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Abstract 

Background: In addition to a diet including fortified dietary staples, the use of prenatal 

multivitamin supplements among women has been shown, in some cases, to lead to excessive 

micronutrient intake levels for nutrients such as folic acid (FA).  It was therefore hypothesized 

that prenatal vitamin supplementation, in addition to a standard Canadian diet, would place 

pregnant Canadians at risk for excessive FA intake. With little available research on the 

potential negative impact of excess FA intake in pregnancy, it was further proposed that high 

concentrations of FA may adversely affect placental health and function.  Thus, the aim of the 

current study was three-fold: 1) To determine micronutrient intake in a large Canadian cohort 

of pregnant women; 2) To determine the extent to which FA intake in this cohort may exceed 

the tolerable upper intake level (UL) after prenatal supplementation; and 3) To determine the 

effects of excessive FA exposure on placental health and function in vitro.   

Methodology: Second trimester 3-day food records of pregnant women (N=216) were 

analyzed for micronutrient intake using ESHA Food ProcessorTM. Nutrient intake values were 

compared to established Dietary Reference Intake (DRI) values. In a series of experiments, the 

effects of exogenous folic acid (2-4000 ng/ml) on placental health and function were examined 

in two placental cell lines [HTR-8/SVneo (N=3) and BeWo (N=3)], and a human placenta 

explant model (N=6). Following a 48-hour incubation period, the effects of excessive folic acid 

exposure on placenta cell proliferation, viability, and apoptosis were determined, along with 

evaluation of placenta cell function via cell invasion and -hCG hormone release assays. 

Results: Through dietary sources alone, most pregnant women studied were consuming 

adequate levels of most micronutrients.  However the majority of examined women (>50%) 

demonstrated a risk of dietary inadequacy for vitamin D, vitamin E, folate, and iron.  In the 

examined cohort, 83% of study participants reported prenatal supplement usage.  In vitro 

exposure of human placenta cells and explants to excessive FA concentrations resulted in no 

significant differences in cellular proliferation, apoptosis, invasion, or -hCG hormone 

production. However, decreased cell viability was observed in BeWo cells at increased FA 

concentrations (200-2000 ng/mL). 

Conclusion:  Food sources alone do not appear to provide women in Canada with adequate 

intake of all micronutrients recommended for a healthy pregnancy.  Though a prenatal 

supplement containing FA may be necessary for most women, current FA levels in many 

prenatal supplements may lead to excessive FA intake above the established UL.  Yet, as 

measured in this study, high FA concentrations do not seem to adversely affect most primary 

indicators of placental cell health or function.  
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Thesis Outline 

 

Chapter 1 Fundamental concepts are presented, followed by a summary of the 

rationale, hypothesis and specific research objectives of the project.   

   

Chapter 2 The first and second research objectives are presented in its entirety.  

Assessment of micronutrient intake during pregnancy through dietary 

sources are defined for pregnant Québec women in a large Canadian 

cohort.  The results for this section are presented and followed by an in 

depth discourse addressing our findings.  

 

Chapter 3 The third research objective is presented in its entirety.  The effects of 

excessive folic acid on the placenta are explored: first, using two placental 

cell lines (HTR-8/SVneo and BeWo cells); and second, using human 

placental explants.  The results from these experiments are presented 

and followed by our interpretation and analysis of our findings. 

 

Chapter 4 A summary of the study findings is offered and insight into future 

directions are presented.                           
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Chapter 1 

Theoretical Foundations 

In this chapter, the aim is to deliver a brief overview on folate metabolism and 

requirements; the Dietary Reference Intakes and the Risk Assessment Model; prevalence of 

folic acid supplementation during pregnancy; the available literature on high micronutrient 

intake; evidence for adverse outcomes due to high micronutrient intake levels; as well as the 

importance of the placenta and how high micronutrient intake may impact this vital organ of 

pregnancy.  This overview will be followed by the rationale for the study, the overarching 

hypothesis and specific research objectives.  

1.1  Folate and Folic Acid  

Folate is the generic term for the water-soluble vitamin B9, which is critical for one-

carbon metabolism and is found in a range of chemical forms [1–3]. Naturally occurring 

folates (pteroylglutamate) are polyglutamates containing a string of one to six glutamate 

molecules, and are found in foods such as dark green leafy vegetables, liver, and citrus fruits 

[4, 5].  Before folate can be absorbed by the body, enzymes in the small intestine must 

remove all but one glutamate to produce folic acid [6–8].  Folic acid (pteroylglutamic acid) is 

the monoglutamate form of folate (folylmonoglutamate) and is the form used in fortified 

foods and vitamin supplements [3, 9].  Once taken up by enterocytes, folylmonoglutamate is 

hydrolyzed into 5-methyltetrahydrofolate (5-MTHF), the metabolically active form of folate 

found in circulation [10, 11]. 

Estimates suggest that about 50% of the folate naturally found in food is absorbed; 

whereas the bioavailability of folic acid is almost double that of folate due to the unnecessary 

requirement for enzymatic removal of excess glutamates [12, 13].  To account for differences 

in folate and folic acid bioavailability, the Dietary Reference Intakes (Section 1.2) represent 

units of folate as dietary folate equivalents (DFE), where 1 DFE = 1 g food folate = 0.6 g of 

folic acid from fortified food or as a supplement consumed with food = 0.5 g of folic acid 

from a supplement taken on an empty stomach [12].  Thus, the source of folate is an 

important consideration when determining consumption levels in a population.   

Acting as a methyl donor in one-carbon metabolism, folate derivatives are necessary 

for proper DNA, RNA, and protein methylation, as well as DNA synthesis and maintenance 
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(Figure 1) [14].  Once folylmonoglutamate is converted into 5-MTHF in the enterocytes with 

the help of enzymes and B-vitamin cofactors, 5-MTHF is transferred to peripheral tissues 

where vitamin B12-dependent methionine synthase transfers the methyl group from 5-MTHF 

to methylate homocysteine to produce methionine and tetrahydrofolate (THF) [10].  

Methionine is activated by ATP and adenosylmethyltransferase to produce SAM, which 

functions as a subsequent methyl-donor by methylating DNA, RNA, lipids, and proteins [10].  

Alterations in methylation patterns due to improper folate intake, may adversely affect 

epigenetic regulation of gene expression [15, 16].  On the other hand, THF can be converted 

to 5,10-methyleneTHF by vitamin B6-dependent serine hydroxymethyltransferase (SHMT) 

which simultaneously converts serine into glycine [10].  It is 5,10-methyleneTHF and its 

derivative 10-formyl-THF that is used in the process of DNA synthesis to respectively produce 

pyrimidines and purines [10]. Hence, it is understandable that adequate folate intake is 

essential throughout pregnancy for proper establishment of methylation patterns and DNA 

synthesis as required for rapid fetal growth and development. 

   

Figure 1. Folate metabolism.                                           An outline of key players in the one-carbon metabolism 

pathway.  In green, nutrients obtainable from dietary sources.  In red, B-vitamin cofactors 

required for proper enzyme function in folate metabolism.  Folate derivatives play a role in 

DNA synthesis as well as methylation of DNA, RNA, proteins, and lipids.   
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1.1.1 Folic Acid Supplementation within the Context of Pregnancy 

Neural tube defects (NTDs), such as spina bifida and anencephaly, are a group of 

heterogeneous anomalies of the central nervous system caused by incorrect closure of the 

neural tube during embryogenesis.  Initially, folic acid became implicated in NTDs when 

Thiersch (1952) used aminopterin, a folic acid antagonist, for therapeutic abortions in 12 

women and observed fetal malformations in 2 cases of live birth where spontaneous 

abortion did not occur [17].  At the time, folate-deficiency was known to have a role in 

megaloblastic anemia, but eventually, Hibbard (1964) suggested that folate-deficiency may 

also have a role in NTDs [18].   In 1976, a landmark study by Smithells et al. [19] officially 

attributed nutritional deficiencies to be an important contributing factor in congenital 

defects, specifically finding that babies born to folate-deficient mothers are more likely to 

have NTDs.  This led to increased investigation to determine the protective effects of folic 

acid supplementation to prevent NTDs.   

In 1991, the Medical Research Council (MRC) published results from an international 

randomised double-blind prevention trial, which demonstrated that when women, who had 

already had an NTD-affected child from a previous pregnancy, were given 4 mg of 

periconceptional folic acid, 72% of NTDs were prevented in the second child [20]. In a 

subsequent large randomised controlled study, periconceptional 0.8 mg folic acid-containing 

multivitamin intake was shown to be significantly effective in preventing first NTD occurrence 

[21]. However, other studies have shown that doses as low as 0.36 mg [22] to 0.4 mg [23] of 

daily folic acid supplementation may be effective in NTD prevention.   

Since the discovery of folate’s role in helping prevent NTDs [20, 21, 24], 76 countries, 

including Canada, have instated nationwide fortification programs in which at least one grain 

product (wheat flour, maize, or rice) is fortified with folic acid [25].  This is a unique example 

of a public health policy, in which the entire population is exposed to folic acid fortified foods 

to ensure adequate folic acid intake in women of child-bearing age.  In 1996, voluntary 

fortification of white flour, cornmeal, and enriched pasta was permitted in Canada [26].  

However, since 1998, Canada implemented mandatory folic acid fortification for all white 

flour, cornmeal, and enriched pasta [27].  This program has been effective, resulting in a 46% 

decrease in the rate of NTDs among Canadians [28].  However, Health Canada additionally 

recommends women who are pregnant or planning to become pregnant to also take a daily 

multivitamin supplement containing 0.4 mg of folic acid [29], while the Society of 

Obstetricians and Gynaecologists of Canada (SOGC) recommends up to 1 mg of additional 
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folic acid [30].  This discrepancy in recommended folic acid intake warrants further research 

to determine the appropriate folate intake level during pregnancy. 

Health Canada has also identified a high risk population of women, who are 

recommended to take higher than normal doses of FA throughout pregnancy [31].  This high 

risk population includes women with a personal or family history of NTDs, women with pre-

gestational or gestational diabetes, low dietary folate intake, Hispanic ethnicity, obese 

women, and women who consume alcohol during pregnancy [32–34]. At-risk women are 

recommended to take 1-5 mg of folic acid supplementation (in combination with vitamin B12) 

for 3 months prior to becoming pregnant as well as during the first trimester [35].  This 

increased dosage was established based upon findings of a reduced recurrence of NTDs 

following this FA supplementation regimen [20, 36].   

Despite the numerous recommendations promoting folic acid supplementation in 

pregnancy, there has been little work done in regards to the safety of high FA intake from 

supplementation on the developing fetus. Due to the important role of folate in biological 

process such as DNA replication and methylation, it is critical that a comprehensive 

evaluation of safe and efficacious therapeutic windows of FA supplementation is conducted 

in order to ensure that clinical recommendations provided to pregnant women are safe to 

them and their unborn children. 

In Section 1.2, below, key definitions and calculations used to define micronutrient 

adequacy, deficiency, and excessive intake will be described and applied to the case of folate 

and folic acid.  

1.2  Dietary Reference Intakes (DRIs)  

Dietary Reference Intakes (DRIs) are the most recent set of nutrient intake standards 

developed by the Institute of Medicine’s Food and Nutrition Board to aid proper diet 

assessment and planning in Canada and the United States [37].  All DRI values were 

determined by considering indicators of good health, prevention of chronic disease, and 

observations of adverse health outcomes due to excessive nutrient intake.  Depending on 

data availability, each nutrient has a set of DRIs including an Estimated Average Requirement 

(EAR) and either a Recommended Dietary Allowance (RDA) or an Adequate Intake (AI) that 

indicate the recommended daily nutrient intake, based on physiological requirements, for 

healthy individuals [37].  Additionally, using the Risk Assessment Model, a Tolerable Upper 

Intake Level (UL) has been recognized for many nutrients and identifies a nutrient 
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concentration above which adverse health outcomes may become apparent [37].  These DRI 

values are used to determine the risk of inadequacy, adequacy, and excessive intake in a 

population (Figure 2).  Key terminology is described below and summarized in Table 1 (p.12).   

The Estimated Average Requirement (EAR) is the median nutrient intake value that 

is estimated to meet the physiological requirements of 50% of healthy individuals in a 

particular life stage (defined by biological sex, age, and life events such as pregnancy and/or 

lactation).  The remaining 50% of individuals would not meet the nutrient requirements.  The 

EARs for different nutrients were determined by Expert Nutrient Review Panels for each 

nutrient (ex. The Panel on Folate, Other B Vitamins, and Choline) and the Standing 

Committee on the Scientific Evaluation of Dietary Reference Intakes (i.e. The DRI Committee) 

at the Food and Nutrition Board, Institute of Medicine [12].   

Considerations used to determine the DRI values include nutrient bioavailability, 

nutrient-nutrient interactions, evidence for risk of developmental abnormality or disease 

reduction, as well as the available data from the literature involving metabolic, observational, 

and epidemiological studies [12].  The quality of the available studies were also considered 

by taking into account the study design, method for intake measurement, and any other 

confounding factors [38].  In the case of folate, the EAR, in dietary folate equivalents (DFE), 

was determined to be 0.32 mg DFE/day for both men and women over the age of 19 [12].  

Though other factors were considered, this value was based largely on a 1995 study by 

O’Keefe et al. [39], which identified folate intakes deemed to be sufficient to maintain normal 

blood concentrations of erythrocyte folate, serum folate, and plasma homocysteine over a 

period of 70 days in 50% (2-3 women) of the 5-6 non-pregnant women in each group in the 

study.   

In pregnant women, there is increased need for folate to support DNA synthesis due 

to uterine enlargement, placental development, increased maternal erythrocyte count, and 

fetal growth [40].  Preferential fetal folate usage, over maternal usage, has been suggested 

by findings of increased circulating folate levels in fetuses and newborns compared to the 

maternal circulation [41, 42].  To determine the EAR for the pregnant population, population-

based studies using the erythrocyte folate count [43–45], reflecting tissue stores of folate, 

and serum folate levels [46–50] were used as the primary indicators for adequacy among 

healthy pregnant women. A diet-controlled metabolic study [51] and the urinary excretion 

of folate breakdown products [52] using healthy pregnant and non-pregnant women were   
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Figure 2. Dietary Reference Intakes (DRIs).                                                                                Graphical representation of the relationship 

between the different Dietary Reference Intake (DRI) values.  The Estimated Average 

Requirement (EAR) refers to the nutrient intake level at which risk of nutrient inadequacy 

is 0.5 (50%) for an individual in a sex-specific life stage group.  The Recommended Dietary 

Allowance (RDA) refers to the nutrient intake level at which the risk of nutrient 

inadequacy is minimal (2-3%) for an individual in a sex-specific life stage group.  Nutrient 

Intake levels that exceed the Tolerable Upper Intake Level (UL) are deemed to have 

associated increasing risk of nutrient excess and possible adverse health outcomes. 

 

Source: © All rights reserved. Using the Dietary Reference Intakes. Health Canada, 2010 

[38, 320]. Adapted with permission from the Minister of Health, 2014.  
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also used as evidence to determine the EAR [12].  Since studies demonstrated that 0.2 mg 

DFE/day is insufficient to support the average folate status in pregnant women [46–50], this 

intake level was simply added to the established EAR of 0.32 mg DFE/day for non-pregnant 

women to ensure adequate intake.   Thus, the EAR for pregnant women was established to 

be 0.52 mg DFE/day to support maintenance of maternal tissue stores of folate, despite high 

fetal demand, in order to prevent megaloblastic anemia [12].  It is important to note, that at 

the time of EAR determination, limited data was available and a more robust analysis may 

be necessary. 

The EAR is used to calculate the Recommended Dietary Allowance (RDA).  The RDA 

refers to the average daily dietary intake level that is enough to satisfy the required nutrient 

intake of 97-98% of healthy individuals in a particular sex-specific life stage group.  If the EAR 

is normally distributed and the standard deviation (SD) is available, the EAR value is used to 

determine the RDA as follows:   RDA = EAR + 2SDEAR.  However, due to limited data on the 

variability of requirements for folate, a coefficient of variation of 10% was used instead.  

Based on evidence used to establish the EAR, the RDA for folate in men and non-pregnant 

women over 19 years of age is 0.4 mg DFE/day, and is 0.6 mg DFE/day for pregnant women 

[12, 39, 51, 52].   

When there is not enough scientific evidence available to determine the EAR and 

calculate the RDA values, the Adequate Intake (AI) is determined.  The AI is based on 

observed or experimental estimates of nutrient intake by a group (or groups) of healthy 

individuals.  For example, scientific evidence is scarce for the determination of an EAR, and 

hence an RDA, for pantothenic acid, manganese, potassium, and sodium [12, 53, 54]; thus, 

for these micronutrients, an AI is instead determined.  Due to limited data used to determine 

the AI, the risk of inadequate intake is only determined for micronutrients with an EAR.     

Finally, the Tolerable Upper Intake Level (UL) is the maximum daily nutrient intake 

that is unlikely to pose a risk of adverse health effects to almost all individuals in the general 

population.  Chronic nutrient consumption above the established UL increases the risk for 

adverse health outcomes (Figure 2) [38].  The Risk Assessment Model, developed by the 

National Research Council, has been a crucial tool in the determination of the UL for many 

nutrients by the Subcommittee on Upper Reference Levels of Nutrients (i.e. the UL 

Subcommittee) at the Food and Nutrition Board, Institute of Medicine (IOM) [12, 38, 55].  

This method of deriving the UL will be explored in further detail while highlighting a case 

study on the determination of the UL for folic acid (1 mg) in Section 1.2.1.   
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1.2.1 The Risk Assessment Model: Identifying the UL for Folic Acid 

The Risk Assessment Model was developed by the National Research Council and 

involves characterizing the nature and likeliness of adverse effects resulting from human 

exposure to agents in the environment [55].  For the purposes of the current research project, 

the agents considered are micronutrients (i.e. folate), while the environment includes food, 

water, nutrition supplements, and other pharmacologic preparations.   

To identify the likeliness of adverse effects for specific micronutrients, the Risk 

Assessment Model for Nutrient Toxicity involves using the available literature to identify any 

potential hazard due to nutrient consumption, analyse dose-response assessments to 

determine any association between nutrient intakes (dose) and the incidence or severity of 

the effect (response), and also assess the state of a population’s general nutrient intake level 

[38].  Based on these factors, the level of risk is identified and a UL is established.   

In most cases, ULs were established based on data examining total nutrient intake 

from multiple sources, such as food, water, and supplements [38].  However, some ULs were 

established based solely on evidence related to nutrient intake from supplements and/or 

fortified food alone.  This difference in adverse health effects across different nutrient 

sources is likely the result of differences in bioavailability and the chemical form of the 

nutrient, the timing of intake, and/or the amount consumed each time [38].  These 

differences can affect nutrient-nutrient interactions and result in alterations in absorption, 

metabolism, excretion, transport, storage, and/or the function of other nutrients.  

For example, when determining the DRIs for folate in 1998, there was no evidence 

indicating adverse health effects from excessive consumption of naturally occurring folate 

from food sources [38, 56].  However, at the time, evidence suggested that excess folic acid 

consumption from supplements and fortified foods could result in adverse health effects, 

particularly neurological damage by masking vitamin B12 deficiency [57–65]. Thus, a UL for 

naturally occurring folate from food was not identified, but was instead, established for folic 

acid only.  

Using the Risk Assessment Model, it is assumed that there is no risk of adverse effects 

unless chronic nutrient intake surpasses a threshold level [38].  This threshold level for each 

nutrient is identified as the Tolerable Upper Intake Level (UL) to protect most of the 

population.  However, in most cases, acute intake in the short-term does not pose a threat 

[38].  Ideally, the no-observed-adverse-effect level (NOAEL), which is the highest intake of a 
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nutrient that does not seem to result in adverse health effects, is used to calculate the UL 

[38].  However, when there is not enough information to determine a NOAEL, the lowest-

observed-adverse-effect level (LOAEL) may be used instead [38].  The LOAEL is the lowest 

intake level of a nutrient where an adverse effect on health has been observed.   

The UL is derived based on the NOAEL or LOAEL along with any identified 

uncertainties, referred to as Uncertainty Factors (UFs) [38]: 

UL = NOAEL (or LOAEL) 

     UF 

  UFs arise due to incompleteness of the data.  They take into consideration 

uncertainties identified during the risk assessment when establishing the UL.  For example, 

in the absence of sufficient data for nutrient intake in children, data may be extrapolated 

based on proportional body weight from information available for adults.  Furthermore, in 

many cases, inferences are made from experiments using lab animals.  Based on the number 

and the degree of uncertainties, a numerical value (1.0 – 10.0) is assigned and referred to as 

the UF for the particular nutrient. Though somewhat arbitrary, lower UFs indicate a smaller 

degree of uncertainty; whereas higher UFs indicate a higher degree of uncertainty of the 

adverse health effects on the general population at a given intake.   

To determine the UL for folic acid, the UL Subcommittee, with collaboration from the 

DRI Committee and nutrient experts in the Food and Nutrition Board (IOM), reviewed 

existing literature describing the hazardous health effects of high folic acid intake [38]. The 

health effects specifically examined included: neurological effects [57–65], reproductive and 

developmental effects  [21, 36, 66–73], carcinogenicity [74, 75], hypersensitivity [76–78], and 

intestinal zinc absorption [56, 79–83].  Based on the data available and analysed, it was 

determined that the main risk factor to consider in the establishment of the UL for folic acid 

was neuropathy resulting from folic acid-masked vitamin B12 deficiency [38].   

The studies used to determine the reproductive and developmental health effects of 

high intake of folic acid, specifically evaluated the effects of 0.4–5.0 mg/day of 

periconceptional folic acid supplementation on the prevention of NTDs [21, 36, 66–73].  

Though the sample sizes were large in many of these examined studies (ranging from 81 – 

5,502 women per study), they were not designed with a primary outcome of determining 

risk of adverse short- and/or long-term health outcomes for mothers or the infants.  The 

authors for the folic acid risk assessment admit lack of systematic evidence eliminating 
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adverse reproductive and developmental effects of excessive folic acid intake and advised 

further research [38]. Nonetheless, since no adverse reproductive outcomes were 

specifically reported at the time, the focus in the determination of a UL for folic acid 

remained on the ability of high folic acid intake to mask vitamin B12 deficiency resulting in 

neurological deficits.    

 Pernicious anemia, due to vitamin B12 deficiency, can be treated by folic acid therapy 

to improve symptoms of anemia.  Though this is a cure for the anemia in the short-term, the 

vitamin B12 deficiency remains and if the deficiency is continued over the long-term, it can 

result in serious neurological damage such as subacute combined degeneration (SACD) of 

the spinal cord degeneration and eventual death [84]. Therefore, to prevent masking a 

vitamin B12 deficiency with excessive folic acid intake, both animal and human studies were 

used to establish the UL for folic acid [38].  

The animal studies, using monkeys and fruit bats, demonstrated that vitamin B12 

deficient animals developed symptoms of neuropathy earlier than controls if supplemented 

with folic acid [57–59].  Across 23 human studies analysed by the UL Subcommittee at the 

Food and Nutrition Board (IOM), 142 individuals (N=250) reported neurological 

complications following intake of 5 mg/day or more of folic acid [38].  Each study reported 

the effects of different doses (5-500 mg/day) of folic acid among 1-48 individuals (including 

both males and females), over varying time periods (22 days – 10 years) [38].  In an additional 

8 human studies, 13 individuals (N=17) reported neurological problems at folic acid intake 

levels less than 5 mg/day (0.33 – 4.5 mg/day) [38].   Using these studies, there was insufficient 

data to derive a NOAEL; thus, a LOAEL of 5 mg of folic acid/day was determined [38].   

Based on the available data, the uncertainty factor of 5.0 (where 1.0 is the lowest 

degree of uncertainty on a scale of 1.0 - 10.0) was assigned due to increased risk of severe 

neurological effects, lack of clear evidence for all patient populations, and using the LOAEL 

instead of the NOAEL to derive the UL.  With an uncertainty factor of 5.0, the UL was 

determined to be 1 mg of folic acid/day for all individuals over the age of 19 using the 

following calculation: 

ULfolic acid = LOAEL/UF  

                              = 5 mg/5.0  

                              = 1 mg  
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It is important to note that one third of the 31 studies were individual case studies 

[85–94], while only seven had 15 or more study participants [62, 63, 93, 95–98].  

Furthermore, all 31 of these studies, except one in 1990 [61], were done between 1947-1961, 

prior to official fortification of grains in Canada [27].  At the time of UL establishment, since 

there was no evidence for adverse effects in pregnant and lactating women due to folic acid 

intake, the same UL of 1.0 mg/day was kept for pregnant and lactating women as well as the 

general adult population [38].  For children, the UL was adjusted based on relative body 

weight and no UL was established for infants due to lack of data [38].  Thus, interpretation 

of the UL, for example in the establishment of clinical guidelines for supplement usage, must 

be performed with caution, as the established ULs are calculated and established using a 

degree of ambiguity. 

For some nutrients, such as thiamine, riboflavin, pantothenic acid, and vitamin B12, a 

UL has not been recognized due to insufficient data.  Nevertheless, risk of adverse effects 

due to high intake is still possible though the UL has not been established.  Of considerable 

relevance to the current project, pregnancy was not a priority when ULs were determined 

for many micronutrients.  It could certainly be argued that micronutrient intake levels found 

to be safe for the general population may not be safe for pregnant women, where the health 

and safety of a developing fetus must also be considered.   

The dated studies and ambiguous nature of the currently established UL for folic acid, 

particularly in relation to the pregnant and lactating population of women is reason for 

concern.  Currently, only approximately 1% of the adult Canadian population demonstrate 

metabolic vitamin B12 deficiency [99], suggesting it is no longer of primary concern with 

relation to high folic acid intake during pregnancy.  Furthermore, at present, prenatal 

multivitamins supplements, such as MaternaTM, contain formulations that consist of many 

micronutrients including both folic acid and vitamin B12 to help prevent masking any vitamin 

B12 deficiency (Table 2).  As a result, the UL for folic acid may need to be revised to additionally 

consider the post-fortification dietary intake of folic acid among pregnant women.  

Furthermore, the effects of excessive folic acid during pregnancy on fetal health and 

development in the short and long-term requires further investigation. 
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Table 1. DRIs and Risk Assessment: Key Definitions  

Abbreviation Definition 

DRI Set of nutrient standards developed by the IOM. 

EAR 

Median nutrient intake value that is estimated to meet the daily 

physiological requirements of 50% of healthy individuals in a 

particular life stage group. 

RDA 

Average daily dietary intake level that is enough to satisfy the 

required nutrient intake of 97-98% of healthy individuals in a life stage 

group. 

AI 

Recommended average daily nutrient intake level based on 

observed or experimentally determined estimates of nutrient intake 

in a life stage group. 

UL 
Maximum daily nutrient intake that is unlikely to put almost all 

individuals in a population at risk of adverse health effects. 

NOAEL 
Highest intake of a nutrient that does not seem to result in adverse 

health effects. 

LOAEL 
Lowest intake level of a nutrient where an adverse effect on health 

has been observed. 

UF Uncertainty factor are considered when determining the UL. 
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1.3 Folic Acid Supplementation during Pregnancy  

As mentioned in Section 1.1, the benefits of folic acid in preventing NTDs has led to 

fortification of all white flour, cornmeal, and enriched pasta in Canada, as well as the 

recommendation to take a folic acid-containing supplement (0.4-1.0 mg/day) for women 

who are planning to become or currently are pregnant [27, 29].  In this section, an overview 

of the literature pertaining to micronutrient supplementation in the pregnant population will 

be discussed with particular attention focused on the prevalence of excessive folic acid 

supplementation in this population.   

Prenatal multivitamin supplementation, in addition to diet, leads to micronutrient 

intake levels that exceed the UL for several vitamins and minerals [100].  A survey performed 

on the micronutrient intake of 222 pregnant women in the United States showed that on 

average, women consumed 2-5 times the RDA for 10 vitamins and 5 minerals and had 

exceeded the UL for iron due to dietary sources and supplementation [100].  Furthermore, 

the total intake of folate and niacin from dietary and supplemented sources also surpassed 

the established UL [100], though only intake from supplemental sources pose a risk.  Baker 

et al. [101] demonstrated that pregnant American women had hypervitaminemic circulating 

levels (above the reference range using non-pregnant, non-supplemented women) for folate, 

biotin, pantothenate, and riboflavin due to supplementation in all three trimesters of 

pregnancy.  Taken together, these studies demonstrate a common denominator where 

pregnant North American women are consuming high levels of folate after supplementation.  

Thus, current dietary and supplementary micronutrient intake in the Canadian population 

requires detailed investigation to support adequate micronutrient intake, particularly folate, 

needed for a healthy pregnancy.    

MaternaTM is one of the most common prenatal multivitamins taken by pregnant 

Canadian women [102].  One daily MaternaTM supplement is able to provide 100% of the RDA 

for most vitamins and minerals in the supplement (Table 2).  Specifically, following a 

comparison of the RDA for folic acid for healthy singleton pregnancies (0.6 mg DFE/day) and 

the folic acid present in one daily MaternaTM supplement (1 mg folic acid), and considering 

foods fortified with folic acid, there is growing concern for excessive folic acid intake in the 

pregnant population.  Considering the bioavailability of folic acid, this supplement alone is 

able to provide pregnant women with 278% of the RDA (in DFE).  Interestingly, the 

recommendations promoting prenatal folic acid supplementation for pregnant women do 

not include consideration of the diet of the individual mother, including her consumption of  
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Sources: Nestlé® MaternaTM label [185] and the Dietary Reference Intakes (DRIs) established by the Institute of 

Medicine’s Food and Nutrition Board.  DRIs for calcium, phosphorous, magnesium, vitamin D established in 1997; 

thiamin, riboflavin, niacin, vitamin B6, folate, vitamin B12 in 1998; vitamin C, vitamin E, selenium in 2000; vitamin A, 

copper, iron, and zinc in 2001; and calcium and vitamin D DRIs were updated in 2011.  Values listed are established 

for women between the ages of 19-50 years old during pregnancy.   

 

Table 2. Nestlé® MaternaTM vs. Recommended Dietary Allowance (RDA) 

Nutrient 
Nestlé® 

MaternaTM 
RDA UL 

Percent of 

RDA (%) 

Vitamin A (g RAE)a 425 770 -- 94 

Vitamin A (g RE)b 300 -- 3000 -- 

Thiamine (mg) 1.4 1.4 -- 100 

Riboflavin (mg) 1.4 1.4 -- 100 

Niacin – NE (mg)c 18 18 35e 100 

Pantothenic Acid (mg) 6 6* -- 100 

Vitamin B6 (mg) 1.9 1.9 100 100 

Vitamin B12 (g) 2.6 2.6 -- 100 

Vitamin C (mg) 85 85 2000 100 

Vitamin D (g) 10 15 100 67 

Vitamin E (mg)d 13.5 15 1000e 90 

Folate (ug DFE) -- 600 -- 278 

Folic Acid (g) 1000 -- 1000e -- 

Calcium (mg) 250 1000 2500 25 

Copper (mg) 1 1 10 100 

Iron (mg) 27 27 45 100 

Magnesium (mg)f 50 350, 360 350e 14 

Manganese (mg) 2 2* 11 100 

Selenium (g) 30 60 400 50 

Zinc (mg) 7.5 11 40 68 

a As retinol activity equivalents (RAEs); where 1 g RAE = 1 g retinol RE = 12 g -carotene.  The RAE for preformed vitamin 

A is the same as RE. 

b As retinol equivalents (RE); where 1 g RE = 1 g preformed vitamin A, which is used to establish the UL.   

c As niacin equivalents (NE); where 1 mg NE = 1 mg of niacin = 60 mg of tryptophan.   

d As -tocopherol.  
e The ULs for for niacin, folic acid, and vitamin E apply to synthetic forms obtained from supplements, fortified foods, or both. 
f The EAR and RDA values listed for magnesium are from food sources for pregnant women ages 19-30 and 31-50 years old 

respectively. The UL for magnesium applies only to the supplemented form found in medication (pharmacological agents) and 

dietary supplements. 

* Adequate Intake (AI) values. RDAs have not been established for these micronutrients. 
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folate-rich and/or folic acid fortified foods.  With a higher flour fortification level in Canada 

(0.15 mg/100 g) than in the United States (0.14 mg/100 g) [27, 103], but with both countries 

recommending at least an additional 0.4 mg of folic acid from supplements [29, 104], the 

concern for excessive folic acid intake in the pregnant population is pertinent.   

Sufficient consumption of folic acid enriched foods place specific populations of 

individuals, particularly children, at risk of exceeding the UL for folic acid [105].  Using data 

collected by the National Birth Defects Prevent (NBDP) Study in the United States, factors 

determined to be associated with preconceptional folic acid-containing supplement usage 

include ethnicity, education, maternal age, employment, and income [106].  Women of 

Caucasian descent with higher socioeconomic status, a later-in-life or subsequent pregnancy, 

and higher levels of education and income are more likely to take a folic acid-containing 

supplement [107–109].  Following Health Canada’s recommendations, it has been 

determined that the majority of Canadian women (80-97%) of higher socioeconomic status 

in the urban cities of Ontario and Alberta are compliant in taking a prenatal supplement with 

folic acid during their pregnancy [102, 107–109].   

However, conflicting results using data from the nationally-representative 2004 

Canadian Community Health Survey ( CCHS) revealed that, in general, a low percentage (15-

29%) of Canadian women of reproductive age are taking a folic acid-containing supplement 

[110].  This discrepancy suggests that there is a large segment of the population (ex. among 

younger women of lower socioeconomic status, less education, and/or being born outside of 

Canada) who are at risk of inadequate folic acid intake [111].  Thus, further studies are 

necessary to determine an accurate representation of the dietary folate intake and 

prevalence of folic acid-containing supplement use among Canadian women, as well as to 

target populations most at risk for low folate intakes.  

Nonetheless, though measuring micronutrient consumption is one method of 

determining folate intake adequacy, red blood cell (RBC) folate functions as a measurement 

of long-term tissue stores of folate.  Using the 2007-2009 CCHS, 78% of women of 

reproductive age demonstrate red blood cell (RBC) folate levels above that considered 

optimal for maximum NTD risk prevention (>906 nmol/L) [112].    Furthermore, 40% of 

women of childbearing age (15-45 years) had high RBC folate concentrations (>1360 nmol/L) 

[112].  This suggests that dietary folate intake may be sufficient for the majority of women 

in Canada and recommendations for supplementation may require reassessment.  
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In addition to these high intake levels, women who are at increased risk of NTDs and 

some other health risk factors are recommended to take up to 5.0 mg/day of folic acid three 

months pre- and post-conception [35, 113].  Data from the Québec Pregnancy Registry has 

suggested that though high dose periconceptional folic acid (5 mg) use has increased from 

0.17% to 0.80% (p<0.05) over the last decade, the prevalence of congenital malformations 

also increased by 15% (3.35% to 3.87%, p<0.05) [114].  Currently, there is a folic acid clinical 

trial (FACT study) undertaken at the Ottawa Hospital Research Institute (OHRI) to determine 

whether a high dose (4.0 mg/day) of folic acid supplementation will reduce the incidence of 

preeclampsia, the most common complication associated with pregnancy [115].  Though 

benefits to folic acid supplementation during pregnancy are evident, more research is 

required to explore the adverse effects of folic acid and other micronutrient intake levels in 

order to determine an appropriate and safe range of supplementation.   

1.4 Adverse Effects of Excessive Folic Acid Consumption  

With growing interest in the use of folic acid supplementation to improve birth 

outcomes, it is essential that a comprehensive investigation into the safe therapeutic window 

is also undertaken.  Currently, there are several animal and human studies providing 

evidence of adverse pregnancy outcomes resulting from exposure to excessive micronutrient 

intake.  However, the adverse effects of high folic acid levels during pregnancy, including 

short-term and long-term effects on fetal metabolism and development, have only been 

explored in a limited number of studies.  In this section, a brief synopsis of the literature 

available will be provided.  

1.4.1 Adverse Effects of Excessive Micronutrient Consumption 

Several human and animal studies indicate adverse effects of high micronutrient 

intake levels on their offspring.  In comparison to pregnant rats on a standard diet, pregnant 

rats who consumed 10x their regular daily vitamin content had male offspring that displayed 

increased food intake after weaning, components of the metabolic syndrome (ex. Increased 

levels of fasting glucose, insulin, ghrelin), an 8% increase in body weight, a 27% increase in 

fat pad mass as well as offspring with altered short-term and long-term tissue fatty acid 

concentration [116, 117].  Specific micronutrients have also been linked to adverse 

embryonic development and fetal outcome.  For example, exposure to high levels of a 

vitamin A-derivative (i.e. retinoic acid) during embryonic development can negatively affect 

the development of kidneys in hamster and mice models [118, 119].  Though necessary 
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during pregnancy, high levels of iron intake have also been found to be teratogenic to the 

brain, particularly during day 8 and day 9 of embryonic development [120].  Excessive iron 

consumption has also been linked to increased risk for SGA babies [121], decreased zinc 

absorption [122], oxidative stress [123, 124], and gastrointestinal symptoms [125].  

Furthermore, excessive iodine intake during pregnancy has been associated with 

hyperthyrotropinemia in newborns and their mothers [126], as well as adverse effects during 

postnatal neurodevelopment in rat offspring [127]. Recent studies have also demonstrated 

that excessive maternal sodium intake during pregnancy may negatively impact postnatal 

brain development in rat offspring by altering protein expression in the neonatal cerebral 

cortex and hippocampus [128], as well as metabolism in the mother and offspring [129]. 

These studies demonstrate that consumption of high levels of essential micronutrients 

during pregnancy can be harmful.  

Periconceptional nutrition has also been shown to affect fetal and postnatal 

development through epigenetic modifications of the genome by altering methylation 

patterns [130].  Without causing any genetic change, these epigenetic changes can result in 

long lasting effects on health by affecting gene expression.  During early embryogenesis and 

fetal development, nutrients that function as methyl donors and cofactors are required in 

order to allow for the establishment of proper DNA methylation patterns [131, 132].  These 

nutrients include, but are not limited to, choline, vitamin B6, folic acid, vitamin B12, and 

methionine [131].  Improper establishment of the fetal epigenome, through aberrant 

nutrient availability throughout gestation, can impact gene expression patterns in the 

offspring in both the short and long term, and has been implicated in establishment of adult 

onset diseases in the offspring [133–135].    

