033

7.81

Mat1a
1
2
3
4

RQ1
1.126
0.975
0.864
1.129

RQ2
0.999
0.763
0.786
1.070

SD
0.09
0.15
0.05
0.04

Average RQ
1.063
0.869
0.825
1.099

CV (%)
8.50
17.20 *
6.66
3.81

Average CV (%)
9.0

The inter-assay CV for real-time PCR experiments ranged from 4.1 to 9.0%. * this sample
showed high CV between plates although the SD was less than 0.2.
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Chapter 4: Results
4.1

Offspring Body and Liver Weights
Offspring weights were measured at weaning and then on a weekly basis. Liver weights

were recorded immediately during tissue collection. Liver weight is expressed in Figure 4.1C and
4.2C as a percentage of body weight, calculated as follows: liver weight (g)/body weight (g) x100.
As shown in Figure 4.1A, there was no effect of maternal diet on male offspring body weight at
weaning. As predicted, after 20 weeks on diet (Figure 4.1B), male offspring who were weaned onto
the Western diet weighed more (48.45 ± 1.06 vs 38.29 ± 1.32 g; p < 0.001) than those weaned onto
the control diet. Although there were no statistically significant effects of the maternal diets, male
mice from dams fed the HFA-B12 diet were smaller at 20 weeks post weaning than those from
control-fed dams (41.22 ± 2.58 vs 45.29 ± 1.77 g; p = 0.063). Moreover, liver mass was greater (p <
0.001) in male offspring fed the Western diet post weaning (5.23 ± 0.16) compared to those fed the
control diet (4.22 ± 0.16) (Figure 4.1C).
There was no effect of maternal diet on female offspring body weight at weaning (Figure
4.2A). After 40 weeks on diet (Figure 4.2B), there was a significant interaction (p = 0.049) between
maternal diet and post weaning diet on body weight. In female offspring mice fed the post weaning
Western diets, those from dams fed the HFA-B12 weighed less compared to female offspring from
dams fed the control diet (50.36 ± 3.33 vs 58.29 ± 1.60; p < 0.05). No effect of maternal diet was
observed in female offspring fed the post weaning control diet. Liver weight was greater (p < 0.01)
in female offspring mice fed the post weaning Western diet (4.36 ± 0.23) compared to control-fed
female offspring (3.66 ± 0.09). This effect was independent of maternal diet.
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Figure 4.1: Body Weight and Liver weight of Male Offspring
A. Body weight at weaning (3 weeks old). B. Body weight at 20 weeks post weaning. C. Liver Weight at 20
weeks post weaning.
Data are presented as mean ± SEM (n=6-7/group). ANOVA was conducted to analyze differences between
groups.
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Figure 4.2: Body Weight and Liver Weight of Female Offspring
A. Body weight at weaning (3 weeks old). B. Body weight at 40 weeks post weaning. C. Liver Weight at 40
weeks post weaning.
Data are presented as mean ± SEM (n=6-7/group). ANOVA was conducted to analyze differences
between groups. *p < 0.05, HFA-B12 vs. Control; **p < 0.05, HFA-B12 vs. HFA+B12.
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4.2

Serum Folate Concentrations
I quantified serum folate concentrations in male and female offspring to determine the effect

of maternal dietary folate intakes during pregnancy and lactation on folate status in the offspring. I
found no effect of maternal diet or post weaning offspring diet on serum folate concentrations in
male and female offspring (Figure 4.3).

Figure 4.3: Offspring Serum Folate Concentrations
A. Male offspring. B. Female Offspring.
Data are presented as mean ± SEM (n=4-7/group). ANOVA was conducted to analyze differences between
groups.

4.3

Serum Vitamin B12 Concentrations
I quantified serum vitamin B12 concentrations in dams to confirm vitamin B12 depletion

and in offspring to determine the effect of maternal dietary vitamin B12 intake during pregnancy
and lactation on offspring vitamin B12 status. Although there are several direct and functional
biomarkers (e.g. holo-transcobalamin and methylmalonic acid) to determine vitamin B12 status in
humans, serum vitamin B12 is commonly used in animal studies206,207. Dams were fed the different
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diets for 13 weeks and serum samples were collected at end-point (1 week after offspring’s
weaning). As shown in Figure 4.4, dams fed the HFA-B12 diet have significantly lower (p < 0.01)
serum vitamin B12 concentrations (563.79 ± 31.53 pmol/L) compared to dams fed the control and
HFA+B12 diets (12,344 ± 3,866.44 and 19,050.46 ± 1942.98 pmol/L, respectively). Control-fed
dams had relatively lower serum vitamin B12 compared to dams fed HFA+B12, however this was
not significantly different (12,344 ± 3,866.44 vs 19,050.46 ± 1942.98 pmol/L; p = 0.06).

Figure 4.4: Maternal Serum Vitamin B12 Concentrations
Data are presented as mean ± SEM (n=4-6/group).
ANOVA was conducted to analyze differences between groups.
*p < 0.05, HFA-B12 vs. Control; **p < 0.05, HFA-B12 vs. HFA+B12.

4.3.1

Male Offspring Serum Vitamin B12 Concentrations
Despite differences in maternal vitamin B12 concentrations, there was no significant effect

of maternal diet on male offspring serum vitamin B12 concentrations (Figure 4.5A). Control-fed
offspring have lower serum vitamin B12 concentrations compared to offspring fed the post weaning
Western diet, however this was not statistically significant (14,101.10 ± 2,382.24 vs 18,199.46 ±
695.91 pmol/L; p = 0.06).
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4.3.2

Female Offspring Vitamin B12 Concentrations
There were no effects of maternal diet or post weaning diet on serum vitamin B12

concentrations in female offspring (Figure 4.5B). However, female offspring fed the post weaning
control diet tended to have lower vitamin B12 concentrations compared to offspring fed the post
weaning Western diet (17,974.06 ± 439.57 vs 19,889.72 ± 1,099.20 pmol/L; p = 0.12).

Figure 4.5: Offspring Serum Vitamin B12 Concentrations
A. Male offspring. B. Female offspring.
Data are presented as mean ± SEM (n=4-6/group). ANOVA was conducted to analyze differences between
groups.