For example, a pivotal study performed on black Agouti mice demonstrated that a diet 

with high intakes of methyl donors, such as folate, vitamin B12, betaine, and choline during 

pregnancy led to an alteration of gene expression and subsequently, an altered phenotype 

in the offspring [136].  This study was able to demonstrate that vitamin intake during 

pregnancy has direct repercussions in the metabolism and development of offspring.  In 

another study, dams that were fed a high multivitamin diet showed evidence of having 

offspring with epigenetic hypermethylation on T cells, resulting in a decrease in T cell 

chemokine receptor expression [137].  Ultimately, this indicates that high micronutrient 

levels during pregnancy would result in a decreased response to pro-inflammatory signals in 

the mice offspring [137].    
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In a randomised placebo-controlled trial with 2404 pregnant women, it was found 

that high-doses of antioxidants, vitamin C and E, were correlated to an increased rate of low 

birth weight babies [138].  Additionally, high levels of vitamin C and E were shown to alter 

placental function and affect placental immunity using an in vitro culture model [139].  This 

evidence suggests that excessive intake of some vitamins may induce placental stress 

response pathways. However, little to no work has been done to study the relationship of 

high intake levels of other micronutrients on the placental health and function.     

1.4.2 Adverse Effects of Excessive Folic Acid Consumption 

Specific to folic acid, animal studies have shown that excessive consumption during 

pregnancy may be harmful during embryonic development in mice [140], leading to 

increased risk of mammary tumorigenesis, altered synaptic transmission, and increased 

seizure susceptibility in rat offspring [141, 142].  Studies on newborn piglets exposed to 

excessive folic acid in utero also demonstrated abnormal expression of several hepatic 

proteins involved in metabolic regulation, oxidative stress responses, and cell migration 

[143].  In human studies, excessive folic acid consumption during pregnancy has been 

associated with increased risk of respiratory disease [144], asthma, atopic dermatitis, and 

bronchiolitis in childhood for the offspring [145], though controversial data also suggests no 

association between folic acid and asthma [146].  Nonetheless, maternal folic acid 

supplementation among a genetically vulnerable subset of the population of pregnant 

women is associated with increased risk of early childhood retinoblastoma in the offspring 

[147].  It is possible that many of these effects are linked to epigenetic modifications that 

occurred during maternal folic acid intake during pregnancy.   

Methylation of CpG islands in a gene’s promoter region silences gene expression [15].  

As a result, increased or decreased intake of methyl-donors (i.e. folate, choline, and 

methionine) may result in hypo- or hypermethylation of DNA and cause alterations in gene 

expression [136, 148–152]. Decreased folate intake has been shown to be linked to DNA 

hypomethylation of the p53 gene of rats [152], lymphocytes in postmenopausal women 

[153], and cervical tissue in adult women [154].  Decreased plasma folate, and subsequent 

DNA hypomethylation, has also been linked with gastric carcinogenesis in humans [155].  

Similarly, increased maternal folate intake has been associated with altered global DNA 

methylation in the brain of offspring using a mouse model, including significantly different 

alterations in DNA methylation on several genes between male and female pups [156].  

Increased maternal folate intake has also affected DNA methylation on genes associated with 
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neural growth and development [157], spinal cord regeneration [158], and lymphoblastoid 

cells [159].  As a result, there is growing concern in determining the appropriate window and 

dose of folic acid supplementation for proper fetal development and short- and long-term 

health outcomes for the offspring. 

1.5  The Placenta 

Maternal nutrition is a crucial factor that affects fetal development, growth, and 

health.  In contrast to the postnatal environment where individuals control their nutrient 

intake, fetal nutrient status is strongly influenced by maternal nutrition, metabolism, and 

hormonal regulation.  However, placental health and function ultimately dictates how the 

fetus will develop and grow across gestation, as the placenta regulates all transport and 

exchange of gases, nutrients and metabolites between the mother and fetus [160], and its 

endocrine function helps to promote appropriate maternal adaptation to pregnancy [161].  

Structurally, the basal plate of the human placenta faces the maternal uterine 

endometrium; whereas the placenta’s chorionic plate faces the fetus (Figure 3).   In between 

these two plates lies the intervillous space, the site of nutritional exchange, where maternal 

blood is deposited.   Floating within the intervillous space are placental villous trees that 

encase fetal capillary beds.  Maternal blood in the intervillous space bathes the villous trees, 

thereby allowing the exchange of nutrients and molecules to occur between the mother and 

fetus [160]. 

The placenta is entirely fetal in origin and the primary cell type of the placenta is the 

trophoblast cell.  During placental development, the trophoblast progenitor cells 

differentiate into two functionally distinct cell types: 1. The villous cytotrophoblast (CT) cells, 

or 2. The extravillous trophoblast (EVT) cells [162]. The CT cells continue to proliferate 

throughout gestation and terminally differentiate into an overlying multinucleated 

syncytiotrophoblast layer, which is in direct contact with maternal circulation.  This 

important cellular layer is directly responsible for mediating nutrient, gas, and waste 

exchange between the maternal and fetal circulation [160].  The EVT cells are responsible for 

invading the uterine wall, thereby anchoring the placenta, and play an active role in 

remodelling the uterine vasculature, establishing an optimal utero-placental blood flow 

throughout gestation [160].  
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                                                                              (A) A representative rendering of the fetus and 

placenta during pregnancy.  (B)  The branched chorionic villous tree (pink) encasing the fetal 

capillaries and bathed in maternal blood found in the intervillous space.  (C) The extravillous 

trophoblasts (EVTs) of the anchoring villi invade into the maternal uterine wall (decidua) to 

remodel the uterine spiral arteries.  (D) A cross-section of the chorionic villous tree, demonstrating 

the underlying proliferative villous cytotrophoblast cells (CTs) and the overlying multinucleated 

syncytium (SynT) in direct contact with the maternal blood in the intervillous space.  Source: Figure 

reproduced with permission from Dr. Julien Yokell-Lelièvre at The Ottawa Hospital Research 

Institute (OHRI). 

  

Figure 3. Key structures of the Placenta. 
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1.5.1 Placental Folate Transporters 

The placenta acts as a selectively permeable barrier that prevents direct interaction 

between the maternal and fetal blood supply, but facilitates the exchange of waste products, 

nutrients and other necessary molecules via passive diffusion and active transport [163].  

Nutrients such as potassium, magnesium, calcium, and phosphate ions are actively 

transported across the placenta [163]; however, for other micronutrients, there are 

interspecies differences in placental transport.  For example, movement of sodium and 

chloride ions occurs passively in sheep, but in rats, sodium ions are actively transported to 

the fetus and chloride ions are exchanged via a carrier and/or ion channel  [163].   

To maintain the transport of folate/folic acid across the placenta to promote fetal 

development and growth from early on in pregnancy, there are several transporters present 

within the human placenta (Figure 4): 1. Folate receptor  (FR), 2. Proton-coupled folate 

transporter (PCFT), and 3. Reduced folate carrier (RFC) [164].  Each transporter has varying 

degrees of affinity and transport capacity for folates.  The FR and PCFT are co-localized on 

the microvillus plasma membrane (MVM) of the syncytiotrophoblast and actively move 

folate from the maternal circulation into the placenta via endocytosis [164].   In contrast, the 

RFC is located on both the basal membrane (BM) and MVM of the syncytiotrophoblast and 

has a high affinity for bidirectional transport of reduced folates.  Multidrug resistance-

associated proteins (MRPs), members of the ATP-binding cassette superfamily of 

transporters, are low affinity folate exporters found in intestinal and renal tissue [164, 165].  

Though they are also distributed on the basal membrane of the placenta [166], their role in 

the placenta is currently unclear.   

Overall, through the use of these transporters, the placenta actively shuttles folates 

from the mother to the fetus such that RBC and serum folates in the newborn are already 2-

4 times that found in the mother, without any prenatal folic acid supplementation [41]. With 

high intake levels through supplementation, there is a need to investigate the impact 

supplementation may have on the placenta and the developing fetus.  Furthermore, though 

folate is necessary for fetal development, the ideal range of supplementation must be 

determined for optimal health of both the mother and the offspring. 

1.5.2 The Impact of Excessive Folic Acid on the Placenta 

Despite increased folic acid consumption from fortified foods and prenatal 

supplementation, studies examining the effects of folic acid on the placenta are scarce.  One   
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Figure 4. Folate Transporters.                                                          Model for folate transport across human placental 

syncytiotrophoblast.  Once folate receptor  (FR) binds folate (5-MTHF), co-localisation 

of FR and the proton-coupled folate transporter (PCFT) to the microvillus plasma 

membrane (MVM) surface allows internalisation of both transporters as an endosome.  

Acidification of the endosome allows H+-coupled transport of folate by PCFT into the 

cytoplasm of the syncytiotrophoblast.  Subsequently, FR and PCFT are recycled back to 

the MVM surface.  Favoured at physiological pH, reduced folate carriers (RFC) provide an 

alternate route for folate transport across the MVM.  Folate transport across the basal 

membrane (BM) occurs via RFC.  Other transport mechanisms may also allow folate 

transport across the BM.  Source: Adapted from Solanky et al. [164].  
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study found that high concentrations of folic acid (100-fold increase from physiological adult 

serum folate levels) increased placental cell invasion, apoptosis, and vascular density, but 

decreased cell proliferation in first trimester placenta [167].  In contrast, a folic acid 

treatment approximating physiological levels of serum folate in adults (5.4-18 ng/mL) [101, 

168], resulted in the most proliferation and least apoptosis of the folic acid concentrations 

tested on the placental tissue [167], thereby suggesting an impact of circulating folic acid 

concentrations on the health of this vital organ of pregnancy.  Thus, more in depth research 

is needed to confirm these results and determine the implications of folic acid intake on 

placental health and function.   
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1.6 Study Rationale 

The detrimental effects of various maternal nutrient deficiencies on fetal 

development and pregnancy outcome have led to the development and recommended use 

of multivitamin supplements to promote a healthy pregnancy [113].  Women are 

recommended by Health Canada to take multivitamin supplements containing 0.4 mg of folic 

acid prior to conception and during pregnancy, regardless of their nutritional status, to 

ensure adequate vitamin and mineral levels throughout gestation [29].   

In industrialized countries, with the exception of iron, a large portion of middle- to 

upper-income pregnant women consume diets that already meet many nutrient 

requirements for a healthy pregnancy [169].  In addition to their regular diet, the use of 

prenatal multivitamin supplements has been shown to lead to excessive micronutrient intake 

levels [100]. The available literature indicates that high intake of vitamins and minerals are a 

reality for pregnant women due to recommended intake of multivitamin supplements by 

healthcare professionals.  However, limited studies have assessed micronutrient intake from 

diet and supplementation among pregnant Canadian women.  Thus, this will be the first 

large-scale study assessing micronutrient intake among pregnant Canadian women in a 

Québec population.   

Among the studied nutrients, the risk of surpassing the UL is most likely the highest 

for folic acid based on recommended intake levels, food fortification, and supplementation.  

As a methyl donor, folic acid is known for its role in epigenetics and the risk of adverse effects 

at high and low intake levels.  Evidence that high folic acid intake levels can trigger adverse 

effects in both animal and human models has been observed, and may have a severe impact 

on fetal health and development.  Nevertheless, little work has been done to directly study 

the effects of high folic acid exposure on the vital organ of pregnancy – the placenta.    

A healthy placenta is necessary for a healthy pregnancy.  In fact, placental dysfunction 

has been directly linked to several adverse pregnancy outcomes, such as preeclampsia and 

fetal growth restriction [170].  At a time when clinical trials are in place to determine the 

efficacy of 4 mg of folic acid supplementation, as opposed to simply 0.4 mg to help prevent 

preeclampsia and congenital malformations [115, 171], the adverse effects of excessive folic 

acid levels needs to be further studied. If these excessive levels of folic acid adversely affect 

placental health and function, it is possible that fetal growth, development, and health may 

be compromised.  
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1.7  Hypothesis 

The overarching hypothesis of the current research project is that excessive folic acid 

exposure throughout pregnancy, as a result of vitamin supplementation in addition to a 

balanced maternal diet, may result in compromised placental health and function.    

Hypothesis 1:  A balanced diet consisting solely of food sources is sufficient to provide 

pregnant Canadian women with adequate micronutrients necessary for a 

healthy pregnancy.   

Hypothesis 2:   Considering most women are consuming prenatal multivitamin 

supplements, intake levels for folic acid exceeds the tolerable upper intake 

level (UL) in a significant proportion of Canadian pregnant women. 

Hypothesis 3:   Exogenous exposure to increasing concentrations of folic acid adversely 

affects placental cell health and function in vitro in a dose-dependent 

manner. 

1.8  Objectives 

The overall objective of this research project is to assess micronutrient intake in a 

subsample of pregnant Canadian women to determine if they are meeting recommended 

intake levels, with a particular focus on folic acid; and to elucidate whether folic acid, 

obtained through the addition of multivitamin supplements to a nutritious diet during 

pregnancy, can negatively impact placental cell health and function.  

Objective 1:     Establish vitamin and mineral intake level from food sources and supplements 

for a Canadian (Québec) cohort of pregnant women.  

Objective 2:   Determine whether folic acid intake in the Canadian cohort of pregnant 

women exceeds the UL (in Objective 1), due to a daily prenatal multivitamin 

supplement.   

Objective 3:    Determine whether exogenous folic acid can impact placental cell health and 

function in a dose-dependent manner, using in vitro trophoblast cell culture 

and ex vivo placental explant culture models.    
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Chapter 2 

  Dietary Analysis of Micronutrient Intake during 

Pregnancy 

2.1  Introduction 

Adequate nutrition during pregnancy is a key ingredient for proper fetal development 

and positive pregnancy outcomes.  As a public health measure to prevent neural tube defects 

(NTDs), Canada began fortifying all white flour, cornmeal, and enriched pasta with folic acid 

in 1998 [27].  Though this measure has resulted in a dramatic 46% decrease in NTDs in Canada 

[28], some women across the country still do not meet folate levels suggested to prevent 

NTDs [110, 112, 172].  In addition, only 3.5% of pregnant women in the Prenatal Health 

Project consumed recommended servings from all food groups recommended by the 2007 

Eating Well with Canada’s Food Guide [107], suggesting that supplementation is often 

necessary for a variety of micronutrients.   

To combat low folate intakes, Health Canada and the Society of Obstetricians and 

Gynaecologists of Canada (SOGC) recommend women who are pregnant or planning to 

become pregnant to also take a daily multivitamin supplement containing 0.4 – 1 mg of folic 

acid [29, 30].  Results from the 2004 Canadian Health Measures Survey, a nationally 

representative assessment, and a study with young women in the province of Manitoba 

demonstrated that a low percentage (26-29%) of Canadian women of reproductive age are 

taking a folic acid-containing supplement [110, 173].   However, studies in the Canadian 

provinces of Alberta and Ontario have shown that the majority of pregnant women (80-97%) 

of higher socioeconomic status are compliant in taking a prenatal supplement containing 

folic acid [102, 107–109].  Using more recent data from the 2007 Canadian Health Measures 

Survey, approximately 40% of Canadians were identified as having high RBC folate 

concentrations (>1350 nmol/L) [112].  They also found that among Canadian women of child-

bearing age, approximately 88% have above optimal levels of RBC folate to prevent NTDs 

(906 nmol/L) [112, 173].  Thus, due to food fortification and supplement usage, there is 

growing concern of increased folic acid intake during pregnancy.  It is possible that a targeted 

approach to folic acid supplementation would be more effective to ensure folate adequacy 

among the pregnant population.  
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To better gauge micronutrient consumption among specific groups of pregnant 

Canadian women, the first aim of this study was to assess micronutrient intake from dietary 

sources in a subsample of pregnant women in the province of Québec.  Of the folic acid-

containing prenatal supplements on the market, MaternaTM is one of the most common 

prenatal multivitamin taken by pregnant Canadians [102].  Based on the proportion of 

women who reported taking supplements in this cohort, the second aim was to estimate the 

shift in micronutrient intake status once women have taken a prenatal MaternaTM 

supplement, and to determine the risk of exceeding the UL for folic acid intake.     

2.2 Materials and Methods 

2.2.1 Data Collection 

Recruitment 

The 3D Study (Découvrir, Développer, Devenir) was developed by the Integrated 

Research Network in Perinatology of Québec and Eastern Ontario (IRNPQEO). The IRNPQEO 

is a multidisciplinary group of researchers from five universities (McGill University, University 

of Ottawa, University of Montréal, Laval University, and the University of Sherbrooke) with 

the aim to better understand the effect of perinatal events on child development.  Between 

May 2010 and September 2012, a total of 1612 detailed 3-day food records were collected 

from a large pregnancy cohort (N=2456) as part of the 3D Study.   

Women included in this study were screened to participate during their first prenatal 

visit to one of ten participating clinics across Québec: the Centre Hospitalier Universitaire 

(CHU) Sainte-Justine, the CHU of Montréal - St. Luc Hospital, the Public Reproduction Centre 

of McGill University Health Centre, the Royal Victoria Hospital, the CHU of Sherbrooke, the 

CHU of Québec, Sacré-Coeur Hospital, Saint-Mary’s Hospital Center, the Jewish General 

Hospital of Montréal, and the OVO Clinic.   

To be eligible to participate, women were recruited during their 8-13th week of 

gestation, had a maternal age between 18-50 years, were fluent in either English or French, 

and planned to deliver at one of the study hospitals.  Informed consent was obtained from 

women meeting the criteria and agreeing to participate in the study.  Exclusion criteria 

included women who were planning to donate or bank her cord blood, intravenous drug 

users, HIV positive, or had renal disease with altered renal function, collagen vascular disease 

requiring active treatment, epilepsy, cardiovascular disease, serious pulmonary disease, 
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cancer, or a severe hematologic disorder.  Multiple gestations were excluded from the 3D 

Study due to changes in nutrient requirements across gestation.   

Food Record Collection 

Data collection in the form of food records requires the participants to prospectively 

record what foods, and what quantity, were consumed throughout the day to avoid relying 

on memory.  This method was selected over the 24-hour dietary recall method and food 

frequency questionnaires (FFQ) because the food record prevents perception and recall bias 

and can be used to estimate current usual intake of nutrients [174].  The food record method 

also allows participants the flexibility to include information on more ethnic and diverse 

foods than the FFQ.   

Multiple days throughout the week or over different seasons should be used when 

analyzing nutrient intake using the food record method, as single day inputs are not 

representative of a complex diet.  It has been shown that a 3-day food record, that includes 

at least one weekend day or holiday, has a high level of validity [175].   As a result, the 

nutrient intake of a large population with a variety of food choices and eating habits can be 

adequately considered.    

Study personnel instructed each participant on how to complete a 3-day food record.  

Each participant was provided with a food record (Appendix A) to document food and 

beverage intake for 2 weekdays and 1 weekend day during their second trimester of 

pregnancy and were asked to complete and return the food record within 1 week. The food 

records were photocopied at each centre, and then the photocopies were sent to the main 

centre (CHU Ste-Justine), and then to the University of Ottawa for our analysis. 

Demographics 

Once enrolled in the study, participants completed a questionnaire regarding their 

demographic and socioeconomic characteristics.  For example, regarding ethnicity, 

participants were asked in the questionnaire whether they believed they fell into the 

categories of: White, African American, Native African, South Asian, East Asian, Arab-West 

Asian, Latin American, Native-Aboriginal People, or Other (Table 3).  If they selected “Other”, 

an open-ended question asked participants to specify.  

The questionnaire was also used to calculate the participants’ body mass index (BMI 

= kg/m2) by using their height and weight at their first prenatal visit as measured by study 
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staff (Table 5).  Based on Health Canada classifications [176], participants were categorized 

as underweight (< 18.5 kg/m2), normal (18.5 - 24.9 kg/m2), overweight (24 – 29.9 kg/m2), or 

obese (≥ 30 kg/m2). 

Furthermore, the questionnaire requested information regarding the participants’ 

health history, drug and supplement intake, and personal habits (ex. Number of cigarettes 

per day) during each trimester of their pregnancy.  Participants recorded whether they were 

taking vitamin/mineral or nutritional supplements 3 months prior to becoming pregnant, as 

well as during their second and third trimesters (Appendix B).  Based on the self-reported 

individual answers in the questionnaires, smokers have been identified as light (1-14 

cigarettes/day), moderate (15-24 cigarettes/day), heavy (25 or more cigarettes/day), and 

non-smokers [177, 178].   

2.2.2 Sample Size Calculation 

The sample size was based on the probability that women exceed the UL for at least 

one micronutrient (in this case, folic acid) when taking a prenatal supplement [179].  In a 

study performed in London (Ontario, Canada), it was found that 79.7% of pregnant women 

participants reported taking supplements containing folic acid during their pregnancy [102].  

In another Canadian cohort of the Alberta Pregnancy Outcomes and Nutrition (APrON) study, 

between 91-97% of respondents reported taking multivitamin/mineral supplements in each 

trimester [108].  Using this information, a representative sample size of women was 

calculated using Cochrane’s formula for dichotomous variables (above the UL or not):    

no =  [ (t)2 * (p)(q) ]  / (d)2 

 =  [ (1.96)2 * (p)(q) ] / (0.05)2    

  

where “t” is the value for the selected alpha level of 0.025 in each tail (t = 1.96); where “p” 

is the expected proportion, “q” is “1-p”, “(p)(q)” is the estimate of the variance; and where 

“d” is the acceptable margin of error of 0.05.  Since the calculated representative sample size 

(no) is greater than 5% of the population size (i.e. food records from 81 women, where 

N=1612), Cochran’s (1977) correction formula was used to determine the minimum sample 

size (n1): 

n1 = no / (1 + no / Population) 
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Using these two formulas and expecting at least 80% of women to take a supplement, a 

minimum representative sample size of 213 women was deemed to be sufficient for the sub-

analysis (Appendix C: Sample Size Calculation).  To ensure sufficient data, a total of 216 

completed 3-day food records were randomly selected.  This sub-group analysis was 

approved by the University of Ottawa Health Science and Science Research Ethics Board 

(REB) as well as the REB at CHU Ste-Justine (Appendix E).  

2.2.3 Food Record Analysis 

The estimated food intake from the 3-day food records from each participant were 

entered into a nutrient analysis program, ESHA Food ProcessorTM (version 10.13.1.0, ESHA 

Research, Oregon), using foods primarily listed in the 2010 Canadian Nutrient File (CNF) 

Database.  The CNF Database is compiled by the Nutrition Research Division at Health Canada 

and is the standard reference food composition database for the amount of nutrients in 

foods normally consumed in Canada [180].  This enabled increased accuracy in analysing 

vitamin and mineral intake levels in a Canadian population.     

Food Record data entry into ESHA Food ProcessorTM was performed by two third year 

nutrition students (30% and 15% respectively), a research assistant with a PhD in nutrition 

(15%) and myself (40%).  To minimize inconsistencies, each entered food record was 

reviewed in detail by two trained Registered Dietitians to maintain uniformity and validity 

among arbitrary decisions made. 

Food and beverages listed by participants in their individual food records were first 

searched in ESHA Food ProcessorTM using items listed by the Canadian Nutrient File (CNF).  If 

a brand was specified, but the item was not listed in the CNF, then the recipe and nutrition 

information was searched online and a recipe was created in ESHA Food ProcessorTM.  For 

brand items that were listed in CNF, but nutrient composition differed from what is published 

on the website, the CNF recipe was modified.  Only seven items were selected from the 

United States Department of Agriculture (USDA) Nutrient Database: Greek yogurt (ESHA 

code: 16436), parmesan fondue (ESHA code: 43906), Goji berry (ESHA code: 18653), almond 

milk (ESHA code: 28100), Clif chocolate chip energy bar (ESHA code: 55176), focaccia bread 

(ESHA code: 38926), and calamari (ESHA code: 71702).   

Portion sizes were entered according to what was stated by the participant. In the 

event that portion sizes were not mentioned (ex. Different soups, mixed dishes such as 

shepherd’s pie, etc.), it was assumed that one serving was consumed according to the 
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“Quantity Not Specified” amount for the item in the USDA’s “What’s in the Foods You Eat?” 

database [181].   

Daily Micronutrient Intake from Food Sources 

Assuming a normal distribution of nutrient requirements, the EAR cut-point method 

is often used to estimate the risk of inadequate intake in a population [37].  Individuals in a 

population with intakes below the EAR would be considered at risk of inadequate intake, 

while those above the EAR would be considered to have met adequate intake requirements 

(Figure 2).  Similarly, individuals who surpass the UL are deemed at risk of excessive intake.   

Nutrient analysis of food and beverage intake was performed using the “EAR cut-

point method” for micronutrients with an established EAR/RDA and when ESHA Food 

ProcessorTM listed micronutrient content information for more than 50% of foods available 

in the CNF database.  Sufficient data (i.e. >50% of food items listed in CNF database have 

micronutrient content information) was available for vitamin A (95%), thiamine (vitamin B1) 

(94%), riboflavin (vitamin B2) (94%), niacin (vitamin B3) (95%), vitamin B6 (90%), folate 

(vitamin B9) (89%), vitamin B12 (94%), vitamin C (97%), vitamin D (90%), vitamin E (67%), 

calcium (99%), copper (91%), iron (99%), magnesium (92%), phosphorus (96%), selenium 

(81%), and zinc (92%).  Manganese (84%), pantothenic acid (vitamin B5) (83%), potassium 

(96%), and sodium (99%) did not have an EAR/RDA for pregnant women (AI only).  

Nonetheless, since ESHA Food ProcessorTM contained sufficient data (>50%) for these 

micronutrients, they were also included in order to determine intake levels.   

Though iodine and molybdenum have an established EAR/RDA, they were excluded 

from the study due to lack of information on the percentage of foods with iodine and 

molybdenum composition data in the CNF.  Only 2/216 participants were observed to have 

values for iodine intake and 1/216 participants for molybdenum. Micronutrients that only 

had an AI instead of an EAR/RDA for pregnant women and less than 50% of foods listed in 

the CNF had information on the micronutrient were excluded: vitamin K (49%) and choline 

(vitamin B4) (42%).  Other micronutrients that only had an AI for pregnant women, such as 

biotin (vitamin B7), chromium, fluoride, and chloride were excluded as well due to lack of 

information on percentage of foods with composition data for these nutrients in the CNF.     

The Shapiro-Wilk normality test was used to determine normality of distribution for 

each micronutrient. Normally distributed micronutrients included riboflavin, vitamin B6, 

calcium, phosphorus, potassium, selenium, and zinc.  The National Research Council (1986) 
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recommended transforming daily intakes so that the transformed values modelled a normal 

distribution [182].  Micronutrient intake became normally distributed after natural log 

transformation (vitamin A, thiamine, niacin, folate, vitamin E, copper, iron, magnesium, and 

manganese), square root transformation (vitamin C, vitamin D, and folic acid), and rank 

transformation (vitamin B12).  Micronutrient data that was transformed to achieve normality 

was compared to the same type of transformation for the DRI value.  Transforming the data 

did not alter the results. 

For normally distributed data, univariate outliers were detected using Z-scores with 

a standard deviation of 3 and multivariate outliers were detected using Mahalonobis 

distances (MD).  For data without a normal distribution, univariate outliers were detected 

using the Tukey method and multivariate outliers were detected using the Minimum 

Covariance Determinant (MCD).  Identified outliers were individually reviewed for data entry 

errors or assessed for unique dietary habits.  If necessary, any errors in data entry were 

modified to ensure reliability and accuracy of data entry.  The analysis was performed using 

SAS 9.3.  All micronutrient intakes are presented as median values with 25th and 75th 

percentiles.    

Using descriptive statistics, vitamin and mineral intakes during pregnancy were 

compared to established Dietary Reference Intake (DRI) values for pregnant women.  Women 

with intakes below the established EAR for each micronutrient were identified as at risk of 

inadequacy [37]; whereas women with intake above the established UL were identified as at 

risk of excess consumption [38].  Pregnant women with micronutrient intake between the 

respective EAR and UL were identified as having adequate intake. In the case of vitamin A, 

inadequate and adequate consumption was determined based on retinol activity equivalents 

(RAE) of vitamin A.  However, the UL for vitamin A is only for preformed vitamin A (retinol), 

given in retinol equivalents (RE) and so, percentage of women exceeding the UL for vitamin 

A was determined using vitamin A in RE.  In the case of magnesium, separate EAR and RDA 

values have been determined for pregnant women aged 19-30 years and 31-50 years, though 

the UL remains the same for both groups. Levels of consumption at risk of exceeding the UL 

for folate are determined using the synthetic form of folate (i.e. folic acid).  The percentage 

of women who surpass the UL for each identified vitamin and mineral, and the extent to 

which they surpass the UL, was calculated.   

Like folate, the ULs for vitamin E and niacin apply only to the synthetic form which is 

obtained from supplements, fortified foods, or a combination of both.  However, the extent 
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to which study participants surpassed the UL for these micronutrients could not be 

determined since ESHA Food ProcessorTM did not differentiate between the natural and 

synthetic forms. 

Prenatal Supplementation 

As discussed in Section 2.2.1, participants in the 3D study completed questionnaires 

regarding their supplement use before and during their pregnancy.  Detailed information on 

supplement intake, including brand name and dosage, has been documented and are in the 

process of being entered for the entire cohort.  This information will be made available in the 

future.  Currently, only information as to whether or not participants were consuming a 

supplement (yes/no) prior to pregnancy and during each trimester (Appendix B: Supplement 

Intake Survey Question) has been received.  

In a Canadian study, Roy et al. [102] discovered that of the 643 women who reported 

the name brand of their prenatal supplement in their study, Centrum® MaternaTM (n = 592, 

92%) was the most common.  As a result, assuming all of the women who reported taking a 

prenatal multivitamin supplement were taking MaternaTM in this cohort, hypothetical 

micronutrient intake from diet and supplementation was calculated (Table 11).  In July 2013, 

Nestlé acquired Pfizer’s infant nutrition products and therefore, Centrum® MaternaTM has 

now become Nestlé® MaternaTM [183, 184]. Nevertheless, the formulation for the 

MaternaTM prenatal supplement has remained the same [185]. 

For Vitamin A, Nestlé® MaternaTM contains 1500 g of -carotene as well as 300 g 

of preformed vitamin A as retinyl acetate. Using the conversion factor (1 g RAE = 1 g 

preformed vitamin A = 1 g retinol RE = 12 g -carotene) from the Institute of Medicine 

(IOM)’s Dietary Reference Intakes (DRIs), the hypothetical total intake of vitamin A is 

presented as 425 g RAE (1500 g -carotene/12 + 300 g preformed vitamin A) [53].  To 

determine the percentage of the population at risk of excess (intakes surpassing the UL), only 

preformed vitamin A (in RE) is used.   

Like vitamin A, the risk of exceeding the UL for magnesium, folic acid, niacin, and 

vitamin E is based on the form of the micronutrient.  The UL for magnesium only applies to 

intake from a pharmacological agent and does not include intake from food and water.  For 

folic acid, niacin, and vitamin E, the UL only applies to the synthetic form which has been 

obtained from supplements, such as MaternaTM, and/or fortified food.  However, ESHA Food 

ProcessorTM was unable to distinguish the form of niacin consumed through foods and so, 
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the percentage of women at risk of exceeding the UL for niacin was undetermined.  Thus, in 

the analysis, the percentage of study participants at risk of exceeding the UL was determined 

for magnesium, folic acid, and vitamin E using the amount included in supplements and 

fortified food.   

Nestlé® MaternaTM also contains biotin, chromium, molybdenum, and iodine [185]; 

however these could not be analyzed for hypothetical intake due to lack of sufficient data in 

ESHA Food ProcessorTM.  Furthermore, potassium, phosphorus, and sodium were excluded 

in this analysis because MaternaTM did not contain these micronutrients.   

To help healthcare professionals better target women who may need multivitamin 

supplementation, the chi-square test for independence was used to determine whether 

women with an adequate/inadequate micronutrient intake from diet alone differed from 

each other based on their demographic/socioeconomic status (Table 8) or likelihood for 

supplement consumption (Table 10).   Adequacy for vitamin or mineral intake was coded as 

either adequate or inadequate.  Vitamins analysed included vitamin A, thiamine, riboflavin, 

vitamin B6, vitamin B12, and vitamin C.  Minerals analysed included calcium, copper, 

magnesium, and zinc.  Folate, iron, vitamin D, and vitamin E were excluded from this analysis 

since the majority (>50%) of women were inadequate for these micronutrients.  Thus, in 

Table 8 and Table 10, personal characteristics of women who were at risk of inadequacy were 

compared to women who had adequate micronutrient intake for all micronutrients except 

folate, iron, vitamin D, and vitamin E.  The non-parametric chi-square test was performed to 

explore the differences between adequate vs. inadequate micronutrient intake and 

demographic and socioeconomic variables (as categorical variables).  This test was deemed 

appropriate since non-parametric tests make no assumption about the probability 

distribution and was used with categorical variables only.  Where significance was observed 

using chi-square analysis, the odds ratios (ORs) and 95% confidence intervals (CIs) were also 

estimated. All statistical analyses were done using SAS Version 9.3. 

Of the demographic and socioeconomic factors examined, underweight (BMI < 18.5) 

women (N=7), single/divorced women (N=9), as well as moderate (N=0) and heavy smokers 

(N=1) were excluded from the chi-square analyses due to low frequencies (N<5) in each 

group of adequate vs. inadequate intake (vitamins or minerals or all micronutrients).  

Similarly, women who self-reported as African (American or Native), East/South Asian, Arab-

West Asian, Latin American, or Other were reclassified as “non-white” because too many 

frequencies were less than 5.  The effect of employment status on adequate and inadequate 
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micronutrient intake was not examined because some women reported as having multiple 

employment statuses (ex. Being a student and working part-time). Finally, women who did 

not report an answer to a survey question, were excluded only in the analysis for the 

respective category in which they were missing: BMI (N=5), Smoking (N=2), Education (N=2), 

Income (N=4), Second Trimester Supplement Usage (N=3), and Third Trimester Supplement 

Usage (N=11).  

2.3 Results 

2.3.1 Demographic and Socioeconomic Factors 

Of the 2,456 eligible pregnant women who were recruited for the 3D study by the 

IRNPQEO, a total of 1,612 food records were returned to study personnel for a response rate 

of 65.6%.   

Demographic characteristics (Table 3) of the subsample show that the majority of 

women are in their 30’s (78%), in a relationship (96%), self-identified as white (80%), and 

have been pregnant before (58%).  Of those women who selected “Other” for race, two 

women reported being from Haiti, one from Spain, one from Mauritius, one from Brazil, and 

one identified as an Ashkenazi and one as a Berber. Since Brazil is in Latin America, it was 

classified as such and only six participants were left in the “Other” category.  Two women 

reported being ethnically white and Latin American, and so, they were placed into the 

“Other” category due to their mixed background.  Though there were 5 women who self-

reported to be single and 4 women who were divorced, there were no women who were 

separated or widowed.   

Socioeconomic characteristics of the subsample of women (Table 4) demonstrate 

that most women were well-educated (93% attended/completed post-secondary school), 

had full-time jobs (74%), and were living in households with an annual income of $80,000 or 

more (51%).   Of the 8 women who reported as having “Other” employment, 5 women were 

on maternity leave, one was self-employed, one was a seasonal employee, and one was on 

sick leave.   

Since women at increased risk of giving birth to a child with NTD are often 

recommended to take higher folic acid supplements (1 – 5 mg) [35], the prevalence of some 

risk factors of NTDs are highlighted in Table 5 and include first trimester BMI, diabetes, 

alcohol consumption, smoking, and a personal or family history of children with birth defects.  

The self-reported pre-pregnancy BMIs of the participants were not significantly different 
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from their BMI measured by study staff during their first trimester visit (paired t-test; 

p=0.77). Using the BMI measured by study staff and Health Canada’s categories for BMI 

[176], 37% were overweight or obese during their first prenatal visit in their first trimester.   

The occurrence of diabetes was rare among study participants.  Of the three women (1%) 

who reported having diabetes, one woman had type 1 diabetes and two women had type 2 

diabetes. During their second trimester of pregnancy, 14% of the subsample of women 

reported drinking alcohol and only 5% reported smoking cigarettes weekly.    

A total of 17 women (8%) reported having first degree relatives who had children with 

birth defects.  Fourteen (6%) of these women reported having both a mother and father with 

affected children. Though six women (3%) reported having congenital anomalies in a 

previous pregnancy, only three study participants (1%) reported congenital anomalies during 

this pregnancy.  

2.3.2 Daily Micronutrient Intake from Food Sources  

Based on the 3-day food records of study participants, Table 6 highlights the median 

and the 25th and 75th percentiles (i.e. 1st and 3rd quartiles) of daily vitamin intake along with 

the current Dietary Reference Intakes for pregnant women.  From food sources alone, most 

study participants seemed to be meeting recommended intake requirements for pregnant 

women (i.e. above the EAR) for vitamin A (80%), thiamine (88%), riboflavin (97%), niacin 

(100%), vitamin B6 (65%), vitamin B12 (95%), and vitamin C (90%).  However, the majority 

(>50%) of women were at risk of inadequate vitamin consumption (i.e. below the EAR) for 

folate (67%), vitamin D (90%), and vitamin E (92%).  Though adequate consumption could 

not be assessed for pantothenic acid due to unestablished EAR/RDA values, the data from 

the 3-day food records demonstrate that the median intake of pantothenic acid is slightly 

above the established AI (Table 6).   

In Table 7, the study participants’ daily mineral consumption levels from food alone 

is presented. Results show that most pregnant women appear to be consuming adequate 

levels (i.e. above the EAR) for calcium (82%), copper (99%), magnesium (73%), phosphorus 

(100%), selenium (100%), and zinc (75%).  However, it seems that women are especially at 

risk of inadequacy (i.e. below the EAR) for iron (93%) from food sources.  Manganese, 

potassium, and sodium did not have an EAR/RDA needed to assess adequacy; nonetheless, 

the median intakes were above the AI for manganese and sodium, but below the AI for 

potassium.  Furthermore, 80% of women have daily sodium intakes that surpassed the UL.   
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When determining the differences in demographic and socioeconomic factors among 

women who are adequate vs. inadequate for vitamin consumption from diet alone, no 

significant difference was observed (Table 8). However, a significant difference between 

mineral adequacy vs. inadequacy for marital status (p=0.002), race (p=0.003), and income 

(p=0.01) was observed.  Furthermore, the odds of being inadequate for minerals was 

significantly less for white women than for non-white women (OR = 0.37; 95% CI = 0.19-0.73), 

though the odds of being inadequate for minerals was higher for women with an average 

household income of $40,000-$59,000 than for those with an average household income 

greater than $80,000 (3.33, 1.4-7.8).  Interestingly, marital status significantly differed by 

race (p<0.001), income (p<0.001), as well as by age (p=0.04), but not by gravidity (p=0.18).   

2.3.3 Prenatal Supplementation  

The proportion of women who planned to become pregnant and took supplements 

prior to and while pregnant is shown in Table 9.  Most women reported that they were 

planning to become pregnant (66%) and were taking a vitamin/mineral supplement prior to 

their current pregnancy (93%).  Over the course of their pregnancy, around 10% of women 

subsequently stopped taking supplements in both second and third trimesters. In their 

second trimester, 83% of study participants reported taking a nutritional supplement and in 

third trimester, only 72% reported taking a nutritional supplement. 

  The odds of being inadequate for minerals from diet alone was observed to be 

approximately four-folds higher (p<0.01) in women who did not take a supplement 3 months 

prior to becoming pregnant compared to those who did take a supplement (OR = 3.9; 95% CI 

= 1.4–11.2) (Table 10).  Indeed, among non-supplement users, 62.5% of women were 

identified for mineral inadequacy, while 37.5% of women were adequate for minerals.  

However, there was no relationship (p>0.05) between supplement usage in the second or 

third trimester of pregnancy and micronutrient adequacy from dietary sources. 

Projected Micronutrient Intake after Prenatal Supplementation  

Based on literature with evidence that over 90% of Canadian women are using 

MaternaTM as their choice form of  prenatal supplementation [102],  Table 11  demonstrates 

hypothetical micronutrient consumption for our subsample (n=216) when  the women who 

reported taking a supplement during their second trimester of pregnancy (n=180; 83%)  are  

assumed to be taking  Nestlé® MaternaTM.   Despite adequate intakes among the majority of 

women after supplementation for most nutrients, more than 10% of women would be at risk 
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of inadequacy for vitamin D (15%), vitamin E (15%), folate (11%), and magnesium (14%) due 

to inadequate diet combined with a lack of supplement usage.   

Based on projected intakes after supplementation, it is expected that all of the 

women taking Nestlé® MaternaTM (83%) will be at risk of exceeding the UL for folic acid (i.e. 

1000 g).  The median intake of folic acid from diet and MaternaTM supplementation (1099.6 

g) is projected to be 9.9% above the UL for folic acid, while the maximal intake of folic acid 

from food and supplementation in the subsample of women is projected to be 1282.66 g.  

Additionally, it is expected that a portion of the subsample will also be at risk of excessive 

intake for iron (19%), calcium (1%), manganese (1%), and vitamin A (1%).   

Since the UL for magnesium only applies to magnesium found in pharmacological 

agents and/or nutritional supplements (but not naturally-occurring magnesium in food), the 

magnesium found in MaternaTM (50 mg) is not enough to surpass the UL.  Thus, excessive 

intake of magnesium as a result of MaternaTM supplementation is not a concern.  Due to 

insufficient data differentiating between forms of niacin (natural or synthetic) found in each 

food item, the percentage of women at risk of exceeding the UL was undetermined for this 

micronutrient. 

Due to a large percentage of the population taking prenatal supplements and their 

risk of exceeding the UL for folic acid, this micronutrient warrants further investigation.  In 

Figure 5a, the distribution curve demonstrates that the majority of women do not meet 

recommended folate intake levels, as measured using dietary folate equivalents (DFE), for a 

healthy pregnancy from diet alone.  However, once supplemented with the 1000 g folic acid 

(equivalent to 1667 g DFE) found in MaternaTM supplements, the median folate (DFE) intake 

exceeds the recommended intake (600 g DFE) by three-fold.  Nevertheless, among the 17% 

of pregnant women who are not supplemented, 10.7% remain at risk of folate inadequacy 

with a median intake of 415.7 g DFE.   

The population distribution curve demonstrating folic acid intake among the 

subsample of women from diet alone and after 83% of the subsample have consumed a 

MaternaTM supplement is shown in Figure 5b.  The median intake of folic acid among 

supplement users (1118.3 g folic acid) is projected to be nearly 12% above the established 

UL for folic acid.    
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Table 3. Demographic characteristics (n = 216 women) 

 Variables 
Participants 

Number (n) Percentage (%) 

Age (years)   

23-29  27 13 

30-39  169 78 

40-47 20 9 

Marital Status   

Married 87 40 

Common-Law 120 56 

Single/Divorced 9 4 

Race   

White 173 80 

African (American or Native) 9 4 

East/South Asian 10 5 

Arab-West Asian 9 4 

Latin American 7 3 

Othera 8 4 

Gravidity   

1 90 42 

2 59 27 

3 32 15 

4 16 7 

≥ 5  19 9 

a Includes mixed backgrounds and other ethnic groups.  
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Table 4. Socioeconomic characteristics (n = 216 women) 

Variables 
Participants 

Number (n) Percentage (%) 

Education    

High School or Less 13 6 

CEGEP/College/Technical Diplomaa, * 60 28 

Undergraduate Degree* 82 38 

Post-graduate Degree (Masters/PhD)* 59 27 

Missing Data 2 1 

Employment Statusb   

Full-time 159 74 

Part-time 21 10 

Student 20 9 

Unemployed 10 5 

Housewife 6 3 

Other 8 4 

Annual Household Income   

< $20,000 10 5 

$20,000 to $39,000 21 10 

$40,000 to $59,999 29 13 

$60,000 to 79,999 41 19 

≥ $80,000 111 51 

Missing Data 4 2 

a CEGEP: Collège d'enseignement général et professionnel or General and Vocational College 

b224 total answers given by 216 participants 

* Attended/Completed diploma or degree 
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a 230 answers given by 216 participants.  Some women had multiple relatives with children with birth 

defects.  
c Categorized based on Lieff et al. (1999) and Statistics Canada Smoking Classification [177, 178]. 

 

 

 

Table 5. Risk factors for NTDs (n = 216 women) 

Variables 
Participants 

Number (n) Percentage (%) 

First Trimester Body Mass Index (kg/m2)   

Underweight                  (< 18.5) 7 3 

Normal                            (18.5 – 24.9) 134 58 

Overweight                     (25 – 29.9) 53 24.5 

Obese                              (≥ 30) 27 12.5 

Missing Data 4 2 

Diabetes   

Yes 3 1 

No 213 99 

Alcohol Consumption during second trimester  

None 186 86 

1 day/week 10 5 

2 days/week 7 3 

3 days/week 8 4 

4 days/week 4 2 

Smoking during second trimester (# of cigarettes/day) c  

Non-Smoker                             205 95 

Light Smoker                 (≤ 14) 10 4.5 

Moderate Smoker         (15 – 24) 0 0 

Heavy Smoker               (≥ 25)     1 0.5 

Family history of relatives with children with birth defectsa 

Mother 15 7 

Father 14 6 

Sister 2 1 

Brother 0 0 

No Family History 199 92 

Evidence for congenital anomalies: Previous pregnancy  

Yes 6 3 

No 210 97 

Evidence for congenital anomalies: Current pregnancy   

Yes 3 1 

No 213 99 
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Sources: Dietary Reference Intakes (DRIs) established by the Institute of Medicine’s Food and Nutrition Board.  DRIs for vitamin D established in 

1997; thiamine, riboflavin, niacin, pantothenic acid, vitamin B6, folate, vitamin B12 in 1998; vitamin C, vitamin E in 2000; vitamin A in 2001; and 

vitamin D DRIs were updated in 2011.  Values listed are established for women between the ages of 19-50 years old during pregnancy.   

 

Table 6. Daily vitamin intake during pregnancy from food sources (n = 216 women) 

Nutrient EAR RDA UL 
Median intake  

(25th, 75th percentile) 

Risk of 

inadequacy (%) 

Adequate 

intake (%) 

Risk of 

excess (%) 

Vitamin A (g RAE)a 550 770 -- 798.6 (621.0, 1077.8) 19 80 -- 

Vitamin A (g RE) -- -- 3000 442.6 (316.3, 573.7)e -- -- 1 

Thiamine (mg) 1.2 1.4 -- 1.9 (1.5, 2.2) 12 88 -- 

Riboflavin (mg) 1.2 1.4 -- 2.2 (1.8, 2.7) 3 97 -- 

Niacin (mg NE)b 14 18 35d 36.6 (30.8, 42.8) 0 100 -- 

Vitamin B6 (mg) 1.6 1.9 100 1.8 (1.5, 2.2) 35 65 0 

Pantothenic Acid (mg) -- 6* -- 6.4 (5.3, 7.4) -- -- -- 

Folate (g DFE) 520 600 -- 468.5 (379.1, 557.8) 67 33 -- 

Folic Acid (g) -- -- 1000d 120.3 (77.1, 165.6)f -- -- 0 

Vitamin B12 (g) 2.2 2.6 -- 4.5 (3.2, 6.0) 5 95 -- 

Vitamin C (mg) 70 85 2000 159.0 (102.1, 226.4) 10 90 0 

Vitamin D (g) 10 15 100 5.0 (3.0, 7.4) 90 10 0 

Vitamin E (mg)c 12 15 1000d 7.2 (5.4, 9.5) 92 8 -- 
a As retinol activity equivalents (RAEs).  1 RAE = 1 g retinol, 12 g -carotene, 24 g -carotene, or 24 g -cryptoxanthin.  The RAE for  

  provitamin A carotenoids is 2x greater than retinol equivalents (RE), whereas the RAE for preformed vitamin A is the same as RE.  

b As niacin equivalents (NE); where 1 NE = 1 mg of niacin = 60 mg of tryptophan. 

c As -tocopherol, which includes RRR--tocopherol, the only form of -tocopherol that occurs naturally in foods, and the 2R-stereoisomeric  

  forms of -tocopherol (RRR-, RSR-, RRS-, and RSS--tocopherol) that occur in fortified foods and supplements.  It does not include the 2S- 

  stereoisomeric forms of -tocopherol (SRR-SSR-SRS-, and SSS--tocopherol), which is also found in fortified foods and supplements.  
d The ULs for niacin, folic acid, and vitamin E apply to synthetic forms obtained from supplements, fortified foods, or a combination of both. 
e As preformed vitamin A, in retinol equivalents (RE), which is used to establish the UL. 

f Values for the synthetic form of folate (i.e. folic acid) from fortified foods. 

* Adequate Intake (AI) values. RDAs have not been established for these micronutrients. 
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Sources: Dietary Reference Intakes (DRIs) established by the Institute of Medicine’s Food and Nutrition Board.  DRIs for calcium, 

phosphorous, magnesium, established in 1997; selenium in 2000; copper, iron, manganese, and zinc in 2001; potassium in 2004; and 

calcium DRIs were updated in 2011.  Values listed are established for women between the ages of 19-50 years old during pregnancy.   

 

 

Table 7. Daily mineral intake during pregnancy from food sources (n = 216 women) 

Nutrients EAR RDA UL 
Median intake  

(25th, 75th percentile) 

Risk of 

inadequacy (%) 

Adequate 

intake (%) 

Risk of 

excess (%) 

Calcium (mg) 800 1000 2500 1182.3 (883.5, 1474.6) 18 82 0 

Copper (mg) 0.8 1 10 1.6 (1.3, 1.9) 1 99 0 

Iron (mg) 22 27 45 14.8 (12.7, 17.7) 93 7 0 

Magnesium (mg)a 290, 300 350, 360 350 356.2 (288.9, 434.7) 27 73 -- 

Manganese (mg) -- 2* 11 3.7 (2.9, 4.5) -- -- 0 

Phosphorus (mg) 580 700 3500 1497.8 (1230.0, 1757.5) 0 100 0 

Potassium (mg) -- 4700* -- 3287.4 (2766.3, 4036.3) -- -- -- 

Selenium (ug) 49 60 400 112.9 (94.0, 133.7) 0 100 0 

Sodium (mg)  -- 1500* 2300 2949.6 (2427.0, 3500.3) -- -- 80 

Zinc (mg) 9.5 11 40 11.6 (9.5, 13.9) 25 75 0 

 

a The EAR and RDA values listed for magnesium are from food sources for pregnant women ages 19-30 and 31-50 years old respectively.  The UL  

  for magnesium applies only to supplemented form found in medication and dietary supplements. 

* Adequate Intake (AI) values. RDAs have not been established for these micronutrients. 

 

 

 



44 

 

 

Table 8. Differences in demographic and socioeconomic factors for pregnant women (n=216) who are 

adequate vs. inadequate for vitamins or minerals from food sources 

 Vitamin Adequacye Mineral Adequacyf 

 Adequate 

n (%) 

Inadequate 

n (%) 

Chi-square 

P-value 

Adequate 

n (%) 

Inadequate 

n (%) 

Chi-square 

P-value 

Total Women – n (%) 
102 

(47.2) 
114 (52.7) -- 146 (67.6) 70 (32.4) -- 

Age       

23 – 29 11 (10.8) 16 (14) 

0.76 

21 (14.4) 6 (8.6) 

0.40 30 – 39 81 (79.4) 88 (77.2) 113 (77.4) 56 (80) 

40 – 47 10 (9.8) 10 (8.8) 12 (8.2) 8 (11.4) 

BMI (kg/m2) a       

Underweightb              (< 18.5) -- -- -- -- -- -- 

Normal                 (18.5 – 24.9) 60 (60.6) 65 (61.9) 

0.97 

87 (62.6) 38 (58.5) 

0.70 Overweight             (25 – 29.9) 26 (26.3) 26 (24.8) 33 (23.7) 19 (29.2) 

Obese                               (≥ 30)  13 (13.1) 14 (13.3) 19 (13.7) 8 (12.3) 

Marital Status       

Married 38 (37.3) 49 (43) 
0.26 

49 (33.6) 38 (54.3) 
0.002 

Common Law 62 (60.8) 58 (50.9) 92 (63.0) 28 (40) 

Single/Divorced -- -- -- -- -- -- 

Race       

White 86 (84.3) 87 (76.3) 
0.14 

125 (85.6) 48 (68.6) 
0.003 

Non-Whitec 16 (15.7) 27 (84.3) 21 (14.4) 22 (31.4) 
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Smoking (cigs./day in 2nd  trim.)a       

Non-smoker                    (none) 97 (95.1) 107 (95.5) 
0.88 

139 (95.9) 65 (94.2) 
0.59 

Light Smoker                    (≤ 14)    5 (4.9) 5 (4.5) 6 (4.1) 4 (5.8) 

Moderate Smokerd      (15 -24) -- -- -- -- -- -- 

Heavy Smokerb                (≥ 25)    -- -- -- -- -- -- 

Educationa       

High school or less 3 (3.0) 10 (8.9) 

0.24 

5 (3.5) 8 (11.6) 

0.11 
CEGEP/College/Diploma 26 (25.7) 33 (29.2) 41 (28.3) 18 (26.1) 

Undergraduate Degree 43 (42.6) 39 (34.5) 55 (37.9) 27 (39.1) 

Post-graduate Degree 29 (28.7) 31 (27.4) 44 (30.3) 16 (23.2) 

Incomea       

< $20,0000 4 (4.0) 5 (4.5) 

0.31 

6 (4.2) 3 (4.4) 

0.01 

$20,000-39,999 10 (9.9) 12 (10.8) 12 (8.4) 10 (14.5) 

$40,000 – 59,999 9 (8.9) 19 (17.1) 12 (8.4) 16 (23.2) 

$60,000 – 79,999 24 (23.8) 17 (15.3) 33 (23.1) 8 (11.6) 

> $80,000 54 (53.5) 58 (52.3) 80 (55.9) 32 (46.4) 

   

a Some women did not report answers regarding these variables: BMI (N=5), Smoking (N=2), Education (N=2), Income (N=4).  
b The chi-square analysis would not be a valid test due to low frequencies.  Thus, the categories of Underweight women (N=7), 

Single/Divorced women (N=9) Moderate Smoker (N=0), and Heavy Smoker (N=1) were excluded from the analysis.   
c Includes women who self-reported as African (American or Native), East/South Asian, Arab-West Asian, Latin American,  

  and Other. 
d There were no women in the category of Moderate Smoker.   
e Refers to vitamin A, thiamine, riboflavin, vitamin B6, vitamin B12, and vitamin C. 
f Refers to calcium, copper, magnesium, and zinc.   
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Table 9. Supplement consumption (n = 216 women) 

Variables 
Participants 

Number (n) Percentage (%) 

Planned pregnancy   

Yes 142 66 

No 5 2 

No Dataa 69 32 

Vitamin/mineral supplementation 3 months prior to pregnancy 
Yes 200 93 

No 16 7 

No Data 0 0 

Second Trimester Supplementationb   

Yes 180 83 

No 34 16 

No Data 2 1 

Third Trimester Supplementationb   

Yes 156 72 

No 49 23 

No Data 11 5 

a Based on answer options in the questionnaire, 3 women reported that they did not know,  

 1 refused to answer, 11 selected “not applicable”, and there was no data for 54 women.  
b Participants were asked if they consume a medical/nutritional supplement (Appendix B). 
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Table 10. Differences in supplementation among pregnant women (n=216) who are adequate vs. inadequate for 

vitamins or minerals from food sources  

 Vitamin Adequacyb Mineral Adequacyc 

  Adequate 

n (%) 

Inadequate 

n (%) 

Chi-square 

P-value 

Adequate 

n (%) 

Inadequate 

n (%) 

Chi-square 

P-value 

Total Women – n (%) 102 (47.2) 114 (52.7) -- 146 (67.6) 70 (32.4) -- 

Nutritional Supplementation       

 3 months before pregnancy 97 (48.5) 103 (51.5) 0.18 140 (70) 60 (30) 0.008 

 Second Trimestera 84 (46.7) 96 (53.3) 0.40 122 (67.8) 58 (32.2) 0.83 

 Third Trimestera 72 (45.9) 85 (54.1) 0.61 107 (68.2) 50 (31.9) 0.85 

a There was no data for some women regarding Nutritional Supplementation in Second Trimester (N=3) and Third Trimester (N=11). 
b Refers to vitamin A, thiamine, riboflavin, vitamin B6, vitamin B12, and vitamin C. 
c Refers to calcium, copper, magnesium, and zinc.   
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the supplemented form found in medication (pharmacological agents) and dietary supplements   

* Adequate Intake (AI) values. RDAs have not been established for these micronutrients. 

Sources: Dietary Reference Intakes (DRIs) established by the Institute of Medicine’s Food and Nutrition Board.  DRIs for calcium, phosphorous, magnesium, vitamin D 

established in 1997; thiamin, riboflavin, niacin, vitamin B6, folate, vitamin B12 in 1998; vitamin C, vitamin E, selenium in 2000; vitamin A, copper, iron, and zinc in 2001; 

and calcium and vitamin D DRIs were updated in 2011.  Values listed are established for women between the ages of 19-50 years old during pregnancy.   

 

Table 11.  Daily micronutrient intake after hypothetical MaternaTM consumption (n =216; where 180 women took supplements) 

Nutrient EAR RDA UL 
Nestlé® 

MaternaTM 

Hypothetical Median Intake 

(25th, 75th percentile) 

Risk of 

inadequacy (%)  

Adequate 

intake (%) 

Risk of 

excess (%) 

Vitamin A (g RAE)a 550 770 -- 425 1172.5 (968.8, 1429.7) 3 96 -- 

Vitamin A (g RE)b -- -- 3000 300 714.6 (576.7, 834.3) -- -- 1 

Thiamine (mg) 1.2 1.4 -- 1.4 3.1 (2.6, 3.5) 2 98 -- 

Riboflavin (mg) 1.2 1.4 -- 1.4 3.4 (3.0, 4.0) 0 100 -- 

Niacin – NE (mg)c 14 18 35e 18 53.3 (46.4, 59.7) 0 100 -- 

Pantothenic Acid (mg) -- 6* -- 6 12.0 (10.4, 13.3) -- -- -- 

Vitamin B6 (mg) 1.6 1.9 100 1.9 3.6 (3.1, 3.9) 7 93 0 

Vitamin B12 (g) 2.2 2.6 -- 2.6 6.8 (5.4, 8.4) 1 99 0 

Vitamin C (mg) 70 85 2000 85 237.9 (175.2, 290.2) 2 98 0 

Vitamin D (g) 10 15 100 10 14.5 (12.0, 16.7) 15 85 0 

Vitamin E (mg)d 12 15 1000e 13.5 20.1 (18.0, 22.4) 15 85 0 

Folate (ug DFE) 520 600 -- -- 2737.2 (1800.1, 2785.3) 11 6 -- 

Folic Acid (g) -- -- 1000e 1000 1099.6 (1045.2, 1148.7) -- -- 83 

Calcium (mg) 800 1000 2500 250  1401.8 (1099.3, 1629.5) 7 92 1 

Copper (mg) 0.8 1 10 1 2.5 (2.2, 2.9) 0 100 0 

Iron (mg) 22 27 45 27 40.7 (37.7, 44.1) 16 65 19 

Magnesium (mg)f 290, 300 350, 360 350e 50 402.5 (334.5, 476.1) 14 85 0 

Manganese (mg) -- 2* 11 2 5.5 (4.5, 6.3) -- -- 1 

Selenium (g) 49 60 400 30 138.8 (120.2, 161.8) 0 100 0 

Zinc (mg) 9.5 11 40 7.5 18.3 (15.5, 20.9) 4 96 0 
a As retinol activity equivalents (RAEs); where 1 g RAE = 1 g retinol RE = 12 g -carotene.  The RAE for preformed vitamin A is the same as RE. 

b As retinol equivalents (RE); where 1 g RE = 1 g preformed vitamin A, which is used to establish the UL.   

c As niacin equivalents (NE); where 1 mg NE = 1 mg of niacin = 60 mg of tryptophan.   

d As -tocopherol.  
e The ULs for for niacin, folic acid, and vitamin E apply to synthetic forms obtained from supplements, fortified foods, or a combination of both. 
f The EAR and RDA values listed for magnesium are from food sources for pregnant women ages 19-30 and 31-50 years old respectively. The UL for magnesium applies only to  
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Women who reported taking supplements (83%) were assumed to be taking MaternaTM 

based on literature [102].  (A) Frequency distribution curve for number of women consuming 

folate (DFE) from diet only (blue) and after supplementation from diet and MaternaTM 

(orange) together.  Women below the Estimated Average Requirement (EAR) of 520 g of 

folate (DFE) are deemed at risk of inadequacy and those above the EAR are assumed to have 

adequate intake.   (B) Frequency distribution curve for number of women consuming folic 

acid from diet only (blue) and after 83% of women consume MaternaTM in addition to their 

diet (orange).   Women above the Tolerable Upper Intake Level (UL) of 1000 g of folic acid 

are deemed to be at risk of excess and those below UL, but above the EAR, are assumed to 

have adequate intake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Folic acid consumption before and after 83% of women take MaternaTM (N=216).  
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2.4 Discussion  

The benefits of adequate maternal nutrition, to support a healthy pregnancy and 

proper fetal development, are well established.  At a time when fortification is mandatory 

for some food staples, and supplements are unanimously recommended for all Canadian 

women who are pregnant or planning to become pregnant, it is important to monitor 

micronutrient intake among the target population in case modifications to current policies 

are necessary.  Thus, the aim of this study was to investigate dietary micronutrient intake 

among a Québec cohort of pregnant Canadian women.  Overall, our findings confirm that 

food sources alone are insufficient to provide the majority of pregnant women with adequate 

intakes for vitamin D, vitamin E, folate, and iron and supports the need for supplementation 

during pregnancy.  Though the majority of women reported supplementation during 

pregnancy, it is expected that supplement users are at risk of exceeding the UL for folic acid.   

2.4.1 Demographic and Socioeconomic Factors  

Epidemiological studies have shown that socioeconomic status can affect nutritional 

knowledge and diet quality [186]. Lower socioeconomic status and some ethnicities have 

been established to be risk factors for nutritional inadequacy as well as decreased use of 

prenatal healthcare [187–189].  Likewise, our study identified a relationship between mineral 

adequacy and the income of participants, suggesting that women with lower annual family 

incomes between $40,000–59,000 were more likely to have inadequate intake for minerals 

compared to those with incomes above $80,000. It is possible that no association was found 

for lower income strata due to small sample size (n≤12 per group). However, no associations 

were observed in our present study between vitamin status and any indicators of 

socioeconomic status.  Previous findings have reported that younger and less educated 

mothers, smokers, and women with higher BMI are more likely to have poorer nutritional 

status and/or adverse pregnancy outcomes [190–195].  However, in the current project, 

these associations were not observed in our cohort, perhaps due to our skewed sample 

consisting of a majority of educated white women of higher socioeconomic status and in 

their mid-30’s.  

Interestingly, there appears to be a relationship between mineral adequacy and the 

marital status.  Compared to the rest of Canada, Québec has a proportionally higher rate of 

couples living in common-law arrangements as opposed to being married [196, 197].  

Reflective of this Québec culture, the majority of our study participants reported common-
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law cohabitation.  Though other researchers have found that marriage supports positive 

nutritional status [198], here we found that women in common law relationships were more 

likely to be adequate for micronutrient intake than married women.  We also found that 

these women in common-law relationships were more likely to be white and have higher 

incomes than married women, suggesting that socioeconomic factors as well as racial 

background may account for differences in micronutrient adequacy among women in 

Québec.  Therefore, health professionals should assess the need for supplements among 

women who may be at increased risk of micronutrient deficiencies and require 

supplementation.   

2.4.2 Daily Micronutrient Intake from Food Sources 

For the majority of women in this study, micronutrient intake from food sources was 

sufficient to meet the requirements for pregnancy for all micronutrients studied except for 

folate, iron, vitamin D, and vitamin E.  Despite fortification of foods with folic acid, 67% of 

study participants remained at risk of folate inadequacy from diet alone.  However, using the 

2004 Canadian Community Health Survey 2.2, Shakur et al. [199] found that only 25% of non-

supplement users and 33% of supplement-users were at risk of folate inadequacy from diet 

alone.  Furthermore, other nationwide studies demonstrate that approximately one in five 

non-supplemented Canadian women of child-bearing age do not meet RBC folate 

concentrations deemed optimal for maximal neural tube defect reduction [112, 173].  The 

decreased risk of folate inadequacy is understandable since the EAR for non-pregnant 

populations is lower than it is for the pregnant population.  As a result, it is understandable 

that certain populations, such as Québec women, who do not achieve recommended folate 

intake levels, may require increased attention to ensure sufficient folic acid intake through 

supplementation.  With regards to iron, 93% of women in our study were at risk of 

inadequacy from food sources alone.  In line with our findings, other North American studies 

agree that the risk of iron inadequacy among women of child-bearing age is a concern [169, 

200–202].  Thus, the need for folate and iron supplementation is expected and supports 

Health Canada’s recommendation for women to take multivitamin supplements containing 

at least 0.4 mg of folic acid and 16-20 mg of iron prior to conception and during pregnancy 

[29].     

Vitamin D is a fat-soluble vitamin required for adequate calcium absorption and has 

a role in bone metabolism, anti-inflammatory processes, and supporting proper immune 
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functions [203]. Low serum vitamin D status has been identified as a marker of ill health 

[204].  Specific to pregnancy, low maternal vitamin D is believed to result in increased risk 

for adverse pregnancy outcomes such as preeclampsia, gestational diabetes mellitus (GDM), 

preterm birth, and small-for-gestational-age (SGA) [205].  Still, requirements during 

pregnancy remain the same as non-pregnant requirements since vitamin D can be 

synthesized by the body following exposure to adequate sunlight.  Generally, women with 

darker skin pigmentation and during winter or living in areas where sunlight is limited, have 

reduced endogenous vitamin D synthesis [206–208]. Though 90% of the women in our study 

appear to have inadequate intakes of vitamin D from dietary sources, vitamin D produced by 

the body following sunlight exposure was unaccounted for.  Furthermore, prenatal 

supplements, such as MaternaTM, contain the complete EAR and may solely suffice in 

providing at least half of the population with recommended levels of vitamin D [102].  

Additionally, inadequacy is slightly overestimated because the developers of ESHA Food 

ProcessorTM acknowledge that 10% of foods in the database do not have information on 

vitamin D.  Since most of the women in our study were white and reported regular 

supplement intake, it is likely that pregnant Canadian women have higher vitamin D serum 

levels despite low intake from food sources.  After supplementation and sunlight exposure, 

studies using the Canadian Health Measures Survey did not suggest wide-spread vitamin D 

deficiency in the Canadian population [209, 210].   

Vitamin E is a fat-soluble antioxidant that protects cell membranes due to its 

antioxidant activity, and has been shown to prevent platelet aggregation [211].  Like vitamin 

D, vitamin E requirements are the same for both pregnant and non-pregnant women, though 

instead, it must be obtained exclusively from the diet.  Though over 90% of women in our 

study were found to be at risk of deficiency for vitamin E, this is an overestimation due to 

lack of a complete Canadian Nutrient File (CNF) database.  Currently, the -tocopherol 

(vitamin E) content of foods is only complete for 67% of foods listed in the CNF database 

[212].  Thus, it is possible that the women in this cohort have higher vitamin E intakes than 

portrayed due to overestimation of inadequacy and prenatal supplementation.  Lower 

dietary vitamin E intake during the second trimester of pregnancy has been shown to be 

associated with third trimester insulin resistance and hyperglycemia in the mother [213].  As 

a result, it is important to ensure adequate intake which can be achieved by proper diet and 

supplementation as appropriate.     
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The majority of women in the current study were adequate for the other 

micronutrients studied, however 10-35% of the women were at risk of inadequacy for 

vitamin A, thiamine, vitamin B6, vitamin C, calcium, magnesium, and zinc.  For women with 

risk of inadequacy for numerous micronutrients, Ramakrishnan et al. [214] suggests that a 

prenatal multivitamin supplement may be more beneficial than simply a folate-iron 

supplement.  Nonetheless, indiscriminately recommending a multivitamin may not be 

necessary for the entire pregnant population.  

In addition to addressing inadequacies from diet alone within the pregnant 

population, risk of excess micronutrient consumption is also a concern, albeit to a lesser 

extent.  From diet alone, only one woman exceeded the UL for vitamin A intake.  This was 

due to consumption of 150 g of beef liver on one of the three days recorded in her food 

record.  However, it is important to note that vitamin A has high within-person day-to-day 

variation and so, three days is not enough to accurately gauge vitamin intake [215, 216].  

Vitamin A is also fat-soluble and can be stored by the body and used during periods of low 

intake.  Thus, it is possible that if more days were analysed, both the 19% of women currently 

deemed to be at risk of inadequacy and the woman who exceeded the UL more would have 

an average vitamin A intake that falls within the recommended range.   

 The majority of women in this study were at risk of exceeding the UL for sodium, 

suggesting a high intake of salt-rich foods.  Using data from the Canadian Community Health 

Survey [217], it is recognized that excessive sodium consumption is a concern for most 

Canadians [218].  Though sodium is often consumed in the form of  table salt, a major 

contributor towards excess sodium consumption comes from processed foods as a flavor 

enhancer and preservative [219–221].  High daily sodium intake has been associated with 

increased risk of hypertension [222], as well as stroke and cardiovascular disease [223, 224].  

With increased concern of the effects of maternal nutritional status during pregnancy and 

risk of adverse effects on fetal cardiac cells and brain development [128, 225], high sodium 

intake among the pregnant population should be addressed.  Currently, Health Canada is 

working towards lowering the salt intake among Canadians from an average of 3400 mg/day 

of sodium to 2300 mg/day by 2016 by raising awareness, supporting research related to 

sodium reduction, and promoting lower sodium in processed foods [218].  With the 

exception of sodium, none of the other women in our subsample were at risk of excess 

consumption for any other micronutrient studied from their diet.  Similarly, Shakur et al. 
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[199] found that Canadians above 14 years of age were not at risk of exceeding the UL from 

diet alone for vitamin A, vitamin C, vitamin D, niacin, folic acid, iron, zinc, and magnesium. 

Overall, with the exception of sodium, excessive intake of micronutrients is not a 

reason for concern from food sources.  However, inadequate intake of several micronutrients 

is still prevalent and may require supplementation to support a healthy pregnancy and 

proper fetal development.     

2.4.3 Prenatal Supplementation  

In line with other Canadian studies that suggest more than 80% of pregnant 

Canadians consume a prenatal supplement, where the majority are of higher socioeconomic 

status [102, 108], we found that 83% of women in our cohort took nutritional supplements 

in their second trimester.  Like the women in the Alberta Pregnancy Outcomes and Nutrition 

(APrON) cohort, our results demonstrate that women were more likely to take supplements 

towards the beginning of their pregnancy, when risk of NTD occurrence is highest, and have 

decreased supplement consumption in second and third trimesters [108].  In a recent study, 

data on over 6,000 women who participated in the Public Health Agency of Canada’s 

Maternity Experiences Survey was used to determine the relationship between awareness 

of benefits of periconceptional folic acid intake and the extent to which this awareness 

translated into supplement use [226].  Nelson et al. [226] found that 77.6% of the women 

who were surveyed were aware that taking folic acid periconceptionally may protect against 

NTDs, but only 68.8% of these women took folic-acid containing supplements.  Thus, 

supplement usage in our study was above national average, but this is likely attributable to 

the demographic characteristics and high socioeconomic status of our study participants. 

Using data collected by the National Birth Defects Prevent (NBDP) Study in the United 

States, it was found that education, employment, income, ethnicity, and maternal age were 

among the factors associated with preconceptional folic acid-containing supplement use 

[106].  High socioeconomic status is related to decreased risk of neural tube defects (NTDs) 

[227], suggesting a relationship between affluence and access to a healthier diet [186, 228].  

Indeed, the majority of women in our study were of higher socioeconomic status based on 

their education level, employment status, and annual income.  With the majority being in 

their mid-30’s, the women in our study primarily self-identified as white, reported a planned 

pregnancy and commitment to supplement usage.  Studies have shown that Caucasian 

women and non-Hispanic white adults are more likely to take folic acid supplements before 
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pregnancy than other ethnic groups [229, 230].  Furthermore, supplement usage increases 

among women who plan their pregnancy and have a higher level of nutritional knowledge 

[231, 232], while first time and younger mothers are often less-likely to consume a 

supplement [226, 229].  Interestingly, though over 40% of the women in our study were 

pregnant for the first time, more than 90% consumed a supplement.  As Nelson et al. [226] 

suggests, high incidence of supplement use in our study is possibly due to a higher average 

age of 33.8 years, high socioeconomic status, and higher education level and cannot be 

generalized to other groups of women.  Extra care and resources should still be provided to 

educate first time and younger mothers, as well as women of lower socioeconomic status to 

ensure nutritional adequacy.   

Interestingly, only 1%of our sample had current pregnancies affected by congenital 

heart defects, despite reporting prenatal supplement consumption.  Though folic acid 

fortification has been shown to dramatically reduce the prevalence of NTDs and reduce the 

risk of congenital heart defects [28, 233], Bedard et al. [234] found that folic acid fortification 

did not help prevent congenital heart defects in Alberta, Canada.   This suggests that other 

risk factors, such as genetic predisposition and lifestyle factors play a role in the presentation 

of congenital anomalies and that folic acid supplementation alone does not eliminate the risk 

of NTDs [33, 235].  Thus, in addition to promoting adequate folic acid intake, increased effort 

is needed to raise awareness on the risk factors for congenital anomalies and develop 

preventive strategies to further preclude these defects. As a result, prior to indiscriminately 

subjecting women to increased folic acid supplementation, careful consideration of the risk-

benefit of increased folic acid intake is needed.    

Projected Micronutrient Intake after Prenatal Supplementation  

At the time of our study, only data regarding whether or not the women were 

consuming a supplement was available. On the market, there are several non-prescription 

prenatal supplements that contain between 0.4 mg – 1 mg folic acid.  Since Nestlé® 

MaternaTM is the most common prenatal supplement that contains 13 essential vitamins and 

10 essential minerals [102, 185],  projected total micronutrient consumption was evaluated 

assuming supplement users consumed MaternaTM.  Using MaternaTM, which contains 1 mg 

of folic acid, all supplement users are at risk of adverse effects associated with exceeding the 

UL for folic acid.  Other North American research groups have also found that women of 

child-bearing age are at risk of higher circulating and intake and levels of folic acid after diet 
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and supplementation [101, 112, 236], suggesting the need to evaluate the positive and 

negative effects of high folic acid intake.  Instead of Nestlé® MaternaTM, using an alternative 

brand of prenatal supplements containing 0.4 mg of folic acid, as recommended by Health 

Canada, may be a viable option to keep intakes below the UL.  Interestingly, Hursthouse et 

al. [237] found that women given a 0.14 or 0.4 mg/day folic acid supplement for more than 

40 weeks did not have a difference in RBC folate levels between the two treatment groups 

and there was no difference in the odds of having low RBC folate levels (< 906 nmol/L) 

associated with increased risk of NTDs. This suggests that perhaps current recommendations 

of folic acid supplementation can be lowered to still achieve the desired effect of NTD 

reduction.   

Nearly 20% of our subgroup may be at risk of excess consumption of iron after 

MaternaTM supplementation.  Though iron is necessary to prevent anemia during the 

increased demands of pregnancy, there is suggestion that elevated iron levels may be 

teratogenic during the period of embryonic development [120].  Excessive iron consumption 

has also been linked to increased risk for SGA babies [121], decreased zinc absorption [122], 

oxidative stress [123, 124], and gastrointestinal symptoms [125].  Thus, caution is warranted 

when taking supplements during this critical time period.   

Only 1% of women in the study may be at risk of exceeding the UL for either calcium, 

manganese, or vitamin A after supplementation.  Foods that contributed to higher than usual 

intake levels included extra servings of dairy products in the case of calcium, regular 

consumption of bran breakfast cereal in the case of manganese, and consumption of beef 

liver contributed significantly to boost vitamin A intake.  Without long-term measurements, 

it is difficult to determine whether increased intake is due to unique within-person day-to-

day variation in diet, increased appetite during pregnancy, or whether it is a concern over 

the long-term for these women.  Thus, individual diet should be considered prior to 

multivitamin consumption.  

The synthetic form of niacin is deemed potentially harmful.  Exceeding the UL for 

niacin puts the individual at risk for skin rashes and flushing [12].  At extreme intake levels, 

there is potential for nausea, liver damage, increased blood glucose and peptic ulcers [12].    

Though our results show that median intakes of niacin exceeded the established UL, ESHA 

Food ProcessorTM is currently unable to discriminate between the naturally-occurring and 

synthetic niacin.  Thus, it was not possible to determine the risk of excess intake.  Lagiou et 
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al. [100] also found that the average niacin intake from diet and supplements among a group 

of pregnant women also surpassed the UL, though they did not specify the source of niacin.  

In contrast, other studies have found that most women of child-bearing age in Canada and 

the United States are within the recommended range and meeting the EAR for niacin [169, 

238].   Overall, it seems that adequate niacin intake is achieved through dietary sources and 

niacin supplementation may not be as necessary.  

While developing Canada’s Food Guide, Health Canada defined the threshold for low 

prevalence of inadequate intakes to be where 10% of the population have intakes below the 

EAR [239, 240].   Using this threshold, a low prevalence of inadequate intake is expected for 

vitamin A, thiamine, vitamin B6, vitamin B12, vitamin C, calcium, and zinc.  The risk for 

inadequate intake (11-16%) for vitamin D, vitamin E, folate, iron, and magnesium remained 

near the low prevalence threshold. It is expected that those who remained at risk of 

inadequacy were among the 17% of women who reported no supplement intake.  In another 

Canadian study, Roy et al. [102]  found that around 20% of women, with a high 

socioeconomic status overall, were not taking prenatal supplements and a large portion had 

intakes below the RDA for iron, zinc, and folate levels.  Thus, there is still room for nutritional 

improvement and more effort should be put into educating women of child-bearing age 

about the benefits of adequate micronutrient intake through diet and supplementation.   