49

4.4

Hepatic AdoMet and AdoHcy
Alterations in hepatic AdoMet and AdoHcy concentrations have been associated with

changes in activity and expression of methyl metabolism enzymes104,208,209. AdoMet is the principal
methyl donor in mammalian cells. AdoHcy is considered an inhibitor of several
methyltransferases210,211.
Figure 4.6 illustrates the hepatic concentrations of AdoMet and AdoHcy in male offspring.
No significant effect of maternal diet or post weaning diet was found for hepatic AdoMet
concentrations. However, AdoHcy was significantly lower in male offspring fed the post weaning
Western diet (13.81 ± 1.66 vs 20.48 ± 1.793 nmol/g; p < 0.05). There was a significant effect of
maternal diet and post weaning diet on AdoMet/AdoHcy ratio. Offspring from dams fed the HFAB12 diet had a lower AdoMet/AdoHcy ratio (2.24 ± 0.23) than offspring from dams fed the control
(3.02 ± 0.23) or HFA+B12 (2.96 ± 0.22) diets. AdoMet/AdoHcy ratio was higher in offspring fed
the Western diet compared to those fed the control diet (3.08 ± 0.40 vs 2.41± 0.16; p < 0.05).
Hepatic AdoMet and AdoHcy concentrations in female offspring are shown in Figure 4.7.
There was a trend toward an effect of maternal diet on AdoMet concentrations (p = 0.068, n.s.).
Offspring from dams fed the HFA-B12 diet had lower hepatic AdoMet concentrations compared to
offspring from control-fed dams (33.37 ± 2.24 vs 40.78 ± 2.35 nmol/g; p <0.05) and from dams fed
HFA+B12 (33.37 ± 2.24 vs 39.18 ± 2.24 nmol/g; p = 0.08). There was no significant effect of
maternal diet on hepatic AdoHcy concentrations or AdoMet/AdoHcy ratio and no significant effect
of post weaning diet on offspring hepatic AdoMet and AdoHcy concentrations or AdoMet/AdoHcy
ratio.
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Figure 4.6: Hepatic AdoMet and AdoHcy Concentrations in Male Offspring
A. AdoMet Concentrations. B. AdoHcy Concentrations. C. AdoMet:AdoHcy Ratio.
Data are presented as mean ± SEM (n=5-6/group). ANOVA was conducted to analyze differences between
groups. *p < 0.05, HFA-B12 vs. Control; **p < 0.05, HFA-B12 vs. HFA+B12.

51

Figure 4.7: Hepatic AdoMet and AdoHcy Concentrations in Female Offspring
A. AdoMet Concentrations. B. AdoHcy Concentrations. C. AdoMet:AdoHcy Ratio.
Data are presented as mean ± SEM (n=5-6/group). ANOVA was conducted to analyze differences between
groups.
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4.5

Hepatic mRNA Expression of Methyl Metabolism Enzymes
I quantified mRNA expression of genes encoding key enzymes in methyl metabolism in the

liver to explore whether maternal folate and vitamin B12 imbalance programs gene expression.
Disturbances in one carbon metabolism have been implicated in CVD, oxidative stress, cancer, and
liver disease94,104,212,213. Mthfr encodes MTHFR, which catalyzes the conversion of 5,10methyleneTHF to 5-methylTHF. Mtr encodes MTR, which is one of only two vitamin B12dependant enzymes, and it metabolically links the folate cycle with the methionine cycle by
catalyzing the remethylation of homocysteine to methionine. Mat1a is expressed in adult liver and
encodes MAT. Cbs encodes CBS, which catalyzes the first step in the transsulfuration pathway that
irreversibly degrades homocysteine to cysteine.

4.5.1

Male Offspring
Male offspring from dams fed the HFA-B12 diet had lower (p < 0.05) Cbs mRNA

expression compared to offspring from dams fed the control diet. Offspring from dams fed the
HFA-B12 diet also had lower Mthfr mRNA expression compared to those from dams fed the
HFA+B12 (Figure 4.8A). Offspring fed the post weaning Western diet had higher (p < 0.05) Mtr
mRNA expression than offspring fed the post weaning control diet (Figure 4.8C). No effect of
maternal and post weaning diets was observed for Mat1a mRNA expression (Figure 4.8D).
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Figure 4.8: Hepatic Gene Expression of Methyl Metabolism Enzymes in Male Offspring
A. Relative Mthfr mRNA expression. B. Relative Cbs mRNA expression. C. Relative Mtr mRNA
expression. D. Relative Mat1a mRNA expression.
Data are presented as mean ± SEM (n=5-6/group). ANOVA was conducted to analyze differences between
groups. *p < 0.05, HFA-B12 vs. Control; **p < 0.05, HFA-B12 vs. HFA+B12.

4.5.2

Female Offspring
There was an interaction (p < 0.05) between maternal diet and post weaning offspring diet

for Mthfr mRNA expression. In female offspring fed the post weaning Western diet, those from
dams fed the HFA-B12 diet had higher (p < 0.05) Mthfr mRNA expression compared to those from
dams fed the HFA+B12 diet and from dams fed the control diet (Figure 4.10A). In contrast, female
offspring fed the post weaning control diet responded differently; offspring from HFA+B12-fed
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dams have higher Mthfr mRNA expression compared to those from control-fed and HFA-B12-fed
dams (p = 0.052 and p = 0.055, respectively).
Moreover, Mtr mRNA expression was affected by maternal diet with female offspring from
dams fed the HFA-B12 diet had lower Mtr mRNA expression compared to those from control-fed
dams; no effect of post weaning diet on Mtr mRNA expression was observed. Lastly, there was no
statistically significant effect of maternal diet or offspring post weaning diet on Cbs and Mat1a
mRNA expressions in female offspring.

Figure 4.9: Hepatic Gene Expression of Methyl Metabolism Enzymes in Female Offspring
A. Relative Mthfr mRNA expression. B. Relative Cbs mRNA expression. C. Relative Mtr mRNA
expression. D. Relative Mat1a mRNA expression.
Data are presented as mean ± SEM (n=5-6/group). ANOVA was conducted to analyze differences between
groups. *p < 0.05, HFA-B12 vs. Control; **p < 0.05, HFA-B12 vs. HFA+B12.
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I further investigated the relationship between the mRNA expression of methyl metabolism
genes and AdoMet and AdoHcy concentrations by linear regression. Mtr mRNA expression was
negatively associated (r = 0.45, p = 0.011) with AdoMet concentrations in male offspring (Figure
4.10). Expression levels of Mthfr, Cbs, and Mat1a were not significantly associated with AdoMet
and AdoHcy concentrations in male offspring or female offspring.