In general, it is evident that after supplementation with Nestlé® MaternaTM, all 

supplement users may be at increased risk of excessive folic acid intake, while 1 in 5 women 

may be at risk of excessive iron intake.  Using an alternative brand of prenatal supplements 

containing lower doses of folic acid or individually targeting women at risk of inadequacy 

may help keep intakes below the UL.  Since a group of non-supplement users remain, 

educational programs are still recommended to help promote adequate micronutrient intake 

during pregnancy through diet and/or supplementation.  
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2.5 Limitations 

2.5.1 Sources of Error in Nutritional Assessment Method 

Assessments of diet within a given population allows for in-depth investigation into 

nutrient intake patterns across a population, identification of patient populations naturally 

at risk of nutrient deficiency or excess, as well as patient populations that may become at 

risk following a particular intervention and/or environmental change.  Of the various 

methods used to analyse dietary intake in a population, the 3-day food record method was 

selected to assess nutrient intake within a large cohort of pregnant women.  The 3-day food 

record is a prospective method that has been shown to be more reliable for habitual 

assessment of individuals than its retrospective counterparts: the 24-hour dietary recall 

method and food frequency questionnaires [241].  It allows the freedom to include more 

details and due to its prospective nature, diminishes much of the memory bias that occurs in 

retrospective methods.  As suggested by Thompson et al. [242], by including two weekdays 

and one weekend day, variations in the diet during the week are accommodated.  Though 

three days has been found to lead to optimum response rate and decreased participant 

burden [241], some micronutrients, such as vitamin A, have higher day-to-day variation and 

require at least 25-29 days for better representation of intake [215, 216].  Due to limited 

resources, high participant burden, and the potential for decreased response rate, such a 

long period of time is impractical.   

Other limitations of this approach include decreased response rate, possible 

decreased motivation to complete and return the food record, respondent’s error in 

estimating accurate portion sizes, reporting bias, and the possibility for alteration of habitual 

eating patterns due to self-monitoring [174].  Furthermore, this approach requires trained 

personnel and intensive data entry, leaving room for errors in transcription. As a result, 

interpretation of data must be conducted in light of these potential limitations.   

2.5.2 Sources of Error in Food Composition Values 

Despite having an updated food composition database and computer software, ESHA 

Food ProcessorTM, there are still possible sources of error in assessing nutrient intake.  

Though relevant to the Canadian diet using the Canadian Nutrient File (CNF) database, a 

portion of the ESHA Food ProcessorTM relies on information from the USDA food composition 

database.  For nutrients such as folate, both countries differ in their fortification policies and 

would affect calculated intakes.   To minimize inaccuracies, only seven food items were 
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selected from the USDA database.  Another limitation was the assumption that the nutrient 

content of specific foods remain constant.  For example, the -carotene content of a carrot 

may vary based on the size, growth, harvesting, processing, cooking, and storing conditions.   

Though the CNF database contained micronutrient content information for the 

majority of food items, micronutrient inadequacy was overestimated for some 

micronutrients such as vitamin E since only 67.16% of the foods in the current Canadian 

Nutrient File database has been measured for their -tocopherol content [212].  Additionally, 

for nutrients such as biotin, chloride, choline, chromium, fluoride, iodine, molybdenum, and 

vitamin K, we were unable to analyse nutrient intakes due to insufficient information in the 

CNF database.   

2.5.3 Sources of Measurement Error in Dietary Assessment 

Random and systematic measurement errors may occur while measuring food and 

nutrient intakes.  These measurement errors include nonresponse bias, sampling bias, 

respondent biases, incorrect estimation of portion size, coding errors, and missing 

supplement usage information. 

Among the pregnant women who were recruited for the IRNPQEO study, the 

response rate was 65.6%.  This is close to the response rate achieved by another large cohort 

study using 3-day food records [243].  Nonetheless, a large portion of the women chose not 

to complete and return the food records, and may have resulted in a nonresponse bias.  As 

a result, instead of having a random sampling of Québec women, the subjects who 

participated in urban centres may not be representative of pregnant Canadians in Québec.  

Our results contain mostly the affluent, educated, white pregnant population in Québec, 

Canada.  However, it is recognized that culture, ethnicity, and environment play a role in 

nutrition and food choices in a group of people [244].  Based on the demographic and 

socioeconomic characteristics of the   women in our study, these results are not generalizable 

to more ethnically diverse, socioeconomically poor, or Aboriginal groups of women in 

Canada.  Other ethnic groups with varied diets and women with lower socioeconomic 

statuses and education levels may have altered different nutritional status and frequency of 

supplement use.  Nonetheless, the pregnant population is a group that is often excluded 

from studies, so this study has the benefit of revealing current dietary intakes in a necessary 

subset of Canadians.   
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Furthermore, respondent bias, such as underreporting of food intake by 

approximately 20% in both men and women [245, 246], is often an issue in dietary 

assessment methods.  Underreporting may occur due to errors in estimating portion sizes or 

in an effort to maintain socially desirable diets that includes fewer unhealthy food choices.  

Due to the lack of motivation or the inconvenience of having to record each item, individuals 

may also modify their food choices to healthier or simpler food for ease of recording and/or 

in apprehension of evaluation.    Providing the participants with training on how to properly 

fill out the food records with an appropriate amount of detail and explaining the significance 

of the results and how their contribution plays a role in the study may help prevent reporting 

errors.  Having a debriefing session by a nutritionist or study personnel has been shown to 

help prevent measurement error from food records [247], but due to limited resources, this 

was not possible.  Instead, in order to improve accuracy and reliability, a brief training and 

an example of a completed food record was provided by study personnel prior to completion.  

Still, there were cases where participants were not detailed in their portion sizes and did not 

include recipes for some homemade food items.  Though standard portion sizes and recipes 

were used instead, variations in micronutrient intake may have occurred.   

Due to the volume of food records that needed to be analyzed to meet our sample 

size requirements, four people (myself and three others) initially participated in food record 

data entry.  Coding errors may have occurred when converting household measures into 

grams or selecting the most accurate food item ESHA Food ProcessorTM.  To prevent intra-

individual variability in data entry (ex. brand choices, food proportions, etc.) and ensure 

consistent decision-making on common foods, entered food records were systematically 

double-checked by two trained registered dietitians and extreme values were systemically 

double-checked for implausible entries.  In the future, inter-individual variability can be 

prevented by limiting the number of people participating in data entry.   

At the time of this study, only information regarding whether or not study 

participants used a nutritional supplement was available.  Thus, only estimated intakes after 

supplementation could be determined.  Based on the brand and composition of the 

supplement, micronutrient intake may vary between individuals.  In the future, once the 

brand and composition of the supplements are released for study, a more accurate picture 

of micronutrient intake from dietary and supplementary sources can be determined.  
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In summary, the limitations in the assessment method, food composition data, and 

measurement errors must be considered when drawing conclusions from this study.   

2.6 Future Directions 

Dietary assessment methods allow researchers to determine a general 

representation of dietary inadequacies.  Analysis of all completed 3-day food records 

(N=1612) collected by the 3D Study is almost finished.  Once mother-medication logs 

specifying brand and dosage of prenatal supplements is made available, dietary intakes of 

micronutrients can be better defined.  As part of the 3D study, IRNPQEO staff have collected 

follow-up growth and development indices for up to two years after birth.  Thus, future 

studies may include investigating the relationship between the offspring of mothers, with 

adequate/inadequate diet in the presence/absence of prenatal supplementation, and their 

consequences on future health outcomes.  For example, a nested case-control study can be 

done comparing the effects of high folic acid intake after supplementation (cases) with 

recommended intakes (controls) observed among mothers and their offspring.   However, 

though this study was able to analyse the dietary intake of pregnant women who are mostly 

of higher socioeconomic status and living in an urban setting, further studies are required of 

pregnant women of lower socioeconomic status, diverse ethnic background, and/or in more 

rural areas in order to get a better idea of micronutrient adequacy in the Canadian pregnant 

population.   

Due to aforementioned limitations of dietary assessment methods in accurately 

measuring micronutrient intake, laboratory methods could be used to supplement our 

findings and provide a more precise representation of bioavailable micronutrients.  In 

addition to the 3-day food records of pregnant women, the IRNPQEO staff have also collected 

biological samples (ex. maternal and cord blood, placenta samples) of the resulting offspring 

as part of the 3D Study.  In the future, laboratory methods that include biochemical tests (ex. 

using blood samples or measuring urinary excretion rate) may be a useful tool to determine 

metabolized levels of micronutrients and the level of micronutrients in reserve tissue and 

body fluids.  This information can be used to compare to intake levels and to better assess 

dietary needs among the given population. 

Finally, though the preventive effects of folic acid supplementation on adverse 

maternal and fetal outcomes have been researched [248], adverse outcome due to excessive 

levels have not been as thoroughly studied.  The fetal programming hypothesis suggests that 
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events in utero can have long-term effects on the health of the offspring [249].  Functional 

biochemical tests (ex. changes in enzyme activity) may help elucidate the effects of increased 

or decreased levels of micronutrients on health and disease.  Furthermore, given that the 

placenta is fetal tissue [250] and the gateway for nutrient transfer between the mother and 

fetus [251], studying the effects of different concentrations of micronutrients on placental 

tissue can also help reveal potential effects on the offspring. 

2.7 Conclusion 

In summary, using second trimester 3-day food records, dietary sources appear to 

provide the majority of women with adequate micronutrients for all micronutrients studied, 

except for folate, iron, vitamin D, and vitamin E.  In contrast, the majority of the pregnant 

women in our study sample was found to be at risk of excessive sodium intake. 

Supplementation may be required for micronutrients found to be at risk of inadequacy for 

most pregnant women since food sources alone do not seem to provide the recommended 

amount for a healthy pregnancy. Though vitamin D can be synthesized through sun exposure, 

supplementation may also be required due to seasonal differences and varying sun exposure 

times.  Furthermore, supplementation of other micronutrients may also be necessary for 

other subgroups of pregnant women in the Canadian population.   

Adhering to national recommendations to take a prenatal supplement, 83% of 

women reported taking a nutritional supplement during their second trimester of pregnancy.   

Following supplementation, the majority of women may be at risk of excessive folic acid 

consumption, while nearly 20% of women may also be at risk of excessive iron consumption.  

At a time when fortification of food with folic acid is prevalent and recommendations for 

further prenatal folic acid supplementation is paramount, the benefits and adverse effects 

of excessive folic acid intake needs to be further investigated.     
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Chapter 3 

  Effects of Excessive Folic Acid on Placental Health & 

Function 

3.1 Introduction 

The detrimental effects of various maternal nutrient deficiencies on fetal 

development have led to the development and recommended use of multivitamin 

supplements to promote a healthy pregnancy [113].  Women are recommended by Health 

Canada to take multivitamin supplements containing 0.4 mg of folic acid prior to conception 

and during pregnancy, regardless of their nutritional status, to ensure adequate vitamin and 

mineral levels throughout gestation [29].  However, the available literature [100, 112, 199] 

and our findings in Chapter 2 suggest that a diet consisting of fortified foods and 

supplementation may result in excessive folic acid intake among women of childbearing age 

and pregnant women in Canada. Importantly, very little work has been done to determine 

whether exposure to these high levels of folic acid are in fact safe for the developing placenta 

and fetus.  

The placenta is the vital organ of pregnancy, responsible for gas and nutrient 

exchange as well as hormone synthesis. Despite our recognition of the critical importance of 

this organ for a successful pregnancy, the effects of various environmental factors (i.e. 

nutrient supplements such as folic acid) on the health and functioning of the placenta are 

often overlooked. In light of the fetal programming hypothesis which suggests that events in 

utero, such as compromised placental health and/or function, may have long-term health 

effects on the offspring [249], the effect of feto-placental exposure to excessive folic acid in 

utero requires significant attention.   The importance of studies aimed at determining safe 

therapeutic ranges of folic acid is particularly relevant in light of ongoing, large-scale 

randomized controlled trials determining the efficacy of high dose folic acid supplementation 

(4 mg/day)  for the prevention of preeclampsia and congenital malformations [115, 171].  

Currently, these trials are ongoing in the absence of any strong data indicating that this dose 

of folic acid is in fact safe for the feto-placental unit.  

If these excessive levels of folic acid adversely affect placental health and function, it 

is possible that fetal growth, development, and health may be compromised. Evidence that 
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high folic acid intake levels can trigger adverse effects in both animal and human models 

have been observed [140–142, 144, 238], and may have a severe impact on fetal health and 

development.  However, little work has been done to directly study the effects of high folic 

acid exposure on the placenta.  Thus, the aim of the current  study was to determine whether 

high doses of folic acid would negatively impact primary indicators of placental health and 

function, including trophoblast proliferation, viability, apoptosis, invasion, and/or -hCG 

expression in an in vitro cell culture model and ex vivo placental explant culture model.   

3.2 Materials and Methods 

3.2.1 Placental Trophoblast Model Systems   

Choosing the ideal in vitro model is critical for proper experimental research design.  

The most common methods include using immortalized human trophoblast cell lines,  

isolating primary cultures of human trophoblast cells and using ex vivo human placental 

explants from first trimester or term placenta [252, 253].   Animal models using rodents such 

as rats and mice are also common, but the main limitation in this approach lies in the 

difference in the process of placentation between humans and other organisms [253].  

Though isolation and culture of primary cells allow for the study of non-transformed human 

placenta cells, the main limitations to this procedure are the altered cell physiology resulting 

from the extensive processing required in the cell isolation and purification protocol, the 

inability to maintain these cells in culture for more than a couple days and the inter-patient 

variability observed in each placentae [254].  Thus, immortalized human trophoblast cell lines 

(HTR-8-SVneo and BeWo) and ex vivo human placental explants were selected as 

representative models for this project. 

Immortalized human trophoblastic cell lines have been developed to study both the 

extravillous and villous trophoblast cell lineages.  Two trophoblast cell lines employed in the 

current research project are the widely used HTR-8/SVneo extravillous trophoblast cell line 

and the BeWo villous cytotrophoblast cell line.  The HTR-8/SVneo cell line was established 

from first trimester extravillous trophoblasts  transfected with the SV40 virus, and is often 

used to study the invasive properties of extravillous trophoblasts [253].  In contrast, the 

BeWo cell line was established from a malignant villous cytotrophoblast (choriocarcinoma) 

and is often used to study processes involved in villous cytotrophoblast proliferation and 

terminal differentiation into the multinucleated syncytiotrophoblast. The villous trophoblast 

cells, including the BeWo cell line, are responsible for hormone production, including human 
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chorionic gonadotropin (-hCG) hormone production [253], which is often used as a marker 

of villous trophoblast cell health and function.  Experimental designs using cell lines allow for 

tight regulation of experimental conditions and enable reproducibility.   

Ex vivo human placenta villous explants are collected from fresh placentae, either 

from elective terminations in the first trimester or at the time of delivery in the third 

trimester.  This ex vivo tissue model has the important advantage of maintaining the 

structural integrity of the tissue, allowing for the persistence of cell-cell interactions.  Further, 

these tissues can be collected either from uncomplicated pregnancies or pregnancies 

associated with a clinical pathology, allowing for in vitro examination of physiological 

differences in placental function in these pathologies.  Typically, the placental villous explant 

model is used to study the effects of external factors on tissue survival, functionality, and 

adaptation to exogenous exposures, by observing cellular processes such as proliferation, 

apoptosis, hormone production, and/or syncytial fusion.    

 

A. In vitro Trophoblast Cell Culture Model 

 

3.2.2 Cell Culture and Growth Conditions 

The HTR-8/SVneo extravillous trophoblast cell line was generously provided by Dr. 

Charles Graham (Queen’s University, Canada) and the BeWo villous cytotrophoblast cell line 

was obtained from the American Type Culture Collection (ATCC) bio-resource centre 

(Virginia, USA).  The HTR-8/SVneo cell culture model was selected for study, as this model is 

representative of the invasive first trimester extravillous trophoblast cells of the placenta, 

which are involved in the invasion of the uterine wall and remodelling of the uterine 

vasculature [255]. The BeWo cell model was selected for study, as this model is 

representative of the villous trophoblast cells that are responsible for maternal-fetal 

exchange and the endocrine function of the placenta [253, 255, 256]. 

Both cell lines were cryopreserved and stored at -80oC.  When thawed, both cell lines 

were maintained as monolayers in CORNING® 75 cm2 Cell Culture Canted Flasks (Corning®; 

NY, USA) in a humidified incubator with 21% O2, 5% CO2 at 37oC.  HTR-8/SVneo cells were 

grown in FA-depleted Gibco® 1X RPMI-1640 (Life TechnologiesTM; NY, USA) supplemented 

with 20 ng/mL folic acid (FA) (Sigma-Aldrich; MO, USA), 5% fetal bovine serum (FBS), and 1% 
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100X Penicillin-Streptomycin (P/S) Solution (Mediatech, Inc.; VA, USA). The concentration of 

folic acid used for supplementation of the standard culture media (20 ng/mL)  was selected 

to mimic concentrations of serum folate levels measured in pregnant women [101, 168] 

(Appendix D).   BeWo cells were also grown in FA-depleted 1X RPMI-1640 supplemented with 

20 ng/mL FA , 10% FBS, and 1% 100X P/S.   

For maintenance of the cell lines, cells were passaged every 2-3 days (when they 

reached 75-80% confluence) and culture medium was changed every 2 days.  The procedure 

for passaging the cells included washing the cells with 1X Dulbecco’s Phosphate Buffered 

Saline (PBS;  Corning® Cellgro®; VA, USA) and removal of cells by an enzymatic treatment 

using 1X Trypsin EDTA (Mediatech, Inc.; VA, USA) for 5 minutes. Cells were harvested, and 

subcultured in fresh flasks.  To maintain consistency, experiments using HTR-8/SVneo and 

BeWo cells were restricted to passages below 30. 

3.2.3 Folic Acid Treatment 

Prior to any experimental protocol, HTR-8/SVneo and BeWo cells were serum-starved 

overnight in serum-free media (0% FBS).  All dose-response experimental protocols, 

described below, involved the use of five folic acid experimental treatments (2, 20, 200, 2000, 

4000 ng/mL), in which folic acid was dissolved into the FBS-supplemented cell culture media.  

These concentrations were selected to represent maternal folic acid deficiency (2 ng/mL), 

normal maternal physiological concentration (20 ng/mL), supraphysiological concentration 

(200 ng/mL) and toxicological concentrations (>2000 ng/mL).  Unless otherwise specified, 

cells were exposed to the folic acid experimental treatments for 48 hours, at which point 

cells were harvested for analysis.   

3.2.4 Microbiological Assay for Intracellular Folates 

Trophoblast cells possess several folate transporters, responsible for shuttling folate 

both into and out of the cell [164]. In order to determine the degree of exogenous folic acid 

uptake into the HTR-8/SVneo and BeWo cell lines following folic acid treatments (Section 

3.2.3), a microbiological assay was employed using glycerol-cryoprotected Lactobacillus 

rhamnosus [257–259], formerly known as a subspecies of Lactobacillus casei [260]. 

HTR-8/SVneo (N=3) and BeWo cells (N=3) were initially seeded into 6-well plates, at 

a density of 1.2 X105 cells/well. Both cell lines were serum starved overnight and treated as 

outlined in Section 3.2.3.  After 48 hours of treatment, cells were harvested for analysis of 
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intracellular folic acid content. The harvested cell pellet was suspended in 200 L of protein 

extraction buffer (2% w/v sodium ascorbate, 0.2 M -mercaptoethanol, 0.05 M HEPES, 0.05 

M CHES, ddH2O), and protein concentration was quantified in each sample (25 l) using Bio-

Rad Protein Assay Reagent (Bio-Rad Laboratories; CA, USA).  The remaining sample (175 L) 

was boiled for 10 minutes at 100oC, cooled on ice for 10 minutes, centrifuged at 18,000 x g 

for 10 minutes at 4oC.  Rat Conjugase Serum (1:4 dilution with supernatant) (Pel-Freez 

Biologicals, USA) was added to the supernatant and incubated at 37oC for 3 hours.  The rat 

serum conjugase removes the polyglutamate residues from the folic acid found in tissue 

extracts and makes mono- and di-glutamyl folate available to analyse tissue folate content 

using the microbiological assay [261].  Samples were then boiled at 100oC, chilled on ice for 

5 minutes, centrifuged at 18,000 x g for 5 minutes, and the final supernatant was collected 

and stored at -80oC pending analysis.   

The treated HTR-8/SVneo and BeWo cell lysate samples were transported on dry ice 

to the Nutrition Research Division at the Sir Frederick G. Banting Research Centre (Health 

Canada, Ottawa, ON) for final determination of intracellular folate levels using the L. 

rhamnosus microbiological assay.  Stock glycerol-cryoprotected L. rhamnosus (ATCC 7469) 

was prepared as described by Horne [257] and stored in 2 mL aliquots at -80oC.  For each 

experiment, the L. rhamnosus inoculum was prepared by diluting stock L. rhamnosus (1:100) 

in sterile saline.  As suggested by Horne [257], this dilution is experimentally selected for each 

stock after preparing a series of standard curves using a range of dilutions of the 

cryoprotected L. rhamnosus and determining which dilution results in the highest 

absorbance for all points on the standard curve.   

Each HTR-8/SVneo and BeWo sample (10 L) was incubated with 20 L diluted L. 

rhamnosus, 1 L folate extraction buffer [2% w/v sodium ascorbate, 0.2 M -

mercaptoethanol, 0.05 M HEPES (pH 7.85), 0.05 M CHES (pH 7.85), sterile filtered water 

(ddH2O)], 8 L working buffer [1 M potassium phosphate (pH 6.1), 16% w/v sodium 

ascorbate, ddH2O], 150 L BD Difco Folic Acid Casei Medium (prepared according to 

manufacturer’s instructions), and 111 L ddH2O in 5 replicates in a 96-well microtiter plate.  

To maintain consistent air-to-plastic surface area in all wells [257], the outer wells (Row A 

and H, and columns 1 and 12) in the 96-well microtiter plate were not used in the assay and 

instead, were filled with ddH20 blanks.  The assay was calibrated using a folic acid (0-50 fmol) 

standard curve, in triplicate.  The plates were incubated for 16 hours in a humidified chamber 

at 37oC.   
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Since the growth of L. rhamnosus is relative to the amount of total folate present in 

the medium, the total intracellular folate level can be assessed by measuring the turbidity of 

the inoculated medium at an absorbance of 595 nm using a spectrophotometer (Multiskan 

Spectrum v1.2, Thermo Fisher Scientific, USA).  To minimize pipetting errors, the lowest and 

highest absorbance values were discarded in order to leave 3 out of 5 replicates for analysis.  

From the resulting data and the standard curve, the normalized average folate concentration 

for each sample (fmol/g) was calculated.    

3.2.5 Assessment of Trophoblast Health: Cellular Proliferation  

An indicator of cell health is the ability of cells to proliferate into healthy daughter 

cells.  5-bromo-2’-deoxyuridine (BrdU) is a synthetic thymine analogue which becomes 

incorporated in de novo DNA in proliferating cells during the S-phase of the cell cycle [262, 

263].  Thus, immunoreactivity to BrdU was used to identify the effect of exogenous folic acid 

on the proliferative capacity of HTR-8/SVneo and BeWo cells.   

HTR-8/SVneo (N=3) and BeWo cells (N=3) were seeded at 2.5 x 104 cells/well in 12-

well plates and serum starved overnight.  They were then treated with different experimental 

doses of folic acid (2, 20, 200, 2000, 4000 ng/mL folic acid) as outlined in Section 3.2.3.  After 

24 hours of treatment, cells were transferred to Millicell EZ chamber slides (EMD Millipore, 

USA) at a density of 1.5 x 104 cells/well and incubated at 37oC for an additional 18 hours in 

their respective experimental folic acid treatments.  Thereafter, 10 M 5-Bromo-2’-

deoxyuridine (BrdU) was made up in the corresponding folic acid experimental treatments 

and was added to each well of the chamber slide and incubated for an additional 6 hours 

(total experimental treatment exposure of 48 hours).   

At the time of fixation, without removing the culture media, cells were incubated in 

150 l cooled acid ethanol fixative (90% ethanol, 5% acetic acid, 5% water) at room 

temperature for 5 minutes.  The culture media and initial acid ethanol fixative was aspirated 

from the wells and 200 l of acid ethanol was added for 30 minutes at 4oC.  Antigen retrieval 

was performed using 2M hydrochloric acid (HCl) for 20 minutes at room temperature, 

followed by neutralization with 200 l of 0.1M NaB4O7 for 10 minutes.  Cells were washed 3 

times in 1X PBS and then blocked with 1% Bovine Serum Albumin (BSA; Fisher Scientific, USA) 

in 1X PBS at room temperature for 30 minutes.   
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The primary monoclonal mouse anti-BrdU antibody (1:500 dilution in 1% BSA; Sigma-

Aldrich, USA) was added to cells and incubated overnight at 4oC.  After a second wash with 

1X PBS, cells were incubated in red fluorescent-labelled rabbit-anti-mouse IgG secondary 

antibody (1:500 dilution in 1% BSA; Alexa Fluor® 594, Life Technologies, USA) for 1 hour at 

room temperature.  After a third wash with 1X PBS, the cells were counterstained with blue 

fluorescent-labelled Hoechst stain (1:4000, diluted in PBS; DAPI, Life Technologies, USA) for 

15 minutes at room temperature.  After a final wash in 1X PBS, the slides were air-dried and 

mounted using PermaFluorTM Mountant (Thermo Scientific, USA).  For each experiment, 

negative controls were run in parallel with omission of the primary antibody.   

Two randomly selected fields of view were imaged for each experimental treatment 

per experiment, using Zeiss Axioskop 2 MOT Plus Microscope (Carl Zeiss Microscopy, USA) at 

10X magnification. Mean proliferating cell counts (red immunofluorescence) and total cell 

counts (blue immunofluorescence) were performed using automated Image J Software v1.47 

(National Institutes of Health, USA). Results were calculated as the number of proliferating 

cells divided by the total number of cells, expressed as a percentage, for each experimental 

treatment group.  

3.2.6 Assessment of Trophoblast Health: Cellular Viability 

Cellular viability is a measure of the number of living cells in a sample.  The trypan 

blue exclusion assay is a common method used to determine cellular viability [264].  Viable 

cells, characterised by an intact cell membrane, are impenetrable by the trypan blue dye; 

whereas dead cells have a compromised cell membrane that allows trypan blue uptake [264].  

HTR-8/SVneo cells (N=3) and Bewo cells (N=3) were seeded at a density of 5 x 104 

cells/well into 12-well plates. After serum-starvation overnight, both cell lines were treated 

with experimental folic acid treatments (2-4,000 ng/mL) for 48 hours (Section 3.2.3).  A 

positive control stress treatment of 1 M staurosporine (Sigma-Aldrich, USA) was included 

for each experiment.  Staurosporine is a protein kinase inhibitor and is known to activate 

cellular stress-response and apoptosis pathways [265, 266]. Following experimental 

treatment incubation, the cells were harvested along with their overlying culture media, and 

analyzed using the automated Vi-CELL Cell Viability Analyzer (Beckman Coulter, Canada). 

Cellular viability was calculated as the number of viable cells (trypan blue negative) divided 

by the total number of cells (both viable and non-viable) expressed as a percentage.  

 



 

70 

3.2.7 Assessment of Trophoblast Health: Apoptosis Assay 

Activated caspase-3 immuno-detection, a reliable method to observe apoptosis 

(programmed cell death) [267], was used to further test the effects of increasing 

concentrations of exogenous folic acid on trophoblast health.     

HTR-8/SVneo (N=3) and BeWo cells (N=3) were seeded at a density of 2.5 x 104 

cells/well in 12-well plates and serum starved overnight. The following day they were treated 

with different doses of folic acid (2 – 4000 ng/mL folic acid) for 24 hrs.  Subsequently, the 

cells were washed in 1X PBS, trypsinized, and re-suspended in their respective folic acid 

treatments and transferred to Millicell EZ chamber slides at a density of 1.5 x 104 cells/well 

for an additional 24 hours at 37oC (total experimental treatment exposure of 48 hours).  The 

cells were then washed with 1X PBS and fixed using 10% formalin.  Antigen retrieval was 

performed using 100% cooled methanol for 20 minutes at 4oC, washed with 1X PBS, and 

blocked with 1% BSA (in 1X PBS) for 30 minutes.  

Immunocytochemical detection of activated-caspase-3, as a marker of programmed 

cell death (apoptosis) was then performed on the cells.  Briefly, cells were incubated with a 

polyclonal rabbit anti-human activated caspase-3 primary antibody (1:100 dilution in 1% BSA; 

Abcam, USA) overnight at 4oC.  Cells were washed with 1X PBS and subsequently incubated 

with green fluorescent-labeled goat-anti-rabbit IgG secondary antibody (1:500 dilution in 1% 

BSA; Alexa Fluor® 488, Life Technologies, USA) for 1 hour at room temperature.  Cells were 

again washed with 1X PBS and counterstained with blue fluorescent-labelled Hoechst stain 

(1:4000 dilution in 1X PBS) for 15 minutes at room temperature.  After a final wash in 1X PBS, 

the slides were air-dried and mounted using PermaFluorTM Mountant.  For each experiment, 

a positive control stress treatment of 1 M staurosporine was included. Negative controls 

were run in parallel for each experiment with the omission of the primary antibody.   

Two randomly selected fields of view were imaged for each experimental treatment 

per experiment, using Zeiss Axioskop 2 MOT Plus Microscope at 10X magnification. Mean 

apoptotic cell counts (green immunofluorescence) and total cell counts (blue + green 

immunofluorescence) were performed using automated Image J Software v1.47. Results 

were calculated as the number of apoptotic cells divided by the total number of cells, 

expressed as a percentage, for each experimental treatment group.  
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3.2.8 Assessment of Trophoblast Function: Invasion Assay 

A vital function of the extravillous trophoblast cell is the ability to actively invade the 

uterine wall and remodel the uterine vasculature [160].  As such, the effects of increasing 

concentrations of exogenous folic acid on this important function of the HTR-8/SVneo 

extravillous trophoblast cell line was examined using a Boyden chamber invasion assay (N=4).   

HTR-8/SVneo cells were seeded at a density of 5.0 x 104 cells/well into a 12-well plate 

and treated in duplicate with 2, 20, 200, or 2000 ng/mL FA for 24 hours. Afterwards, the cells 

were serum-starved for 6 hours in their respective treatments (2-2000 ng/mL FA in FA-

depleted 1X RPMI-1640 media, 1% 100X P/S).  Then, cells were washed in 1X PBS, trypsinized, 

re-suspended into their respective treatments, and seeded into the top of a matrigel coated 

transwell insert (6.4 mm diameter, 8.0 micron pore; BD Biosciences, Canada) at a density of 

2.5 x 104 cells/insert. In the bottom chamber of the invasion assay well, the respective 

treatment media (2-2000 ng/mL FA, 1X RPMI-1640, 1% 100X P/S) was added and 

supplemented with 5% FBS in order to act as a chemo-attractant to promote HTR-8/SVneo 

invasion through the matrigel-coated transwell insert.  Cells were left to invade for 48 hours.  

After the invasion period, the transwell membranes were fixed using 10% formalin 

for 2 minutes and permeabilized using 100% cold methanol for 20 minutes. Non-invaded cells 

were removed from the upper chamber of the transwell insert using a cotton swab and 

discarded.  Successfully invaded cells that adhered to the bottom of the transwell insert were 

stained with mercury-free Harris Modified Hematoxylin with acetic acid (Fisher Scientific; NJ, 

USA) for 10 minutes, and quickly rinsed with tap water.  The porous membranes of the insert 

were excised out and mounted onto slides using Shandon Immu-Mount (Thermo Scientific, 

USA).  For each well, four randomly selected fields of view were taken using EVOS cell imaging 

system at 40X magnification.  Invaded cells (blue stain) were counted using Image J Software 

v1.47.  

3.2.9 Assessment of Trophoblast Function: -hCG ELISA Assay 

A vital function of the villous trophoblast cell, represented by the BeWo cell model, 

is the ability to produce and secrete hormones into the maternal circulation which promote 

appropriate maternal adaptation to pregnancy [160, 253].  One such hormone is human 

chorionic gonadotropin (-hCG), which plays an important role in uterine decidualization and 

maternal immune tolerance to the developing fetus [268, 269]. As such, the effects of 
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increasing concentrations of exogenous folic acid on -HCG hormone secretion by the BeWo 

villous trophoblast cell line were examined (N=3).   

Briefly, BeWo cells were plated at a density of 5 x 104 cells/well and serum starved 

overnight in culture media supplemented with 20 ng/mL folic acid.  The BeWo cells were 

then treated for 48 hours with different folic acid experimental treatments (2-4000 ng/mL). 

At the end of the treatment period, the media was collected, clarified by low-speed 

centrifugation at 1200 RCF (x g) for 5 minutes using HeraeusTM LabofugeTM 400 (Thermo 

Fisher Scientific, USA), and stored at -80oC until -hCG quantification. Concentrations of 

secreted -hCG hormone within the overlying culture media was analyzed using a solid phase 

enzyme-linked immunosorbent assay (ELISA), as per manufacturer’s instructions (IBL 

International, Germany) and read at 450 nm using Thermo Labsystems Multiskan Ascent 

spectrophotometer and analyzed using Ascent Software v.2.6. Each sample was run in 

duplicate.  Using the included standard curve, the concentration of -hCG (mIU/mL) was 

calculated.  Data is expressed as relative -hCG hormone secretion in comparison to the -

hCG hormone released at the 20 ng/mL folic acid treatment.  

3.2.10 Statistical Analyses 

All results are presented as mean ± SD from at least three independent experiments. 

All experimental FA dose-response data was analyzed by one-way analysis of variance 

(ANOVA) followed by Tukey’s multiple comparison post hoc analysis using Prism software, 

version 3.03 (GraphPad, San Diego, CA). The difference between experimental treatments 

were considered statistically significant if p < 0.05.  

 

B. In vitro Human Placental Explant Model 

 

3.2.11 Placental Explant Collection and Preparation 

Human placentae (N=6) were collected following elective Caesarean section from 

healthy term pregnancies at the Ottawa General Hospital with approval from the Ottawa 

Health Science Network Research Ethics Board (Protocol # 2011217-01H) and the University 

of Ottawa Health Sciences and Science Research Ethics Board (File #: H04-13-12; Appendix 

E).  All patients recruited were at term (39th – 40th week’s gestation) and had a BMI between 

https://mytoh.ottawahospital.on.ca/irisapp/ProjectSummary.asp?PID=2011217-01H
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18 – 25 kg/m2.  Elective C-sections were the result of fetal breech presentation or repeat C-

sections.  

Placentae were collected within 30 minutes of delivery. Initially, five 1-inch3 pieces of 

tissue were dissected from the placenta, ensuring sampling from across the entire organ. The 

chorionic plate and basal plate were removed and the tissue samples were placed in 1X PBS 

and transported to the laboratory on ice. Within the laboratory, the placental samples were 

rinsed several times in 1X PBS to remove residual blood and small tissue explants (2-5 mg 

each) of terminal chorionic villi were dissected. The dissected explants were rinsed twice in 

1X PBS and once in DMEM culture media. From each placenta ~75-100 explants were 

dissected. Explants were cultured on 15mm Costar® NetwellTM Inserts (Corning®, MA, USA) 

at the gas-liquid interface and sustained under normoxic culture conditions of 8% O2 

(physiological oxygen concentration [270]), 5% CO2, balance N2 at 37oC.   

3.2.12 Folic Acid Treatments 

Placental explants were cultured in FA-depleted 1X DMEM culture media (diluted 

D2424-10X DMEM media with added 3.7 g/L NaHCO3, 0.584 g/L L-glutamine, 3500 mg/L at 

pH 7.0; Sigma-Aldrich; USA) supplemented with 5% FBS, and 1% 100X P/S. A series of folic 

acid experimental treatments were generated using this culture media (2, 20, 200, 2000, 

4000 ng/mL folic acid).  For each experiment (N=6; 1 experiment per placenta), 

approximately 7-9 individual explants per treatment group were placed on a netwell support 

and incubated in the corresponding experimental FA treatment for 48 hrs.   

Afterwards, all explants from each treatment group were collected, weighed and 

processed for immunohistochemistry (Sections 3.2.13 and 3.2.15).  The treatment media was 

also collected immediately and assessed for lactate dehydrogenase (Section 3.2.14), as a 

measure of placental viability, and stored at -80C for future analysis of -hCG (Section 

3.2.16), as a measure of placental endocrine function.   

3.2.13 Assessment of Placental Health: Cellular Proliferation 

The syncytiotrophoblast cellular layer of the villous exchange region of the placenta 

is replenished throughout pregnancy through the proliferation and terminal differentiation 

of the underlying cytotrophoblast cells [160]. The effects of increasing concentrations of 

exogenous folic acid on cytotrophoblast cell proliferation were examined through 

immunohistochemical analysis of Ki67, a nuclear marker of cellular proliferation [271, 272]. 
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Following the 48-hour experimental FA treatment exposure (Section 3.2.12), explants were 

fixed, embedded in paraffin blocks and processed for immunohistochemistry according to 

standardized protocols.  

Sample Processing 

Briefly, explants were fixed in 10% buffered formalin phosphate (Fisher Scientific; ON, 

Canada) for 24 hours at room temperature and subsequently transferred into 70% ethanol 

for storage.  Prior to processing, explants were embedded into 2% w/v Agar (BioShop®; ON, 

Canada), made up in 1X PBS.  Agar-embedded explants were serially dehydrated using the 

Fully Enclosed Tissue Processor Leica ASP300 S (Leica Biosystems, USA), and paraffin-

embedded (TissuePrep® Fisher Scientific; NJ, USA) using the Leica EG 1160 Embedding 

Center, Dispenser + Hot Plate (Leica Biosystems, USA).  For each sample, 5 M sections were 

cut and mounted on slides (Superfrost®/Plus, Fisher Scientific, USA).   

A slide from each FA treatment, for each experiment (N=6), was deparaffinised in 

histological grade xylenes and endogenous peroxidase activity was quenched using 3% H2O2 

(diluted in methanol) for 10 minutes at room temperature.  Following standardized 

rehydration protocols (5 minutes in 95%, 80, 70%, 50% ethanol and H2O respectively), 

antigen retrieval was performed using 0.01 M sodium citrate buffer (10 mM sodium citrate, 

0.05% Tween 20, ddH2O; pH 6.0) in a Decloaking ChamberTM (Biocare Medical; CA, USA) 

pressure cooker for 35 minutes, followed by a rinse in running hot tap water and 1X PBS.  

Nonspecific staining was blocked using Dako LSAB Protein Block Solution (Dako, USA) and 

incubated for 30 minutes in humidity chamber at room temperature.  

Immunohistochemistry 

Immunoreactivity to Ki67, a marker of cellular proliferation, was determined 

following incubation of each slide with a monoclonal mouse anti-human Ki-67 antibody 

(1:100 dilution in 1% BSA; Dako, USA) overnight at 4oC in a humidity chamber.  After washing 

slides in 1X PBS (thrice, 5 minutes each), slides were incubated with a biotinylated goat-anti 

mouse IgG secondary antibody for 1 hour at room temperature followed by an incubation 

with peroxidase-conjugated streptavidin (DAKO LSAB2 System-HRP (Dako; CA, USA).  

Following a wash in 1X PBS (10 minutes), staining was developed with a 30 second exposure 

to 3,3’-Diaminobenzidine (DAB) tetrahydrochloride (Sigma-Aldrich, MO, USA).  Slides were 

rinsed in 1X PBS (thrice, 5 minutes each), and transferred to ddH2O.  Subsequently, slides 

were counterstained with hematoxylin for 60 seconds, rinsed in tap water, rapidly dipped in 
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acid alcohol (0.5% HCl in 70% alcohol) to promote color differentiation, and then rapidly 

dipped in 0.2% ammonium hydroxide (in ddH2O)  as a bluing agent.  After a final rinse in tap 

water, sections were mounted using Shandon Immu-MountTM.  For each experiment, a 

negative control was run in parallel with the omission of the primary antibody.   

Analysis 

The Leica Aperio ScanScope® slide scanner and the ScanScope Console v102.0.0.33 

Controller V.102.0.0272 was used to take high quality images of each slide at 20x 

magnification.  For computer-assisted image analysis, four random areas were analyzed from 

each image using Aperio ImageScope v11.2.0.780.  Immunoreactivity to Ki67 was identified 

through DAB positive staining (red-brown) and counted manually using the Cell Counter 

Plugin in Image J Software v1.47.  Data was expressed as the mean number of proliferating 

cells (Ki67 positive) per mean area of placental tissue imaged.   

3.2.14 Assessment of Placental Health:  LDH Cytotoxicity Assay 

Lactate dehydrogenase (LDH) measurement in cell culture media is a widely used 

marker of cellular viability [264]. LDH is a cytoplasmic protein of high abundance, which is 

released when the integrity of a cell membrane becomes compromised through the process 

of necrosis – unregulated cell death [273].  Placental cell necrosis, following exposure to 

increasing concentrations of folic acid, was assessed through measurement of released LDH 

in the culture media following the 48-hour treatment (Section 3.2.12).  

Overlying culture media from each of the experimental FA treatment groups was 

collected from each experiment (N=6), and LDH concentration was measured using the LDH 

Cytotoxicity Assay Kit II (abcam®; UK) according to manufacturer’s instructions. The principle 

of this assay is an enzymatic coupling reaction.  LDH released from damaged cells oxidizes 

lactate to produce NADH, which then reduces a water soluble tetrazolium salt (WST-1) to 

produce formazan, resulting in a yellow color [274, 275].  Thus, the intensity of the color 

correlates with the number of lysed cells. Colorimetric detection of LDH activity was 

measured at an absorbance of 450 nm using Thermo Labsystems Multiskan Ascent and 

Ascent Software v.2.6.   

For each placenta, an extra set of 7-9 individual control explants were collected 

immediately following delivery, weighed, and flash frozen in liquid nitrogen and stored in -

80oC.  At the time of the LDH Cytotoxicity Assay, these control explants were thawed on ice 
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and homogenized in 1 mL 1X DMEM to release all cytoplasmic LDH.  Cell debris was removed 

from the tissue homogenate using the Beckman CoulterTM Microfuge® 22R centrifuge for 2 

minutes at 6,000 RPM and supernatant was collected. As this supernatant contained all of 

the LDH present in the equivalent number of explants placed in each experimental treatment 

well, this sample was deemed a 100% LDH control.  LDH measurement results obtained from 

each experimental sample was normalized to the weight of corresponding tissue and 

expressed as a percentage of the 100% LDH control.  Additionally, explants treated with 

staurosporine (1 M) were included as a positive control for cellular stress. 

3.2.15 Assessment of Placental Health: Apoptosis  

Cytokeratin 18 (CK18), an abundant protein in placental trophoblast cells, is cleaved 

by activated caspases during the apoptotic cascade revealing an epitope recognized by 

monoclonal antibody M30 [276]. To measure apoptosis in human placentae, the monoclonal 

antibody M30 has been established as an effective antibody to recognizes this epitope [277].  

Thus, in addition to necrosis, the effect of increasing concentrations of folic acid on placental 

programmed cell death (apoptosis) was determined through M30 immunoreactivity. 

Sample Processing and Immunohistochemistry 

Immunohistochemical processing of slides (5 m) generated from each experimental 

FA treatment (N=6 experiments) was conducted as outlined above (Section 3.2.13).  In this 

instance, however, slides were incubated with the monoclonal mouse anti-human M30 

antibody (1:100 dilution in 1% BSA; CytoDEATH, Roche Diagnostics, USA) overnight at 4oC in 

a humidity chamber and staining was developed with a 70 second exposure to DAB.   

Analysis 

The Leica Aperio ScanScope® slide scanner and the ScanScope Console v102.0.0.33 

Controller V.102.0.0272 was used to take high quality images of the slides at 20x 

magnification.  For computer-assisted image analysis, four random areas were analyzed from 

each image using Aperio ImageScope v11.2.0.780.  Immunoreactivity to M30 was identified 

through DAB positive staining (red-brown) and quantified using Image J Software v1.47.  The 

segmentation process resulted in generation of binary images from which the percentage 

area of positive cells compared to total area could be determined.  For each experiment a 

negative control was run in parallel with the omission of the primary antibody. Additionally, 
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explants treated with staurosporine (2 M) were included as a positive control for cellular 

stress. 

3.2.16 Assessment of Placental Function: -hCG ELISA Assay 

As detailed above (Section 3.2.9) -hCG hormone production and secretion is a vital 

function of the placenta during pregnancy [160, 278].  As such, the effects of increasing 

concentrations of exogenous folic acid on -hCG hormone secretion by placental explants 

were examined.   

For each experiment (N=6), the media overlying the placental explants was collected 

following the 48-hour experimental FA treatment exposure (Section 3.2.12) and kept at -80oC 

until -hCG quantification.  As described in the cell culture experiments above (Section 3.2.9), 

-hCG hormone secretion into the overlying culture media was analyzed using a solid phase 

enzyme-linked immunosorbent assay (ELISA) Kit, according to manufacturer’s instructions.  

Each sample was run in duplicate. Using the included standard curve, the concentration of 

-hCG was calculated, normalized to the mass of each sample of placental explants, and 

expressed as mIU/mL*mg.  Data is expressed as relative -hCG hormone secretion in 

comparison to the -hCG hormone released at the 20 ng/mL folic acid treatment.  

3.2.17 Statistical Data Analysis 

All results are presented as mean ± SD from six independent experiments (one 

placenta per experiment). All experimental FA dose-response data was analyzed by one-way 

analysis of variance (ANOVA) followed by Tukey’s multiple comparison post hoc analysis 

using Prism software, version 3.03 (GraphPad, San Diego, CA). Difference between 

experimental treatments were considered statistically significant if p < 0.05.  

3.3 Results 

A. In vitro Trophoblast Cell Culture Model 

 

3.3.1 Intracellular Folate in Trophoblast Cells Following in vitro Exposure to FA 

 Intracellular folate was measured in the HTR-8/SVneo and BeWo trophoblast cell 

lines following in vitro exposure to increasing concentrations of folic acid (FA) over 48 hours 

(Figure 6). In both trophoblast cell lines, intracellular folate increased with higher doses of 

exogenous FA, indicating an increase in FA uptake as more exogenous FA becomes available. 
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Intracellular folate levels were significantly higher following treatment with 4000 ng/mL FA 

treatment when compared to  treatments of 2, 20, and 200 ng/mL of FA for both HTR-

8/SVneo (p<0.0001) and BeWo (p<0.01) cell lines. However, there was no significant 

difference observed between the 2000 ng/mL and 4000 ng/mL FA treatments. Interestingly, 

the BeWo cell line demonstrated a more pronounced increase in intracellular folate 

concentrations, compared to the HTR-8/SVneo cell line, at the same FA experimental 

treatment concentrations. 

3.3.2 Trophoblast health: Effect of in vitro Exposure to FA on Cellular Proliferation 

Cellular proliferation was measured in the HTR-8/SVneo and BeWo trophoblast cell 

lines following in vitro exposure to increasing concentrations of folic acid over 48 hours 

(Figure 7).  Under basal conditions, BeWo trophoblast cells proliferated approximately twice 

as much as HTR-8/SVneo cells.    Nevertheless, there was no significant change in the number 

of proliferative cells following exposure to increasing folic acid treatments for either HTR-

8/SVneo or BeWo trophoblast cell lines.   

3.3.3 Trophoblast health: Effect of in vitro Exposure to FA on Cellular Viability 

The trypan blue exclusion test was used to assess cellular viability in the HTR-8/SVneo 

and BeWo trophoblast cell lines following in vitro exposure to increasing concentrations of 

folic acid (FA) over 48 hours (Figure 8). Compared to the baseline FA treatment of 20 ng/mL 

FA for the HTR-8/SVneo trophoblast cell line, elevated concentrations of FA (200, 2000, 4000 

ng/mL) had no significant effect on cell viability, though low concentrations of FA (2 ng/mL) 

resulted in a significant reduction in viability (p<0.01).  In contrast, elevated concentrations 

of FA (200 and 2000 ng/mL) resulted in a significant effect on BeWo cell viability when 

compared to baseline FA treatment of 20 ng/mL FA (p<0.05), though 2 ng/mL FA and 4000 

ng/mL FA had no significant effect.  The positive control stress treatment of 1 M 

staurosporine also caused a significant decrease in HTR-8/SVneo and BeWo trophoblast cell 

viability when compared to the 20 ng/mL FA treatment in both cell lines (p<0.001). 

3.3.4 Trophoblast health: Effect of in vitro Exposure to FA on Apoptosis 

The trypan blue exclusion assay (Section 3.3.3) identifies dead cells, however it is not 

capable of identifying cells that are in the process of undergoing apoptosis (i.e. programmed 

cell death).  As such, initiation of apoptosis was also investigated in the HTR-8/SVneo and 

BeWo trophoblast cell lines following in vitro exposure to increasing concentrations of folic 
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acid over 48 hours (Figure 9).   In both cell lines, for all experimental treatments tested, the 

presence of apoptotic cells (immunoreactivity to activated caspase-3) were sparse (1.3% – 

7.0%). Increasing concentrations of folic acid had no significant effect on initiation of 

apoptosis in either the HTR-8/SVneo or BeWo trophoblast cell lines (Figure 9, C-D). However, 

the positive control stress treatment of 1 M staurosporine, resulted in a significant increase 

in the number of apoptotic cells in both cell lines (p<0.001).   

3.3.5 Trophoblast function: Effect of in vitro Exposure to FA on Cellular Invasion 

The effects of increasing concentrations of folic acid were examined on the in vitro 

invasive function of HTR-8/SVneo trophoblast cells. Optimal trophoblast invasion was 

observed following treatment with 20 ng/mL FA. While there appeared to be a trend of 

decreasing trophoblast invasion at higher concentrations of FA (200, 2000 and 4000 ng/mL) 

this finding was not significant. However, treatment with low concentrations of FA (2 ng/mL), 

equivalent to FA deficiency, resulted in a significant decrease in HTR-8/SVneo invasion 

(p<0.01) compared to the physiological 20 ng/mL FA treatment (Figure 10, A-C).   

3.3.6 Trophoblast function: Effect of in vitro Exposure to FA on -hCG Production 

The effects of increasing concentrations of folic acid were examined on the in vitro 

endocrine function of BeWo trophoblast cells, through measurement of -hCG hormone 

secretion into the culture media. There was no difference in -hCG secretion across all 

experimental FA treatments (2-4000 ng/mL) following a 48-hour incubation (Figure 11). 

Overall, approximately 857 mIU/mL of -hCG hormone was released into the media when 5 

x 104 cells/well were initially seeded.   

 

B. In Vitro Human Placental Explant Model 

 

3.3.7 Placental health: Effect of in vitro Exposure to FA on Cytotrophoblast Proliferation 

The effects of increasing concentrations of folic acid treatment on cytotrophoblast 

cell proliferation was additionally examined using the human placental explant culture 

model.  Cellular proliferation remained unchanged across all folic acid treatments (2-4000 

ng/mL) tested (Figure 12). For all experimental treatments, an average of 19 cytotrophoblast 



 

80 

cells were undergoing proliferation (total average cell count of 46 cytotrophoblast cells), as 

indicated by Ki67 immunoreactivity, across two random fields of view (20X magnification). 

3.3.8 Placental health: Effect of in vitro Exposure to FA on LDH Release  

LDH release into the culture media was measured as an assessment of tissue viability, 

as necrotic cells demonstrate loss of membrane integrity and subsequent release of 

cytoplasmic proteins. There was no change in LDH release by placenta explants across all 

experimental FA treatments tested (Figure 13).  For all experimental treatments, 

approximately 45.5% of the intracellular LDH was released into the culture media per gram 

of placental explants.  Furthermore, following a 48-hour incubation with the positive stress 

control (2 M staurosporine), there was no effect on placental cell viability, as measured by 

LDH release. 

3.3.9 Placental health: Effect of in vitro Exposure to FA on Trophoblast Apoptosis  

Initiation of apoptosis in placental explants was also examined following treatments 

with increasing concentrations of FA (2-4000 ng/mL). In all samples, apoptosis was restricted 

primarily to the syncytiotrophoblast layer (Figure 14, A-B).  Due to the multinucleated nature 

of the syncytial layer, the area of M30 immunoreactivity, reflected as a percentage of total 

tissue areas, was calculated from 2 random fields of view (20X magnification) for each 

experimental FA treatment. There was no significant difference in apoptotic area across all 

experimental FA treatments.  For all experimental treatments, approximately 1% of total 

area was identified as apoptotic area using M30 immunoreactivity.  However, a 48-hour 

incubation with 2 M staurosporine resulted in an increase in M30 immunoreactivity to 

approximately 3.7% of total area, indicative of increased apoptosis.  

3.3.10 Placental function: Effect of in vitro Exposure to FA on -hCG Hormone Production 

The effects of increasing concentrations of folic acid were examined on the in vitro endocrine 

function of human placental explants, through measurement of -hCG secretion into the 

culture media. The concentration of -hCG released by the explants was similar between all 

experimental FA experimental treatments (Figure 15). The mean concentration of -hCG, 

normalized to placenta explant weight, was 3.1 mIU/mL*mg across all experimental 

treatments.    
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                     Quantity of intracellular folate in (A) HTR-8/SVneo and (B) BeWo placental 

trophoblast cell lines following a 48-hour treatment with increasing concentrations of folic 

acid (2-4000 ng/mL).  Intracellular folate levels were measured using the Lactobacillus 

rhamnosus microbiological assay.  Data is presented as mean mean ± SEM (N=3). Statistical 

significance was assessed using one-way ANOVA with Tukey’s multiple comparison post hoc 

analysis (p<0.05) and is marked with an asterisk (*).  Data columns labelled with different 

letters (a, b) are significantly different from each other (p<0.05).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Intracellular folate in trophoblast cell lines following exogenous folic acid 

treatment.  
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                    (A-B) Representative images demonstrating immunoreactivity to BrdU (red), 

identifying a proliferating cell, in HTR-8/SVneo (A) and BeWo (B) cell lines after a 48-hour 

treatment with 20 ng/mL folic acid.   Yellow arrows highlight proliferating cells in red.  All 

cellular nuclei were counted using a DAPI (blue) counterstain.  (C-D) Quantification of the 

percentage of proliferating (C) HTR-8/SVneo and (D) BeWo trophoblast cells following 48-

hour exogenous folic acid treatments (2-4000 ng/mL).  Results were calculated as the number 

of proliferating cells expressed as a percentage of total cells.  Data is presented as mean % ± 

SEM (N=3). Statistical significance was assessed using one-way ANOVA with Tukey’s multiple 

comparison post hoc analysis (*p<0.05).   

 

 

 

 

Figure 7. Effect of exogenous folic acid treatment on cellular proliferation in trophoblast 

cell lines.    



 

83 

Figure 8. Effect of exogenous folic acid treatment on cellular viability in trophoblast cell 

lines.               Percentage of live (A) HTR-8/SVneo and (B) BeWo trophoblast cells per total cell count 

following a 48-hour treatment with increasing folic acid (2-4000 ng/mL).  As a positive stress 

control (black bar), cells were treated with 1 M staurosporine. Data is presented as mean % 

± SEM (N=3). Statistical significance was assessed using one-way ANOVA with Tukey’s 

multiple comparison post hoc analysis (*p<0.05).  Data columns that are significantly 

different from the 20 ng/mL FA treatment are marked with an asterisk (*). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

84 

                   (A-B) Representative images demonstrating apoptotic cells (red) in (A) HTR-

8/SVneo and (B) BeWo cell lines after 48-hour treatment with 20 ng/mL folic acid using 

immunoreactivity to activated caspase-3. Yellow arrows highlight apoptotic cells in red.  All 

cellular nuclei were counted using a DAPI (blue) counterstain.  (C-D) Quantification of the 

percentage of apoptotic (C) HTR-8/SVneo and (D) BeWo cells following 48-hour exogenous 

folic acid treatments (2-4000 ng/mL).  As a positive stress control (black bar), cells were 

treated with 1 M staurosporine.  The mean number of apoptotic cells calculated as 

percentage of a total cell count is presented as mean % ± SEM (N=3). Statistical significance 

was assessed using one-way ANOVA with Tukey’s multiple comparison post hoc analysis 

(*p<0.05).  Data columns labelled with different letters (a, b) are significantly different from 

each other (p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Effect of exogenous folic acid treatments on initiation of apoptosis in trophoblast 

cell lines.    
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(A-B) Representative images highlighting invaded HTR-8/SVneo cells (blue), indicated by red 

arrows, after 72-hour treatment with (A) 2 ng/mL and (B) 20 ng/mL folic acid treatment. (C) 

Quantification of HRT-8/SVneo cell invasion through a matrigel coated boyden chamber 

following treatment with increasing concentrations of folic acid (2-2000 ng/mL). The mean 

number of invaded cells calculated as percentage of the total number of invaded cells in each 

individual experiment is presented mean % ± SEM (N=3).  Statistical significance was assessed 

using one-way ANOVA with Tukey’s multiple comparison post hoc analysis (*p<0.05).  Data 

columns labelled with different letters (a, b, c) are significantly different from each other 

(p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.  Effect of exogenous folic acid on HTR-8/SVneo cell invasion.    
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                                  Concentration of -hCG released following 48-hour folic acid treatment 

(2-4000 ng/mL) using an enzyme-linked immunosorbent assay (ELISA).  Data is presented as 

relative concentration (mIU/mL) of -hCG hormone secretion mean ± SEM (N=3) in 

comparison to 20 ng/mL FA treatment.  Statistical significance was assessed using one-way 

ANOVA with Tukey’s multiple comparison post hoc analysis (*p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Effect of exogenous folic acid on -hCG hormone secretion from BeWo 

trophoblast cells.   
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                                     (A) Representative image demonstrating  cytotrophoblast proliferation 

after exposure to 20 ng/mL of folic acid, as indicated by Ki67 immunoreactivity (red-brown 

nuclei highlighted with a red arrow) (B) Quantification of data calculated as mean number of 

proliferating cytotrophoblast cells (ki-67 positive) per total area of tissue in 2 random fields 

of view (20X magnification) per experimental FA treatment.  Data is presented as mean ± 

SEM (N=6). Statistical significance was assessed using one-way ANOVA with Tukey’s multiple 

comparison post hoc analysis (*p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.  Effect of exogenous folic acid on cytotrophoblast proliferation in human 

placental explants.     
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                                     No effect on LDH release by placental explants following 48-hour 

treatments with increasing concentrations of FA (2-4000 ng/mL) indicates no change in tissue 

viability following increasing FA exposure. Measured LDH release for each treatment sample 

was normalized to the mass of the corresponding placental explants and expressed as a 

percentage of a 100% LDH positive control.  The 100% LDH control represents the amount of 

total cytoplasmic LDH present in an equivalent mass of placental explants.  As a positive 

control (black bar), cells were treated with 2 M staurosporine.  Data is presented as mean 

± SEM (N=6).  Statistical significance was assessed using one-way ANOVA with Tukey’s 

multiple comparison post hoc analysis (*p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13.  Effect of exogenous folic acid on lactate dehydrogenase (LDH) release by human 

placental explants.   
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                  (A-B) Representative images demonstrating apoptotic cells (red-brown staining, 

highlighted by green arrow) after 48-hour exposure to (A) 20 ng/mL folic acid and (B) 2 M 

staurosporine (stsp).  (C) Quantification of apoptotic area, calculated as mean total area of 

M30 immunoreactivity (red-brown) relative to mean total tissue area (expressed as a %) in 4 

random fields of view at 20X magnification. As a positive stress treatment control (N=1), cells 

were treated with 2 M staurosporine (black) for 48 hours. Data is presented as mean ± SEM 

(N=6).  Statistical significance was assessed using one-way ANOVA with Tukey’s multiple 

comparison post hoc analysis (*p<0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Effect of exogenous folic acid on induction of apoptosis in human placental 

explants.   
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                  The concentration of -hCG released following 48-hour exposure to increasing 

concentrations of folic acid (2-4000 ng/mL) was determined using an enzyme-linked 

immunosorbent assay (ELISA), and was normalized to the mass of each sample of placental 

explants.  Data is presented as the mean relative concentration (mIU/mL*mg) of -hCG 

hormone secretion ± SEM (N=6) in comparison to 20 ng/mL FA treatment.  Statistical 

significance was assessed using one-way ANOVA with Tukey’s multiple comparison post hoc 

analysis (*p<0.05). 

 

 

 

 

 

 

 

 

 

 

 

Figure 15.  Effect of exogenous folic acid on -hCG hormone secretion by human placental 

explants.      
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3.4 Discussion 

Folate, the generic term for the B9-vitamin, is globally acknowledged to play a critical 

role during pregnancy and fetal development.  Natural forms of folate found in foods is not 

harmful to the body; however, folic acid, the synthetic form of folate, has been found to lead 

to adverse effects at high intake levels and has led to the establishment of the UL of 1 mg by 

the Institute of Medicine [3, 5, 38].  Recently, several studies have raised concerns that 

pregnant North American women are consuming excessive folic acid levels [100, 101, 112].  

This is mainly due to current recommendations to take a folic acid-containing supplement 

(which may contain 0.4 - 5 mg of FA) prior to and during pregnancy, in addition to a diet 

containing folic acid-fortified foods  [27, 29].   Vital to a healthy pregnancy, the placenta is 

responsible for mediating the transfer of nutrients and waste between the mother and the 

fetus. Placental damage and dysfunction are recognized to be the cause of several adverse 

pregnancy outcomes, including pre-term birth, fetal growth restriction and preeclampsia. 

When safety determinations are made for any form of maternal exposures during pregnancy, 

including dietary supplementation, it is imperative that the effects of these exposures on this 

critical organ of pregnancy are considered.  Nonetheless, limited studies have explored the 

effects of excessive folic acid on placental health and function.  Thus, the effect of excessive 

exogenous folic acid on placental health and function was investigated using both in vitro cell 

culture and ex vivo explant models.  

3.4.1 Intracellular Folate Assay 

The human placenta, and the corresponding human placenta cell lines, demonstrate 

a series of folate transporters on their cell membrane [164, 279]. These transporters allow 

for the transport of folic acid into the cell, but additionally are capable of shuttling folic acid 

back out of the cell [164, 279]. In one study, Tam et al. [280] determined that 

supplementation with 1.1 mg or 5 mg of folic acid did not significantly alter serum/plasma 

levels of unmetabolized folic acid, suggesting that the human body is capable of adapting to 

high levels of folic acid.  This function has been postulated to minimize toxicity; however this 

has not been previously tested in the placenta. In order to determine if exogenous exposure 

to increasing folic acid concentrations was paralleled by a corresponding increase in 

intracellular folate concentration in trophoblast cell lines, the L. rhamnosus microbiological 

assay was employed.  Using this assay, it was verified that not only does exogenous folic acid 

enter both HTR-8/SVneo and BeWo cells, but at high doses of exogenous folic acid treatment 
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(2,000-4,000 ng/ml), significantly more folic acid enters the cells. These results indicate that 

the intracellular milieu of a trophoblast cell is strongly influenced by exogenous folic acid 

exposure, and that increased folic acid ingestion by the mother may certainly result in 

increased intracellular trophoblast folate concentrations. 

Though higher concentrations of exogenous folic acid led to increased intracellular 

folate, a dose-dependent increase was not observed in either cell line, between treatments 

with low (0-200 ng/mL) or high (2000 ng/mL or 4000 ng/mL) concentrations of folic acid.  This 

is possibly due to a lack of sensitivity of the assay to detect changes in the lower range of 

folic acid treatment.  The lack of significant difference may also be due to the presence of 

transporters working to shuttle folic acid back into maternal circulation [164, 281, 282], to 

maintain a relatively constant level of intracellular folates when the range fluctuates within 

physiologically relevant concentrations.  At higher concentrations of folic acid treatments, 

the lack of difference is possibly due to saturation of these folate transporters, such as FR, 

PCFT, and RFC, which are believed to support the movement of folates across the 

microvillous membrane of syncytiotrophoblasts [283].  Nevertheless, it is important to note 

that though significant increases were observed at the higher concentrations (2000 ng/mL 

and 4000 ng/mL) of folic acid, both of these concentrations immensely exceed what is likely 

to be found in humans and were used to establish a range for risk of adverse effects to 

placental cells.  

Intriguingly, BeWo cells were observed to have a higher rate of folic acid uptake than 

HTR-8/SVneo cells.  This difference is likely due to the presence of transporters in the BeWo 

cell membrane [284, 285], as well as the cell type and function of BeWo cells.  The BeWo cell 

line is a model of cytotrophoblast cells that can differentiate into syncytiotrophoblast cells, 

the trophoblast cell lineage that is in direct contact with maternal blood and responsible for 

maternal-fetal nutrient exchange [253].  Interestingly, the intervillous space in the placenta 

has been shown to concentrate folic acid  [41, 286], resulting in a 2-4 fold increase in folic 

acid in the fetal circulation in comparison to the maternal circulation [41].  This indicates a 

preferential fetal gradient of folic acid across the placenta.  In line with this observation, in 

the current study, BeWo cells were observed to have increased folate uptake approximately 

2-4 times higher than HTR-8/SVneo cells, which do not play a role in trans-placental nutrient 

transfer.  Thus, it is understandable that BeWo cells, as the gate keepers of nutrient 

exchange, would be capable of optimal folic acid transfer.   
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Overall, these experiments demonstrated increased folic acid uptake with increased 

exogenous folic acid exposure in both the HTR-8/SVneo and BeWo cell culture models.  

Accordingly, these immortalized cell lines were accepted to be suitable for the in vitro study 

of the effects of excessive folic acid exposure on trophoblast health and function.   

3.4.2 Assessment of Trophoblast Health 

Folate derivatives play an important role in one-carbon metabolism to support both 

DNA and RNA synthesis, as well as DNA methylation [10].  These processes are necessary for 

rapidly-dividing cells such as those of the placenta and the developing offspring.  With the 

availability of excess folic acid feeding into the one-carbon metabolism pathway, it was 

hypothesized that the increased availability of folate metabolites would translate into 

increased DNA and RNA synthesis, as measured by an increase in placental cellular 

proliferation.   

Surprisingly, in both trophoblast cell lines (HTR-8/SVneo and BeWo), and in the ex 

vivo term placental explant culture model, we saw no significant increase in cellular 

proliferation with increasing folic acid concentrations.  These findings are in line with a study 

by Klingler et al. [287], in which supplementation with 5-methyltetrahydrofolate (5-MTHF), 

the metabolically active form of folate normally found in circulation, had no effect on human 

placental cell proliferation or apoptosis if taken after the 20th week of gestation.  The lack of 

an observed increase in trophoblast proliferation is possibly due to the unchanged levels of 

important cofactors, such as vitamin B6, which is required by the enzyme serine 

hydroxymethyltransferase to promote DNA synthesis. Furthermore, standard cell culture 

media normally used to maintain and sub-culture the immortalized cell lines contains 

exorbitant concentrations of folic acid (105 times more than physiologically relevant 

concentrations).  In the current experimental design, both cell lines were sub-cultured in a 

specially formulated, FA-reduced cell culture media for two weeks prior to any 

experimentation. This media contained physiologically relevant concentrations of folic acid 

(20 ng/mL). This was done in an attempt to minimize the potential lingering effects of the 

high doses of folic acid these cells would have been exposed to in their earlier passages. 

However, it is possible that two weeks of sub-culturing in this FA-reduced media was 

insufficient to alter the previously established cell biology/physiology (i.e. DNA replication 

machinery), and therefore no effect was observed.  Similarly, it is possible that experimental 
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concentrations had no effect on placental explants since all term placentae that were 

collected for analysis were exposed to folic acid supplementation in utero.   

In contrast, studies using first trimester placentae demonstrated increased sensitivity 

to folate concentrations.  In an in vivo human study, methotrexate, a folic acid analog often 

used as an abortifacient, was shown to significantly decrease trophoblast proliferation [288], 

emphasizing the need for folate during cellular proliferation.  However, a study by Williams 

et al. [167] demonstrated that exogenous folic acid, at folic acid concentrations 100X higher 

than physiological levels observed in circulation (10-6 M) [289], decreased proliferation in first 

trimester placental explants.  Taken together, there is likely a temporal influence of folic acid 

on placental proliferation, possibly with significant influence of folic acid on trophoblast 

proliferation early in gestation and less of an effect in later pregnancy. Further investigation 

of this temporal relationship is certainly warranted, in order to best understand when 

pregnant women require folic acid supplementation and to establish a safe therapeutic 

window. 

In addition to cellular proliferation, an assessment of cell death is also required in the 

determination of cellular health following excessive folic acid exposure. In a study by 

Williams et al. [167], a significant increase in apoptosis was observed following treatment of 

first trimester human placental explants with folic acid at 10-6 M (100X the concentrations 

found in human circulation).  We therefore hypothesized that  exogenous exposure to high 

concentrations of folic acid would result in decreased trophoblast viability, via increased 

activation of apoptotic cascades, in trophoblast cell lines and in an ex vivo third trimester 

placenta explant model.  However, our results demonstrate that there was no significant 

difference in apoptosis following increasing folic acid exposure in either cell lines or term 

placental explants.  This discrepancy may be attributed to the culture media used by Williams 

et al. [167], which was not originally folic acid-depleted media and was unaccounted for in 

their findings.  Furthermore, the differences in the treatment period (48 hours in the current 

study vs. 6 days in the Williams study) may have impacted the results.  In an animal study by 

Marsillach  et al. [290], it was found that excessive folic acid intake over several weeks was 

required to alter the expression of genes involved in apoptosis.  And finally, like the 

observations discussed related to cellular proliferation, it is possible that there is a temporal 

relationship in which the early (first trimester) developing placenta is more vulnerable to 

excessive folic acid exposure than the fully developed term placenta. Further investigation 

specifically addressing this hypothesis is warranted. 
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Nonetheless, our findings suggest approximately 1% of trophoblast tissue in term 

human placenta explants were undergoing apoptosis under basal conditions.  This is higher 

than other studies, using healthy term placentae, that found the rate of apoptosis to be less 

than 1% [277, 291, 292].  It is important to note that in their studies, apoptotic nuclei were 

calculated as a proportion of all trophoblast nuclei; whereas in our study, we measured 

apoptosis as a percentage of apoptotic surface area which could certainly explain the 

difference.  In our study, as observed by Austgulen et al. [277] in placental explants, apoptosis 

was localized to the syncytiotrophoblasts which are in direct contact with the folic acid-

treated culture media.  Accordingly, BeWo cells, representing the syncytiotrophoblasts, were 

found to have decreased viability at higher concentrations than the control, suggesting 

increased cell death, likely through necrotic cell death pathways.  This suggests that excessive 

folic acid may negatively impact trophoblast health, though it remains unclear.  In the case 

of HTR-8/SVneo cells, though excessive folic acid did not significantly affect cellular viability, 

treatment with 2 ng/mL of folic acid significantly decreased cellular viability.  In circulation, 

this concentration is associated with folate deficiency, and emphasizes the need for folate to 

support trophoblast health.   

3.4.3 Assessment of Trophoblast Function 

A fully functioning placenta is vital to the progression of a healthy pregnancy and 

delivery of a healthy child.  As such, not only do trophoblast cells need to be viable and 

proliferating appropriately, but they must also be able to perform necessary functions 

throughout gestation.  Two important functions performed by the placenta include: 1) 

invasion of the uterine wall and establishment of the utero-placental circulation, optimizing 

blood flow to the developing fetus [160]; and 2) hormone production, including the 

production of human chorionic gonadotropin (-hCG) which promotes placental 

angiogenesis and vasculogenesis [293], trophoblast differentiation [294, 295], placental 

growth [296, 297] and suppression of the maternal immune response [298–300]. 

Trophoblast Invasion 

The extravillous trophoblast cell plays an important role in the anchoring of the 

embryo to the endometrium and subsequent invasion into the uterine wall [160].  It was 

hypothesized in the current project that exposure to excessive concentrations of folic acid 

would increase trophoblast invasion using the in vitro HTR-8/SVneo cell culture model. 

However, no change in trophoblast invasion was observed between physiologically relevant 
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concentrations of folic acid (20 ng/mL) and high concentrations of folic acid (200-2000 

ng/mL). These findings are in contrast to findings by Petersen et al. [301], who observed 

increased invasion at elevated physiological levels of folic acid in cancer cell lines.  Similarly, 

Williams et al. [167], demonstrated a 30% increase in trophoblast invasion for every 100-fold 

increase in exogenous folic acid (10-10 – 10-6 M), using placental explants from first trimester 

placentae. However, it is important to re-iterate that in their study, standard tissue culture 

media was used and the excessive folic acid exposure due to inherent levels in the media 

itself was unaccounted for. Further, the model employed in the Williams study was a first 

trimester explant sprouting assay, and not the Boyden chamber invasion assay using the 

immortalized HTR-8/SVneo EVT cell line employed in the current study.  Future experiments 

using isolated primary cell cultures from first trimester placentae or using in vivo animal 

models may help further clarify the effect of increasing doses of folic acid on trophoblast 

invasion.   

Interestingly, while we did not find evidence of compromised trophoblast invasion 

with excessive folic acid exposure, we did observe the inhibition of trophoblast invasion 

following treatment with very low concentrations of folic acid (2 ng/mL), which mimics folic 

acid deficiency in a human population [302].  In support of this finding, Floridon et al. [303] 

observed diminished invasion in ectopic pregnancies when folic acid was in short supply due 

to exposure to methotrexate. It is possible that the reduced invasion observed at low folic 

acid levels is due to reduced cell number as a result of increased cell death.  Additionally, 

poor dietary and low circulating folate concentrations has been associated with increased 

pregnancy complications such as spontaneous abortion [304], preterm delivery [305, 306], 

decreased birth weight [307, 308], and preeclampsia [309, 310]. These findings have 

important health implications, indicating that FA deficiency not only puts the developing 

fetus at risk of NTD, but may also explain the increased risk of placenta-mediated disorders 

of pregnancy. 

-hCG Hormone Production 

 As previously mentioned, -hCG is required to maintain a successful pregnancy.  

Expressed by syncytiotrophoblast cells early in pregnancy and onwards, the effect of 

exposure to varying concentrations of folic acid was assessed in both the BeWo cell line and 

human placental explants.  However, in both models no significant effects of exogenous folic 

acid treatment on -hCG hormone production and secretion were observed. After pregnant 



 

97 

women were treated with methotrexate, a folic acid analog, no effect on -hCG release was 

also observed [288]. Taken together, this suggests that folic acid, either at very low or very 

high concentrations, does not independently interrupt the endocrine function of trophoblast 

cells. Interestingly, -hCG secretion is decreased when the placenta is exposed to high 

concentrations of formic acid, as observed in alcohol-abusing mothers [311], but this effect 

is mitigated when the placenta is simultaneously exposed to high concentrations of folic acid 

(10-6 M) and suggests that interactions with other compounds in vivo may be involved in 

enabling folic acid to have an effect. 

3.5  Limitations 

There were several strengths of the presented experimental design. At the forefront, 

the use of both in vitro cell culture models (HTR-8/SVneo and BeWo cell lines), as well as an 

ex vivo term human placenta explant model allowed us to examine a variety of placental 

health and function parameters. Further, the analysis of range of exogenous folic acid 

treatments, spanning concentrations that would be equivalent to maternal folic acid 

deficiency (2 ng/mL), normal maternal physiological concentration (20 ng/mL), 

supraphysiological concentration (200 ng/mL) and toxicological concentrations (>2000 

ng/mL).  Our experimental design also took into account and corrected for the very high 

concentrations of folic acid found in standard tissue culture media, a step that has been 

overlooked in most publications on this topic to date. However, there remains some 

limitations to this study that should be addressed in future research projects.   

First, it is important to note that models are imperfect by nature, and are used to 

approximate the events that occur in vivo.   For example, when conducting experiments using 

term human placental explants, it is impossible to control for environmental stressors 

throughout the pregnancy that may have affected the placenta. Important to the current 

project, this would include maternal folic acid intake and/or supplementation at different 

points across the gestation. Furthermore, once the placenta has been extracted following 

delivery and is exposed to atmospheric oxygen levels, considered hyperoxic for placenta 

tissue [312], placental health and function can be compromised. To minimize adverse effects, 

explants were collected as efficiently as possible and placed within an oxygen regulated 

incubator at 8% oxygen (physiologically relevant [313]) within one hour of delivery. Further, 

all results were normalized through the use of an untreated control collected from the same 

placenta and processed in the same fashion.  With regards to in vitro experiments using cell 
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lines, results cannot be directly extrapolated due to the mutant condition inherent to any 

cell line.  Nonetheless, it is a method that allows researchers to control for external variables 

that may otherwise affect results.  Therefore, though imperfect, both models have been used 

to complement each other, but further studies using alternative models (ex. Isolated primary 

cultures) can be used to confirm results.  

Second, though folic acid-free cell culture was used in all experiments, it is unknown 

to what extent folates were present in the FBS used to supplement the media. In an attempt 

to address this limitation, we did conduct a series of additional experiments, in which 

intracellular folic acid was compared in cells supplemented with normal FBS vs. cells 

supplemented with charcoal treated FBS, a treatment which removes endogenous folates 

from the FBS. We observed no difference in intracellular folic acid between these two 

treatments (Appendix D), and as such felt confident that the concentration of folates/folic 

acid that may be present within the FBS was negligible within the context of our study design. 