Figure 4.10: Relationship between Mtr gene expression and AdoMet Concentrations in Liver from
Male Offspring
Simple linear regression was used (n = 33).
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4.6

Hepatic Gene Expression of Nr3c1 and Ppara
I further quantified Nr3c1 and Ppara mRNA expression in the liver, given these genes have

been shown to be developmentally programmed19,214-216 and their expression is influenced by DNA
methylation119,217. Nr3c1 encodes the glucocorticoid receptor (GR). Glucocorticoids are a class of
steroid hormones that bind GR to activate several immunological and metabolic responses, such as
the regulation of carbohydrate, protein and fat metabolism214. Ppara encodes PPARα, a nuclear
receptor that plays a role in regulating hepatic expression of genes required for fatty acid synthesis
and oxidation, and glucose homeostasis118,218,219. In male offspring, Nr3c1 and Ppara mRNA
expression levels were not affected by maternal diet or offspring post weaning diet (Figure 4.11).
In female offspring, Nr3c1 mRNA expression was not affected by maternal diet or post
weaning diet (Figure 4.12A). There was a trend towards an interaction (p = 0.075) between
maternal diet and post weaning diet on hepatic Ppara mRNA (Figure 4.12B). When I analyzed the
data separately for post weaning control-fed and Western-fed female offspring by one-way
ANOVA, Western-fed female offspring mice from dams fed the HFA-B12 diet had lower (p <0.05)
Ppara mRNA expression compared to offspring from dams fed the HFA+B12 diet. This effect was
not observed in offspring fed the post weaning control diet.
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Figure 4.11: Hepatic Nr3c1 (A) and Ppara (B) Expressions in Male Offspring
Data are presented as mean ± SEM (n=5-6/group).
ANOVA was conducted to analyze differences between groups.

Figure 4.12: Hepatic Nr3c1 (A) and Ppara (B) Expressions in Female Offspring
Data are presented as mean ± SEM (n=5-6/group). ANOVA was conducted to analyze differences between
groups. ANOVA was conducted to analyze differences between groups. *p < 0.05, HFA-B12 vs. Control;
**p < 0.05, HFA-B12 vs. HFA+B12.
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4.7

Hepatic CBS Protein Expression in Male Offspring
Given the effect of maternal diet on hepatic Cbs mRNA expression in male offspring mice, I

further explored whether similar effects of maternal diet are observed for Cbs protein expression. In
contrast to what I found for hepatic Cbs mRNA expression, I found lower hepatic Cbs protein in
male offspring fed the post weaning Western diet compared to male offspring fed the post weaning
control diet (Figure 4.13). No effect of maternal diet was observed.

Figure 4.13: Hepatic CBS Protein Expression in Male Offspring
A. CBS protein expression as a ratio to beta actin levels. B. Representative blots illustrating protein bands
with actin as a loading control; Offspring groups are presented as maternal diet/post weaning diet (C=
Control diet, W= Western diet).
Data are presented as mean ± SEM (n=6/group). ANOVA was conducted to analyze differences between
groups.
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4.8

Mthfr DNA Methylation
Given that I observed a significant effect of maternal diet on Mthfr mRNA expression in

both male and female offspring mice, the methylation status of this gene was quantified by bisulfite
pyrosequencing220 as described in Chapter 4. I assessed the methylation status of 9 CpGs sites in
the Mthfr downstream promoter (Figure 4.2).
4.8.1

Male Offspring
Methylation at each of the 9 CpG sites were strongly correlated with each other, except for

the methylation of CpG site 4 with site 7. I used results from all the 9 CpG sites to calculate the
mean methylation status and found no effect of maternal diet or post weaning diet in male offspring
(Figure 4.14). Lower methylation (p = 0.015) was observed at CpG site 4 in male offspring fed the
post weaning Western diet compared to offspring fed the post weaning control diet regardless of
maternal diet (Table 4.1). Male offspring from dams fed the control diet had lower methylation at
CpG site 2 compared to those from dams fed the HFA+B12 diet (p = 0.03) or HFA-B12 diet (p =
0.04). No relationship between Mthfr mRNA expression and mean Mthfr downstream promoter
methylation was observed (Figure 4.16A).
4.8.2

Female Offspring
In female offspring, methylation patterns at all 9 CpG sites were strongly correlated with

each other. The mean methylation status of Mthfr downstream promoter was lower in offspring fed
the Western diet compared to offspring fed the control diet (56.23 ± 0.78 vs 60.86 ± 0.80 %; p <
0.001) and was not affected by maternal diet (Figure 4.15). However, the methylation difference
was less than 5%. When each CpG site was analyzed separately, all had lower methylation (p <
0.01) in female mice fed the post weaning Western diet compared to offspring fed the post weaning
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control diet (Table 4.2). No relationship between hepatic Mthfr mRNA expression and Mthfr
downstream promoter mean methylation was observed (Figure 4.16B).
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Figure 4.14: Mthfr DNA Methyaltion Status in Liver from Male Offspring
Data are presented as mean ± SEM (n = 6/group). ANOVA was conducted to analyze differences between groups.
Table 4.1: Mthfr DNA Methylation Status in Liver from Male Offspring

Maternal
Diet

Post
Weaning
Diet

Control
HFA-B12

Mthfr Methylation Status (%methylation)
CpG 1
62.1± 1.78

Control

CpG 2

CpG 3

CpG 4*

CpG 5

CpG 6

CpG 7

CpG 8

CpG 9

46.53± 2.39 57.71± 4.16 72.47± 1.12 66.00± 2.05 49.73± 0.74 50.43± 4.00 49.20± 6.82 68.29± 0.83

65.31± 2.23 52.90± 1.80 63.30± 2.04 74.60± 2.69 69.69± 2.82 52.10± 2.52 52.55± 3.67 48.16± 1.26 70.61± 2.56

HFA+B12

65.80± 1.59 52.14± 1.39 61.00± 1.51 75.24± 0.96 67.92± 1.23 49.77± 2.18 54.99± 0.86 48.50± 1.26 73.75± 1.12

Control

61.88± 2.11 48.37± 2.69 56.73± 2.65 70.26± 1.19 65.88± 1.55 50.23± 1.72 49.90± 2.76 44.01± 2.17 70.91± 2.21

HFA-B12
HFA+B12

Western

61.75± 1.18 50.06± 1.62 57.10± 1.30 70.81± 1.87 65.77± 0.74 50.68± 1.04 50.17± 2.19 44.94± 1.87 67.22± 1.57
63.64± 1.22 51.43± 0.92 59.45± 0.75 70.99± 1.22 65.43± 1.34 50.96± 0.89 52.57± 0.39 46.00± 0.86 69.33± 2.08

Data are presented as mean ± SEM. ANOVA was conducted to analyze differences between groups. *p < 0.05, effect of post weaning diet.
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Figure 4.15: Mthfr DNA Methyaltion Status in Liver from Female Offspring
Data are presented as mean ± SEM (n = 6/group). ANOVA was conducted to analyze differences between groups.

Table 4.2: Mthfr DNA Methylation Status in Liver from Female Offspring

Maternal
Diet

Post
Weaning
Diet

Control
HFA-B12

Mthfr Methylation Status (%methylation)
CpG 1*

CpG 2*

CpG 3*

CpG 4*

CpG 5*

CpG 6*

CpG 7*

CpG 8*

CpG 9*

63.95± 2.13 53.35± 3.06 61.53± 4.35 71.56± 2.91 68.69± 1.04 52.07± 0.76 55.81± 2.83 50.51± 2.23 71.34± 0.64
Control

64.19± 0.51 52.95± 0.67 61.77± 0.70 71.19± 0.31 68.10± 0.68 50.04± 0.43 56.84± 0.87 50.11± 0.62 71.42± 0.50

HFA+B12

64.69± 0.99 52.51± 1.50 62.77± 1.48 72.42± 1.07 68.79± 0.89 50.08± 1.01 56.22± 1.21 49.88± 0.96 70.32± 0.88

Control

58.39± 1.07 48.93± 0.71 58.13± 1.24 67.18± 2.03 63.48± 1.51 45.89± 1.51 49.25± 3.21 46.06± 1.31 65.85± 1.15

HFA-B12
HFA+B12

Western

61.92± 2.28 47.76± 1.80 58.53± 1.51 69.21± 2.74 65.35± 1.52 48.22± 2.53 53.43± 1.44 48.81± 1.11 69.04± 3.04
57.93± 1.81 47.24± 1.59 55.64± 1.38 65.20± 1.99 61.67± 1.73 45.29± 2.22 50.30± 1.85 46.77± 1.53 62.65± 2.04

Data are presented as mean ± SEM. ANOVA was conducted to analyze differences between groups. *p < 0.01, effect of post weaning diet
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A

Mthfr mRNA Expression

r = 0.216
p = 0.22

Mean Methylation (%)

B

Ln Mthfr mRNA Expression

r = 0.231
p = 0.203

Mean Methylation (%)

Figure 4.16: Relationship Between Mthfr mRNA Expression and Mean DNA Methylation
A. Male Offspring (n = 34). B. Female Offspring (n = 32).
Simple linear regression was used. Ln: natural log transformed.
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Chapter 5: Discussion
An epidemiological study from South Asia has suggested a role for maternal high folate and
low vitamin B12 status during pregnancy in programming of offspring adiposity and insulin
resistance12. Two additional epidemiological studies in support of these findings have recently been
published reporting independent roles for both maternal folate and vitamin B12 status during
pregnancy on programming of adiposity and glucose homeostasis in children13,14. Given that most
Canadian women have adequate to high folate status and that vitamin B12 deficiency is moderately
prevalent in women of childbearing age 7,9,10, I sought to explore whether maternal high folic acid
and low vitamin B12 intakes would program hepatic gene expression in the liver of adult offspring
as a first step towards delineating the mechanisms accounting for the observations in the
epidemiological studies12-14. I found three main findings in my thesis. First, maternal high folic acid
without vitamin B12 altered hepatic gene expressions of enzymes in methyl metabolism in both
male and female offspring. Second, the post weaning Western diet decreased hepatic AdoHcy
concentrations and the developmental exposure to maternal high folic acid and no vitamin B12
decreased AdoMet /AdoHcy ratio in adult male offspring. Third, maternal folic acid and vitamin
B12 imbalance during gestation and lactation did not affect offspring serum folate and vitamin B12
concentrations in adulthood. My findings are novel because they shed light on the interaction
between in utero and early postnatal environment with post weaning diet as observed in hepatic
gene expression and body weight.
Findings from the Dutch Famine Birth Cohort and other subsequent supporting studies
demonstrated pivotal evidence for the impact of developmental exposure to environmental
influences on future health27-29,31-34,52-54. The mechanistic bases of DOHaD are still poorly
understood, but epigenetic mechanisms are potential candidates in mediating the effects of early life
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cues on adult disease susceptibility. Factors, such as diet, have the ability to modify epigenetic
mechanisms and alter gene expression72,221-223. Previous reports suggest a central role of the dietary
methyl nutrients during pregnancy in the modulation of adult phenotype and epigenetic processes.
Supplementation of the diet of female mice with methyl donors (folic acid, vitamin B12, choline,
and betaine) prior to mating and throughout pregnancy and lactation altered coat colour in the
offspring and agouti gene expression via changes in DNA methylation110. Sinclair et al. reported
that periconceptional dietary restriction of folate, vitamin B12, and methionine in sheep was
associated with alterations in plasma glucose and insulin concentrations and fat accumulation
(determined by computed tomography), and DNA methylation in male offspring at 22 months of
age224. Furthermore, the supplementation of diet with folic acid, vitamin B12, methionine, choline,
and betaine in female rats during pregnancy and lactation was associated with lower plasma leptin
in male and female offspring, and hypermethylation in the leptin gene promoter in male offspring at
weaning178. Methyl donors are not limited to nutrients mentioned in these studies. Methyl nutrients
can be vitamins, such as folate, vitamin B2, vitamin B6, vitamin B12 and choline, and amino acids,
such as methionine, glycine, serine, and cysteine222.
Folate is a key source of methyl groups for the synthesis of AdoMet and its metabolism is
linked to vitamin B12. Thus, folate and vitamin B12 can play a role in the modulation of DNA
methylation110,111,178. The current food fortification policies in North America and other countries
mandate the addition of folic acid to grain and cereal products for the prevention of NTD, but there
is not mandatory fortification for vitamin B12. Folic acid fortification resulted in high circulating
concentrations of folate and unmetabolized folic acid post fortification7,9, but the consequences are
unknown. Although the majority of Canadians have adequate folate status and 40% have high RBC
folate concentrations7, approximately 5% of Canadian adults, including pregnant women, have
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vitamin B12 deficiency9,10. Human studies have reported associations between folate and vitamin
B12 status during pregnancy and children adiposity and insulin resistance12-14. Kumar et al.
conducted a study on rats and examined the effects of maternal dietary adequate folate and
restricted vitamin B12 on offspring adiposity and lipid metabolism, but offspring were weaned onto
the same diet that they were exposed to in utero and lactation, which made it hard to rule out the
effect of developmental diet from the weaning diet225. As such, I aimed to address this limitation in
my thesis by investigating the effects of developmental exposure to folate and vitamin B12
imbalance using an animal model.

5.1

Offspring Body and Liver Weights
At weaning, body weight did not differ between groups in both male and female offspring.