In addition, it is possible that the cell lines used were accustomed to high experimental folic 

acid concentrations due to exorbitant amount of folic acid in standard cell culture media, in 

which they would have been originally isolated, transformed and sub-cultured prior to these 

experiments.  We attempted to address this concern by sub-culturing all cells in FA-depleted 

culture media for two weeks prior to experimentation, however this may not have been a 

long enough time to allow for significant changes in cellular phenotype. Also, our 

experimental protocol involved a 48-hour experimental treatment incubation.  In vivo, 

however, supplements containing folic acid are consumed over a much longer period of time, 

and as such, it is possible that a longer experimental incubation time would be required to 

see any significant effects on placenta cell health and/or function. 

Finally, the lack of folic-acid mediated differences in cell health and function may 

possibly be due to unchanged concentrations of available cofactors in the culture system, 

such as vitamin B6 and vitamin B12, both required for folic-acid dependant one-carbon 

metabolism.  Without paralleled increased in these and other cofactors, excess folate may 

not be fully metabolized and made available for increased production of purines and 

pyrimidines in DNA and RNA synthesis or function as a methyl donor.  Culture media is 

formulated to contain many micronutrients and amino acids, including cofactors acting as 

methyl donors in one carbon metabolism.  Though folic acid-free media was purchased to 

control for the effects of folic acid, controlling for the effects of other metabolites may also 

be required.  As is the case in vivo, a combination of one-carbon metabolism cofactors may 
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need to be studied and adequately controlled in order to observe the true effects excessive 

folic acid intake may have on placental cells.  

3.6 Future Directions 

Further experiments are necessary to confirm our results and address some of the 

limitations in this study.  The risk of neural tube defects occurs within the first trimester of 

pregnancy and the risk of excessive folic acid intake runs high during this time period due to 

recommendations for widespread maternal supplement usage.  One avenue to study the 

effects of high concentrations of folic acid during the first trimester would be to use elective 

early-termination placentae from otherwise healthy pregnancies.  In this way, the effects of 

excessive folic acid concentrations can be observed on human placental tissue during this 

sensitive time period and there will be decreased exposure to environmental stressors that 

may confound or create variability in results.  Furthermore, the experimental folic acid 

incubation period could be increased to better characterize adverse effects that occur due 

to chronic exposure to excessive folic acid concentrations, as in the case of many pregnant 

women.  

Moreover, fetal programming and the environment in utero is gaining more 

significance as the spotlight shifts from developmental and other short-term effects, to 

possible epigenetic changes and the long-term effect based on maternal diet.  As a result, 

though findings in this study did not point to any significant alterations in placental health 

and function as a result of exposure to increased levels of exogenous folic acid, it is possible 

that folate’s role as a methyl donor may result in epigenetic changes in the placenta and 

offspring.  By modifying DNA and protein methylation patterns, altered gene expression may 

ensue and cause adverse health effects in the short- and long-term and/or result in adult 

onset diseases in the offspring [130, 133–135].  Maternal folic acid intake during pregnancy 

has already been associated with epigenetic changes on several fetal genes [314–316].  

However further studies are required to gather a comprehensive understanding of the 

epigenetic effects and its implications on fetal health and future development.  As the 

placenta is fetal tissue, future experiments studying any epigenetic alterations in gene 

expression in the placenta may help elucidate potential effects on fetal development and the 

offspring.   

Finally, diet and nutrition does not depend solely on the variability of one nutrient, 

but on the combination of nutrient-nutrient interactions and compensatory changes from 
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other nutrients as well [317].  As previously mentioned, several cofactors are required to 

support one-carbon metabolism.  Prenatal supplements, such as MaternaTM, take this into 

consideration and include these cofactors (ex. Vitamin B12 and vitamin B6, zinc) in its 

formulation [185].   To better represent potential effects that may occur as a result of 

excessive folic acid intake during pregnancy, the combined effect of increased metabolites 

involved in one-carbon metabolism should also be considered in future experiments.   

3.7  Conclusion 

Through this study, using both in vitro cell lines and ex vivo human placental explants, 

we have been able to demonstrate that exposure to excessive concentrations of folic acid 

(200-4000 ng/mL) does not significantly affect primary indicators of placental health and 

function as measured through cellular proliferation, apoptosis, invasion, and -hCG hormone 

production.  Cellular viability, at increased concentrations of folic acid (200-2000 ng/mL), was 

decreased in the BeWo cell line, though HTR-8/SVneo and placental explants remained 

unaffected. At low concentrations of folic acid (2 ng/mL), concentrations similar to a woman 

with folic acid deficiency, cellular viability and capacity for invasion seemed to be significantly 

compromised in the HTR-8/SVneo cell line.  The results from this study can be used to assist 

the re-evaluation of current nutritional standards with regards to pregnancy and help 

determine an ideal therapeutic window of folic acid intake among pregnant women and 

women of child-bearing age.   Despite known benefits in preventing NTDs, further studies 

are recommended to determine potential adverse effects of excessive folic acid intake on 

the pregnant population, the placenta, and the offspring.   
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ng/mL) congruous with folate deficiency, cellular viability and the invasion capacity of HTR-8 

Chapter 4 

Conclusion 

Using a representative sample of 3-day food records collected by the IRNPQEO, this 

study allowed detailed examination of the micronutrient intake among pregnant women in 

Canada.  Moreover, at a time when folic acid-containing supplementation is recommended 

to all women who are planning or are currently pregnant, this study helped elucidate the 

effects of excessive folic acid on placental health and function by measuring the effects on 

trophoblast cell viability, proliferation, apoptosis, invasion, and hormone production.  In this 

chapter, study findings are summarised and future directions are presented.  

4.1  Summary of Findings 

Overall, the initial hypothesis was refuted: food sources alone do not seem to provide 

adequate micronutrients recommended for a healthy pregnancy for women in Québec, 

Canada.  The majority of study participants (>50%) were consuming adequate levels of 

vitamin A, thiamine, riboflavin, niacin, vitamin B6, vitamin B12, vitamin C, calcium, copper, 

magnesium, phosphorus, selenium, and zinc from their diet.  However, the majority of 

women (>50%) may be at risk of inadequacy for vitamin D, vitamin E, folate, and iron from 

diet alone, supporting the need for supplementation of specific micronutrients during 

pregnancy.  With the exception of sodium, excessive intake of micronutrients above the 

established tolerable upper intake level (UL) is not a reason for concern from food sources.   

Consistent with the second hypothesis, the majority (83%) of participants reported 

consumption of daily nutritional supplements during the second-trimester of their 

pregnancy.  Thus, the risk of exceeding the established UL for folic acid may be high for 

pregnant women of high socioeconomic status from Québec, Canada. 

Finally, with respect to the third hypothesis, no significant differences in the effect of 

excessive exogenous folic acid exposure (200-4000 ng/mL) on trophoblast cellular 

proliferation, apoptosis, invasion, and -hCG hormone production were observed in vitro, in 

either HTR-8/SVneo or BeWo trophoblast cell lines, or in human placental explants as 

measured in this study. However, decreased cellular viability was observed in the BeWo cell 

line at increased concentrations of folic acid (200-2000 ng/mL), though HTR-8/SVneo and 

placental explants remained unaffected.  Furthermore, at low concentrations of folic acid (2  
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/SVneo cells were significantly compromised. 

Overall, strengths of this study include dietary assessment using a sample size 

randomly selected from a large cohort of pregnant women, assessing dietary intakes in a 

pregnant Canadian population, expected response rates for 3-day food records, and a robust 

experimental design using both in vitro cell culture and human placental explants.  

Limitations include the lack of a nationally representative pregnant population for the 3-day 

food records, unavailability of accurate intakes from supplements, short treatment period 

for in vitro experiments, and the use of term placentae.  Nonetheless, our findings are 

relevant in the wake of increased folic-acid containing supplement recommendations and 

can be considered when establishing policies and endorsements in Canada. 

4.2  Significance 

Maternal nutrition is a modifiable public health risk factor that can be improved to 

positively impact future generations [188].  For this reason, it is imperative that pregnant 

women are recommended to consume an appropriate diet consisting of all necessary 

nutrients for the success of their pregnancy and future health of their offspring.  Through the 

use of 3-day food records from pregnant women in Québec, Canada, this study has generated 

a better understanding of the micronutrient intake among a population of pregnant women 

where the majority is non-ethnic, educated, and affluent.    

Since the majority of women in this group are taking a folic acid-containing 

supplement as recommended by Health Canada and SOGC [29, 30], this study draws 

attention to the potential for exceeding the currently established tolerable upper intake level 

(UL) for folic acid intake (1 mg/day) and examines potential adverse effects of excessive folic 

acid intake on placental health and function. Though further studies are required to 

characterize the potential for adverse effects due to excessive folic acid intake, results from 

this study suggest no significant effect on placental health and function.  Additionally, clinical 

trials are ongoing to assess the potential benefits of up to 4 mg of folic acid on placenta-

mediated pregnancy outcomes and to prevent NTDs [115, 171]. It is important to note that 

currently, the established value of 1 mg/day is the same for adult men, women, and pregnant 

women.  It was also established prior to mandatory flour fortification policies in Canada and 

the United States based on dated studies concerned with the ability of excessive folic acid 

intake to mask vitamin B12 deficiency.   Thus, in combination with future research, the results 

from this study can be used to help revise the UL for folic acid in the pregnant population.    
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Appendix A: Sample Food Record 

Attached, below, is a sample of the instructions (p.104-110), blank template for Day 1 out of 3 (p.111-114), and additional 

details collected in the food record (p.115-121) as part of the 3D Study by the IRNPQEO. 
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Appendix B: Supplement Intake Survey Question 

 

Women who took part in the 3D Study filled out a questionnaire during each trimester 

of their pregnancy.  Since most questionnaires were conducted in French, the original French 

question and the English translation are provided in Table 12, below.  The answers (yes or 

no) to these questions were analyzed to determine proportion of women taking supplements 

during pregnancy (Table 9).   

 

Table 12. Survey Questions Answered by Study Participants 

Trimester Original Question English Translation Answer 

1 

Avez-vous déjà consommé des 

vitamines, minéraux ou 

suppléments diététiques 

dans les 3 mois précédant ou 

depuis le début de votre 

grossesse? 

Have the expectant mothers 

previously consumed 

vitamins, minerals, or 

dietetic supplements in the 3 

months preceding or before 

the start of their pregnancy? 

Yes or No 

2 and 3 

Avez-vous consommé des 

médicaments ou suppléments 

nutritionnels depuis votre 

dernière visite ou en 

consommez-vous 

actuellement? 

Have the expectant mothers 

consumed or are currently 

consuming any form of 

medication or nutritional 

supplements since their last 

visit? 

Yes or No 
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Appendix C: Sample Size Calculation 

Sample size calculation was based on the expected proportion of women taking 

supplements among the study participants.  Based on Canadian studies, the expected 

proportion (p) was estimated to be between 80% [102] and 97% [108].   

A representative sample size of women was calculated using Cochran’s (1977) 

formula for dichotomous variables (above the UL or not) [179].  An example is provided for 

an expected supplement intake of 80%:  

no =  [ (t)2 * (p)(q) ]  / (d)2 

                  =  [ (1.96)2 * (0.80)(0.20) ] / (0.05)2    

                  = 246 

where “t” is the value for the selected alpha level of 0.025 in each tail (t = 1.96); where 

“p” is the expected proportion, “q” is “1-p”, “(p)(q)” is the estimate of variance; and where 

“d” is the acceptable margin of error of 0.05 [179].    In the sample size calculation, a value 

of 0.80 represents the proportion of women (p = 0.80 = 80%) who may be at risk of being 

above the UL for folic acid due to supplement intake; and 0.20 represents the proportion of 

pregnant women (q = 1–p = 1–0.80 = 0.20 = 20%) consuming levels of folic acid below the 

UL.  Since the expected sample size of 246 food records is greater than 5% of the population 

size (i.e. 81 food records for N=1612), Cochran’s (1977) correction formula was used to 

determine the minimum sample size required [318]: 

n1 = no / (1 + no / Population) 

         = 246 / (1 + 246/1,612) 

                  = 213 

Therefore, with a dietary food records database from 1,612 women and an expected 

proportion of supplement intake at 80%, the minimum sample size would be satisfied if food 

records were analyzed from 213 women.  To ensure sufficient data, a total of 216 food 

records were randomly selected.     
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Appendix C: Sample Size Calculation  

Table 13, below, demonstrates the scenarios for representative sample size 

calculation based on the percentage of women taking supplements among the study 

participants. 

 

Table 13. Scenarios for Representative Sample Size Calculation 

Variables Option 1 Option 2 Option 3 Option 4 Option 5 Option 6 

t 1.96 1.96 1.96 1.96 1.96 1.96 

p 0.70 0.80 0.83 0.85 0.90 0.97 

q 0.30 0.20 0.17 0.15 0.10 0.03 

d 0.05 0.05 0.05 0.05 0.05 0.05 

n0 323 246 217 196 138 45* 

N 1612 1612 1612 1612 1612 1612 

n1 269 213 191 175 127 -- 

 

*There is no correction applicable for Option 6 since no=45 is less than 5% of the population size 

(i.e. 81 food records where N=1612). 
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Appendix D: Folic Acid Content of Culture Media 

D.1  Folic Acid Levels in Non-Pregnant and Pregnant Women 

Serum (or plasma) folate levels and red blood cell (RBC) folate levels are two 

measures used to assess folate in the blood.  Serum folate is sensitive to dietary fluctuations 

and reflects the short-term status of folate.  RBC folate is a measurement of long-term folate 

stores or prolonged deficiency.  As established by the World Health Organization in 2005, 

based on data from the National Health and Nutrition Examination Survey (NHANES III), low 

serum folate is defined as less than 4 ng/mL, while low RBC folate is defined as less than 151 

ng/mL [319].   

During pregnancy, there is increased demand for folate due to rapid fetal 

development.  As such, the reference range for pregnant women is accepted to be higher 

during pregnancy.  For adult non-pregnant and pregnant women, the reference ranges for 

serum and RBC folate are defined in Table 14.   

Table 14. Normal Reference Ranges for Folate in Adult Women*  

 Non-pregnant Women Pregnant Women 

Serum Folate 

(ng/mL) 
5.4 – 18.0  0.8-24.0  

RBC Folate 

(ng/mL) 
150 – 450  109-828  

*Abbassi-Ghanavati et al. [168] 

To reflect these concentrations in the experimental design, the appropriate cell 

culture media was determined as outlined in Section D.2 and D.3. 

D.2 Standard Cell Culture Media 

Standard media used in cell culture contains exorbitant amounts of folic acid, 105 

times more than physiologically relevant concentrations.  Following a comparison between 

standard RPMI-1640 (#R8758; Sigma-Aldrich, USA) and standard DMEM (#10-013-CV; 

Corning Cellgro), folic acid-free RPMI-1640 (#R1145; Sigma-Aldrich, USA) and folic acid-free 

DMEM (#D249; Sigma-Aldrich, USA) cell culture media was purchased and independently 

supplemented with experimental folic acid concentrations in the laboratory (Table 15).  
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Table 15. Cell Culture Media: Nutrients Involved in One-Carbon Metabolism 

Nutrients 

Standard Utilised for Experiments 

RPMI R8758 

[1X] g/L 

DMEM 10-013-CV 

[1X] g/L 

RPMIa R1145 

[10X] g/L 

DMEMb D249 

[10X] g/L 

Riboflavin (B2) 0.0002 0.0004 0.002 0.004 

Vitamin B6 0.001 0.004 0.01 0.04 

Folic Acid 0.001 0.004 -- -- 

Vitamin B12 0.000005 -- 0.00005 -- 

aRPMI-1640 media used for in vitro cell culture experiments using HTR-8/SVneo and BeWo cell lines. 
bDMEM media used for ex vivo human placental explant experiments. 

D.4 Culture Media 

Due to the excessive level of folic acid present in standard cell culture media, for the 

experiments described in this thesis, folic acid-free media was purchased and prepared in 

the laboratory to contain 20 ng/mL folic acid (baseline level representing physiologically 

relevant concentration).  Subsequently, folic acid treatments were added accordingly to 

obtain a final concentration required for the experiment.  Experimental culture media 

contained 2, 20, 200, 2000, 4000 ng/mL FA as outlined in Section 3.2.3.  

Furthermore, each aliquot of fetal bovine serum (FBS) contains varying amounts of 

nutrients depending on the calf it was obtained from.  To determine whether any folate that 

is present in regular FBS may affect intracellular folate concentrations in HTR-8/SVneo and/or 

BeWo cells, a series of experiments were conducted to test differences in intracellular folate 

using untreated vs. charcoal-treated FBS (provided by Dr. Amanda MacFarlane, Health 

Canada).    An FBS supplement is normally used in cell culture models to provide an array of 

necessary growth factors which stimulate proliferation and normal cell function. By charcoal-

treating the FBS, any folates present in the serum would be removed prior to 

experimentation.  To determine the potential effect of folate metabolites present in standard 

FBS, intracellular folate was measured in both the HTR-8/SVneo and BeWo cell lines using 

the L. rhamnosus microbiological assay as outlined in Section 3.2.4 for both standard FBS-

supplemented experimental media and charcoal-treated FBS-supplemented experimental 

media (Figure 16). Statistical significance was assessed using one-way ANOVA with Tukey’s 

multiple comparison post hoc analysis (p<0.05). 
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Figure 16. Relative Intracellular Folate.                                                                           Relative intracellular folate found in (A) HTR-

8/SVneo and (B) BeWo cells, as measured using the L. rhamnosus microbiological assay, 

following exposure to increasing concentrations of exogenous folic acid.  Experiments 

conducted using exogenous FA concentrations of 2-4000 ng/mL in either standard FBS-

supplemented media (black) or charcoal-treated FBS supplemented media (gray).  Data is 

presented as mean ± SEM. Statistical significance was assessed using one-way ANOVA with 

Tukey’s multiple comparison post hoc analysis (*p<0.05).  
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The results of these validation experiments demonstrated no significant differences 

in intracellular folate metabolites with standard or charcoal-treated FBS supplementation, 

indicating no significant contribution of FBS-derived folate metabolites in our experimental 

protocol.  Thus, the standard FBS supplementation was used for all further experiments 

presented within the current project.    



 

128 Appendix E: Research Ethics Board (REB) Approvals  

 

Appendix E: Research Ethics Board (REB) Approvals  

Appendix E: Research Ethics Board (REB) Approvals 

& Permissions 

 

For this study, the following Research Ethics Board (REB) Approvals are attached:  

1. Research Ethics Board at CHU Ste-Justine  

(Protocol # 3679)  

 

Note: This approval was given to Dr. William Fraser, the Principal Investigator for the 

3D Study, undertaken by the Integrated Research Network of Perinatology of Québec 

& Eastern Ontario (IRNPQEO).  

 

2. The Ottawa Hospital Research Ethics Board  

(Protocol # 2011217-01H)  

Note: The approval for the Ethics Renewal was given to the Late Dr. Andrée Gruslin as 

the Principal Investigator.   Dr. Shannon Bainbridge, my supervisor, was a Co-Investigator 

listed on this study, under which the placentae were collected.  

3. The University of Ottawa - Health Sciences and Science Research Ethics Board  

(File #: H04-13-12)   

 

4. Permission from Health Canada  

Given to reproduce and use the figure entitled, “Relationship of DRI values to risk of 

nutrient inadequacy and risk of adverse health,” in this thesis.  

 

  

https://mytoh.ottawahospital.on.ca/irisapp/ProjectSummary.asp?PID=2011217-01H


 

129 Appendix E: Research Ethics Board (REB) Approvals  

 

Appendix E: Research Ethics Board (REB) Approvals  

REMARQUES DU COMITÉ D’ÉTHIQUE 
RÉUNION DU 11 AVRIL 2013 

 

TITRE DU PROJET: L'effet de la prise de suppléments de multivitamine prénatale sur la 
réponse placentaire du stress 

RESPONSABLES DU PROJET: FRASER WILLIAM, M.D., chercheur responsable. Chercheuses 
principales : Bénédicte Fontaine-Bisson et Shannon Bainbridge, Université d'Ottawa. 
Collaboratrice: Lise Dubois  

NO DE PROTOCOLE (notre référence): # 3679 

LE PROJET EST ACCEPTÉ. 

Comité administratif 

Le projet a été évalué par le comité administratif et les commentaires ont été envoyés au 
chercheur. 

Comité scientifique  

Le projet est accepté. 

 

Protocole 

Le protocole est accepté. 

Formulaire d’information et de consentement 

Le consentement donné par les participantes pour la Banque de données et de 
prélèvements de l’Étude 3D permet la réutilisation des données pour la présente étude. 

Formulaire de consentement de l’étude 3D (projet #2899) est expiré depuis le 23 mars 
2013. SVP, veuillez renouveler ce projet. 

 

Afin de faciliter la vérification des changements demandés par le CÉR, nous vous 
demandons de bien vouloir répondre point par point aux remarques du Comité 

en indiquant le numéro de la remarque. 

 

De plus, concernant les changements devant être apportés au(x) formulaire(s) de 
consentement (si applicable), s'il vous plait nous fournir une copie où sont surlignés vos 

changements ainsi qu'une copie originale pour l'estampillage 

 

 



 

130 Appendix E: Research Ethics Board (REB) Approvals  

 

Appendix E: Research Ethics Board (REB) Approvals  

 

Raphael Saginur 



 

131 Appendix E: Research Ethics Board (REB) Approvals  

 

Appendix E: Research Ethics Board (REB) Approvals  

  



 

132 Appendix E: Research Ethics Board (REB) Approvals  

 

Appendix E: Research Ethics Board (REB) Approvals  

 

 

Riana Marcotte 



133 

Appendix E: Research Ethics Board (REB) Approvals  

 

Appendix E: Research Ethics Board (REB) Approvals  

 

         August 13th, 2014 

Ref:  HC2014-0435 

Bénédicte Fontaine-Bisson, DtP/RD, PhD 

Assistant Professor 

Honours Bachelor of Nutrition Sciences 

University of Ottawa 

25 University 

Ottawa, ON K1N 6N1 

 

Using the Dietary Reference Intakes (DRIs) 

Dear Dr. Fontaine-Bisson, 

On behalf of Health Canada,  I am pleased to grant to the University of Ottawa/Bénédicte 

Fontaine-Bisson,  permission reproduce and use  Health Canada’s figure entitled: Relationship 

of DRI values to risk of nutrient inadequacy and risk of adverse health effects from Health 

Canada’s web contents entitled: Using the Dietary Reference Intakes (DRIs), for both its 
educational and non-commercial purposes.   

This permission is non-exclusive and non-transferable and is valid for the uses described herein 

only.  If subsequent reproductions, translations, adaptations, editions, revisions, and/or reprints 

are required in the future, a new application for copyright clearance on Government of Canada 
works must be submitted at that time. 

You must acknowledge the Crown’s work as follows:  

Source:  © All rights reserved.   Using the Dietary Reference Intakes.  Health Canada, 2010.    
       Reproduced with permission from the Minister of Health, 2014. 

Health Canada does not assume any responsibility for any errors or omissions which may result 
from modifications, revisions, adaptations and/or translation. 

Should you have any questions, or if I can be of further assistance, please do not hesitate to 
contact me. 

Yours sincerely, 

Louise Sicard 

Licensing & Copyright Officer 

Corporate Communications 

Marketing, Partnerships & Creative Services  

 

cc: John Holt, Corporate Communications,CPAD 

Food and Nutrition, HPFB 

A.L.1914B  - Édifice Jeanne Mance  Building - Ottawa K1A 0K9 

(613) 816-6053   FAX (613) 952-0197  



134 Appendix F: Scholastic Achievements 

 

Appendix F: Scholastic Achievements 

Appendix F: Scholastic Achievements 

 

This thesis work led to the following scholastic recognitions: 

F.1  Prizes and Awards  

2014  Conference Travel Grant, Faculty of Graduate & Postdoctoral Studies 

2014  Conference Travel Grant, REDIH  

2013-14  Ontario Graduate Scholarship (OGS) 

2013-14  Reproduction, Early Development and the Impact on Health (REDIH) Scholarship  

             Canadian Institute for Health Research (CIHR) - (declined in favor of OGS)  

2013-14  University of Ottawa Excellence Scholarship  

2013  Graduate Student Travel Grant, Faculty of Health Sciences 

2013 Research Travel Grant, Faculty of Graduate & Postdoctoral Studies 

2013  Conference Fund Travel Grant, Canadian Union of Public Employees 

2013  Academic Project Fund Conference Grant, Graduate Students Association  

2012-14  University of Ottawa Graduate Admission Scholarship  

F.2  Abstracts & Refereed Conference Proceedings 

2014 Ahmed, T.; Sirois, M.; Bainbridge, S.; Dubois, L.; Fontaine-Bisson, B. (2014) “Food 

sources do not provide pregnant Québec women with sufficient micronutrients 

as recommended by the Dietary Reference Intakes (DRIs).” Applied Physiology 

Nutrition and Metabolism. 39 (5): 613. Poster presentation at the Canadian 

Nutrition Society (CNS) Annual Meeting, St. John’s, NL.  (June 5-7).  

2013 Ahmed, T.; Roberts-MacDonald, M.; Fontaine-Bisson, B.; Bainbridge, S.  (2013). 

“Effects of niacin supplementation on placental stress response,” Placenta. 34 

(9): A36-A37. Poster presentation at the 2013 International Federation of 

Placenta Association (IFPA) Meeting, Whistler, BC, Canada.  (September 11-15). 

 



 

135 Appendix F: Scholastic Achievements 

 

Appendix F: Scholastic Achievements 

2013 Ahmed, T.; Fellus, I.; Fontaine-Bisson, B.; Bainbridge, S. (2013). “Effects of folic 

acid supplementation on placental health and function,” Placenta. 34 (9): A82.  

Poster presentation at the 2013 International Federation of Placenta Association 

(IFPA) Meeting, Whistler, BC, Canada. (September 11-15). 

F.3  Academic Conference Attendance 

2014 Canadian Nutrition Society (CNS) Annual Meeting, St. John’s, Newfoundland, 

Canada; June 5-7, 2014.    

2014 CIHR Training Program in Reproduction, Early Development and the Impact on 

Health (REDIH) Semi-Annual Meeting, Montreal, Québec, Canada; June 4-5, 

2014 

 

2014 17th Annual Interdisciplinary Conference, University of Ottawa, Ottawa, Canada; 

March 6, 2014.  

 

2013 CIHR Training Program in Reproduction, Early Development, and the Impact on 

Health (REDIH) Semi-Annual Meeting, Ottawa, ON, Canada; December 2-3, 

2013. 

 

2013 13th Annual Ottawa Hospital Research Institute (OHRI) Research Day, University 

of Ottawa, Ottawa, Canada; November 14, 2013. 

 

2013 International Federation of Placenta Association (IFPA) Meeting, Whistler, 

British Columbia, Canada; September 11-14, 2013. 

 

2013 8th Annual Human Placenta Workshop, Queens University, Kingston, ON, 

Canada; July 14-20, 2013. 

 

2013 16th Annual Interdisciplinary Conference, University of Ottawa, Ottawa, Canada; 

March 22, 2013.  

 

2012 36th Eastern Canadian Perinatal Investigators Meeting and Symposium; 

Toronto, ON, Canada; November 14-16, 2012.  



 

136 

References 

[1] J. D. Broin, I. J. Temperley, J. P. Brown, and J. M. Scott, “Nutritional stability of 

various naturally occurring monoglutamate derivatives of folic acid,” Am. J. Clin. Nutr., 

vol. 28, no. 5, pp. 438–444, 1975. 

[2] J. F. Gregory, S. D. Bhandari, L. B. Bailey, J. P. Toth, T. G. Baumgartner, and J. J. 

Cerda, “Relative bioavailability of deuterium-labeled monoglutamyl tetrahydrofolates 

and folic acid in human subjects,” Am. J. Clin. Nutr., vol. 55, no. 6, pp. 1147–53, 1992. 

[3] A. V. Hoffbrand and D. G. Weir, “The history of folic acid,” Br. J. Haematol., vol. 113, 

no. 3, pp. 579–589, Jun. 2001. 

[4] I. A. Brouwer, M. van Dusseldorp, C. E. West, S. Meyboom, C. M. G. Thomas, M. 

Duran, K. H. van het Hof, T. K. A. B. Eskes, J. G. A. J. Hautvast, and R. P. M. Steegers-

Theunissen, “Dietary Folate from Vegetables and Citrus Fruit Decreases Plasma 

Homocysteine Concentrations in Humans in a Dietary Controlled Trial,” J. Nutr., vol. 

129, no. 6, pp. 1135–1139, Jun. 1999. 

[5] L. A. Smolin, M. B. Grosvenor, and D. Gurfinkel, “The Water-Soluble Vitamins,” in 

Nutrition: Science and Applications, Canadian E., John Wiley & Sons Canada, Ltd., 

2012, pp. 347–353. 

[6] C. J. Chandler, T. T. Wang, and C. H. Halsted, “Pteroylpolyglutamate hydrolase from 

human jejunal brush borders. Purification and characterization,” J. Biol. Chem., vol. 

261, no. 2, pp. 928–33, Jan. 1986. 

[7] T. T. Y. Wang, C. J. Chandler, and H. Halsteds, “Intracellular pteroylpolyglutamate 

hydrolase from human jejunal mucosa,” J. Biol. Chem., vol. 261, no. 29, pp. 13551–

13555, 1986. 

[8] H. McNulty and K. Pentieva, “Folate Bioavailability,” in Folate in Health and Disease, 

2nd ed., L. B. Bailey, Ed. Boca Raton: Taylor & Francies Group, 2010, pp. 25–48. 

[9] National Instiutes of Health, “Folate,” Dietary Supplement Fact Sheet, 2012. [Online]. 

Available: http://ods.od.nih.gov/factsheets/Folate-HealthProfessional/. 



 

137 

[10] M. Lucock, “Folic acid: nutritional biochemistry, molecular biology, and role in disease 

processes.,” Mol. Genet. Metab., vol. 71, no. 1–2, pp. 121–38, 2000. 

[11] V. Herbert, A. R. Larrabee, and J. M. Buchanan, “Studies on the identification of a 

folate compound of human serum,” J. Clin. Invest., vol. 41, no. 5, pp. 1134–8, May 

1962. 

[12] National Research Council, Dietary Reference Intakes: Thiamin, Riboflavin, Niacin, 

Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, and Choline. Washington, 

D.C.: The National Academies Press, 1998, pp. 196–305. 

[13] H. Sauberlich, M. Kretsch, J. Skala, H. Johnson, and P. Taylor, “Folate requirement and 

metabolism in nonpregnant women,” Am J Clin Nutr, vol. 46, no. 6, pp. 1016–1028, 

Dec. 1987. 

[14] P. J. Stover, “Folate Biochemical Pathways and Their Regulation,” in Folate in Health 

and Disease, 2nd ed., L. B. Bailey, Ed. Boca Raton: CRC Press, Taylor and Francis 

Group, 2010, pp. 49–74. 

[15] P. A. Jones and D. Takai, “The role of DNA methylation in mammalian epigenetics.,” 

Science, vol. 293, no. 5532, pp. 1068–70, Aug. 2001. 

[16] D. H. Lim and E. R. Maher, “DNA methylation: A form of epigenetic control of gene 

expression,” Obstet. Gynaecol., vol. 12, pp. 37–42, 2010. 

[17] J. B. Thiersch, “Therapeutic abortions with a folic acid antagonist, 4-

aminopteroylglutamic acid (4-amino P.G.A) administered by the oral route.,” Am. J. 

Obstet. Gynecol., vol. 63, no. 6, pp. 1298–304, Jun. 1952. 

[18] B. M. Hibbard, “The role of folic acid in pregnancy: With particular reference to 

anaemia, abruption and abortion,” BJOG An Int. J. Obstet. Gynaecol., vol. 71, no. 4, 

pp. 529–542, Aug. 1964. 

[19] R. W. Smithells, S. Sheppard, and C. J. Schorah, “Vitamin deficiencies and neural tube 

defects,” Arch. Dis. Child., vol. 76, no. 51, pp. 944–951, 1976. 



 

138 

[20] MRC Vitamin Study Research Group, “Prevention of neural tube defects: Results of 

the Medical Research Council Vitamin Study,” Lancet, vol. 338, no. 8760, pp. 131–

137, Jul. 1991. 

[21] A. E. Czeizel and I. Dudás, “Prevention of the first occurrence of neural-tube defects 

by periconceptional vitamin supplementation,” N. Engl. J. Med., vol. 327, no. 26, pp. 

1832–5, Dec. 1992. 

[22] R. W. Smithells, N. C. Nevin, M. J. Seller, S. Sheppard, R. Harris, A. P. Read, D. W. 

Fielding, S. Walker, C. J. Schorah, and J. Wild, “Further experience of vitamin 

supplementation for prevention of neural tube defect recurrences,” Lancet, vol. 1, no. 

8332, pp. 1027–31, May 1983. 

[23] M. M. Werler, S. Shapiro, and A. A. Mitchell, “Periconceptional folic acid exposure 

and risk of occurrent neural tube defects,” JAMA, vol. 269, no. 10, pp. 1257–61, Mar. 

1993. 

[24] L. E. Daly, P. N. Kirke, A. Molloy, D. G. Weir, and J. M. Scott, “Folate levels and 

neural tube defects: Implications for prevention,” JAMA, vol. 274, no. 21, pp. 1698–

702, Dec. 1995. 

[25] Food Fortification Initiative, “Global Progress,” Food Fortification Initiative: 

Enhancing Grains for Healthier Lives, 2014. [Online]. Available: 

http://www.ffinetwork.org/global_progress/index.php. 

[26] Canada Gazette part II, “Food and drug regulations - amendment SOR/96-527,” vol. 

130, no. 26, pp. 3318–3320, 1996. 

[27] Canada Gazette part II, “Regulatory impact analysis statement,” vol. 132, no. 24, pp. 

3029–33; SOR/98–550, 1998. 

[28] P. De Wals, F. Tairou, M. I. Van Allen, S.-H. Uh, R. B. Lowry, B. Sibbald, J. A. Evans, 

M. C. Van den Hof, P. Zimmer, M. Crowley, B. Fernandez, N. S. Lee, and T. 

Niyonsenga, “Reduction in neural-tube defects after folic acid fortification in Canada,” 

N. Engl. J. Med., vol. 357, no. 2, pp. 135–42, Jul. 2007. 

[29] Health Canada, “Prenatal Nutrition,” 2011. [Online]. Available: http://www.hc-

sc.gc.ca/fn-an/nutrition/prenatal/index-eng.php. 



 

139 

[30] The Society of Obstetricians and Gynaecologists of Canada, “Folic acid: For 

preconception and pregnancy.” [Online]. Available: http://sogc.org/publications/folic-

acid-for-preconception-and-pregnancy/. 

[31] Health Canada, “Folic Acid and Birth Defects,” 2005. [Online]. Available: 

http://www.hc-sc.gc.ca/hl-vs/iyh-vsv/med/folic-folique-eng.php#wo. 

[32] Z. T. Z. L.J. Gao, Z.P. Wang, Q.B. Lu, R.Gong, X.H. Sun, “Maternal overweight and 

obesity and the risk of neural tube defects: a case-control study in China,” Birth Defects 

Res A Clin Mol Teratol, vol. 97, no. 3, pp. 161–165, 2013. 

[33] A. J. Agopian, S. C. Tinker, P. J. Lupo, M. A. Canfield, and L. E. Mitchell, “Proportion 

of neural tube defects attributable to known risk factors,” Birth Defects Res. A. Clin. 

Mol. Teratol., vol. 97, no. 1, pp. 42–6, Jan. 2013. 

[34] J. Grewal, S. L. Carmichael, C. Ma, E. J. Lammer, and M. Gary, “Maternal 

periconceptional smoking and alcohol consumption and risk for select congenital 

anomalies,” Birth Defects Res A Clin Mol Teratol, vol. 82, no. 7, pp. 519–526, 2010. 

[35] Health Canada, “High dose folic acid supplementation - Questions and answers for 

health professionals,” Health Canada: Prenatal Nutrition, 2010. [Online]. Available: 

http://www.hc-sc.gc.ca/fn-an/nutrition/prenatal/fol-qa-qr-eng.php. 

[36] R. G. Vergel, L. R. Sanchez, B. L. Heredero, P. L. Rodriguez, and A. J. Martinez, 

“Primary prevention of neural tube defects with folic acid supplementation: Cuban 

experience,” Prenat. Diagn., vol. 10, no. 3, pp. 149–52, Mar. 1990. 

[37] Institute of Medicine, Dietary Reference Intakes: Applications in Dietary Assessment. 

Washington, D.C.: National Academic Press, 2000. 

[38] National Research Council, Dietary Reference Intakes: A Risk Assessment Model for 

Establishing Upper Intake Levels for Nutrients. Washington, D.C.: The National 

Academies Press, 1998. 

[39] C. A. O’Keefe, L. B. Bailey, E. A. Thomas, S. A. Hofler, B. A. Davis, J. J. Cerda, and 

J. F. Gregory, “Controlled dietary folate affects folate status in nonpregnant women,” 

J. Nutr., vol. 125, no. 10, pp. 2717–25, Oct. 1995. 



 

140 

[40] F. Cunningham, P. MacDonald, and N. Grant, Williams Obstetrics. Norwalk: Appleton 

& Lange, 1989. 

[41] E. R. J. Giugliani, S. M. Jorge, and A. L. Goncalves, “Serum and red blood cell folate 

levels in parturients, in the intervillous space of the placenta and in full-term newborns,” 

J. Perinat. Med., vol. 13, no. 2, pp. 55 – 59, 1985. 

[42] A. M. Molloy, J. L. Mills, C. Cox, S. F. Daly, M. Conley, L. C. Brody, P. N. Kirke, J. 

M. Scott, and P. M. Ueland, “Choline and homocysteine interrelations in umbilical cord 

and maternal plasma at delivery,” Am. J. Clin. Nutr., vol. 82, no. 4, pp. 836–42, Oct. 

2005. 

[43] L. Lowenstein, G. Cantlie, O. Ramos, and L. Brunton, “The incidence and prevention 

of folate deficiency in a pregnant clinic population,” C.  Can. Med. Assoc. J., vol. 95, 

pp. 797–806, 1966. 

[44] I. Chanarin, D. Rothman, A. Ward, and J. Perry, “Folate status and requirement in 

pregnancy,” Br. Med. J., vol. 2, pp. 390–394, 1968. 

[45] N. Colman, J. Larsen, M. Barker, E. Barker, R. Green, and J. Metz, “Prevention of 

folate deficiency by food fortification. III. Effect in pregnant subjects of varying 

amounts of added folic acid,” Am. J. Clin. Nutr., vol. 28, pp. 465–470, 1975. 

[46] M. Willoughby and F. Jewell, “Investigation of folic acid requirements in pregnancy,” 

Br. Med. J., vol. 2, pp. 1568–1571, 1966. 

[47] M. Willoughby, “An investigation of folic acid requirements in pregnancy. II,” Br. J. 

Haematol., vol. 13, pp. 503–509, 1967. 

[48] M. Willoughby and F. Jewell, “Folate status throughout pregnancy and in postpartum 

period,” Br. Med. J., vol. 4, pp. 356–360, 1968. 