This is in contrast to two previous studies that reported that vitamin B12 deficiency during
pregnancy and lactation to be associated with less body weight in the offspring at weaning113,123.
Huang et al. did not find an effect of maternal folic acid intakes (2 mg, 5 mg, and 40 mg/ kg of diet)
on offspring body weight at weaning124.
There is an association between birth weight and rapid weight gain early in life and
metabolic and cardiovascular risks226,227. Excess weight gain early in life (6-9 months) as a result of
nutrient-dense formula feeding was reported to be associated with developing rapid weight gain and
further adiposity and obesity risk at 6-8 years of age228. Leunissen et al. reported that rapid weight
gain during the first 3 months of life was positively associated with central adiposity in early
adulthood (18-24 years) 226. Previous work in our lab showed similar growth trajectory in male
offspring until 20 weeks on the post weaning diet when mice from dams fed the developmental
HFA-B12 and HFA+B12 diets weighed less than mice from control-fed dams 229. This was not
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observed after 30 weeks on the post weaning diets229. I found a similar observation in my work, but
this was only significant in female offspring who were fed the Western diet for 40 weeks post
weaning. The finding that offspring weaned onto the Western diet gained more weight and had
more liver weight than those weaned onto the control diet is expected and well established in
C57BL/6J mice179.
Although food intake and energy expenditure are important determinants of energy balance,
I could not obtain these measurements because my research was part of a larger project that was not
equipped to measure food intake or energy expenditure. Cannon et al. found that maternal high fat
intake during pregnancy and lactation increased energy expenditure post weaning in male offspring
135

. Early postnatal nutrition may also have a role in determining physical activity and energy

expenditure in adult female mice230. Dietary components in experimental diet can affect food
palatability that can modify dietary intake. Mice on high fat diet (60% of energy) have been
reported to have lower food intake compared to those fed the control diet231. Accordingly, the
determination of caloric food intake and energy expenditure is informative in diet-related studies to
ensure drawing a clearer picture in regard to differences between diet groups.

5.2

Offspring Serum Folate and Vitamin B12
I quantified serum folate and vitamin B12 concentrations in the offspring to observe the

long-term effect of developmental exposure to different intakes of folic acid and vitamin B12.
Offspring serum folate concentrations were not affected by the exposure to different maternal folic
acid and vitamin B12 intakes nor by the post weaning diet. Offspring received the same amount of
folic acid and vitamin B12 in their diets post weaning until adulthood, so this could have
compensated for any differences in folate and vitamin B12 concentrations at birth or at weaning
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due to exposure to maternal high folic acid and low vitamin B12 intake. Female mice fed a diet
deficient in vitamin B12 from mid gestation and during lactation had offspring with lower serum
vitamin B12 concentration at weaning compared to offspring from control-fed dams (219 vs 508
pmol/L)123. This suggests that maternal vitamin B12 intake during pregnancy and lactation can
influence offspring serum vitamin B12 at weaning. Serum folate concentrations in this study are in
accordance with previously published work, which indicates elevated folate concentrations in
rodent sera could be 10 fold higher than levels found in human sera232-234.
Further, serum vitamin B12 concentrations in male and female offspring were not affected
by maternal or post weaning diet. However, I observed a trend toward higher serum vitamin B12
concentrations in Western-fed offspring, particularly in male offspring in which the effect of post
weaning diet approached statistical significance (p = 0.063). A repeat of the study using a larger
sample size will increase the statistical power, which may then reveal important effects of post
weaning diet on serum vitamin B12 concentrations. To my knowledge this is the first report of an
effect of a Western diet on serum vitamin B12 concentrations. How a diet high in fat and sugar may
affect circulating vitamin B12 concentrations remains to be determined.
A possible explanation for the slight increase in serum vitamin B12 concentrations in
offspring mice fed the Western diet is the bioavailability of vitamin B12 in a high fat diet. Given
that vitamin B12 is mainly obtained from animal sources that usually contain considerable fat
content, I speculate that vitamin B12 might be more bioavailable in a high fat diet, which was used
in the Western-fed group. According to the National Nutrient Database from the US Department of
Agriculture, butter contains 0.17 µg of vitamin B12 per 100 g of butter while soybean oil, which
was the only source of fat in the control-fed group, contains no vitamin B12. This suggests the
slight increase in serum vitamin B12 concentrations in the offspring fed the post weaning Western
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diet may be due to the presence of vitamin B12 in fat sources, such as butter, adding more amounts
of vitamin B12 in the Western diet than the control diet. One study conducted on male C57BL/6
mice reported higher vitamin B12 intake in the group fed high fat diet compared to the control231,
although the group fed the high fat diet had lower food intake compared to the control. Overall, the
vitamin B12 concentrations I observed in this cohort were consistent with previous reports in
rodents206,207,235.
The higher serum vitamin B12 concentrations in Western-fed offspring mice is in contrast
to what has been found in humans where an inverse association between BMI and serum B12
concentrations has been reported9,236,237. In a Canadian population fewer obese individuals had
adequate vitamin B12 status (<0.220 pmol/L) as compared to healthy and overweight individuals9.
Multiple linear regression analysis of data from NHANES (2003–2006) also revealed lower serum
vitamin B12 concentrations with increased BMI in the US population after adjusting for
sociodemographic factors236. The metabolism of water-soluble vitamins in overweight and obese
individuals warrants further investigation. Lower serum folate, but higher RBC folate, was found in
obese individuals, suggesting that excess adiposity may affect the tissue distribution of folate in the
body 236,238. Accordingly, quantifying hepatic vitamin B12 concentrations in my cohort would be
useful.
The presence of measurable quantities of vitamin B12 in dams lacking vitamin B12 in their
diet can be attributed to the production of vitamin B12 by gut bacteria, especially because
antibiotics were not used and mice were housed in groups239,240.
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5.3

Programming of Offspring Methyl Metabolism Gene Expression in the Liver
Methyl metabolism is essential for cell growth and development and plays a predominant

role in the generation of the methyl-donor AdoMet. It is estimated that ~85% of all methylation
reactions occurs in the liver180,181. Disturbances in hepatic methyl metabolism have been implicated
in hyperhomocysteinemia, CVD, oxidative stress, certain types of cancer, and insulin
resistance94,104,212,213. Here I report expression of four genes encoding main enzymes in methyl
metabolism: Mtr, Cbs, Mthfr, and Mat1a.