[49] H. Hansen and G. Rybo, “Folic acid dosage in profylactic treatment during pregnancy,” 

Acta Obstet. Gynecol. Scand., vol. 46, no. S7, pp. 107–112, 1967. 

[50] D. W. Dawson, “Microdoses of folic acid in pregnancy,” J. Obstet. Gynaecol. Br. 

Commonw., vol. 73, no. 1, pp. 44–48, Feb. 1966. 



 

141 

[51] M. Caudill, A. Cruz, J. 3rd Gregory, A. Hutson, and L. Bailey, “Folate status response 

to controlled folate intake in pregnant human subjects,” J. Nutr., vol. 127, pp. 2363–

2370, 1997. 

[52] J. McPartlin, A. Halligan, J. Scott, M. Darling, and D. Weir, “Accelerated folate 

breakdown in pregnancy,” Lancet, vol. 341, pp. 148–149, 1993. 

[53] National Research Council, Dietary Reference Intakes for Vitamin A, Vitamin K, 

Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, 

Silicon, Vanadium, and Zinc. Washington, D.C.: The National Academies Press, 2001. 

[54] National Research Council, Dietary Reference Intakes for Water, Potassium, Sodium, 

Chloride, and Sulfate. Washington, D.C.: The National Academies Press, 2005. 

[55] National Research Council, Risk Assessment in the Federal Government: Managing the 

Process. Washington, DC: The National Academies Press, 1983. 

[56] C. E. Butterworth and T. Tamura, “Folic acid safety and toxicity: A brief review,” Am. 

J. Clin. Nutr., vol. 50, no. 2, pp. 353–8, Aug. 1989. 

[57] D. Agamanolis, E. Chester, M. Victor, J. Kark, J. Hines, and J. Harris, “Neuropathology 

of experimental vitamin B12 deficiency,” Neurology, vol. 26, pp. 905–914, 1976. 

[58] J. van der Westhuyzen, F. Fernandes-Costa, and J. Metz, “Cobalamin inactivation by 

nitrous oxide produces severe neurological impairment in fruit bats: Protection by 

methionine and aggravation by folates,” Life Sci., vol. 31, pp. 2001–2010, 1982. 

[59] J. van der Westhuyzen and J. Metz, “Tissue S-adenosylmethionine levels in fruit bats 

with nitrous oxide-induced neuropathy,” Br. J. Nutr., vol. 50, no. 2, pp. 325–330, 1983. 

[60] I. Chanarin, R. Deacon, M. Lumb, and J. Perry, “Cobalamin-folate interrelations,” 

Blood Rev., vol. 3, pp. 211–215, 1989. 

[61] R. H. Allen, S. P. Stabler, D. G. Savage, and J. Lindenbaum, “Diagnosis of cobalmin 

deficiency I: Usefulness of serum methylmalonic acid and total homocysteine 

concentrations,” Am. J. Hematol., vol. 34, pp. 90–98, 1990. 



 

142 

[62] S. O. Schwartz, “Long-term evaluation of vitamin B12 in treatment of pernicous 

anemia,” J. Am. Med. Assoc., vol. 157, no. 3, p. 229, Jan. 1955. 

[63] M. Israels and J. Wilkinson, “Risk of neurological complications in pernicious anemia 

treated with folic acid,” Br. Med. J., vol. 2, pp. 1072–1075, 1949. 

[64] M. G. Baxter, A. A. Miller, and R. A. Webster, “Some studies on the convulsant action 

of folic acid,” Br. J. Pharmacol., vol. 48, no. 2, p. 350P–351P, Jul. 1973. 

[65] O. R. Hommes and E. A. M. T. Obbens, “The epileptogenic action of Na-folate in the 

rat,” J. Neurol. Sci., vol. 16, no. 3, pp. 271–281, Jul. 1972. 

[66] K. M. Laurence, N. James, M. H. Miller, G. B. Tennant, and H. Campbell, “Double-

blind randomised controlled trial of folate treatment before conception to prevent 

recurrence of neural-tube defects,” Br. Med. J. (Clin. Res. Ed)., vol. 282, no. 6275, pp. 

1509–11, May 1981. 

[67] R. W. Smithells, S. Sheppard, C. J. Schorah, M. J. Seller, N. C. Nevin, R. Harris, A. P. 

Read, and D. W. Fielding, “Apparent prevention of neural tube defects by 

periconceptional vitamin supplementation,” Arch. Dis. Child., vol. 56, no. 12, pp. 911–

8, Dec. 1981. 

[68] M. D. Mukherjee, H. H. Sandstead, M. V Ratnaparkhi, L. K. Johnson, D. B. Milne, and 

H. P. Stelling, “Maternal zinc, iron, folic acid, and protein nutriture and outcome of 

human pregnancy,” Am. J. Clin. Nutr., vol. 40, no. 3, pp. 496–507, Sep. 1984. 

[69] N. Wald and A. Hackshaw, “Folic acid and prevention of neural-tube defects.,” Lancet, 

vol. 350, no. 9078, p. 665, Aug. 1997. 

[70] M. Holmes-Siedle, R. H. Lindenbaum, and A. Galliard, “Recurrence of neural tube 

defect in a group of at risk women: a 10 year study of Pregnavite Forte F,” J. Med. 

Genet., vol. 29, no. 2, pp. 134–5, Feb. 1992. 

[71] A. E. Czeizel, I. Dudás, and J. Métneki, “Pregnancy outcomes in a randomised 

controlled trial of periconceptional multivitamin supplementation,” Arch. Gynecol. 

Obstet., vol. 255, no. 3, pp. 131–9, Jan. 1994. 



 

143 

[72] P. N. Kirke, L. E. Daly, and J. H. Elwood, “A randomised trial of low dose folic acid 

to prevent neural tube defects,” Arch. Dis. Child., vol. 67, no. 12, pp. 1442–6, Dec. 

1992. 

[73] N. Wald, J. Sneddon, J. Densem, C. Frost, and R. Stone, “Prevention of neural tube 

defects. Results on the Medical Research Council vitamin study,” Lancet, vol. 338, pp. 

131–137, 1991. 

[74] J. V Selby, G. D. Friedman, and B. H. Fireman, “Screening prescription drugs for 

possible carcinogenicity: Eleven to fifteen years of follow-up,” Cancer Res., vol. 49, 

no. 20, pp. 5736–47, Oct. 1989. 

[75] N. R. Campbell, “How safe are folic acid supplements?,” Arch. Intern. Med., vol. 156, 

no. 15, pp. 1638–44, 1996. 

[76] G. P. Sesin and H. Kirschenbaum, “Folic acid hypersensitivity and fever: A case 

report,” Am. J. Hosp. Pharm., vol. 36, no. 11, pp. 1565–7, Dec. 1979. 

[77] V. P. Gotz and R. D. Lauper, “Folic acid hypersensitivity or tartrazine allergy?,” Am. 

J. Hosp. Pharm., vol. 37, no. 11, pp. 1470, 1474, Dec. 1980. 

[78] R. Sparling and M. Abela, “Hypersensitivity to folic acid therapy,” Clin. Lab. 

Haematol., vol. 7, no. 2, pp. 184–5, Jan. 1985. 

[79] J. Arnaud, A. Favier, M. A. Herrmann, and J. J. Pilorget, “[Effect of folic acid and 

folinic acid on zinc absorption],” Ann. Nutr. Metab., vol. 36, no. 3, pp. 157–61, Jan. 

1992. 

[80] C. E. Butterworth, K. Hatch, P. Cole, H. E. Sauberlich, T. Tamura, P. E. Cornwell, and 

S. J. Soong, “Zinc concentration in plasma and erythrocytes of subjects receiving folic 

acid supplementation,” Am. J. Clin. Nutr., vol. 47, no. 3, pp. 484–6, Mar. 1988. 

[81] M. Hambidge, A. Hackshaw, and N. Wald, “Neural tube defects and serum zinc,” Br. 

J. Obstet. Gynaecol., vol. 100, no. 8, pp. 746–9, Aug. 1993. 

[82] J. N. Keating, L. Wada, E. L. Stokstad, and J. C. King, “Folic acid: Effect on zinc 

absorption in humans and in the rat,” Am. J. Clin. Nutr., vol. 46, no. 5, pp. 835–9, Dec. 

1987. 



 

144 

[83] D. B. Milne, W. K. Canfield, J. R. Mahalko, and H. H. Sandstead, “Effect of oral folic 

acid supplements on zinc, copper, and iron absorption and excretion,” Am. J. Clin. 

Nutr., vol. 39, no. 4, pp. 535–9, May 1984. 

[84] H. Woltmann, “The nervous symptoms in pernicious anemia: An analysis of one 

hundred and fifty cases,” Am. J. Med. Sci., vol. 157, no. 3, pp. 400–409, 1919. 

[85] W. Crosby, “The danger of folic acid in multivitamin preparations,” Mil. Med., vol. 

125, pp. 233–235, 1960. 

[86] A. Ellison, “Pernicious anemia masked by multivitamins containing folic acid,” J. Am. 

Med. Assoc., vol. 173, pp. 240–243, 1960. 

[87] J. N. Baldwin and D. J. Dalessio, “Folic acid therapy and spinalcord degeneration in 

pernicious anemia,” N. Engl. J. Med., vol. 264, pp. 1339–42, Jul. 1961. 

[88] C. Conley and J. Krevans, “Development of neurologic manifestations of pernicious 

anemia during multivitamin therapy,” N. Engl. J. Med., vol. 245, pp. 529–531, 1951. 

[89] M. Victor and A. Lear, “Subacute combined degeneration of the spinal cord: Current 

concepts of the disease process. Value of serum vitamin B12 determinations in 

clarifying some of the common clinical problems,” Am. J. Med., vol. 20, no. 6, pp. 896–

911, 1956. 

[90] C. Best, “Subacute combined degeneration of spinal cord after extensive resection of 

ileum in Crohn’s disease,” Br. Med. J., vol. 2, pp. 862–864, 1959. 

[91] T. Spies and R. Stone, “Liver extract, folic acid, and thymine in pernicious anemia and 

subacute combined degeneration,” Lancet, vol. 1, pp. 174–176, 1947. 

[92] S. Jacobson, L. Berman, A. Axelrod, and E. Vonder Heide, “Folic acid therapy: Its 

effect as observed in two patients with pernicious anemia and neurologic symptoms,” 

J. Am. Med. Assoc., vol. 137, pp. 825–827, 1948. 

[93] R. Heinle and A. Welch, “Folic acid in pernicious anemia: Failure to prevent neurologic 

relapse,” J. Am. Med. Assoc., vol. 133, pp. 739–741, 1947. 



 

145 

[94] R. Chodos and J. Ross, “The effects of combined folic acid and liver extract therapy,” 

Blood, vol. 6, pp. 1213–1233, 1951. 

[95] C. Vilter, R. Vilter, and T. Spies, “The treatment of pernicious and related anemias with 

synthetic folic acid; Observations on the maintenance of a normal hematologic status 

and on the occurrence of combined system disease at the end of one year,” J. Lab. Clin. 

Med., vol. 32, pp. 262–273, 1947. 

[96] T. Spies, S. RE, G. Lopez, F. Milanes, T. Aramburu, and R. Toca, “The association 

between gastric achlorhydria and subacute combined degeneration of the spinal cord,” 

Postgr. Med, vol. 4, pp. 89–95, 1948. 

[97] F. H. Bethell and C. C. Sturgis, “The relation of therapy in pernicious anemia to changes 

in the nervous system; early and late results in a series of cases observed for periods of 

not less than ten years, and early results of treatment with folic acid,” Blood, vol. 3, no. 

1, pp. 57–67, Jan. 1948. 

[98] J. Will, J. Mueller, C. Brodine, C. Kiely, B. Friedman, V. Hawkins, J. Dutra, and R. 

Vilter, “Folic acid and vitamin B12 in pernicious anemia. Studies on patients treated 

with these substances over a ten-year period,” J. Lab. Clin. Med., vol. 53, pp. 22–38, 

1959. 

[99] A. J. MacFarlane, L. S. Greene-Finestone, and Y. Shi, “Vitamin B-12 and homocysteine 

status in a folate-replete population: results from the Canadian Health Measures 

Survey,” Am. J. Clin. Nutr., vol. 94, no. 4, pp. 1079–87, Oct. 2011. 

[100] P. Lagiou, L. Mucci, R. Tamimi, H. Kuper, A. Lagiou, C.-C. Hsieh, and D. 

Trichopoulos, “Micronutrient intake during pregnancy in relation to birth size,” Eur. J. 

Nutr., vol. 44, no. 1, pp. 52–9, Feb. 2005. 

[101] H. Baker, B. DeAngelis, B. Holland, L. Gittens-Williams, and T. Barrett, “Vitamin 

profile of 563 gravidas during trimesters of pregnancy,” J. Am. Coll. Nutr., vol. 21, no. 

1, pp. 33–7, Feb. 2002. 

[102] A. Roy, S. E. Evers, and M. K. Campbell, “Dietary supplement use and iron, zinc and 

folate intake in pregnant women in London, Ontario,” Chronic Dis. Inj. Can., vol. 32, 

no. 2, pp. 76–83, Mar. 2012. 



 

146 

[103] Food and Drug Administration, “Food standards: Amendment of standards of identity 

for enriched grain products to require addition of folic acid, Final Rule,” Fed. Regist. 

Dly. J. United States Regist., vol. 64, no. 21 CFR Parts 136, 137, and 139, pp. 8781–

97, 1996. 

[104] Centers for Disease Control and Prevention, “Recommendations for the use of folic 

acid to reduce the number of cases of spina bifida and other neural tube defects,” 

MMWR, 1992. [Online]. Available: 

http://www.cdc.gov/mmwr/preview/mmwrhtml/00019479.htm. 

[105] J. E. Sacco, K. W. Dodd, S. I. Kirkpatrick, and V. Tarasuk, “Voluntary food fortification 

in the United States: Potential for excessive intakes,” Eur. J. Clin. Nutr., vol. 67, no. 6, 

pp. 592–7, Jun. 2013. 

[106] Z. G. Khodr, P. J. Lupo, A. J. Agopian, M. A. Canfield, A. P. Case, S. L. Carmichael, 

and L. E. Mitchell, “Preconceptional folic acid-containing supplement use in the 

National Birth Defects Prevention Study,” Birth Defects Res. A. Clin. Mol. Teratol., 

vol. 100, no. 6, pp. 472–82, Jun. 2014. 

[107] J. K. Fowler and M. K. Campbell, “Inadequate Dietary Intakes among Pregnant 

Women,” Can. J. Diet. Pract. Res., vol. 73, no. 2, pp. 72–77, Jun. 2012. 

[108] M. F. Gómez, C. J. Field, D. L. Olstad, S. Loehr, S. Ramage, and L. J. McCargar, “Use 

of micronutrient supplements among pregnant women in Alberta: Results from the 

Alberta Pregnancy Outcomes and Nutrition (APrON) cohort,” Matern. Child Nutr., 

May 2013. 

[109] S. W. Wen, X.-K. Chen, M. Rodger, R. R. White, Q. Yang, G. N. Smith, R. J. Sigal, S. 

L. Perkins, and M. C. Walker, “Folic acid supplementation in early second trimester 

and the risk of preeclampsia,” Am. J. Obstet. Gynecol., vol. 198, no. 1, pp. 45.e1–7, Jan. 

2008. 

[110] Y. A. Shakur, D. Garriguet, P. Corey, and D. L. O. Connor, “Folic acid fortification 

above mandated levels results in a low prevalence of folate inadequacy among 

Canadians,” Am. J. Clin. Nutr., vol. 92, pp. 818–825, 2010. 



 

147 

[111] E. C. Miller, N. Liu, S. W. Wen, and M. Walker, “Why do Canadian women fail to 

achieve optimal pre-conceptional folic acid supplementation? An observational study,” 

J. Obstet. Gynaecol. Can., vol. 33, no. 11, pp. 1116–23, Nov. 2011. 

[112] C. K. Colapinto, D. L. O. Connor, and M. S. Tremblay, “Folate status of the population 

in the Canadian Health Measures Survey,” Can. Med. Assoc. J., vol. 183, no. 2, pp. 

E100 – E106, 2011. 

[113] R. D. Wilson, J.-A. Johnson, P. Wyatt, V. Allen, A. Gagnon, S. Langlois, C. Blight, F. 

Audibert, V. Désilets, J.-A. Brock, G. Koren, Y. I. Goh, I. Goh, P. Nguyen, and B. 

Kapur, “Pre-conceptional vitamin/folic acid supplementation 2007: The use of folic 

acid in combination with a multivitamin supplement for the prevention of neural tube 

defects and other congenital anomalies,” J. Obstet. Gynaecol. Can., vol. 29, no. 12, pp. 

1003–26, Dec. 2007. 

[114] A.-A. Richard-Tremblay, O. Sheehy, and A. Bérard, “Annual trends in use of 

periconceptional folic acid and birth prevalence of major congenital malformations,” 

Curr. Drug Saf., vol. 8, no. 3, pp. 153–61, Jul. 2013. 

[115] S. W. Wen, J. Champagne, R. Rennicks White, D. Coyle, W. Fraser, G. Smith, D. 

Fergusson, and M. C. Walker, “Effect of folic acid supplementation in pregnancy on 

preeclampsia: The folic acid clinical trial study,” J. Pregnancy, pp. 1–9, Jan. 2013. 

[116] I. M. Y. Szeto, A. Aziz, P. J. Das, A. Y. Taha, N. Okubo, S. Reza-lopez, A. Giacca, and 

G. H. Anderson, “High multivitamin intake by Wistar rats during pregnancy results in 

increased food intake and components of the metabolic syndrome in male offspring,” 

Am. J. Physiol. Regul. Integr. Comp. Physiol., vol. 295, pp. R575–R582, 2008. 

[117] S. a Reza-López, G. H. Anderson, I. M. Y. Szeto, A. Y. Taha, and D. W. L. Ma, “High 

vitamin intake by Wistar rats during pregnancy alters tissue fatty acid concentration in 

the offspring fed an obesogenic diet,” Metabolism., vol. 58, no. 5, pp. 722–30, May 

2009. 

[118] R. A. Y. E. Shenefelt, “Morphogenesis of malformations in hamsters caused by retinoic 

acid: Relation to dose and stage at treatment,” Teratology, vol. 5, no. 1, pp. 103–118, 

1972. 



 

148 

[119] H. K. W. Tse, M. B. W. Leung, A. S. Woolf, A. L. Menke, N. D. Hastie, J. A. Gosling, 

C. Pang, and A. S. W. Shum, “Implication of Wt1 in the Pathogenesis of Nephrogenic 

Failure in a Mouse Model of Retinoic Acid-Induced Caudal Regression Syndrome,” 

Am. J. Pathol., vol. 166, no. 5, pp. 1295–1307, 2005. 

[120] E. D. Weinberg, “Can iron be teratogenic?,” Biometals, vol. 23, no. 2, pp. 181–4, Apr. 

2010. 

[121] E. Papadopoulou, N. Stratakis, T. Roumeliotaki, K. Sarri, D. F. Merlo, M. Kogevinas, 

and L. Chatzi, “The effect of high doses of folic acid and iron supplementation in early-

to-mid pregnancy on prematurity and fetal growth retardation: The mother-child cohort 

study in Crete, Greece (Rhea study),” Eur. J. Nutr., vol. 52, no. 1, pp. 327–36, Feb. 

2013. 

[122] K. M. Hambidge, N. F. Krebs, L. Sibley, and J. English, “Acute effects of iron therapy 

on zinc status during pregnancy,” Obstet. Gynecol., vol. 70, no. 4, pp. 593–6, Oct. 1987. 

[123] B. Lachili, I. Hininger, H. Faure, J. Arnaud, M. J. Richard, A. Favier, and a M. Roussel, 

“Increased lipid peroxidation in pregnant women after iron and vitamin C 

supplementation,” Biol. Trace Elem. Res., vol. 83, no. 2, pp. 103–10, Nov. 2001. 

[124] A. Rehema, K. Zilmer, U. Klaar, H. Karro, T. Kullisaar, and M. Zilmer, “Ferrous iron 

administration during pregnancy and adaptational oxidative stress (Pilot study),” 

Medicina (Kaunas)., vol. 40, no. 6, pp. 547–52, Jan. 2004. 

[125] L. H. Allen, “Pregnancy and iron deficiency: Unresolved issues,” Nutr. Rev., vol. 55, 

no. 4, pp. 91–101, Apr. 1997. 

[126] W. Chen, Z. Sang, L. Tan, S. Zhang, F. Dong, Z. Chu, W. Wei, N. Zhao, G. Zhang, Z. 

Yao, J. Shen, and W. Zhang, “Neonatal thyroid function born to mothers living with 

long-term excessive iodine intake from drinking water,” Clin. Endocrinol. (Oxf)., Oct. 

2014. 

[127] L. Zhang, W. Teng, Y. Liu, J. Li, J. Mao, C. Fan, H. Wang, H. Zhang, and Z. Shan, 

“Effect of maternal excessive iodine intake on neurodevelopment and cognitive 

function in rat offspring,” BMC Neurosci., vol. 13, p. 121, Jan. 2012. 



 

149 

[128] J.-A. Shin, Y.-M. Ahn, H.-A. Lee, H. Park, Y.-J. Kim, and H.-Y. Lee, “Effect of 

maternal excessive sodium intake on postnatal brain development in rat offspring,” 

Nutr. Neurosci., Jan. 2014. 

[129] C. M. Reynolds, M. H. Vickers, C. J. Harrison, S. A. Segovia, and C. Gray, “High fat 

and/or high salt intake during pregnancy alters maternal meta-inflammation and 

offspring growth and metabolic profiles,” Physiol. Rep., vol. 2, no. 8, Aug. 2014. 

[130] B. Khulan, W. N. Cooper, B. M. Skinner, J. Bauer, S. Owens, A. M. Prentice, G. 

Belteki, M. Constancia, D. Dunger, and N. a Affara, “Periconceptional maternal 

micronutrient supplementation is associated with widespread gender related changes in 

the epigenome: A study of a unique resource in the Gambia,” Hum. Mol. Genet., vol. 

21, no. 9, pp. 2086–101, May 2012. 

[131] W. Reik and J. Walter, “Genomic Imprint: Parental Influence on the Genome,” Nat. 

Rev. Genet., vol. 2, no. 1, pp. 21–32, 2001. 

[132] I. B. Van den Veyver, “Genetic effects of methylation diets,” Annu. Rev. Nutr., vol. 22, 

pp. 255–82, Jan. 2002. 

[133] M. J. Lamb, “Epigenetic inheritance and aging,” Rev. Clin. Gerontol., vol. 4, no. 02, 

pp. 97–105, Nov. 1994. 

[134] R. a Waterland and R. L. Jirtle, “Early nutrition, epigenetic changes at transposons and 

imprinted genes, and enhanced susceptibility to adult chronic diseases,” Nutrition, vol. 

20, no. 1, pp. 63–68, Jan. 2004. 

[135] K. Kim, S. Friso, and S.-W. Choi, “DNA methylation, an epigenetic mechanism 

connecting folate to healthy embryonic development and aging,” J. Nutr. Biochem., vol. 

20, no. 12, pp. 917–26, Dec. 2009. 

[136] G. L. Wolff, R. L. Kodell, S. R. Moore, and C. a Cooney, “Maternal epigenetics and 

methyl supplements affect agouti gene expression in Avy/a mice,” FASEB J., vol. 12, 

no. 11, pp. 949–57, Aug. 1998. 

[137] C. Delaney, M. Hoeltzel, S. K. Garg, R. Warner, K. Johnson, and R. Yung, “Maternal 

micronutrient supplementation suppresses T Cell chemokine receptor expression and 

function in F1 mice,” J. Nutr., vol. 142, pp. 1329–1335, 2012. 



 

150 

[138] L. Poston, A. L. Briley, P. T. Seed, F. J. Kelly, and A. H. Shennan, “Vitamin C and 

vitamin E in pregnant women at risk for pre-eclampsia (VIP trial): Randomised 

placebo-controlled trial,” Lancet, vol. 367, pp. 1145–1154, 2006. 

[139] A. Aris, S. Leblanc, A. Ouellet, and J.-M. Moutquin, “Detrimental effects of high levels 

of antioxidant vitamins C and E on placental function: Considerations for the vitamins 

in preeclampsia (VIP) trial,” J. Obstet. Gynaecol. Res., vol. 34, no. 4, pp. 504–11, Aug. 

2008. 

[140] L. G. Mikael, L. Deng, L. Paul, J. Selhub, and R. Rozen, “Moderately high intake of 

folic acid has a negative impact on mouse embryonic development,” Birth Defects Res. 

A. Clin. Mol. Teratol., vol. 97, no. 1, pp. 47–52, Jan. 2013. 

[141] A. Ly, H. Lee, J. Chen, K. K. Y. Sie, R. Renlund, A. Medline, K.-J. Sohn, R. Croxford, 

L. U. Thompson, and Y.-I. Kim, “Effect of maternal and postweaning folic acid 

supplementation on mammary tumor risk in the offspring,” Cancer Res., vol. 71, no. 3, 

pp. 988–97, Feb. 2011. 

[142] F. Girotto, L. Scott, Y. Avchalumov, J. Harris, S. Iannattone, C. Drummond-Main, R. 

Tobias, L. Bello-Espinosa, J. M. Rho, J. Davidsen, G. C. Teskey, and M. A. Colicos, 

“High dose folic acid supplementation of rats alters synaptic transmission and seizure 

susceptibility in offspring,” Sci. Rep., vol. 3, p. 1465, Jan. 2013. 

[143] J. Liu, Y. Yao, B. Yu, X. Mao, Z. Huang, and D. Chen, “Effect of maternal folic acid 

supplementation on hepatic proteome in newborn piglets,” Nutrition, vol. 29, no. 1, pp. 

230–4, Jan. 2013. 

[144] G. C. Burdge and K. a Lillycrop, “Folic acid supplementation in pregnancy: Are there 

devils in the detail?,” Br. J. Nutr., vol. 108, no. 11, pp. 1924–30, Dec. 2012. 

[145] S. P. Veeranki, T. Gebretsadik, S. L. Dorris, E. F. Mitchel, T. V Hartert, W. O. Cooper, 

F. A. Tylavsky, W. Dupont, T. J. Hartman, and K. N. Carroll, “Association of folic acid 

supplementation during pregnancy and infant bronchiolitis,” Am. J. Epidemiol., vol. 

179, no. 8, pp. 938–46, Apr. 2014. 

[146] J. Blatter, Y.-Y. Han, E. Forno, J. Brehm, L. Bodnar, and J. C. Celedón, “Folate and 

asthma,” Am. J. Respir. Crit. Care Med., vol. 188, no. 1, pp. 12–7, Jul. 2013. 



 

151 

[147] M. A. Orjuela, L. Cabrera-Muñoz, L. Paul, M. A. Ramirez-Ortiz, X. Liu, J. Chen, F. 

Mejia-Rodriguez, A. Medina-Sanson, S. Diaz-Carreño, I. H. Suen, J. Selhub, and M. 

V. Ponce-Castañeda, “Risk of retinoblastoma is associated with a maternal 

polymorphism in dihydrofolatereductase (DHFR) and prenatal folic acid intake,” 

Cancer, vol. 118, no. 23, pp. 5912–9, Dec. 2012. 

[148] R. A. Waterland and R. L. Jirtle, “Transposable elements: Targets for early nutritional 

effects on epigenetic gene regulation,” Mol. Cell. Biol., vol. 23, no. 15, pp. 5293–5300, 

2003. 

[149] T. Tsujiuchi, M. Tsutsumi, Y. Sasaki, M. Takahama, and Y. Konishi, 

“Hypomethylation of CpG sites and c-myc gene overexpression in hepatocellular 

carcinomas, but not hyperplastic nodules, induced by a choline-deficient L-amino acid-

defined diet in rats,” Jpn. J. Cancer Res., vol. 90, no. 9, pp. 909–13, Sep. 1999. 

[150] E. Wainfan, M. Dizik, M. Stender, and J. K. Christman, “Rapid appearance of 

hypomethylated DNA in livers of rats fed cancer-promoting, methyl-deficient diets,” 

Cancer Res., vol. 49, no. 15, pp. 4094–7, Aug. 1989. 

[151] M. J. Wilson, N. Shivapurkar, and L. A. Poirier, “Hypomethylation of hepatic nuclear 

DNA in rats fed with a carcinogenic methyl-deficient diet,” Biochem. J., vol. 218, no. 

3, pp. 987–90, Mar. 1984. 

[152] Y. I. Kim, I. P. Pogribny, A. G. Basnakian, J. W. Miller, J. Selhub, S. J. James, and J. 

B. Mason, “Folate deficiency in rats induces DNA strand breaks and hypomethylation 

within the p53 tumor suppressor gene,” Am. J. Clin. Nutr., vol. 65, no. 1, pp. 46–52, 

Jan. 1997. 

[153] R. A. Jacob, D. M. Gretz, P. C. Taylor, S. J. James, I. P. Pogribny, B. J. Miller, S. M. 

Henning, and M. E. Swendseid, “Moderate folate depletion increases plasma 

homocysteine and decreases lymphocyte DNA methylation in postmenopausal 

women,” J. Nutr., vol. 128, no. 7, pp. 1204–12, Jul. 1998. 

[154] B. M. Fowler, A. R. Giuliano, C. Piyathilake, M. Nour, and K. Hatch, 

“Hypomethylation in cervical tissue: Is there a correlation with folate status?,” Cancer 

Epidemiol. Biomarkers Prev., vol. 7, no. 10, pp. 901–6, Oct. 1998. 



 

152 

[155] J. Y. Fang, S. D. Xiao, S. S. Zhu, J. M. Yuan, D. K. Qiu, and S. J. Jiang, “Relationship 

of plasma folic acid and status of DNA methylation in human gastric cancer,” J. 

Gastroenterol., vol. 32, no. 2, pp. 171–5, Apr. 1997. 

[156] S. Barua, S. Kuizon, K. K. Chadman, M. J. Flory, W. T. Brown, and M. A. Junaid, 

“Single-base resolution of mouse offspring brain methylome reveals epigenome 

modifications caused by gestational folic acid,” Epigenetics Chromatin, vol. 7, no. 1, 

p. 3, Jan. 2014. 

[157] S. Ichi, F. F. Costa, J. M. Bischof, H. Nakazaki, Y.-W. Shen, V. Boshnjaku, S. Sharma, 

B. Mania-Farnell, D. G. McLone, T. Tomita, M. B. Soares, and C. S. K. Mayanil, “Folic 

acid remodels chromatin on Hes1 and Neurog2 promoters during caudal neural tube 

development,” J. Biol. Chem., vol. 285, no. 47, pp. 36922–32, Nov. 2010. 

[158] B. J. Iskandar, E. Rizk, B. Meier, N. Hariharan, T. Bottiglieri, R. H. Finnell, D. F. 

Jarrard, R. V Banerjee, J. H. P. Skene, A. Nelson, N. Patel, C. Gherasim, K. Simon, T. 

D. Cook, and K. J. Hogan, “Folate regulation of axonal regeneration in the rodent 

central nervous system through DNA methylation,” J. Clin. Invest., vol. 120, no. 5, pp. 

1603–16, May 2010. 

[159] M. A. Junaid, S. Kuizon, J. Cardona, T. Azher, N. Murakami, R. K. Pullarkat, and W. 

T. Brown, “Folic acid supplementation dysregulates gene expression in lymphoblastoid 

cells - Implications in nutrition,” Biochem. Biophys. Res. Commun., vol. 412, no. 4, pp. 

688–92, Sep. 2011. 

[160] N. M. Gude, C. T. Roberts, B. Kalionis, and R. G. King, “Growth and function of the 

normal human placenta,” Thromb. Res., vol. 114, no. 5–6, pp. 397–407, Jan. 2004. 

[161] D. Evain-Brion and A. Malassine, “Human placenta as an endocrine organ,” Growth 

Horm. IGF Res., vol. 13 Suppl A, pp. S34–7, Aug. 2003. 

[162] L. Ji, J. Brkić, M. Liu, G. Fu, C. Peng, and Y.-L. Wang, “Placental trophoblast cell 

differentiation: Physiological regulation and pathological relevance to preeclampsia,” 

Mol. Aspects Med., vol. 34, no. 5, pp. 981–1023, Oct. 2013. 

[163] J. Stulc, “Placental transfer of inorganic ions and water,” Physiol Rev, vol. 77, no. 3, 

pp. 805–836, Jul. 1997. 



 

153 

[164] N. Solanky, A. Requena Jimenez, S. W. D’Souza, C. P. Sibley, and J. D. Glazier, 

“Expression of folate transporters in human placenta and implications for homocysteine 

metabolism,” Placenta, vol. 31, no. 2, pp. 134–43, Feb. 2010. 

[165] R. Zhao, L. H. Matherly, and I. D. Goldman, “Membrane transporters and folate 

homeostasis: Intestinal absorption and transport into systemic compartments and 

tissues,” Expert Rev. Mol. Med., vol. 11, pp. 1–28, Jan. 2009. 

[166] D. E. Atkinson, S. Brice-Bennett, and S. W. D’Souza, “Antiepileptic medication during 

pregnancy: Does fetal genotype affect outcome?,” Pediatr. Res., vol. 62, no. 2, pp. 120–

7, Aug. 2007. 

[167] P. J. Williams, J. N. Bulmer, B. a Innes, and F. Broughton Pipkin, “Possible roles for 

folic acid in the regulation of trophoblast invasion and placental development in normal 

early human pregnancy,” Biol. Reprod., vol. 84, no. 6, pp. 1148–53, Jun. 2011. 

[168] M. Abbassi-Ghanavati, L. G. Greer, and F. G. Cunningham, “Pregnancy and laboratory 

studies: A reference table for clinicians,” Obstet. Gynecol., vol. 114, no. 6, pp. 1326–

1331, 2009. 

[169] R. E. Turner, B. Langkamp-henken, R. C. Littell, M. J. Lukowski, and M. F. Suarez, 

“Comparing nutrient intake from food to the estimated average requirements shows 

middle- to upper-income pregnant women lack iron and possibly magnesium,” J. Am. 

Diet. Assoc., vol. 103, no. 4, pp. 461–466, 2003. 

[170] A. Kulkarni, P. Chavan-Gautam, S. Mehendale, H. Yadav, and S. Joshi, “Global DNA 

methylation patterns in placenta and its association with maternal hypertension in pre-

eclampsia,” DNA Cell Biol., vol. 30, no. 2, pp. 79–84, Feb. 2011. 

[171] R. Bortolus, F. Blom, F. Filippini, M. N. van Poppel, E. Leoncini, D. J. de Smit, P. P. 

Benetollo, M. C. Cornel, H. E. de Walle, and P. Mastroiacovo, “Prevention of 

congenital malformations and other adverse pregnancy outcomes with 4.0 mg of folic 

acid: Community-based randomized clinical trial in Italy and the Netherlands,” BMC 

Pregnancy Childbirth, vol. 14, no. 1, p. 166, Jan. 2014. 

[172] B. Bar-Oz, G. Koren, P. Nguyen, and B. M. Kapur, “Folate fortification and 

supplementation--are we there yet?,” Reprod. Toxicol., vol. 25, no. 4, pp. 408–12, Aug. 

2008. 



 

154 

[173] A. M. Shuaibi, J. D. House, and G. P. Sevenhuysen, “Folate status of young Canadian 

women after folic acid fortification of grain products,” J. Am. Diet. Assoc., vol. 108, 

no. 12, pp. 2090–4, Dec. 2008. 

[174] W. Willett, Nutritional Epidemiology, Third., vol. 40. New York: Oxford University 

Press, 2012. 

[175] Y. J. Yang, M. K. Kim, S. H. Hwang, Y. Ahn, J. E. Shim, and D. H. Kim, “Relative 

validities of 3-day food records and the food frequency questionnaire,” Nutr. Res. 

Pract., vol. 4, no. 2, pp. 142–8, Apr. 2010. 

[176] Health Canada, “Body Mass Index (BMI) Nomogram,” Canadian Guidelines for Body 

Weight Classification in Adults, Ottawa: Minister of Public Works and Government 

Services Canada, 2003. 

[177] S. Lieff, a F. Olshan, M. Werler, R. P. Strauss, J. Smith, and A. Mitchell, “Maternal 

cigarette smoking during pregnancy and risk of oral clefts in newborns,” Am. J. 

Epidemiol., vol. 150, no. 7, pp. 683–94, Oct. 1999. 

[178] Statistics Canada, “Current Smoking Trends,” Health at a Glance, 2012. [Online]. 

Available: http://www.statcan.gc.ca/pub/82-624-x/2012001/article/11676-eng.htm. 

[179] J. E. Bartlett, J. W. Kotrlik, and C. C. Higgins, “Organizational research: Determining 

appropriate sample size in survey research,” Inf. Technol. Learn. Perform. J., vol. 19, 

no. 1, pp. 43–50, 2001. 

[180] Health Canada, “The Canadian Nutrient File,” 2007. [Online]. Available: 

http://www.hc-sc.gc.ca/fn-an/nutrition/fiche-nutri-data/cnf_aboutus-

aproposdenous_fcen-eng.php. 

[181] US Department of Agriculture (USDA) - Agriculture Research Service (ARS), “What’s 

in the Foods You Eat?” [Online]. Available: 

http://reedir.arsnet.usda.gov/codesearchwebapp/(bsudi3uaf0ybnj45wdzrks55)/codesea

rch.aspx. 

[182] National Research Council, Nutrient Adequacy: Assessment Using Food Consumption 

Surveys. Washington, D.C.: National Academic Press, 1986. 



 

155 

[183] Nestlé Canada, “Nestle Canada welcomes Materna to the Infant Nutrition Family,” 

Nestlé News and Features, 2013. [Online]. Available: 

http://corporate.nestle.ca/en/media/newsandfeatures/nestle-canada-welcomes-

materna-to-the-infant-nutrition-family. [Accessed: 08-Jul-2014]. 

[184] The Economist, “Nestlé buys Pfizer Nutrition: Feeding little emperors,” The Economist, 

2012. 

[185] Nestlé Canada, “Nestlé Materna,” About Nestlé Materna, 2014. [Online]. Available: 

http://www.materna.ca/about. [Accessed: 08-Jul-2014]. 

[186] N. Darmon and A. Drewnowski, “Does social class predict diet quality?,” Am. J. Clin. 

Nutr., vol. 87, pp. 1107–1117, 2008. 

[187] E. I. Feijen-de Jong, D. E. Jansen, F. Baarveld, C. P. van der Schans, F. G. Schellevis, 

and S. A. Reijneveld, “Determinants of late and/or inadequate use of prenatal healthcare 

in high-income countries: A systematic review,” Eur. J. Public Health, vol. 22, no. 6, 

pp. 904–13, Dec. 2012. 

[188] K. Abu-Saad and D. Fraser, “Maternal nutrition and birth outcomes,” Epidemiol. Rev., 

vol. 32, no. 1, pp. 5–25, Apr. 2010. 

[189] K. L. Lindsay, E. R. Gibney, B. McNulty, and F. a. McAuliffe, “Nutrition in pregnant 

immigrant Nigerian women,” Proc. Nutr. Soc., vol. 71, no. OCE2, p. E198, Oct. 2012. 

[190] B. A. Abuya, J. Ciera, and E. Kimani-Murage, “Effect of mother’s education on child's 

nutritional status in the slums of Nairobi,” BMC Pediatr., vol. 12, no. 1, p. 80, Jan. 

2012. 

[191] A. C. Erickson and L. T. Arbour, “Heavy smoking during pregnancy as a marker for 

other risk factors of adverse birth outcomes: A population-based study in British 

Columbia, Canada,” BMC Public Health, vol. 12, p. 102, Jan. 2012. 

[192] M. C. Jolly, N. Sebire, J. Harris, S. Robinson, and L. Regan, “Obstetric risks of 

pregnancy in women less than 18 years old,” Obstet. Gynecol., vol. 96, no. 6, pp. 962–

966, 2000. 



 

156 

[193] C. M. Lenders, T. F. McElrath, and T. O. Scholl, “Nutrition in adolescent pregnancy,” 

Curr. Opin. Pediatr., vol. 12, no. 3, pp. 291–6, Jul. 2000. 

[194] G. M. Shaw, K. Todoroff, D. M. Schaffer, and S. Selvin, “Maternal height and 

prepregnancy body mass index as risk factors for selected congenital anomalies,” 

Paediatr. Perinat. Epidemiol., vol. 14, no. 3, pp. 234–9, Jul. 2000. 

[195] J. C. King, “The risk of maternal nutritional depletion and poor outcomes increases in 

early or closely spaced pregnancies,” J. Nutr., vol. 133, no. 5, p. 1732S–1736S, May 

2003. 

[196] C. Le Bourdais and E. Lapierre-Adamcyk, “Changes in conjugal life in Canada: Is 

cohabitation progressively replacing marriage?,” J. Marriage Fam., vol. 66, no. 4, pp. 

929–942, Nov. 2004. 

[197] A. Milan, I. Wong, and M. Vezina, “Emerging trends in living arrangements and 

conjugal unions for current and future seniors,” Insights Can. Soc., pp. 1–13, 2014. 

[198] I. Haapala, R. Prättälä, K. Patja, R. Männikkö, M. Hassinen, P. Komulainen, and R. 

Rauramaa, “Age, marital status and changes in dietary habits in later life: A 21-year 

follow-up among Finnish women,” Public Health Nutr., vol. 15, no. 7, pp. 1174–81, 

Jul. 2012. 

[199] Y. A. Shakur, V. Tarasuk, P. Corey, and D. L. O. Connor, “A comparison of 

micronutrient inadequacy and risk of high micronutrient intakes among vitamin and 

mineral supplement users and nonusers in Canada,” J. Nutr., no. 18, pp. 534–540, 2012. 

[200] K. A. Cockell and D. C. Miller, “Application of the Dietary Reference Intakes in 

developing a recommendation for pregnancy iron supplements in Canada,” Am. J. Clin. 

Nutr., vol. 90, no. 4, pp. 1023–1028, 2009. 

[201] M. J. Cooper, K. A. Cockell, and M. R. L’Abbé, “The iron status of Canadian 

adolescents and adults: Current knowledge and practical implications,” Can. J. Diet. 

Pract. Res., vol. 67, no. 3, pp. 130–8, Jan. 2006. 

[202] D. Hartfield, “Canadian infants and children,” Pediatr. Child Heal., vol. 15, no. 6, pp. 

347–350, 2010. 



 

157 

[203] T. Kulie, A. Groff, J. Redmer, J. Hounshell, and S. Schrager, “Vitamin D: an evidence-

based review.,” J. Am. Board Fam. Med., vol. 22, no. 6, pp. 698–706, Jan. . 

[204] P. Autier, M. Boniol, C. Pizot, and P. Mullie, “Vitamin D status and ill health: A 

systematic review,” Lancet Diabetes Endocrinol., vol. 2, no. 1, pp. 76–89, Jan. 2014. 

[205] S.-Q. Wei, H.-P. Qi, Z.-C. Luo, and W. D. Fraser, “Maternal vitamin D status and 

adverse pregnancy outcomes: A systematic review and meta-analysis,” J. Matern. 

Fetal. Neonatal Med., vol. 26, no. 9, pp. 889–99, Jun. 2013. 

[206] S. Nesby-O’Dell, K. S. Scanlon, M. E. Cogswell, C. Gillespie, B. W. Hollis, A. C. 

Looker, C. Allen, C. Doughertly, E. W. Gunter, and B. A. Bowman, “Hypovitaminosis 

D prevalence and determinants among African American and white women of 

reproductive age: Third National Health and Nutrition Examination Survey, 1988-

1994,” Am. J. Clin. Nutr., vol. 76, no. 1, pp. 187–92, Jul. 2002. 

[207] R. J. Schroth, C. L. B. Lavelle, and M. E. K. Moffatt, “Review of vitamin D deficiency 

during pregnancy: Who is affected?,” Int. J. Circumpolar Health, vol. 64, no. 2, pp. 

112–20, Apr. 2005. 

[208] D. Rucker, J. A. Allan, G. H. Fick, and D. A. Hanley, “Vitamin D insufficiency in a 

population of healthy western Canadians,” CMAJ, vol. 166, no. 12, pp. 1517–24, Jun. 

2002. 

[209] K. Langlois, L. Greene-finestone, J. Little, N. Hidiroglou, and S. Whiting, “Vitamin D 

status of Canadians as measured in the 2007 to 2009 Canadian Health Measures 

Survey,” Heal. Reports, vol. 21, no. 1, pp. 47–55, 2010. 

[210] S. J. Whiting, K. A. Langlois, H. Vatanparast, and L. S. Greene-Finestone, “The vitamin 

D status of Canadians relative to the 2011 Dietary Reference Intakes: An examination 

in children and adults with and without supplement use,” Am. J. Clin. Nutr., vol. 94, no. 

1, pp. 128–35, Jul. 2011. 

[211] S. Rizvi, S. T. Raza, F. Ahmed, A. Ahmad, S. Abbas, and F. Mahdi, “The role of 

vitamin E in human health and some diseases,” Sultan Qaboos Univ. Med. J., vol. 14, 

no. 2, pp. e157–65, May 2014. 



 

158 

[212] Health Canada, “Compilation of Canadian Food Composition Data (User Guide),” Can. 

Nutr. File, pp. 1–45, 2010. 

[213] S. H. Ley, a J. Hanley, M. Sermer, B. Zinman, and D. L. O’Connor, “Lower dietary 

vitamin E intake during the second trimester is associated with insulin resistance and 

hyperglycemia later in pregnancy,” Eur. J. Clin. Nutr., vol. 67, no. 11, pp. 1154–6, Nov. 

2013. 

[214] U. Ramakrishnan, F. K. Grant, A. Imdad, Z. A. Bhutta, and R. Martorell, “Effect of 

multiple micronutrient versus iron-folate supplementation during pregnancy on 

intrauterine growth,” Nestle Nutr. Inst. Workshop Ser., vol. 74, pp. 53–62, Jan. 2013. 

[215] E. S. Kwon, Y. J. Ahn, J. E. Shim, H. Y. Paik, C. Park, K. Kimm, Y. S. Ju, and D. H. 

Kim, “Within- and Between-Individual Variation in Nutrient Intakes with Day of the 

Week and Season in Korean Adults,” Korean J. Nutr., vol. 37, no. 10, pp. 917–927, 

Dec. 2004. 

[216] M. Buzzard, “24-hour Dietary Recalls and Food Record Methods,” in Nutritional 

Epidemiology, 2nd ed., W. Willett, Ed. Oxford University Press, 1998, p. 55. 

[217] Y. Shi, M. de Groh, H. Morrison, C. Robinson, and L. Vardy, “Dietary sodium intake 

among Canadian adults with and without hypertension,” Chronic Dis. Can., vol. 31, no. 

2, pp. 79–87, 2011. 

[218] N. E. D. Government of Canada, Health Canada, Health Products and Food Branch, 

Food Directorate, Bureau of Nutritional Sciences, “Sodium in Canada,” Health 

Canada: Food and Nutrition, 03-May-2010. [Online]. Available: http://www.hc-

sc.gc.ca/fn-an/nutrition/sodium/index-eng.php. [Accessed: 09-Nov-2014]. 

[219] M. J. Scourboutakos and M. R. L’Abbé, “Sodium Levels in Canadian Fast-food and 

Sit-down Restaurants,” Can J Public Health, vol. 104, no. 1. pp. e2–e8, 31-Jan-2013. 

[220] P. W. F. Fischer, M. Vigneault, R. Huang, K. Arvaniti, and P. Roach, “Sodium food 

sources in the Canadian diet,” Appl. Physiol. Nutr. Metab., vol. 34, no. 5, pp. 884–92, 

Oct. 2009. 

[221] R. D. Mattes and D. Donnelly, “Relative contributions of dietary sodium sources,” J. 

Am. Coll. Nutr., vol. 10, no. 4, pp. 383–393, Aug. 1991. 



 

159 

[222] F. J. He, J. Li, and G. A. Macgregor, “Effect of longer term modest salt reduction on 

blood pressure: Cochrane systematic review and meta-analysis of randomised trials,” 

BMJ, vol. 346, no. apr03_3, p. f1325, Jan. 2013. 

[223] P. Strazzullo, L. D’Elia, N.-B. Kandala, and F. P. Cappuccio, “Salt intake, stroke, and 

cardiovascular disease: Meta-analysis of prospective studies,” BMJ, vol. 339, p. b4567, 

Jan. 2009. 

[224] E. D. Penz, M. R. Joffres, and N. R. C. Campbell, “Reducing dietary sodium and 

decreases in cardiovascular disease in Canada,” Can. J. Cardiol., vol. 24, no. 6, pp. 

497–1, Jun. 2008. 

[225] Y. Ding, J. Lv, C. Mao, H. Zhang, A. Wang, L. Zhu, H. Zhu, and Z. Xu, “High-salt diet 

during pregnancy and angiotensin-related cardiac changes,” J. Hypertens., vol. 28, no. 

6, pp. 1290–7, Jun. 2010. 

[226] C. R. M. Nelson, J. A. Leon, and J. Evans, “The relationship between awareness and 

supplementation: Which Canadian women know about folic acid and how does that 

translate into use?,” Can. J. Public Health, vol. 105, no. 1, pp. e40–6, 2014. 

[227] M. M. Agha, R. H. Glazier, R. Moineddin, A. M. Moore, and A. Guttmann, “Food 

fortification and decline in the prevalence of neural tube defects: Does public 

intervention reduce the socioeconomic gap in prevalence?,” Int. J. Environ. Res. Public 

Health, vol. 10, no. 4, pp. 1312–23, Apr. 2013. 

[228] A. R. Hosseinpoor, J. A. Stewart Williams, L. Itani, and S. Chatterji, “Socioeconomic 

inequality in domains of health: Results from the World Health Surveys,” BMC Public 

Health, vol. 12, no. 198, pp. 1–9, Jan. 2012. 

[229] J. P. Bestwick, W. J. Huttly, J. K. Morris, and N. J. Wald, “Prevention of neural tube 

defects: A cross-sectional study of the uptake of folic acid supplementation in nearly 

half a million women,” PLoS One, vol. 9, no. 2, p. e89354, Jan. 2014. 

[230] Q. Yang, M. E. Cogswell, H. C. Hamner, A. Carriquiry, L. B. Bailey, C. M. Pfeiffer, 

and R. J. Berry, “Folic acid source, usual intake, and folate and vitamin B-12 status in 

US adults: National Health and Nutrition Examination Survey,” Am. J. Clin. Nutr., vol. 

91, pp. 64–72, 2010. 



 

160 

[231] P. Morin, P. De Wals, M. Noiseux, T. Niyonsenga, D. St-Cyr-Tribble, and C. Tremblay, 

“Pregnancy planning and folic acid supplement use: Results from a survey in Quebec,” 

Prev. Med. (Baltim)., vol. 35, no. 2, pp. 143–9, Aug. 2002. 

[232] A. D. Popa, O. Niţă, L. I. Graur Arhire, R. M. Popescu, G. E. Botnariu, L. Mihalache, 

and M. Graur, “Nutritional knowledge as a determinant of vitamin and mineral 

supplementation during pregnancy,” BMC Public Health, vol. 13, p. 1105, Jan. 2013. 

[233] X. Li, S. Li, D. Mu, Z. Liu, Y. Li, Y. Lin, X. Chen, F. You, N. Li, K. Deng, Y. Deng, 

Y. Wang, and J. Zhu, “The association between periconceptional folic acid 

supplementation and congenital heart defects: A case-control study in China,” Prev. 

Med. (Baltim)., vol. 56, no. 6, pp. 385–9, Jun. 2013. 

[234] T. Bedard, R. B. Lowry, B. Sibbald, J. R. Harder, C. Trevenen, V. Horobec, and J. D. 

Dyck, “Folic acid fortification and the birth prevalence of congenital heart defect cases 

in Alberta, Canada,” Birth Defects Res. A. Clin. Mol. Teratol., vol. 97, no. 8, pp. 564–

70, Aug. 2013. 

[235] G. M. Shaw, R. H. Finnell, H. J. Blom, S. L. Carmichael, S. E. Vollset, W. Yang, and 

P. M. Ueland, “Choline and risk of neural tube defects in a folate-fortified population,” 

Epidemiology, vol. 20, no. 5, pp. 714–9, Sep. 2009. 

[236] S. F. Choumenkovitch, J. Selhub, P. W. F. Wilson, J. I. Rader, I. H. Rosenberg, and P. 

F. Jacques, “Folic acid intake from fortification in United States exceeds predictions,” 

J. Nutr., vol. 132, no. 9, pp. 2792–8, Sep. 2002. 

[237] N. A. Hursthouse, A. R. Gray, J. C. Miller, M. C. Rose, and L. A. Houghton, “Folate 

status of reproductive age women and neural tube defect risk: The effect of long-term 

folic acid supplementation at doses of 140 µg and 400 µg per day,” Nutrients, vol. 3, 

no. 1, pp. 49–62, Jan. 2011. 

[238] J. Colbourne, N. Baker, P. Wang, L. Liu, C. Tucker, and B. Roebothan, “Adequacy of 

niacin, folate, and vitamin B12 intakes from foods among Newfoundland and Labrador 

adults,” Can. J. Diet. Pract. Res., vol. 74, no. 2, pp. 63–68, Jul. 2013. 

[239] Health Canada, “Do Canadian adults meet their nutrient requirements through food 

intake alone?,” 27-Jan-2012. [Online]. Available: http://www.hc-sc.gc.ca/fn-

an/surveill/nutrition/commun/art-nutr-adult-eng.php. [Accessed: 06-Sep-2014]. 



 

161 

[240] S. W. Katamay, K. A. Esslinger, M. Vigneault, J. L. Johnston, B. A. Junkins, L. G. 

Robbins, I. V Sirois, E. M. Jones-Mclean, A. F. Kennedy, M. A. A. Bush, D. Brulé, and 

C. Martineau, “Eating well with Canada’s Food Guide (2007): Development of the food 

intake pattern,” Nutr. Rev., vol. 65, no. 4, pp. 155–66, Apr. 2007. 

[241] P. B. Crawford, E. Obarzanek, J. Morrison, and Z. I. Sabry, “Comparative advantage 

of 3-day food records over 24-hour recall and 5-day food frequency validated by 

observation of 9- and 10-year-old girls,” J. Am. Diet. Assoc., vol. 94, no. 6, pp. 626–30, 

Jun. 1994. 

[242] R. E. Thompson, F. A. Larkin, and M. B. Brown, “Weekend-weekday differences in 

reported dietary intake,” Nutr. Res., vol. 6, no. 6, pp. 647–662, 1986. 

[243] A. Kolar, R. Patterson, E. White, M. Neuhouser, L. Frank, J. Standley, J. Potter, and A. 

Kristal, “A practical method for collecting 3-day food records in a large cohort,” 

Epidemiology, vol. 16, no. 4, pp. 579–583, 2005. 

[244] J. Kouba, “Impact of environment, ethnicity, and culture on nutrition and health,” in 

Nutrition and Oral Health, Humana Press, 2005, pp. 45–60. 

[245] A. E. Black, A. M. Prentice, G. R. Goldberg, S. A. Jebb, S. A. Bingham, M. B. E. 

Livingstone, and A. Coward, “Measurements of total energy expenditure provide 

insights into the validity of dietary measurements of energy intake,” J. Am. Diet. Assoc., 

vol. 93, no. 5, pp. 572–579, May 1993. 

[246] F. B. Scagliusi, V. O. Polacow, G. G. Artioli, F. B. Benatti, and A. H. Lancha, 

“Selective underreporting of energy intake in women: Magnitude, determinants, and 

effect of training,” J. Am. Diet. Assoc., vol. 103, no. 10, pp. 1306–13, Oct. 2003. 

[247] M. M. Cantwell, A. E. Millen, R. Carroll, B. L. Mittl, S. Hermansen, L. A. Brinton, and 

N. Potischman, “A debriefing session with a nutritionist can improve dietary 

assessment using food diaries,” J. Nutr., vol. 136, no. 2, pp. 440–445, Feb. 2006. 

[248] M. W. Kim, K. H. Ahn, K.-J. Ryu, S.-C. Hong, J. S. Lee, A. a Nava-Ocampo, M.-J. Oh, 

and H.-J. Kim, “Preventive effects of folic acid supplementation on adverse maternal 

and fetal outcomes,” PLoS One, vol. 9, no. 5, p. e97273, Jan. 2014. 



 

162 

[249] K. M. Godfrey and D. J. Barker, “Fetal programming and adult health,” Public Health 

Nutr., vol. 4, no. 2B, pp. 611–624, Sep. 2007. 

[250] O. P. Phillips, G. V Velagaleti, A. T. Tharapel, and L. P. Shulman, “Discordant direct 

and culture results following chorionic villus sampling and the diagnosis of a third cell 

line in the fetus,” Prenat. Diagn., vol. 17, no. 2, pp. 170–2, Feb. 1997. 

[251] C. P. Sibley, P. Brownbill, M. Dilworth, and J. D. Glazier, “Review: Adaptation in 

placental nutrient supply to meet fetal growth demand: Implications for programming,” 

Placenta, vol. 31 Suppl, pp. S70–4, Mar. 2010. 

[252] L. Ji, J. Brkić, M. Liu, G. Fu, C. Peng, and Y.-L. Wang, “Placental trophoblast cell 

differentiation: Physiological regulation and pathological relevance to preeclampsia,” 

Mol. Aspects Med., vol. 34, no. 5, pp. 981–1023, Oct. 2013. 

[253] K. Orendi, V. Kivity, M. Sammar, Y. Grimpel, R. Gonen, H. Meiri, E. Lubzens, and B. 

Huppertz, “Placental and trophoblastic in vitro models to study preventive and 

therapeutic agents for preeclampsia,” Placenta, vol. 32, pp. S49–54, Feb. 2011. 

[254] J. Shendure and H. Ji, “Next-generation DNA sequencing,” Nat. Biotechnol., vol. 26, 

no. 10, pp. 1135–1145, 2008. 

[255] N. J. Hannan, P. Paiva, E. Dimitriadis, and L. a Salamonsen, “Models for study of 

human embryo implantation: Choice of cell lines?,” Biol. Reprod., vol. 82, no. 2, pp. 

235–45, Feb. 2010. 

[256] T. Takahashi, N. Utoguchi, A. Takara, N. Yamamoto, T. Nakanishi, K. Tanaka, K. L. 

Audus, and Y. Watanabe, “Carrier-mediated transport of folic acid in BeWo cell 

monolayers as a model of the human trophoblast,” Placenta, vol. 22, no. 10, pp. 863–

9, Nov. 2001. 

[257] D. W. Horne, “Microbiological assay of folates in 96-well microtiter plates,” Methods 

Enzymol., vol. 281, pp. 38–43, 1997. 

[258] D. W. Horne and D. Patterson, “Lactobacillus casei microbiological assay of folic acid 

derivatives in 96-well microtiter plates,” Clin. Chem., vol. 34, no. 11, pp. 2357–9, Nov. 

1988. 



 

163 

[259] N. Grossowlcz, S. Waxman, and C. Schreiber, “Cryoprotected lactobacillus casei: An 

approach to standardization of microbiological assay of folic acid in serum,” Clin. 

Chem., vol. 27, no. 5, pp. 745–747, 1981. 

[260] M. D. Collins, B. A. Phillips, and P. Zanoni, “Deoxyribonucleic Acid Homology 

Studies of Lactobacillus casei,” Int. J. Syst. Bacteriol., vol. 39, no. 2, pp. 105–108, 1989. 

[261] T. Tamura, Y. S. Shin, M. A. Williams, and E. L. R. Stokstad, “Response to 

Pteroylpolyghtamates,” Anal. Biochem., vol. 49, no. 2, pp. 517–521, 1972. 

[262] P. Taupin, “BrdU immunohistochemistry for studying adult neurogenesis: Paradigms, 

pitfalls, limitations, and validation,” Brain Res. Rev., vol. 53, no. 1, pp. 198–214, Jan. 

2007. 

[263] H. G. Gratzner, “Monoclonal antibody to 5-bromo- and 5-iododeoxyuridine: A new 

reagent for detection of DNA replication,” Science, vol. 218, no. 4571, pp. 474–5, Oct. 

1982. 

[264] M. J. Stoddart, “Cell viability assays: Introduction,” in Mammalian Cell Viability: 

Methods and Protocols, vol. 740, M. J. Stoddart, Ed. Totowa, NJ: Humana Press, 2011, 

pp. 1–6. 

[265] T. Tamaoki, H. Nomoto, I. Takahashi, Y. Kato, M. Morimoto, and F. Tomita, 

“Staurosporine, a potent inhibitor of phospholipid/Ca++dependent protein kinase,” 

Biochem. Biophys. Res. Commun., vol. 135, no. 2, pp. 397–402, Mar. 1986. 

[266] C. A. Belmokhtar, J. Hillion, and E. Ségal-Bendirdjian, “Staurosporine induces 

apoptosis through both caspase-dependent and caspase-independent mechanisms,” 

Oncogene, vol. 20, no. 26, pp. 3354–62, Jun. 2001. 

[267] W. R. Duan, D. S. Garner, S. D. Williams, C. L. Funckes-Shippy, I. S. Spath, and E. a 

G. Blomme, “Comparison of immunohistochemistry for activated caspase-3 and 

cleaved cytokeratin 18 with the TUNEL method for quantification of apoptosis in 

histological sections of PC-3 subcutaneous xenografts,” J. Pathol., vol. 199, no. 2, pp. 

221–8, Feb. 2003. 

[268] A. Malassiné and L. Cronier, “Hormones and Human Trophoblast Differentiation,” 

Endocrine, vol. 19, no. 1, pp. 3–11, Oct. 2002. 



 

164 

[269] A. Schumacher, K. Heinze, J. Witte, N. Linzke, K. Woidacki, C. Ana, E. Poloski, and 

A. C. Zenclussen, “Human Chorionic Gonadotropin as a Central Regulator of 

Pregnancy Immune Tolerance,” J. Immunol., vol. 190, no. 6, pp. 2650–8, 2013. 

[270] K. G. Pringle, K. L. Kind, A. N. Sferruzzi-Perri, J. G. Thompson, and C. T. Roberts, 

“Beyond oxygen: Complex regulation and activity of hypoxia inducible factors in 

pregnancy,” Hum. Reprod. Update, vol. 16, no. 4, pp. 415–31, 2010. 

[271] T. Scholzen and J. Gerdes, “The Ki-67 protein: From the known and the unknown,” J. 

Cell. Physiol., vol. 182, pp. 311–322, 2000. 

[272] N. Kee, S. Sivalingam, R. Boonstra, and J. . Wojtowicz, “The utility of Ki-67 and BrdU 

as proliferative markers of adult neurogenesis,” J. Neurosci. Methods, vol. 115, no. 1, 

pp. 97–105, Mar. 2002. 

[273] C. Legrand, J. M. Bour, C. Jacob, J. Capiaumont, A. Martial, A. Marc, M. Wudtke, G. 

Kretzmer, C. Demangel, and D. Duval, “Lactate dehydrogenase (LDH) activity of the 

cultured eukaryotic cells as marker of the number of dead cells in the medium 

[corrected],” J. Biotechnol., vol. 25, no. 3, pp. 231–43, Sep. 1992. 

[274] M. Ishiyama, K. Sasamoto, M. Shiga, Y. Ohkura, K. Ueno, K. Nishiyama, and I. 

Taniguchi, “Novel disulfonated tetrazolium salt that can be reduced to a water-soluble 

formazan and its application to the assay of lactate dehydrogenase,” Analyst, vol. 120, 

no. 1, pp. 113–116, 1995. 

[275] H. Yang, C. Liu, D. Yang, H. Zhang, and Z. Xi, “Comparative study of cytotoxicity, 

oxidative stress and genotoxicity induced by four typical nanomaterials: The role of 

particle size, shape and composition,” J. Appl. Toxicol., vol. 29, no. 1, pp. 69–78, Jan. 

2009. 

[276] C. Caulín, G. S. Salvesen, and R. G. Oshima, “Caspase cleavage of keratin 18 and 

reorganization of intermediate filaments during epithelial cell apoptosis,” J. Cell Biol., 

vol. 138, no. 6, pp. 1379–94, Sep. 1997. 

[277] R. Austgulen, L. Chedwick, C. Vogt Isaksen, L. Vatten, and C. Craven, “Trophoblast 

apoptosis in human placenta at term as detected by expression of a cytokeratin 18 

degradation product of caspase,” Arch. Pathol. Lab. Med., vol. 126, no. 12, pp. 1480–

6, Dec. 2002. 



 

165 

[278] S. D. Keay, M. Vatish, E. Karteris, E. W. Hillhouse, and H. S. Randeva, “The role of 

hCG in reproductive medicine,” BJOG, vol. 111, pp. 1218–1228, 2004. 

[279] J. R. Araújo, A. Correia-Branco, L. Moreira, C. Ramalho, F. Martel, and E. Keating, 

“Folic acid uptake by the human syncytiotrophoblast is affected by gestational diabetes, 

hyperleptinemia, and TNF-α,” Pediatr. Res., vol. 73, no. 4 Pt 1, pp. 388–94, Apr. 2013. 

[280] C. Tam, D. O’Connor, and G. Koren, “Circulating unmetabolized folic acid: 

Relationship to folate status and effect of supplementation,” Obstet. Gynecol. Int., vol. 

2012, p. 485179, Jan. 2012. 

[281] Y. G. Assaraf, “The role of multidrug resistance efflux transporters in antifolate 

resistance and folate homeostasis,” Drug Resist. Updat., vol. 9, no. 4–5, pp. 227–46. 

[282] E. Keating, P. Gonçalves, C. Lemos, F. Costa, I. Campos, S. B. Smith, C. C. Bridges, 

and F. Martel, “Progesterone inhibits folic acid transport in human trophoblasts,” J. 

Membr. Biol., vol. 216, no. 2–3, pp. 143–52, Apr. 2007. 

[283] S. Yasuda, S. Hasui, C. Yamamoto, C. Yoshioka, M. Kobayashi, S. Itagaki, T. Hirano, 

and K. Iseki, “Placental folate transport during pregnancy,” Biosci. Biotechnol. 

Biochem., vol. 72, no. 9, pp. 2277–84, Sep. 2008. 

[284] S. Yasuda, S. Hasui, M. Kobayashi, S. Itagaki, T. Hirano, and K. Iseki, “The mechanism 

of carrier-mediated transport of folates in BeWo cells: The involvement of heme carrier 

protein 1 in placental folate transport,” Biosci. Biotechnol. Biochem., vol. 72, no. 2, pp. 

329–34, Feb. 2008. 

[285] C. Prouillac and S. Lecoeur, “The role of the placenta in fetal exposure to xenobiotics: 

Importance of membrane transporters and human models for transfer studies,” Drug 

Metab. Dispos., vol. 38, no. 10, pp. 1623–1635, 2010. 

[286] G. I. Henderson, T. Perez, S. Schenker, J. Mackins, and A. C. Antony, “Maternal-to-

fetal transfer of 5-methyltetrahydrofolate by the perfused human placental cotyledon: 

Evidence for a concentrative role by placental folate receptors in fetal folate delivery,” 

J. Lab. Clin. Med., vol. 126, no. 2, pp. 184–203, Aug. 1995. 

[287] M. Klingler, A. Blaschitz, C. Campoy, A. Caño, A. M. Molloy, J. M. Scott, G. Dohr, 

H. Demmelmair, B. Koletzko, and G. Desoye, “The effect of docosahexaenoic acid and 



 

166 

folic acid supplementation on placental apoptosis and proliferation,” Br. J. Nutr., vol. 

96, no. 1, p. 182, Mar. 2006. 

[288] J. A. DeLoia, A. M. Stewart-Akers, and M. D. Creinin, “Effects of methotrexate on 

trophoblast proliferation and local immune responses,” Hum. Reprod., vol. 13, no. 4, 

pp. 1063–9, Apr. 1998. 

[289] K. S. Woo, P. Chook, Y. I. Lolin, J. E. Sanderson, C. Metreweli, and D. S. Celermajer, 

“Folic acid improves arterial endothelial function in adults with 

hyperhomocystinemia,” J. Am. Coll. Cardiol., vol. 34, no. 7, pp. 2002–6, Dec. 1999. 

[290] J. Marsillach, N. Ferré, J. Camps, F. Riu, A. Rull, and J. Joven, “Moderately high folic 

acid supplementation exacerbates experimentally induced liver fibrosis in rats,” Exp. 

Biol. Med., vol. 233, no. 1, pp. 38–47, Jan. 2008. 

[291] N. Cirelli, A. Moens, P. Lebrun, C. Gueuning, J. Delogne-Desnoeck, A. M. 

Vanbellinghen, and S. Meuris, “Apoptosis in human term placenta is not increased 

during labor but can be massively induced in vitro,” Biol. Reprod., vol. 61, no. 2, pp. 

458–63, Aug. 1999. 

[292] S. C. Smith, P. N. Baker, and E. M. Symonds, “Placental apoptosis in normal human 

pregnancy,” Am. J. Obstet. Gynecol., vol. 177, no. 1, pp. 57–65, Jul. 1997. 

[293] M. Zygmunt, F. Herr, K. Münstedt, U. Lang, and O. D. Liang, “Angiogenesis and 

vasculogenesis in pregnancy,” Eur. J. Obstet. Gynecol. Reprod. Biol., vol. 110, no. 

Suppl 1, pp. S10–8, Sep. 2003. 

[294] Q. J. Shi, Z. M. Lei, C. V Rao, and J. Lin, “Novel role of human chorionic gonadotropin 

in differentiation of human cytotrophoblasts,” Endocrinology, vol. 132, no. 3, pp. 1387–

95, Mar. 1993. 

[295] L. Cronier, B. Bastide, J. C. Hervé, J. Délèze, and A. Malassiné, “Gap junctional 

communication during human trophoblast differentiation: Influence of human 

chorionic gonadotropin,” Endocrinology, vol. 135, no. 1, pp. 402–8, Jul. 1994. 

[296] J. Zuo, Z. M. Lei, and C. V Rao, “Human myometrial chorionic 

gonadotropin/luteinizing hormone receptors in preterm and term deliveries,” J. Clin. 

Endocrinol. Metab., vol. 79, no. 3, pp. 907–11, Sep. 1994. 



 

167 

[297] E. Reshef, Z. M. Lei, C. V Rao, D. D. Pridham, N. Chegini, and J. L. Luborsky, “The 

presence of gonadotropin receptors in nonpregnant human uterus, human placenta, fetal 

membranes, and decidua,” J. Clin. Endocrinol. Metab., vol. 70, no. 2, pp. 421–30, Feb. 

1990. 

[298] A. Akoum, C. N. Metz, and M. Morin, “Marked increase in macrophage migration 

inhibitory factor synthesis and secretion in human endometrial cells in response to 

human chorionic gonadotropin hormone,” J. Clin. Endocrinol. Metab., vol. 90, no. 5, 

pp. 2904–10, May 2005. 

[299] H. Wan, M. A. Versnel, W. Y. Cheung, P. J. M. Leenen, N. A. Khan, R. Benner, and 

R. C. M. Kiekens, “Chorionic gonadotropin can enhance innate immunity by 

stimulating macrophage function,” J. Leukoc. Biol., vol. 82, no. 4, pp. 926–33, Oct. 

2007. 

[300] F. P. Noonan, W. J. Halliday, H. Morton, and G. J. A. Clunie, “Early pregnancy factor 

is immunosuppressive,” Nature, vol. 278, no. 5705, pp. 649–651, Apr. 1979. 

[301] L. F. Petersen, N. T. Brockton, A. Bakkar, S. Liu, J. Wen, A. M. Weljie, and T. A. 

Bismar, “Elevated physiological levels of folic acid can increase in vitro growth and 

invasiveness of prostate cancer cells,” BJU Int., vol. 109, no. 5, pp. 788–95, Mar. 2012. 

[302] M. a McDowell, D. a Lacher, C. M. Pfeiffer, J. Mulinare, M. F. Picciano, J. I. Rader, 

E. a Yetley, J. Kennedy-Stephenson, and C. L. Johnson, “Blood folate levels: The latest 

NHANES results,” NCHS Data Brief, no. 6, pp. 1–8, May 2008. 

[303] C. Floridon, O. Nielsen, C. Byrjalsen, B. Hølund, G. Kerndrup, S. G. Thomsen, and J. 

A. Andersen, “Ectopic pregnancy: Histopathology and assessment of cell proliferation 

with and without methotrexate treatment,” Fertil. Steril., vol. 65, no. 4, pp. 730–8, Apr. 

1996. 

[304] K. Pietrzik, R. Prinz, K. Reusch, P. Bung, P. Mallmann, and A. Chronides, “Folate 

status and pregnancy outcome,” Ann. N. Y. Acad. Sci., vol. 669, pp. 371–3, Sep. 1992. 

[305] T. O. Scholl, M. L. Hediger, J. I. Schall, C.-S. Khoo, and R. L. Fischer, “Dietary and 

serum folate: Their influence on the outcome of pregnancy,” Am. J. Clin. Nutr., vol. 63, 

pp. 520–525, 1996. 



 

168 

[306] M. G. Whiteside, B. Ungar, and D. C. Cowling, “Iron, folic acid and vitamin B12 levels 

in normal pregnancy, and their influence on birth-weight and the duration of 

pregnancy,” Med. J. Aust., vol. 1, no. 9, pp. 338–42, Mar. 1968. 

[307] Y. H. Neggers, R. L. Goldenberg, T. Tamura, S. P. Cliver, and H. J. Hoffman, “The 

relationship between maternal dietary intake and infant birthweight,” Acta Obstet. 

Gynecol. Scand. Suppl., vol. 165, pp. 71–5, Jan. 1997. 

[308] R. L. Goldenberg, T. Tamura, S. P. Cliver, G. R. Cutter, H. J. Hoffman, and R. L. 

Copper, “Serum folate and fetal growth retardation: aA matter of compliance?,” Obstet. 

Gynecol., vol. 79, no. 5 Pt 1, pp. 719–22, May 1992. 

[309] M. Leeda, N. Riyazi, J. I. de Vries, C. Jakobs, H. P. van Geijn, and G. A. Dekker, 

“Effects of folic acid and vitamin B6 supplementation on women with 

hyperhomocysteinemia and a history of preeclampsia or fetal growth restriction,” Am. 

J. Obstet. Gynecol., vol. 179, no. 1, pp. 135–9, Jul. 1998. 

[310] S. Sohda, T. Arinami, H. Hamada, N. Yamada, H. Hamaguchi, and T. Kubo, 

“Methylenetetrahydrofolate reductase polymorphism and pre-eclampsia,” J. Med. 

Genet., vol. 34, no. 6, pp. 525–526, Jun. 1997. 

[311] J. R. Hutson, A. Lubetsky, J. Eichhorst, R. Hackmon, G. Koren, and B. M. Kapur, 

“Adverse placental effect of formic acid on hCG secretion is mitigated by folic acid,” 

Alcohol Alcohol., vol. 48, no. 3, pp. 283–7, 2013. 

[312] R. K. Miller, O. Genbacev, M. a Turner, J. D. Aplin, I. Caniggia, and B. Huppertz, 

“Human placental explants in culture: Approaches and assessments,” Placenta, vol. 26, 

no. 6, pp. 439–48, Jul. 2005. 

[313] R. K. Miller, O. Genbacev, M. a Turner, J. D. Aplin, I. Caniggia, and B. Huppertz, 

“Human placental explants in culture: Approaches and assessments,” Placenta, vol. 26, 

no. 6, pp. 439–48, Jul. 2005. 

[314] P. Haggarty, G. Hoad, D. M. Campbell, G. W. Horgan, C. Piyathilake, and G. Mcneill, 

“Folate in pregnancy and imprinted gene and repeat element methylation in the 

offspring,” Am. J. Clin. Nutr., vol. 1, no. 97, pp. 94–99, 2013. 



 

169 

[315] C. Hoyo, A. P. Murtha, J. M. Schildkraut, R. L. Jirtle, W. Demark-Wahnefried, M. R. 

Forman, E. S. Iversen, J. Kurtzberg, F. Overcash, Z. Huang, and S. K. Murphy, 

“Methylation variation at IGF2 differentially methylated regions and maternal folic acid 

use before and during pregnancy,” Epigenetics, vol. 6, no. 7, pp. 928–36, Jul. 2011. 

[316] Y. Ba, H. Yu, F. Liu, X. Geng, C. Zhu, Q. Zhu, T. Zheng, S. Ma, G. Wang, Z. Li, and 

Y. Zhang, “Relationship of folate, vitamin B12 and methylation of insulin-like growth 

factor-II in maternal and cord blood,” Eur. J. Clin. Nutr., vol. 65, no. 4, pp. 480–5, Apr. 

2011. 

[317] M. D. Niculescu and S. H. Zeisel, “Diet, methyl donors and DNA methylation: 

Interactions between dietary folate, methionine and choline,” J. Nutr., vol. 132, no. 

Suppl 8, p. 2333S–2335S, Aug. 2002. 

[318] W. G. Cochran, Sampling Techniques, 3rd ed. New York: John Wiley & Sons, 1977. 

[319] World Health Organization, “Serum and red blood cell folate concentrations for 

assessing folate status in populations,” Vitam. Miner. Nutr. Inf. Syst., pp. 1–5, 2012. 

[320] Health Canada, “ARCHIVED: Using the Dietary Reference Intakes,” Food and 

Nutrition: Dietary Reference Intakes, 2010. [Online]. Available: http://www.hc-

sc.gc.ca/fn-an/nutrition/reference/dri_using-util_anref-eng.php.  

 