Expression of Mtr mRNA
Mtr encodes one of the only two vitamin B12-dependent enzymes, MTR. This enzyme
remethylates homocysteine and regenerates methionine. Methionine is an essential amino acid in
mammals and plays a role in protein synthesis as well as in AdoMet synthesis. I found higher
expression of Mtr mRNA in male mice fed the Western diet. Data on the effect of the high fat diet
or a Western diet on Mtr gene expression are limited. One study reported that male C57BL/6 mice
fed a high fat diet (60% of energy from fat) for 12 weeks did not change hepatic Mtr expression
compared to the control-fed group231. Similarly, Yun et al. did not find significant changes in
hepatic MTR activity and protein expression following high fat feeding (40% of energy) in male
C57BL/6 mice241. These studies, however, fed the diets for 12 weeks compared to my thesis: 20
weeks of feeding. Accordingly, the 12 weeks feeding period may not be long enough to induce
changes in Mtr mRNA expression. One study on a human colorectal adenocarcinoma cell line
(Caco-2) found increased Mtr mRNA levels upon treatment of these cells with homocysteine,
suggesting a role of homocysteine in regulating Mtr mRNA expression in these cell lines242.
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Another study on human liver cirrhosis and hepatocellular carcinoma found lower MTR mRNA
expression in these conditions, compared to liver from healthy individuals243.
Studies on MTR have mainly focused on genetic variants and association with metabolic
and disease risks244. An MTR variant (-186 T>G) was associated with increased CHD risk in 3 casecontrol studies (2,340 patients and 2,270 matched controls) conducted on a Chinese population245.
Further analysis from the same group revealed that MTR mRNA expression was reduced by almost
half in cardiovascular tissue samples (n = 28, collected from patients who had heart catheterisation
or a cardiac operation) carrying -186GG variant compared to samples carrying the major allele
TT245. Heterozygous deficiency of Mtr in mice (Mtr+/−) resulted in endothelial dysfunction and
oxidative stress in cerebral arterioles246. I observed lower Mtr mRNA expression in female
offspring who were developmentally exposed to HFA-B12. Furthermore, oxidizing conditions
reduces MTR enzymatic activity in porcine liver247. Altogether, these studies suggest adverse
effects of reduced MTR gene expression, activity, or deficiency. However, it is crucial to note that
MTR expression can be regulated post-translationally. Additional experiments are essential to add
more information regarding its protein expression and enzymatic activity in the liver.

Expression of Cbs mRNA
The vitamin-B6 dependent enzyme, CBS, is a key enzyme in the homocysteine catabolism,
expressed in the liver, kidney, and brain, but CBS expression during embryogenesis has also been
reported248,249. Analysis of hepatic Cbs mRNA showed lower relative expression in male offspring
from dams fed HFA-B12. However, in the present study, changes at the transcript level did not
correspond to changes at the protein level; there was no effect of maternal diet on CBS expression
in liver from male offspring although the Western-fed offspring had decreased CBS protein
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expression. The observation that the Western diet caused decreased CBS expression in male
offspring is in agreement with other studies. One study revealed feeding mice high fat diet (60% of
energy) for 12 weeks was associated with a significant reduction in hepatic CBS protein expression,
although the reduction in mRNA levels did not reach statistical significance231. Also, feeding
C57BL/6J mice high fat diet (45% of energy) for 12 weeks decreased Cbs mRNA expression in the
liver250. Fonseca et al. fed female rats high fat (39.5% of energy) and high sucrose diet (39.5% of
energy) and observed a significant reduction in CBS activity at 6-month and 2-years of age and
these rats were hyperinsulinemic251. An association has been previously reported between Cbs and
CBS expressions and diabetes. Streptozotocin-induced diabetic rats have increased hepatic CBS
protein expression and enzymatic activity252,253. Further work on the same animal model showed
high hepatic Cbs mRNA expression in diabetic rats that was reduced by insulin administration254.
Non-obese diabetic (Goto-Kakizaki) rats were also reported to have lower CBS activity compared
to non-diabetic rats with no change in CBS protein expression255. Interestingly, previous work in
our lab revealed increased fasting plasma insulin in male offspring from dams fed HFA-B12;
however, this was only observed in post weaning control-fed offspring, not Western-fed229.
By catalyzing the first and rate-limiting step in homocysteine degradation, CBS contributes
to the formation of cysteine. Cysteine is a precursor for glutathione synthesis, which is an
antioxidant that plays a major role in oxidative stress. Almost 50% of hepatic glutathione is
supplied by this transsulfuration pathway256. It has been reported that diabetic rats have a 3-fold
increase in hepatic cysteine, compared to non-diabetic257. Moreover, decreased Cbs mRNA has
been found in human cirrhotic liver, compared to normal liver243. Mice heterozygous for disruption
of CBS (Cbs+/-) were reported to have lower hepatic CBS activity and 2 fold increase in plasma
homocysteine compared to Cbs+/+ 258. Ghosh et al. reported similar weight gain between Cbs+/- and
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Cbs+/+ that were fed high fat diet (60% of energy), but Cbs+/- mice were more glucose intolerant
and more susceptible to cardiac lipotoxicity259. This illustrates the importance of optimal CBS
status to maintain normal metabolic processes, but also indicates that the exact mechanisms are not
well established yet. Overall, CBS has a complex structure that adds complexity to its regulation. It
can be regulated transcriptionally as well as post-translationally. AdoMet, for example, is an
allosteric activator of CBS and increases its activity ~3 fold260.
As illustrated in Figure 4.4B, male offspring from dams fed the high folic acid diet,
independent of vitamin B12 content, had lower Cbs mRNA expression compared to offspring from
control-fed dams. Similar findings have been reported in Wistar rats whose moms were
supplemented with 5 mg/kg folic acid, compared to offspring from dams supplemented with only 2
mg/kg folic acid261. In female offspring, I did not find any significant difference in Cbs mRNA
expression between groups.

Expression of Mthfr mRNA
I was also interested in whether Mthfr mRNA expression could be developmentally
programmed. The expression of Mthfr mRNA in mice is ubiquitous, but there are tissue-specific
differences in adult mice262. The highest expression of Mthfr is in adult testis while brain and
kidney have intermediate expression levels262. The activity of MTHFR enzyme in the liver is lower
than what observed in testis, brain, and kidney262. I found lower expression of hepatic Mthfr mRNA
in male offspring exposed developmentally to high folic acid and low vitamin B12 intakes. Given
that MTHFR catalyzes the formation of 5-methylTHF, which serves as a methyl donor for
homocysteine remethylation into methionine, I speculate that decreased Mthfr mRNA expression
may have adverse effects. A common MTHFR variant in humans, 677C>T, is associated with
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decreased MTHFR activity and increased risk for vascular diseases244,263,264. Lower MTHFR
activity results in elevated homocysteine265. Hyperhomocysteinemia by itself is a risk factor for
atherosclerosis and CHD266,267. Further, Mthfr +/- mice on a control diet exhibited lower
AdoMet:AdoHcy ratio compared to Mthfr+/+ mice, but low folate diet resulted in similar reductions
in AdoMet:AdoHcy ratios among both Mthfr +/- and Mthfr +/+ 268.
I observed an interaction between maternal diet and post weaning diet on the expression of
Mthfr mRNA in liver from female offspring. This indicates that the response to maternal diet can be
modified by the exposure to different post weaning diets. Up-regulation of Mthfr mRNA expression
as well as protein levels in neuroblastoma cells has been reported as a result of endoplasmic
reticulum (ER) stress269. Abnormal metabolic conditions, such as diabetes and inflammation, can
impair folding and transport of proteins in the ER, causing ER stress as a cellular defense
mechanism270. Female rats fed a high fat (39.5%) and high sucrose diet (39.5%) had increased
hepatic MTHFR activity at 6 months and 2 years of age251. I expect both down-regulation (as
observed in male offspring) and up-regulation (as observed in female offspring) can be detrimental
depending on what caused these alterations. After all, further work is warranted to examine
MTHFR activity and protein expression in offspring from dams fed the HFA-B12 diet. At the
protein level, mammalian MTHFR activity can be regulated by AdoMet and AdoHcy212,263. In
humans, AdoMet/AdoHcy ratio has been found to regulate MTHFR post-translationally by
phosphorylation208. Tissue Mthfr mRNA levels, including liver tissue, were positively correlated
with tissue homocysteine and AdoHcy, while MTHFR enzyme was negatively correlated with
AdoHcy 271 There is limited research on the effect of high fat/high sugar diet on Mthfr mRNA
expression, but current data suggest no significant effect of high fat diet on Mthfr gene
expression231,250 and MTHFR protein expression241.
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According to VISTA, a group of tools and databases for comparative genomics, Pickell et
al. found both Mthfr promoters have binding sites for NF-κB family, a group of transcription
factors, which regulate expression of genes implicated in inflammation, immune regulation,
apoptosis, and liver abnormalities272-274. However, they also found that only the downstream
promoter activity, not the upstream one, was enhanced following NF- κB co-transfection into
neuroblastoma cell lines and that NF-κB activates Mthfr expression through the Mthfr downstream
promoter202. In the liver, it remains unclear which promoter is more active and whether NF-κB
plays a regulatory role. Hepatic Mthfr mRNA expression observed in my study showed no
relationship to Mthfr methylation in the downstream promoter. The primers I used measure the two
major transcripts of Mthfr, therefore the assay could not distinguish between them. It is possible
that the upstream promoter is more involved in hepatic Mthfr transcriptional regulation. It is also
possible that the regulation of Mthfr mRNA expression can be through other layers of epigenetic
regulation, such as histone modifications and RNA-based mechanisms.

Expression of Mat1a mRNA
Lastly, the expression of Mat1a mRNA was not affected by maternal and post weaning diet
in both male and female offspring. One study reported an increase of Mat1a mRNA expression
after feeding mice a high fat diet250, but two other studies reported no significant changes231,241. I
propose that mice in my study had normal liver based on the unchanged Mat1a gene expression,
which is mostly down-regulated in hepatocellular carcinoma, liver cirrhosis and inflammation104.
However, the assumptions that offspring in my thesis have healthy liver needs to be confirmed
histologically. Jung et al. reported reduced levels of hepatic MAT activity in Goto-Kakizaki rats, a
non-obese diabetic rat model, but there were no changes in the gene or protein expression275.
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Regulation of MAT is not clearly understood, but current research suggests it is regulated at
different levels: transcription, post-transcription, and translation as reviewed in104.

5.4

Methylation Status of Mthfr
Given the differences I observed in Mthfr mRNA expression in both sexes, I investigated

the methylation status of this gene. DNA methylation is one of the epigenetic processes that can
regulate gene expression. The main proposed mechanisms regarding the role of DNA methylation
in gene repression include interference with nuclear factors binding to regulatory elements that are
required for transcriptional activation, recruitment of methyl-binding proteins that can impede
transcription, and modification of chromatin structure that limit DNA accessibility72,276. Studies of
murine Mthfr gene revealed the presence of two major promoters202,205, multiple transcription start
sites, and alternative splicing patterns, which result in the formation of two isoforms of MTHFR
enzyme, 70kDa and 77kDa201,202,205,262. I chose to quantify the methylation status in the downstream
promoter because Mthfr expression was enhanced by nuclear factor-κB (NF-κB) via its binding to
the downstream promoter. Due to lack of publications on Mthfr methylation and the difficulty of
designing high quality primers to cover the binding site of NF-κB, I sequenced a region between
NF-κB binding site and transcription start site within the downstream promoter (Figure 3.2). This
region has been reported by Pickell et al. to be necessary for minimal promoter activity202.
The significant difference found in Mthfr methylation at 2 CpG sites in male offspring
apppears too small to be biologically relevant and requires further validation. In female offspring,
the mean methylation of all CpG sites was significantly higher among post weaning control-fed
offspring compared to Western-fed, 60.86% and 56.23%, respectively. All individually analyzed
CpG sites were significantly more methylated in control-fed offspring. The difference in
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methylation percentage ranged from 4.26% to 5.3%, except for CpG site 8 (2.96%). Although DNA
methylation of all 9 CpG sites in female offspring was statistically significant, this difference may
not great enough to be biologically relevant and is considered a small difference in methylation
studies using the bisulfie pyrosequencing method similar to what I used277. Given that the percent
methylation in the selected region was high overall (~45-70%), I expected a higher methylation
difference to be of greater biological relevance.
The relationship between consumption of high fat or high sugar diet on Mthfr DNA
methylation has not been previously reported. Mthfr methylation has been mainly studied in cancer
and male infertility. For example, high MTHFR promoter methylation (up to 60% methylation) was
seen in human cervical samples with high-grade intraepithelial lesions and tumors278. Two studies
reported an association between MTHFR promoter hypermethylation in sperm and infertility of
unknown cause and sperm morphology in males279,280.

5.5

Hepatic Methylation Metabolites
The status of methionine cycle and methylation can be assessed by measuring their

metabolites and cofactors. This includes folate, vitamin B12, vitamin B6, methionine,
homocysteine, AdoMet, and AdoHcy. AdoMet acts as an allosteric activator for CBS and inhibitor
of MTHFR104. AdoHcy does not affect MTHFR directly, but it blocks the effect of AdoMet on
MTHFR208. AdoHcy is also an inhibitor of methylation reactions210,211. For my study, I quantified
concentrations of both AdoMet and AdoHcy in the liver of adult offspring. The Western diet led to
lower hepatic AdoHcy concentrations in male offspring, but did not affect AdoMet concentrations.
The evidence is inconclusive on whether high fat diet influences AdoMet and AdoHcy
concentrations. For example, Yun et al. reported an increase in hepatic AdoHcy and a decrease in
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hepatic AdoMet concentrations after 12 weeks of feeding mice a high fat diet241. However,
Dahlhoff et al. used higher amounts of fat in the diet, but found no changes in hepatic AdoMet and
AdoHcy contents following feeding the mice a high fat diet for 12 weeks231. Both studies were
conducted on male C57BL/6 mice, but Yun et al. used 40% of energy from fat while Dahlhoff et al.
used 60%.
Given that AdoMet in the liver activates CBS and inhibits MTHFR, it is suggested that
homocysteine is channeled toward the remethylation pathway in case of hepatic AdoMet depletion
and channeled toward the transsfulfuration pathway when hepatic AdoMet is high105. Hepatic
AdoMet concentrations were not changed in male offspring, but AdoMet:AdoHcy ratios were
lower in the group exposed to the maternal HFA-B12 diet. I believe the reduction in
AdoMet;AdoHcy ratio in this group is due to high AdoHcy concentrations, especially in the post
weaning Western-fed offspring. Although AdoMet:AdoHcy ratio is not a good marker for
methylation capacity, disturbances in this ratio can indicate possible changes at the cellular level.
I speculate the small reduction in hepatic AdoMet concentrations in female offspring
exposed developmentally to HFA-B12 (p = 0.068) partially explains the increase in Mthfr mRNA
expression observed in female offspring from dams fed the HFA-B12 and weaned onto the Western
diet. This is because depleted AdoMet in the liver is suggested to increase homocysteine
remethylation to regenerate AdoMet105, so higher levels of MTHFR are needed for the production
of 5-methyl THF for homocysteine remethylation. However, this speculation warrants investigation
given that I did not find any relationship between AdoMet and AdoHcy concentrations and gene
expression. Quantification of other metabolites in the liver, such as folate, vitamin B12, methionine,
cysteine and homocysteine, will allow a more detailed interpretation of the results.
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5.6

Expression of Nr3c1 and Ppara in the Liver
Nr3c1 and Ppara are good targets for studying developmental programming as their

expressions are affected by maternal influences19,215,216. Glucocorticoids are steroid hormones that
when bind to GR, encoded by Nr3c1, regulate several cardiometabolic and immunological
functions as well as mediate stress responses214. Disruption of liver GR improved hepatic steatosis
in mice281. In addition, PPARα is involved in fatty acid synthesis and oxidation, and
gluconeogenesis. PPARa-null mice had more fat accumulation in the liver when fed a high fat diet
(39%) compared to control-fed mice, and had disturbed glucose and fat metabolism when fasted219.
In my study I found that Nr3c1 mRNA did not change as a result of maternal or post
weaning diet in liver from both male and female offspring. The primers used were designed to
amplify a region of mRNA corresponding to exon 2 in the Nr3c1 gene that is ubiquitously
expressed282. There could be an isoform-specific effect that was not detected in my work. Similar
findings were seen in the hepatic Ppara mRNA expression of male and female offspring. However,
maternal diet interacts with post weaning diet in female offspring. The developmental exposure to
HFA-B12 diet decreased the expression of Ppara only in the post weaning Western-fed group.
Decreased Ppara mRNA has been reported previously in animals exposed in utero to maternal
obesity216,283.

5.7

Strengths and Limitations
I believe there are several strengths in this work that are supported with a good research

design. Having an animal model allowed me to control the amount of nutrients given, including
folic acid and vitamin B12. All diets used in this experiment were made in the lab based on the
recommendations of NRC of Canada. I had the opportunity to explore the effect of maternal high
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folic acid with and without adequate vitamin B12 in both sexes, but at different ages. To my
knowledge, my work is one of the first reports exploring the consequences maternal folic acid and
vitamin B12 imbalance on hepatic methyl metabolism in adult offspring.
Nevertheless, my study has some limitations. Despite the similarities between human and
mice as mammals, there are still some metabolic differences that make it hard to extrapolate results
to humans. For example, DHFR, which metabolizes folic acid into THF, is more active in rodents
than in humans, suggesting that humans are less efficient at handling high amounts of folic acid
compared to rodents284. My thesis mainly addressed changes at the transcription level, which
hampers drawing a complete picture. Examining more post-transcriptional and translational
mechanisms will facilitate more accurate interpretations and understanding of the results. I focused
more on the vitamin B12-dependant pathway of homocysteine remethylation, so I did not examine
the expression of Bhmt, which is equally important in the liver and contributes to almost half of
homocysteine remethylation99.
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Chapter 6: Conclusion and Future Directions
I have demonstrated that exposure to maternal high folic acid and low vitamin B12 intakes
in utero and early in life can program expression of genes in the liver from adult offspring. These
changes are not related to differences in serum folate and vitamin B12 concentrations of the
offspring. Alterations in hepatic gene expression of male offspring can be partially attributed to
changes in hepatic AdoHcy and AdoMet:AdoHcy ratio, but these findings require further
confirmation by examining changes in enzyme activity and other methyl metabolites. I further
report that adult diet can modify the response to maternal folic acid and vitamin B12 imbalance.
The metabolic consequences of these alterations require further investigations. In general, my work
adds to the present knowledge and helps in clarifying important aspects. Future work supporting the
present findings will add to the current human evidence, and by doing so can inform the debate
about fortifying food with vitamin B12 and assist making recommendations for vitamin B12
screening before/during pregnancy.
Future work can focus on epidemiological studies as well as on mechanistic trials. Current
epidemiological data on high folate and low vitamin B12 status during pregnancy are primarily
available from South Asian women. Further work in non-South Asian populations will inform as to
whether the previously reported outcomes are ethnic-specific. Additionally, human studies can
consider the consequences of folic acid and vitamin B12 imbalance on pregnant women and their
health, and whether there are critical periods in pregnancy when the mother or fetus are most
susceptible to adverse outcomes. Thorough investigations on other metabolic parameters, such as
lipid profile, organ functions, and hormones, will provide better understanding of possible
mechanisms driving the reported responses. Animal models can provide valuable mechanistic
explanations with fewer confounders. Possible areas to explore include quantification of other
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nutrients involved in methyl metabolism, such as vitamin B6, choline, and betaine, monitoring of
dietary intake and physical activity level, measurement of tissue lipid contents, and examination of
more genes implicated in cardiometabolic dysfunction.
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